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Abstract
Dementia is a leading cause of death worldwide, with increasing prevalence as
global life expectancy increases. The most common neurodegenerative disorders are
Alzheimer’s disease (AD), dementia with Lewy bodies (DLB) and Parkinson’s dis-
ease dementia (PDD). With this study, we took an in-depth look at the proteome
of the (non-purified) cerebrospinal fluid (CSF) and the CSF-derived extracellular
vesicles (EVs) of AD, PD, PD-MCI (Parkinson’s disease with mild cognitive impair-
ment), PDD and DLB patients analysed by label-free mass spectrometry. This has
led to the discovery of differentially expressed proteins that may be helpful for differ-
ential diagnosis. We observed a greater number of differentially expressed proteins
in CSF-derived EV samples (N = 276) compared to non-purified CSF (N = 169),
with minimal overlap between both datasets. This finding suggests that CSF-derived
EV samples may be more suitable for the discovery phase of a biomarker study,
due to the removal of more abundant proteins, resulting in a narrower dynamic
range. As disease-specific markers, we selected a total of 39 biomarker candidates
identified in non-purified CSF, and 37 biomarker candidates across the different dis-
eases under investigation in the CSF-derived EV data. After further exploration and
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validation of these proteins, they can be used to further differentiate between the
included dementias andmay offer new avenues for research intomore disease-specific
pharmacological therapeutics.
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 INTRODUCTION

Dementia is a leading cause of deathworldwide, with increasing prevalence as global life expectancy increases (Prince et al., 2016).
The most common neurodegenerative disorder causing dementia is Alzheimer’s disease (AD), followed by dementia with Lewy
bodies (DLB) and Parkinson’s disease dementia (PDD) (Vann Jones & O’Brien, 2014). Whereas AD is primarily characterised
by cognitive dysfunction and neuropsychiatric symptoms, DLB and PDD are additionally featured by a movement disorder.
Dementia affects about 25%–50% of patients with Parkinson’s disease (PD) (Williams-Gray et al., 2013), which is categorised
under the umbrella term of PDD. In clinical practice, DLB is frequently misdiagnosed as AD because of the similar clinical and
pathological features. Indeed, ¾ of the DLB patients have AD co-pathology in the brain, leading to an AD-like cerebrospinal
fluid (CSF) AD core biomarker profile (Slaets et al., 2013). To differentiate between PDD andDLB, there is a current debate about
whether PDD and DLB are one or different pathologies (Jellinger & Korczyn, 2018), but, generally, the arbitrary one-year rule
is applied (Mckeith et al., 2017). This rule is solely based on the onset of the cognitive impairment and states that the patient is
diagnosed with PDD if dementia develops 1 year or more after the motor symptoms. In case these two symptoms develop within
the same year, or, if the cognitive impairment is observed before the motor symptoms, DLB should be diagnosed (Yamada et al.,
2020). This rule is hard to apply in clinical practice, and even more so at the end stage of both diseases due to almost identical
characteristics. Studies attempting to differentiate between both diseases have observed that themotor symptoms, typical for PD,
such as tremor, rigidity and akinesia, tend to be more severe in PDD than in DLB (Fritz et al., 2016). However, parkinsonism of
increasing severity is observed in DLB patients over time, with a prevalence ranging from 60% to 92% (Ferman et al., 2011). It is
worth noting that 18%–25% of DLB patients do not develop severe parkinsonian symptoms (Outeiro et al., 2019). Also cognitive
differences have been discussed previously (Smirnov et al., 2020). DLB is associated with more severe cognitive deficits, more
frequent hallucinations and amore rapid disease progression (Devanand et al., 2022). It is important to note that medications are
typically developed for a single pathology and may have adverse effects when administered to populations with a different (co-)
pathology. Furthermore, these therapies are often not tested properly in other populations, thus their effects cannot always be
accurately predicted. For instance, the newly FDA-approved AD disease-modifying drugs, such as lecanemab, were developed
specifically for AD and as such will probably not show any positive effects on DLB patients (Van Dyck et al., 2023). However, a
differential diagnosis between, for instance, AD and DLB is still challenging because of overlapping PET and CSF biomarkers
but required for appropriate medication. In addition, previous research has reported that up to 89% of PDD patients experience
at least one neuropsychiatric symptom (Aarsland et al., 2007). But unlike in AD, the use of atypical antipsychotics in PDD
and DLB patients poses a clinical challenge due to the blockage of dopamine (D2) receptors by these medications, which can
exacerbate motor symptoms in PD (Ballard & Howard, 2006). Hypersensitivity to antipsychotics, also atypical ones acting on
other receptors, is even a diagnostic criterium for DLB (Mckeith et al., 2017) and is thus contra-indicated. In line with previously
mentioned shortcomings, it is, therefore, most optimal to provide a disease-specific clinical diagnosis already in the prodromal
phase. Although most biomarker research focusses on distinguishing disease from healthy, some work has also been done on
improving differential diagnosis among neurodegenerative disorders, as reviewed by Bousiges and Blanc (2022).
It has been a matter of debate as to how the pathogenic proteins of amyloid beta (Aβ) deposits, tau neurofibrillary tangles and

α-synuclein Lewy bodies spread throughout the brain. Tau and α-synuclein have been shown to spread in a predictable, charac-
teristic pattern as the result of cell-to-cell transmission in a prion-like manner. This way, they show the ability to self-propagate
via templated misfolding and intercellular dissemination (Uemura et al., 2020). Several studies have reported the possible role
of extracellular vesicles (EVs) in this cell-to-cell transmission. Recently, the pathogenic species of α-synuclein, which could ini-
tiate oligomerisation of soluble α-synuclein in target cells and confer disease pathology, was also detected in CSF-derived EVs
(Stuendl et al., 2016). Previous studies also reported that certain forms of tau are present in EVs (Dujardin et al., 2014; Fiandaca
et al., 2015; Kanmert et al., 2015; Wang et al., 2017), and some investigators have suggested that tau contained in EVs may facili-
tate aggregation of tau in recipient cells (Wang et al., 2017; Winston et al., 2016). Next, Aβ was already identified in CSF-derived
EVs from an ADmouse model (Yuyama et al., 2014) and in blood neuronal-derived extracellular vesicles (Li et al., 2022). These
data support the hypothesis that neuronal EVs play an important role in disease progression and that these can be found in CSF,
serving as an excellent source of biomarkers, which is what will be explored in this study. Here, we compare the non-purified CSF
and CSF-derived EV proteome of AD, PD, PD-MCI, PDD and DLB patients analysed by label-free mass spectrometry. To our
knowledge, this is the first study to compare both sample types, and to compare the CSF-derived EV proteome between these
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F IGURE  Overview of the study. (a) The sample cohort detailed in sections ‘Study population’ and ‘CSF collection and metadata’. (b) The acquirement of
two sample types, as outlined in section ‘Isolation of extracellular vesicles’. (c) The sample preparation steps for LC-MS/MS, as described in section ‘Protein
extraction and S-trap digestion’, (d) The instruments used according to section ‘Liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis’, (e)
LC-MS/MS output results being peptide intensity on the Y-axis and m/z on the X-axis, as used in section ‘Peptide identification’. (f) A volcano plot to present
the differential data analysis as performed in R, see section ‘Differential analysis’. CSF, cerebrospinal fluid; EVs, extracellular vesicles; FC, fold change;
LC-MS/MS, liquid chromatography tandem mass spectrometry; MCI, mild cognitive impairment; m/z, mass to charge ratio; N, number of samples. Created
with BioRender.com.

different dementia subtypes. Prior, two studies have been performed comparing CSF-derived EV proteome between healthy
controls and AD patients (Chatterjee et al., 2023; Muraoka et al., 2020). Muraoka et al. (2020) found three dysregulated proteins
(being HSPA1A, NPEPPS and PTGFRN), while Chatterjee et al. (2023) found 26 upregulated proteins in AD and 88 downregu-
lated proteins. The goal of our study is to identify novel biomarker candidates that have high potential for differential diagnosis,
or that potentially provide targets for novel or repurposed pharmacotherapeutics.

 METHODS

. Graphic study overview

2.1.1 Study population

The study included CSF samples of 249 subjects, including patients with AD, PD, PD-MCI, PDD, DLB and cognitively healthy
controls (HC) (Figure 1a, Table 1). Samples were retrospectively selected from the NeuroBiobank of the Institute Born-Bunge
(NBB-IBB, federal agency for medicines and health products registration number 190113; Antwerp, Belgium). All participants
were originally recruited from theMemory Clinic of the Hospital Network Antwerp (ZNA-Middelheim and ZNA-Hoge Beuken,
Antwerp, Belgium) between 1992 and 2018, as part of their diagnostic clinical work-up.
The clinical diagnosis of probable AD was based on the NINCDS/ADRDA criteria of Mckhann et al. (1984, 2011) whereas

probableDLBwas diagnosed according to the consensus guidelines ofMcKeith et al. (2005, 1996). In addition, ADpatients had to
fulfil the international work group criteria-2 (IWG-2) during clinical diagnosis (Dubois et al., 2014). Twenty-five patients within
this cohort also consented to a post-mortem neuropathological immunohistochemical investigation, that confirmed their clinical
diagnoses (i.e., resulting into definite AD or DLB) (Table 1: Definite diagnosis) (Vermeiren et al., 2015). Subjects were diagnosed
with PD according to protocol and criteria as described previously (Engelborghs et al., 2003). PD patients were classified as PD,
PD-MCI or PDD based on the conclusion reports of extensive neuropsychological assessments from nomore than three months
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TABLE  Demographics and sample information.

AD PD PD-MCI PDD DLB HC

Subjects—N 64 29 13 27 55 61

Age—years

Median 76 70 80 78 75 65

Minimum—maximum 56–89 36–83 67–85 66–88 61–90 54–88

Storage time

0–5 years 21 (33%) 0 (0%) 0 (0%) 2 (7%) 3 (5%) 11 (18%)

5–10 years 39 (61%) 1 (3%) 0 (0%) 1 (4%) 3 (5%) 24 (39%)

10–15 years 4 (6%) 3 (11%) 1 (8%) 3 (11%) 14 (26%) 0 (0%)

15–20 years 0 (0%) 10 (34%) 2 (15%) 18 (67%) 23 (42%) 26 (43%)

>20 years 0 (0%) 15 (52%) 10 (77%) 3 (11%) 12 (22%) 0 (0%)

Sex—N

Male 32 (50%) 14 (48%) 8 (62%) 16 (59%) 41 (75%) 31 (51%)

Female 32 (50%) 15 (52%) 5 (38%) 11 (41%) 14 (25%) 30 (49%)

C-fraction—N

C1 54 (84%) 11 (38%) 2 (15%) 16 (59%) 33 (60%) 11 (18%)

C2 1 (2%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

C3 3 (5%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 25 (41%)

C4 6 (9%) 0 (0%) 1 (8%) 2 (7%) 5 (9%) 3 (5%)

C5 0 (0%) 0 (0%) 0 (0%) 0 (0%) 2 (4%) 0 (0%)

Unknown 0 (0%) 18 (62%) 10 (77%) 9 (33%) 15 (27%) 22 (36%)

Previous F/T cycli—N

0 48 (75%) 24 (83%) 7 (54%) 21 (78%) 35 (64%) 56 (92%)

1 12 (19%) 4 (14%) 5 (38%) 6 (22%) 15 (27%) 5 (8%)

2 4 (6%) 0 (0%) 1 (8%) 0 (0%) 2 (4%) 0 (0%)

3 0 (0%) 1 (3%) 0 (0%) 0 (0%) 3 (5%) 0 (0%)

Definite diagnosis—N 14 0 0 2 9 NTA

MMSE score known—N 48 0 0 0 0 8

Abbreviations: AD,Alzheimer’s disease; C-fraction, the collection of cerebrospinal fluid in 1 out of 5 consecutive fractions following lumbar puncture (C1 being the first fraction collected
and C5 the last); DLB, dementia with Lewy bodies; F/T, freeze/thaw; HC, healthy controls; MMSE, Mini-Mental State Examination; N, number of samples; NTA, not applicable; PD,
Parkinson’s disease; PDD, Parkinson’s disease dementia.; PD-MCI, Parkinson’s disease with mild cognitive impairment.

before or after date of sampling. All patients also fulfilled the Diagnostic and Statistical Manual of Mental Disorders-IV- text
revision (DMS-IV-TR) criteria (American Psyciatric Association, 2010).
HCs were sampled between 2002 and 2017 and had no neurological nor psychiatric antecedents or an organic disease involving

the central nervous system. All HCs were hospitalised during the time of their lumbar puncture and mainly consisted of (i)
subjects complaining of low back pain requiring a selective lumbar radiculography; (ii) patients with disorders of the peripheral
nervous system (peripheral facial nerve palsy) and (iii) patients with subjective complaints in whom disorders of the central and
peripheral nervous systemwere ruled out bymeans of an extensive clinical work-up (Engelborghs et al., 2008). HCswere younger
at the time of CSF collection in comparison to AD (p-value = 0.0124), DLB (p-value = 0.0041), PD-MCI (p-value = 0.0109) and
PDD (p-value = 0.0003) (Table 1). Our study was conducted in compliance with the Helsinki Declaration, and Ethics Approval
for human sample collection of CSF and post-mortem brain obduction was granted by the Medical Ethical Committee of the
Middelheim General Hospital (Antwerp, Belgium; approval numbers 2805 and 2806).

. CSF collection and metadata

CSF sampling was performed as described previously (Somers et al., 2016). In short, a lumbar puncture was performed at the
L3/L4 or L4/L5 interspace between 08.00 and 10.00 a.m., after overnight fasting and having abstained from smoking for at
least 12 h. Morning medication was administered after the lumbar puncture. A total of 16.5 mL was collected stepwise in five
fractions (polypropylene vials; Nalgene; VWR, Leuven, Belgium) (referred to as C-fractions): fraction C1 (4.5 mL), C2 (1.5 mL),
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F IGURE  Illustration of the SmartSEC EV isolation technique, performed on aliquots number one. Particles that can pass the size exclusion columns are
collected in the eluent, while small proteins (up to 400 kDa) enter the bead core and, because of affinity interaction modes, stay trapped. Figure adapted from
System Biosciences, with Figures from smart.servier.com (licensed under CC BY 3.0). CSF, cerebrospinal fluid; HT, high throughput; SEC, size exclusion
chromatography.

C3 (1.5 mL), C4 (4.5 mL) and C5 (4.5 mL). Fractions C1 to C4 were immediately frozen in liquid nitrogen. Fraction C5 was cen-
trifugated (Centrifuge 5702, rotor A-4-38; Eppendorf, Hamburg, Germany) on 3000 rpm for 10 min, after which the supernatant
was divided over three vials, which were then frozen in liquid nitrogen as well.
For this study, the selection of fraction and preceding freeze/thaw (F/T) cycli was based upon availability (Table 1). Haemolysis

was checked visually (exclusion criterium: light pinkish) to avoid potential oxidation and contamination effects. Six samples of
the cohort were observed to be slightly haemolytic. For some AD and HC CSF samples, analyses of Aβ1-42, total tau (T-Tau), and
hyperphosphorylated tau (pTau181) were previously performed by means of ELISA, as part of a routine diagnostic procedure.
The detailed CSF analyses protocol has already been published before (Somers et al., 2016).

In general, of each frozen CSF sample, two aliquots of 500 μL (aliquot number one and aliquot number two, Figure 1b) were
taken and re-frozen at −80◦C, inducing an additional F/T cycle. For two exceptions, not sufficient volume of CSF was available
for two aliquots and only one aliquot (i.e., aliquot number one) was stored. One other sample had too little volume available for
EV isolation, so was only used as aliquot number two. Aliquots number one were used for EV isolation (N= 249), while aliquots
number two (N = 248) were not enriched prior to analyses and kept stored at −80◦C until LC-MS/MS (liquid chromatography
tandem mass spectrometry) sample preparation.

. Isolation of extracellular vesicles

Of each frozen CSF sample, two aliquots were available. Aliquots number one (500 μL of CSF, N = 249) were thawed on ice
and centrifuged 10 min at 2500 × g to remove cell debris prior to EV isolation using the SmartSEC HT kit (System Biosciences)
according tomanufacturer’s instructions (Figure 2). After preparing the SmartSEC filter plate, samples were loaded into the wells.
Following an incubation step of 30 min at room temperature, the first SEC fraction was collected by centrifuging the plate for 2
min at 500 × g. All centrifugation steps in this study were performed with a centrifuge 5424 R and a fixed angle rotor. To collect
the second SEC fraction, 500 μL of SmartSEC HT isolation buffer was added to each well and the plate was centrifuged again
for 2 min at 500 × g. Until further use, samples were stored at −80◦C. As described previously (Hirschberg et al., 2022), SEC
fraction 1 is most suitable for mass spectrometry purposes, therefore, this elution fraction was used for the biomarker study. SEC
fraction 2, however, was also collected and stored at −80◦C. From this step onwards, a distinction will be made in non-purified
CSF (aliquots number two) and CSF-derived EVs (aliquots number one), the latter one being isolated in these steps resulting
into two SEC fractions (Figure 2).

. Protein concentration

For CSF-derived EV samples, total protein content was determined using the NanoOrange Protein Quantitation Kit (Thermo
Scientific) following the manufacturer’s specifications for both SEC fraction 1 and SEC fraction 2. A standard curve of serially



 of  HIRSCHBERG et al.

TABLE  Number of samples pooled for the global pool, and for the pool of each diagnostic group.

Pool AD PD PDD DLB HC

Non-purified CSF samples (N) 30 15 15 15 15 15

CSF-derived EV samples (N) 30 15 15 15 15 15

Abbreviations: AD, Alzheimer’s disease; CSF, cerebrospinal fluid; DLB, dementia with Lewy bodies; EVs, extracellular vesicles; HC, healthy control; N, number of samples; PD,
Parkinson’s disease; PDD, Parkinson’s disease dementia.

diluted Bovine Serum Albumin (BSA; Thermo Scientific) was used. EV samples were vacuum dried, re-solved in filtered PBS in
a volume 1:3 of the dried-down volume and were diluted 1:50 as a final assay concentration. Signals of all samples, in triplicate,
were measured on a Synergy HT microplate reader (Agilent Technologies). Values were extrapolated from the BSA curve, using
a linear equation, with r2 > 0.98.

For non-purified CSF samples, total protein content was determined using UV absorbance at 280 nm with a NanoDrop spec-
trophotometer (NanoDrop 2000, method Protein A280, Thermo Scientific). Here, protein sample quantitation was performed
by taking 2 μL of each sample and measured in duplicate. Calculations were performed by the NanoDrop operating software
(NanoDrop 2000/2000c version 1.3.1).

. ExoView

To measure the size of tetraspanin positive particles in non-purified CSF, a pool of all conditions was prepared from 30 different
samples, as well as a pool for each of the conditions, consisting of 15 samples each (Table 2). To compare tetraspanin presence
among the distinct groups, the same pools were prepared with CSF-derived EV samples (after EV isolation) (Table 2). Both types
were prepared with samples coming from the same patients, and the same volume of each sample was taken.
ExoView technology was applied using the ExoView Tetraspanin kit (EV-TETRA-C, NanoView Biosciences), which includes

the chips, Incubation Solution, antibodies, and Solution A and B. EV fractions were concentrated 18 times with an Amicon
Ultra-0.5 Centrifugal Filter Unit (pore size 10 kDa, UFC501024, Merck Millipore) by centrifuging at 4◦C for 40 min at 14,000 ×
g and then diluted 1:2 in Incubation Solution. Non-purified CSF samples were centrifuged at 4◦C for 10 min at 2500 × g, and the
supernatant was diluted 1:5 in Incubation Solution. Of each diluted sample, 35 μL was incubated on a chip (coated with CD9,
CD81, CD63 and IgG control antibodies) overnight at room temperature in a 24-well plate without agitation. After four washes
under shaking conditions with Solution A, chips were subjected to staining using anti-CD81 CF555, anti-CD9 CF488, anti-CD63
CF647 (each antibody diluted 1:1200 in blocking solution) for one hour without shaking. Subsequently, chips were washed seven
times under shaking conditions, twice with Solution A, three times with Solution B, and twice in ultrapure water. All the washing
steps were performed automatically with a ExoView CW100 Plate Washer (NanoView Biosciences). Lastly, the chips were dried,
scanned by the ExoView R100 reader (NanoView Biosciences) and eventually analysed using the NanoViewer analysis software
version 3.1. Statistical analysis was not performed since ExoView was performed on pooled samples and on a limited number of
spots, thus no replicates were performed besides the technical replicates based on the three spots on each chip.

. ZetaView

Particle concentration and size were determined using NTA, with a ZetaView instrument (Particle Metrix, Germany) in flu-
orescence mode (488-nm laser, 40 mW power), where EVs were bound to CMG (CellMask Green Plasma Membrane Stain,
Thermo Scientific). The same CSF-derived EV pool (made of 30 samples) described in Table 2 was used for this experiment.
Before measurement, the sample was mixed with CMG (1/100 in filtered PBS, Gibco DPBS powder, no calcium, no magnesium,
Fisher Scientific, filtered by a sterile 0.1 μmpore syringe filter, Millipore) and after a one-hour incubation step in the dark at room
temperature, EVs with CMG were diluted 1:2 with filtered PBS (sterile 0.1 μm pore syringe filter, Millipore) (final dilution CMG
1:80,000). This is the minimally required dilution since a total volume of at least 800 μL has to be injected in the instrument.
Samples that demonstrated less than 25 particles per frame were excluded. In fluorescence mode, only particles emitting fluores-
cence (normally at a larger wavelength compared to excitation) are detected, as the scattering light (with the same wavelength as
the laser) is blocked by a filter with a certain cut-off wavelength (in this case 500 nm, 12 nm larger than the laser wavelength).
This filter also blocks some of the fluorescence signal, which is why, prior to analysis, the system was verified with both 100 nm
polystyrene latex microbeads (Particle Metrix). FITC-labelled silica beads (Nanocs Inc.) were used to determine the concentra-
tion correction factor by comparing the number of measured particles, taking the sensitivity into account, between scatter and
fluorescence mode. These beads were used because of their similar scattering characteristics and refractive index. This resulted
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TABLE  Number of samples analysed by one or more Simoa kits (=Y), and the number of samples reaching the LLOQ (=X), noted as X/Y.

Kit AD PD PDD DLB HC

Aβ- Non-purified CSF samples (N) 10/10 3/5 5/6 8/10 8/8

CSF-derived EV samples (N) 0/8 0/5 0/3 0/7 0/8

Aβ- Non-purified CSF samples (N) 10/10 3/5 5/6 8/10 8/8

CSF-derived EV samples (N) 7/8 4/5 1/3 7/7 3/8

T-Tau Non-purified CSF samples (N) 11/11 5/5 6/6 8/8 8/8

CSF-derived EV samples (N) 8/8 5/5 3/3 7/7 8/8

pTau Non-purified CSF samples (N) 6/6 – – 6/6 6/6

CSF-derived EV samples (N) 5/9 – – 3/8 3/7

NfL Non-purified CSF samples (N) 11/11 5/5 6/6 8/8 8/8

Abbreviations: AD,Alzheimer’s disease; Aβ, β-amyloid; CSF, cerebrospinal fluid;DLB, dementiawith Lewy bodies; EVs, extracellular vesicles;HC, healthy control; N;NfL, neurofilament
light; number of samples; PD, Parkinson’s disease; PDD, Parkinson’s disease dementia; pTau181, tau phosphorylated at threonine-181; T-Tau, total tau.

in a correction factor of 1.3, meaning the number of particles were underestimated in fluorescence mode by 23% compared to
scatter mode.
For each measurement, two cycles of each 11 positions were performed, with a frame rate of 30. Settings were kept constant

for all samples (focus: autofocus; camera sensitivity: 80.0 (scatter mode) or 97 (fluorescence mode); shutter: 100.0; temperature:
22.0◦C). The videos were analysed by the ZetaView software version 8.05.11 SP2 (minimum brightness: 30, minimum particle
size: 10, maximum particle size: 1000). More characterisation data of CSF-derived EVs with the SmartSEC kit was published in
2022 (Hirschberg et al., 2022).

. Simoa

In a sub-cohort of both the non-purified CSF samples and the CSF-derived EV samples (after EV isolation) (Table 3), Aβ, tau
and neurofilament light polypeptide (NfL) were measured by commercially available immunoassays. Aβ1-40, Aβ1-42, T-Tau (kit
Neurology 3-Plex A Advantage Kit, Quanterix, ref. 101995), pTau181 (kit pTau181 Advantage V2.1 Kit, Quanterix, ref. 10411), and
NfL (kit NF-LIGHT V2 Advantage Kit, Quanterix, ref. 104073) were quantified with an SR-X instrument (Quanterix) at the
Sant Pau Biomedical Research Institute, Barcelona, Spain. Non-purified CSF samples were diluted 1:100 for the Neurology 3-plex
kit, 1:10 for pTau181, and 1:80 for NfL measurements. EV samples were first lysed with M-PER (Thermo Scientific, ref. 78501),
mechanically with 29-gauge syringes (SG SH lab solutions, ref. UN14112), by two 45-s sonication steps, and by two F/T cycli.
Then they were diluted 1:10 before using the Neurology 3-plex kit and the pTau181 kit. NfL was not measured in CSF-derived EV
samples since the test measurements were below the limit of detection (LOD).
For the determination of the lower limit of quantification (LLOQ), the calibrator was analysed in duplicates at concentrations

between 0.673 and 136 pg/mL for Aβ1-40, 0.225 and 53.1 pg/mL for Aβ1-42, 0.143 and 73.1 pg/mL for T-Tau, 2.07 pg/mL and 423
pg/mL for pTau181, and 0.403 and 365 pg/mL for NfL.

. Statistical analysis

Statistical analysis was performed using Graphpad 9.5.1, with p-value <0.05 as a significance index. All variables in group-wise
comparisons were submitted to Shapiro-Wilk tests for normality and analysed using one-way ANOVA followed by the Tukey
post-test (parametric data) or Kruskal–Wallis followed by Dunn’s post hoc-test (non-parametric data). Associations between
biomarkers were tested with a two-tailed Spearman’s Rank or Pearson’s correlation analysis, with a confidence interval of 95%.
This was done on protein and peptide concentrationmeasurements (non-parametric data) and Simoa data (both parametric and
non-parametric data).

. LC-MS/MS sample preparation

For LC-MS/MS sample preparation, the cohort was divided into 18 different sample batches using block randomisation (Burger
et al., 2021) (Table S1). To gain insight into quality and batch variances of the LC-MS/MS measurements, a reference sample was
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prepared. For this cause, a pooled sample was prepared, containing different samples of all experimental groups (see Table S2
and Table S3). For CSF-derived EV samples, as there was a limitation in available material, 63 samples of the cohort were selected
with the highest protein concentration. Of each of those proteins, 0.75 μg was taken, pooled, and used as reference sample. For
the non-purified CSF pooled reference sample, 20 μL of all samples out of batch 1 and 2 was used. Pooled samples were stored at
−80◦C until sample preparation.

. Protein extraction and S-trap digestions

Each sample was digested in an S-trap micro spin column (Protifi, ref. CO2-micro) (Figure 1c) according to the manufac-
turer’s instructions. First, 0.75 μg of protein of each CSF-EV derived sample was concentrated in a vacuum dryer (Speedvac
SPD1010, Thermo Scientific) and placed in a sonication bath (Branson 3510, Marshall Scientific) for 20 min with a final con-
centration of 5% SDS (Sigma-Aldrich, ref. L3771). For non-purified CSF samples, 10 μL was taken and the same steps were
applied.
Proteins were reduced with a final concentration of 10 mM DTT (Sigma, ref. D0632) for 30 min at 55◦C with 450 rpm in a

Thermomixer C (Eppendorf), followed by an alkylation step with a final concentration of 20 mM iodoacetamide (Sigma, ref.
I1149) for at least 30 min at room temperature in the dark. The alkylated proteins were acidified by adding phosphoric acid
(Biosolve, ref. 161605) to a final concentration of 2.7% and mixed with six volumes of binding buffer (90% methanol, BioSolve,
ref. 136841; final concentration of 100 mM TEAB, Sigma, ref. T7408). After vortexing, the solution was loaded onto the S-trap
filter and centrifuged at 4000 × g for 30 s. After all sample was loaded, three washing steps with each time 150 μL of the binding
buffer were performed followed by a centrifugation step of 4000 × g for 30 s, ending with an additional centrifugation step of
4000 × g for 1 min. An overnight digestion with 0.5 μg (CSF-EV derived samples) or 1.0 μg (non-purified CSF samples) Trypsin
Platinum (Promega, ref. VA9000) diluted in 20 μL 50 mM TEAB per sample was performed at 37◦C in a humid environment to
limit evaporation. Finally, peptides were eluted stepwise with three elution buffers at a volume of 40 μL each, including 50 mM
TEAB in water, 0.2% formic acid (Biosolve, ref. 069141A8) in water and 50% acetonitrile (Biosolve, ref. 01204101)/0.1% formic
acid in water. The peptide solutions were pooled, speed-vacuum dried, and subsequently stored at−20◦C. All water used in this
protocol was HPLC-graded water (Biosolve, ref. 232141B1).

. LC-MS/MS analysis

All dry CSF-derived EV samples were resuspended in 20 μL of Solvent A (0.1% formic acid in water, Biosolve, ref. 23244102), and
all material was used for further steps. Dry non-purified CSF samples were resuspended in 22 μL Solvent A. With 2 μL of each
sample, the peptide concentration was measured using the NanoDrop spectrophometer, and 0.3 μg of peptide was taken to load
onto the column.
Before injecting all samples into the mass spectrometer, samples were loaded on Evotips Pure (Evosep, EV2013) according to

manufacturer’s instructions (Evotip Pure sample loading protocol, downloaded 13.06.2022). In short, Evotips Pure were washed
with Solvent B (0.1% formic acid in acetonitrile, Biosolve, ref. 01930602), and conditioned in 1-propanol (Biosolve, ref. 16360602).
After equilibrating with Solvent A, the required volume of peptides was loaded onto the tip. Following a centrifugation step of
800 × g for 1 min, tips were washed with Solvent A and additional Solvent A was added to avoid drying of the tip. Finally,
1 pmol/peptide from the Retention Time standardisation kit PROCAL (JPT, ref. RTK-1-10 pmol) (Zolg et al., 2017) was added to
all samples. A peptide mixture from a HeLa cell culture was used as QC sample at the beginning and end of every batch, and a
sample with GFP (Protea biosciences, MorganDown, WV) was run every three samples.
The peptide samples were separated on a Evosep One (Evosep, Figure 1d), fitted with an ReproSil-Pur C18 Endurance column

(15 cm, 1.9 μm, 150 μm, Evosep, EV1113). The pre-programmed Evosep 30 SPDmethod was used. The column was online with a
timsTOF Pro (Figure 1d) operating in positive ion mode, coupled with a CaptiveSpray ion source (both from Bruker Daltonics
GmbH,Bremen). The timsTOFProwas calibrated according to themanufacturer’s guidelines. The temperature of the ion transfer
capillary was 180◦C. The Parallel Accumulation–Serial Fragmentation (PASEF) DDA method was used to select precursor ions
for fragmentation with 1 TIMS-MS scan and 10 PASEF MS/MS scans, as described by Meier et al. (2018). The TIMS-MS survey
scan was acquired between 0.70–1.45 V s/cm2 and 100–1700 m/z with a ramp time of 100 ms. The 10 PASEF scans contained on
average 12 MS/MS scans per PASEF scan with a collision energy of 10 eV. Precursor ions with 1–5 charges were selected with the
target value set to 20,000 a.u and intensity threshold to 2500 a.u. Precursors were dynamically excluded for 0.4 s. The timsTOF
Pro was controlled by the OtofControl 5.1 software (Bruker Daltonik GmbH). 10 PASEF scans contained on average 12 MS/MS
scans per PASEF scan. Raw data was analysed with the DataAnalysis 5.1 software (Bruker Daltonik).
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. Peptide identification

A peptide search was performed on a selection of 50 CSF-derived EV samples. MaxQuant version 2.2.0.0 (Max-Planck Institute,
Germany) (Cox &Mann, 2008), with the Andromeda search engine, was used to perform database searches against the database
Uniprot Human (Proteome ID: UP000005640, downloaded on 30th January 2020), with a protein FDR of 1%.Methionine oxida-
tion and serine, threonine and tyrosine phosphorylation were set as variable modifications and cysteine carbamidomethylation
as a fixed modification. During the search, the trypsin digest was allowed to have two missed cleavage sites. Identifications were
transferred between runs with the match-between-runs setting. TheMaxQuant .msms output file was used to generate a spectral
library with BiblioSpec implemented in the Skyline environment. Here, peptides shared between multiple protein groups were
removed and only protein groups with minimally two peptides were considered. The raw data of all other 199 CSF-EV derived
samples (249 total samples minus the 50 samples already run on MaxQuant) were imported in this spectral library. The same
was done for non-purified CSF samples: a selection of 50 samples was run onMaxQuant, with which a spectral library in Skyline
was made for the other 198 samples. The use of such spectral library helps avoiding missing values, an issue often encountered
in label-free quantitative proteomics.

. Differential analysis

Further data analysis was performed in R version 4.3.1 (Posit). The peptide intensities acquired by Skyline were log2-transformed,
filtered formaximum50%missing values, normalised using the quantilemethod, and summarised into protein expression values.
Package limma (version 3.52.4) from Bioconductor was used for the actual differential analysis (Phipson et al., 2016). Proteins
were considered differentially expressed if the Benjamini-Hochberg-adjusted p-value was lower than 0.05 (FDR 5%) and the
absolute log2 fold change (LogFC) was higher than 1.

. GO enrichment

DAVID Bioinformatics Resources 2021 (https://david.ncifcrf.gov) was used to perform GO (gene ontology) analysis. The whole
proteome background was retrieved from the database Uniprot Human (Proteome ID: UP000005640, downloaded on 30th
January 2020).

. Network analysis

A network analysis was performed using STRING version 11.5. STRING is a database of known and predicted protein-protein
interactions. Its search tool was used for the retrieval of interacting genes within statistically significant differentially expressed
proteins from non-purified CSF samples and from CSF-derived EV samples. After entering accession numbers, Markov Cluster-
ing (MCL) was performed with the default value of inflation parameter (3). Disconnected nodes were hidden, and only highest
confidence interactions were shown with a minimum required interaction score of 0.9000 (Szklarczyk et al., 2023).

 RESULTS

. Protein and peptide concentrations

On average, the protein concentration of CSF-derived EVs was 4.57 μg/mL. Of each sample, 0.75 μg was allocated for protein
extraction and peptide digestion (i.e., LC-MS/MS sample preparation). The protein concentration of non-purifiedCSFwas about
1000 times higher, with an average of 4.19 mg/mL. Since 20 μL of these samples was taken for LC-MS/MS sample preparation, on
average 41.94 μg of protein was taken. Measurements at peptide level resulted in an average concentration of 0.81 mg/mL, which
means that on average 17.79 μg of peptide was retrieved after sample preparation, or 42.42% of the initial protein material. The
descriptive statistics can be found in Table 4.

Protein concentration of CSF-derived EVs and non-purified CSF did not correlate significantly according to a Spearman test
(ρ = 0.106, p-value = 0.095). However, as expected, there was a significant correlation between the protein and peptide concen-
trations of non-purifiedCSF (ρ= 0.241, p-value= 7.322E-005). This shows the reproducibility of the sample preparation protocol
and the amount of material lost. Between the different phenotypes, no significant difference was measured for protein or peptide
measurement in both the CSF-derived EV samples and the non-purified CSF (Figure 3). These statistics were performed both

https://david.ncifcrf.gov
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TABLE  Descriptive statistics of protein and peptide concentration measurements.

CSF-derived EVs Non-purified CSF

Sample type Protein concentration (μg/mL) Protein concentration (mg/mg) Peptide concentration (mg/mL)

Minimum 0.10 0.54 0.31

25% Percentile 2.61 2.11 0.72

Median 3.74 2.93 0.86

75% Percentile 5.84 4.51 0.91

Maximum 22.44 27.86 1.06

Mean 4.571 4.194 0.8085

Std. Deviation 3.377 3.933 0.1487

Std. Error of Mean 0.1966 0.2309 0.008660

Coefficient of variation 73.87% 93.77% 18.40%
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F IGURE  Violin plots of protein and peptide concentration comparisons between different phenotypes, after removing outliers (ROUT, Q = 1%). AD,
Alzheimer’s disease; CSF, cerebrospinal fluid; DLB, dementia with Lewy bodies; EVs, extracellular vesicles; HC, healthy controls; PD, Parkinson’s disease;
PD-MCI, Parkinson’s disease with mild cognitive impairment; PDD, Parkinson’s disease dementia.

with and without removing outliers (ROUT method, Q = 1%).
Seyfert et al. described a similar average CSF total protein concentration of 4.00 mg/mL in controls, of which 2.23 mg/mL

albumin and 0.24 mg/mL IgG. Furthermore, they observed a positive correlation between albumin quotient and age (Seyfert
et al., 2002). Comparing non-purified CSF protein concentrations (median of 2.93 mg/mL) with CSF-derived EV protein con-
centrations (median of 3.74 μg/mL) supports the notion that the SmartSEC kit indeed efficiently removes abundant proteins,
such as albumin, as previously demonstrated (Hirschberg et al., 2022).

. ExoView

The objective of analysing non-purifiedCSF samples on the ExoView platformwas to obtain a particle size distribution.However,
since the mean size of CD63, CD81 and CD9 captured particles was 54 nm (SD = 5), 55 nm (SD = 6) and 56 nm (SD = 7),
respectively, and the minimummeasurable size on the instrument is 50 nm according to the manufacturer (Deng et al., 2022), it
is probable that many particles were not accounted for in this measurement. Possibly due to aforementioned issue, there was no
noticeable variation in particle size among the different phenotypes (Figure 4a). At the same time as this scatter analysis, CD63
double positive particles in fluorescencemode were counted (Figure 4b). Here, AD appeared to have a higher number of particles
compared to other phenotypes. Similarly, in the fluorescence experiment conducted with CSF-derived EVs, DLB exhibited a
higher number of particles compared to other phenotypes (Figure 5b). For these samples, the total number of particles captured
by CD63, CD81 and CD9 was also counted, revealing that CD63 captured most particles, and that the DLB pool consisted of
more CD9 captured particles than the other groups. In contrast, in the case of non-purified CSF, this comparison was not carried
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F IGURE  Non-purified CSF ExoView results. (a) Mean particle size and SD of the ExoView in scatter mode, for the particles captured by the three
different capture antibodies (CD63, CD81, CD9), per diagnostic group. (b) Counted number of particles double positive for CD63 and their SD. AD,
Alzheimer’s disease; CSF, cerebrospinal fluid; DLB, dementia with Lewy bodies; HC, healthy control; PD, Parkinson’s disease; PDD, Parkinson’s disease
dementia.
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F IGURE  CSF-derived EVs ExoView results. (a) Total number particles counted on the three capture antibodies (CD63, CD81, CD9) per diagnostic
group, by fluorescence. (b) Counted number of particles double positive for CD63. AD, Alzheimer’s disease; DLB, dementia with Lewy bodies; EVs,
extracellular vesicles; HC, healthy control; PD, Parkinson’s disease; PDD, Parkinson’s disease dementia.

out, except for CD63++ particles, since other tetraspanins oversaturated the chips. Interestingly, in these samples, CD63 was the
least detected protein among the three tetraspanins measured.

. ZetaView

In the CSF-derived EV pooled sample, a concentration of 1.1 × 108 particles per millilitre (dilution factor and correction factor
considered) was observed, and a median size of 106.5 nm in a measurement where, in average, 112 particles were measured per
frame.

. Simoa

For NfL and pTau181, samples were split in groups AD, DLB or PDD, and HC. For non-purified CSF samples, NfL was signifi-
cantly higher inDLB/PDD thanHC (p-value= 0.0459) and after removing two outliers, AD samples had significantly higher NfL
concentrations than HC likewise (p-value= 0.0384) (Figure 6). For pTau181, no significant differences were found in these sam-
ples (p-values range between 0.1633 and 0.8639). Since more non-purified CSF samples were tested on the Neurology 3-plex kit,
more groups were included for these analytes (namely AD, PD, PDD, DLB, HC). In these experiments, Aβ1-42 was significantly
lower in AD than in PDD (p-value= 0.0219) andHC (p-value= 0.0176) (Figure 6). Aβ1-40 wasmarginally lower in AD than PDD
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F IGURE  Overview of the significant differences between mean concentrations of analytes in non-purified CSF, as measured by Simoa. A significant
difference is observed for (a) NfL concentrations, between AD and HC using Kruskal–Wallis (no normal distribution). When removing two outliers (in grey),
normal distribution was achieved, and one-way ANOVA highlighted a significant difference between DLB/PDD and HC; (b) Aβ1-42 concentrations; (c) the
ratio of Aβ1-42 on Aβ1-40; (d) the ratio of . Aβ1-42 on Aβ1-40 on pTau181; (e) the ratio of Aβ1-42 on Aβ1-40 on T-Tau; (f) the ratio of Aβ1-42 on pTau181; (g) the ratio
of Aβ1-42 on T-Tau. Aβ, β-amyloid; AD, Alzheimer’s disease; DLB, dementia with Lewy bodies; HC, healthy controls; NfL, neurofilament light; PDD,
Parkinson’s disease dementia; pTau181, tau phosphorylated at threonine-181; T-Tau, total tau.

TABLE  Particle size distribution and concentration.

X10 size 90.4 nm

X50 size 169.5 nm

X90 size 215.9 nm

Median size 106.5 nm

Concentration 1.1E+8 particles/mL

Average counted particles per frame 112

(p-value = 0.0618). Figure 6 shows the significant differences between the phenotypes for the calculated ratios of the analytes.
Ratios pTau181/NfL and pTau181/T-Tau (not shown in the Figure) were also calculated, but did not show any significance.
For CSF-derived EVs, no significant differences were found for pTau181, T-Tau, Aβ1-40, Aβ1-42 or any of the calculated ratios.

As seen when comparing Tables 3 and6, not all samples reached the LLOQ in the three used kits. Therefore, not as many values
were retrieved for these samples as for the non-purified CSF.
For all biomarkers summed up in Table 6, correlation was checked between non-purified CSF samples and CSF-derived EV

samples. However, no significant correlations were found following a two-tailed Spearman test. It should be noted that the
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TABLE  Overview of the mean concentrations ± standard deviations of NfL, pTau181, Aβ1-40, Aβ1-42, T-Tau and their ratios, as measured by Simoa.

Non-purified CSF

Biomarker/ratio AD (pg/mL) (N) DLB/PDD (pg/mL) (N) HC (pg/mL) (N)

NfL 1572 ± 1384 (11)a 1602 ± 1721 (14)c 469.8 ± 121.7 (8)a,c

pTau181 671.6 ± 382.5 (6) 813.4 ± 709.8 (6) 283.7 ± 156.3 (6)

Aβ1-40 3,393 ± 2,590 (10) 5,305 ± 3,988 (13) 5,040 ± 2,158 (8)

Aβ1-42 93.9 ± 60.16 (10)a,b 194.5 ± 129.1 (13)b 260.5 ± 136 (8)a

T-Tau 197.3 ± 149.5 (10) 163.5 ± 165.3 (13) 94.7 ± 20.5 (8)

Aβ1-42/ Aβ1-40 0.032 ± 0.008 (10)aa 0.039 ± 0.015 (10) 0.052 ± 0.012 (8)aa

pTau181/NfL 1.005 ± 1.029 (6) 1.058 ± 0.652 (6) 0.631 ± 0.234 (6)

pTau181/T-Tau 4.465 ± 1.037 (6) 3.749 ± 1.814 (6) 2.986 ± 1.373 (6)

Aβ1-42/ Aβ1-40/pTau181 6.409E-005 ± 3.658E-005 (6)a 1.328E-004 ± 1.35E-004 (6) 2.392E-004 ± 1.332E-004 (6)a

Aβ1-42/ Aβ1-40/T-Tau 2.651E-004 ± 1.800E-004 (10)a 3.479E-004 ± 3.320E-004 (10) 5.800E-004 ± 2.267E-004 (8)a

Aβ1-42/pTau181 0.153 ± 0.120 (6)aa 0.319 ± 0.277 (6)c 0.985 ± 0.640 (6)aa,c

Aβ1-42/T-Tau 0.545 ± 0.346 (10)aaaa 1.187 ± 0.859 (10)c 2.644 ± 1.013 (8)aaaa,c

CSF-derived EVs

Biomarker/ratio AD (pg/mL) (N) DLB/PDD (pg/mL) (N) HC (pg/mL) (N)

pTau181 0.358 ± 0.262 (5) 0.204 (1) 0.090 ± 0.109 (3)

Aβ1-42 0.790 ± 0.244 (7) 0.886 ± 0.543 (5) 0.897 ± 0.582 (3)

T-Tau 0.233 ± 0.098 (8) 0.1905 ± 0.112 (10) 0.147 ± 0.091 (8)

Aβ1-42/T-Tau 3.856 ± 2.055 (7) 4.816 ± 4.628 (5) 3.983 ± 1.846 (3)

The number of samples measured is indicated within brackets. Significant differences with p-value<0.05, p-value<0.01, p-value<0.001 and p-value<0.0001 are respectively indicated
with one, two, three and four repeated superscript letters; the following letters are used: a = AD vs. HC, b = AD vs. DLB/PDD, c = DLB/PDD vs. HC.
Abbreviations: Aβ, β-amyloid; AD, Alzheimer’s disease; CSF, cerebrospinal fluid; DLB, dementia with Lewy bodies; EVs, extracellular vesicles; HC, healthy controls; N, number of
samples included; NfL, neurofilament light; PDD, Parkinson’s disease dementia; pTau181, tau phosphorylated at threonine-181; T-Tau, total tau.

number of paired samples used for these tests was limited. The different analytes measured in non-purified CSF samples did
show significant correlations among themselves: NfL and pTau181 (ρ = 0.461, p-value = 0.047, N = 19), NfL and Aβ1-42/1-40
(ρ = −0.372, p-value = 0.030, N = 34), pTau181 and Aβ1-42/1-40 (ρ = −0.909, p-value = 7.323E-008, N = 19), pTau181 and T-Tau
(ρ = 0.791, p-value = 5.473E-005, N = 19), Aβ1-42 and Aβ1-42/1-40 (ρ = 0.347, p-value = 0.044, N = 34), Aβ1-42/1-40 and T-Tau
(ρ = −0.591, p-value = 2.299E-004, N = 34) (Figure 7).

. LC-MS/MS

The number of protein groups identified and quantified was 350 in non-purified CSF, whereas this number increased to 658
protein groups for CSF-derived EVs. Of these identifications, 147 protein groups overlapped between both datasets. To check
if age and storage time were confounders of the LC-MS/MS data, linear regression was performed per group and was shown
non-significant for most proteins (p-values can be found per group for all biomarker candidates in the supplementary PDF, for
both non-purified CSF and CSF-derived EVs).
All included groups (HC, AD, PD, PD-MCI, PDD, DLB) were compared, resulting in 15 comparisons for each protein, per

sample type. For non-purified CSF, 169 statistically significant proteins were detected over all groups in total (supplementary
Excel, sheet ‘non-purified CSF’). Only for AD versus PD-MCI and PD-MCI versus PDD, no differential proteins were found. For
CSF-derived EVs, 276 statistically significant proteins were detected over all groups (supplementary Excel, sheet ‘CSF-derived
EVs’). Here, for AD versus PD-MCI, AD versus PDD, PD-MCI versus PDD and PD versus PD-MCI, no differential proteins were
discovered. Between both sample types, almost no overlap was found in differential proteins (Figures S1 and S2; supplementary
Excel, sheet ‘Venn’).
To investigate the characteristics of the CSF-derived EV proteome and non-purified CSF proteome, we employed DAVID

using a human proteome reference list. Among the overrepresented GO classes, in CSF-derived EVs, we found overrepresen-
tation of entries related to ribosomes, extracellular space, melanosome, secretory granule lumen, ficolin-1-rich granule lumen,
cytoplasm, extracellular region, focal adhesion, cytosol and extracellular exosomes (sorted by p-value). For the non-purified CSF,
we found entries related to melanosomes, ribosomes, cytosol, blood microparticles, cell surface, endoplasmic reticulum lumen,
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F IGURE  Heatmap of two-tailed Spearman correlation test between the analytes measured by Simoa in both non-purified CSF and CSF-derived EVs.
Spearman’s ρ is illustrated according to a gradient scale from blue to red (as shown on the right of the Figure), and significant p-values are indicated by asterisk:
p-value <0.05 (*), p-value <0.01 (**), p-value < 0.001 (***), p-value <0.0001 (****). Aβ, β-amyloid; CSF, cerebrospinal fluid; EVs, extracellular vesicles; NfL,
neurofilament light; pTau181, tau phosphorylated at threonine-181; T-Tau, total tau.

extracellular matrix, (external side of) plasmamembrane, circulating immunoglobulin complex. In regard to the cellular compo-
nent, almost half of CSF-derived EV proteins were related to the cytoplasm, while for non-purified CSF about half were secreted.
For both sample types, enrichment between all detected proteins anddifferential proteinswere comparable (supplementary Excel,
sheet ‘DAVID’).

. Selection of biomarkers

To identify the most promising markers out of these lists of differential proteins, a selection process was carried out based on
the comparisons where the protein was significant. The first selection focused on markers for neurodegeneration in general (see
Table 7 ‘neurodegeneration’). Here, the proteins were selected that showed a significant result between comparison HC versus
AD, HC versus DLB, HC versus PD, HC versus PD-MCI and HC versus PDD. Among non-purified CSF differential proteins,
two markers were selected, while 33 met the criteria among CSF-derived EV proteins.
For ADmarkers (see Table 7, Figures 8 and 9 ‘AD’), the selection aimed for markers that could make a distinction between HC

versus AD and/or AD versus DLB, while excluding those associated with non-AD diseases. This resulted in 10 potential markers
in non-purified CSF and four in CSF-derived EVs.
To identify DLB- specific markers (see Table 7, Figures 8 and 9 ‘DLB’), hypothesising that this is a disease that pathophysiolog-

ically differs fromPDD,markers were selected if they differentiatedHC versus DLB andAD versus DLB, while not differentiating
between non-DLBdiseases. This led to the selection of 15DLBnon-purifiedCSFmarkers and nineDLBCSF-derived EVmarkers.
For PD (see Table 7, Figures 8 and 9 ‘PD’), the criteria were to differentiate between HC versus PD and PD versus PDD, and

not for non-PD diseases. In this case, four non-purified CSF markers were noted and 13 CSF-derived EV markers. For PDD
(see Table 7, Figures 8 and 9 ‘PDD’), hypothesizing that this is a different disease from DLB, the focus was on markers that
differentiated HC versus PDD and AD versus PDD or DLB versus PDD, while excluding markers associated with non-PD or
non-PDD diseases. Five non-purified CSF markers were selected, and three for CSF-derived EVs. These markers did not appear
in the MCI stage of PD. Markers that could potentially measure dementia already in the PD-MCI stage, were selected based
on differentiation between both HC versus PD-MCI and HC versus PDD (see Table 7, Figures 8 and 9 ‘PDMCI-PDD’): three
identifications for non-purified CSF and five for CSF-derived EVs. Lastly, hypothesising that DLB and PDD are actually one and
the same disease, a selection was made based on markers that showed significance for HC versus the PD continuum and HC
versus DLB, while excluding proteins that could also differentiate AD (see Table 7, Figures 8 and 9 ‘PDMCI-DLB-PDD’).

In Figures 8 and 9, all proteins mentioned in Table 7 are illustrated with their LogFC value and according p-value between
all group comparisons. Proteins were considered differentially expressed if the Benjamini-Hochberg-adjusted p-value was lower
than 0.05 and the absolute LogFCwas higher than 1. Based on this, as described above, the selection of biomarkers was performed
for each of the diseases.
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TABLE  Selection of most promising protein biomarker candidates (annotated with their gene name) for both non-purified CSF and CSF-derived EVs.
An asterisk (*) highlights the proteins that showed up in the network analysis as well, as expanded upon in the supplementary data (Figure S3, Figure 4,
Tables 4 and 5). Neurodegeneration: Differentiate HC vs. AD, HC vs. DLB, HC vs. PD, HC vs. PD-MCI, and HC vs. PDD. AD: Differentiated HC vs. AD and/or
AD vs. DLB, and not non-AD diseases. DLB: Differentiated HC vs. DLB and AD vs. DLB, and not non-DLB diseases. PD: Differentiated HC vs PD and PD vs.
PDD, and not non-PD diseases. PDD: Differentiated HC vs. PDD and AD vs. PDD or DLB vs. PDD and not non-PD or non-PDD diseases. PDMCI-PDD:
Differentiated HC vs. PD-MCI and HC vs. PDD. PDMCI-DLB-PDD: Differentiated HC vs. the PD continuum and HC vs. DLB.

Non-purified CSF CSF-derived EVs

Neurodegeneration IGHV3-48, SYNRG (N = 2) TAGLN, KRT8, SRI, NUTF2, SELENBP1, RPS18*,
IGLC7, TMSB4X*, SF3A1*, HRNRNPK, STMN,
NCL*, RPL7*, ACIN1, RPL31*, COL28A1, FABP6*,
EIF3D*, PPT1, RPL22*, TRA2B*, SUMO2*, MLF2,
ST13P4, MESD, CCT5*, S100A6, PSMD2*, HMGB1P1,
ACLY*, MYO6*, PSMA7*, RNASE4 (N = 33)

AD IGKV3D-15, CA3, SORCS3, MYH9*, TUBB2B,
GALNT1, CALML5, SMOC1, SPINT2*, BAMBI*
(N = 10)

CFHR2, EDF1, PLA2G4E, ARGLU1 (N = 4)

DLB PLXDC2, SHISA5, CPLANE1, PCDH9, C1RL,
SERPINB4*, ACTC1, MGP, CD81, IGHV3-30-5,
PRKCSH*, SLPI, F2R*, IGHV2-70D, SPOCK1
(N = 15)

SAMD9, SIRPA, PREX1*, LDHA, TCOF1, EPHB1,
RB1CC1, KRT40, KRT38 (N = 9)

PD EPHB6*, KRT8, EPB42, CENPE (N = 4) RALB, POR, SMPD3, MAPT*, DDX6*, ILK*, OGN*,
CTSS*, PPP1CC*, FLII, IGKV1-8, SHMT1, RPL35A*
(N = 13)

PDD SNCA, MASP1*, PLD4, PTPRS, CADM2 (N = 5) EHD2, ACTBL2, SLIRP (N = 3)

PDMCI-PDD HEG1, MOG, PNP* (N = 3) XIRP2, HP*, IGG1, SORL1*, TF (N = 5)

PDMCI-DLB-PDD WFIKKN2, PTPRN2 (N = 2) TGM5, IGLC1, ALB* (N = 3)

Abbreviations: AD, Alzheimer’s disease; DLB, dementia with Lewy bodies; N, number of proteins; PD, Parkinson’s disease; PDD, Parkinson’s disease dementia; PDMCI, Parkinson’s
disease with mild cognitive impairment.

 DISCUSSION

In order to identify biomarker candidates that have high potential for differential diagnosis, or that potentially provide targets for
novel or repurposed pharmacotherapeutics, we compared the non-purified CSF and CSF-derived EV proteome of clinically very
well phenotyped AD, PD, PD-MCI, PDD and DLB patients, analysed by label-free mass spectrometry. That the patient cohort
was well-phenotyped was demonstrated by the fact that the clinical diagnosis was confirmed by post-mortem neuropathological
and immunohistochemical evaluation of the brain in 25 cases.
First, the protein extractions of the included samples were characterised. Although measured CSF protein concentrations are

often lower than measured in this study (Wuschek et al., 2019; Yoshihara et al., 2021), extensive individual variability has been
reported previously (Asgari et al., 2017). In order to check if there was a correlation between sample storage time and protein
concentration, linear regression was performed. The linear regression slope was shown non-significant for sample storage time
and the protein concentration after EV isolation. A second characterisation part was the sizing of the particles. CSF-derived
EV particle sizes as measured by ZetaView, resulted in a median size of 106.5 nm, which is significantly larger than the non-
purified CSF tetraspanin containing particles measured by ExoView in this study (mean of 54–56 nm, depending on the capture
antibody). Unfortunately, attempts to size CSF-derived EVs on the ExoView were unsuccessful, as measurements were below
the LOD. Therefore, a comparison between ExoView and NTA was not possible for CSF-derived EV samples. Measuring non-
purified CSF with ZetaView, on the other hand, is not meaningful, as the presence of other lipid-membrane contaminating
particles would contribute to the fluorescent signal greatly. Notably, some other studies did show that particles seemed smaller
using ExoView than NTA such as ZetaView or Nanosight and that ExoView sizes seemed closer to TEM sizes (Bachurski et al.,
2019; Comfort et al., 2021).
Next, a more in-depth analysis of the protein content was performed to offer biological information of the diagnoses and of

the cargo that CSF-derived EVs carry. On the one hand, targeted proteomics was applied to detect known clinically relevant
proteins. NfL, for instance, is a cytoskeletal protein specific to neurons and predominantly present in myelinated axons. Damage
to axons leads to the release of NfL into CSF and subsequently into the bloodstream. Elevated levels of NfL are indicative of severe
cerebral axonal degeneration and have been associated with various neurodegenerative disorders, including AD (Mattsson et al.,
2019), and PD (Hansson et al., 2017). In our study, NfL levels in CSF-derived EVs could not be measured, but non-purified AD
CSF NfL levels were significantly higher than HC. After removal of outliers, DLB/PDD scored higher than HC as well. This was
expected, since literature indicates that CSF NfL is elevated in AD and DLB compared to HC (Delaby et al., 2020). Most studies
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F IGURE  Visualisation of the log2 fold change (LogFC) values and p-values for the 37 selected disease specific biomarker candidates, as retrieved by
limma differential analysis in the CSF-derived EV data. AD: differentiated HC vs. AD and/or AD vs. DLB, and not amongst non-AD diseases. DLB:
differentiated HC vs. DLB and AD vs. DLB, and not amongst non-DLB diseases. PD: differentiated HC vs. PD and PD vs. PDD, and not amongst non-PD
diseases. PDD: differentiated HC vs. PDD and AD vs. PDD or DLB vs. PDD, and not amongst non-PD or non-PDD diseases. PDMCI-PDD: differentiated HC
vs. PD-MCI and HC vs. PDD. PDMCI-DLB-PDD: differentiated HC vs. the PD continuum and HC vs. DLB. Proteins were considered differentially expressed
if the Benjamini–Hochberg-adjusted p-value was lower than 0.05 and the absolute LogFC was higher than 1. Exact LogFC and p-values for all comparisons can
be found in the supplementary Excel, sheet ‘CSF-derived EVs’. AD, Alzheimer’s disease; DLB, dementia with Lewy bodies; HC, healthy controls; PD,
Parkinson’s disease; PD-MCI, Parkinson’s disease with mild cognitive impairment; PDD, Parkinson’s disease dementia. Proteins were considered differentially
expressed if the Benjamini–Hochberg-adjusted P-value was lower than 0.05 and the absolute LogFC was higher than 1.

compare biomarkers between a neurodegenerative disease and healthy controls, but few studies compare neurodegenerative
diseases amongst each other. However, plasma NfL has been studied as well, where, for example, Lin et al. (2018) compared the
plasma levels of NfL among individuals with MCI, AD, PD and PDD. Their findings indicated higher plasma NfL levels in PDD
as compared to PD, with the highest levels observed in AD. The study also established a correlation between high plasma NfL
levels and poor cognition in both AD and PD patients, but not with severity of motor symptoms in PD patients (Lin et al., 2018).
A study from 2021 reported a correlation between CSF and plasma NfL and that both CSF and plasma NfL levels were correlated
with T-Tau (CSF Spearman’s ρ= 0.36, p-value= 0.024) and Aβ1-42 (CSF Spearman’s ρ=−0.26, p-value <0.001), and confirmed
the increase of CSF and plasma NfL in AD compared to HC, but not for DLB (Aamodt et al., 2021). In the SPIN cohort, another
study found that CSF NfL levels were higher in males than females, and there was a positive correlation between NfL and both
T-Tau and pTau181, and, again, a negative correlation with Aβ1-42. The researchers also evidenced a positive correlation between
NfL levels and age (Spearman’s ρ = 0.490, p-value <0.001) (Delaby et al., 2020). In our study, a positive correlation was found
of CSF NfL with CSF pTau181, and a negative correlation with CSF Aβ1-42/Aβ1-40, reproducing the results from the SPIN cohort.
Furthermore, as expected, a correlation between NfL levels and age was detected (Spearman’s ρ = 0.372, p = 0.0198). Struyfs
et al. (2015), using a standard ELISA, also demonstrated a significant decline in CSF Aβ1-42, Aβ1-42/T-Tau, Aβ1-42/pTau181 in AD
compared to non-AD, which was replicated in our study. T-Tau and pTau181, in contrast, were elevated in the AD CSF samples
in their samples, as expected. These analytes were not significantly different in this study, which can be explained by the small
number of samples in this experiment, or it could show that our samples were taken in an early stage of the AD continuum.
However, these samples were not provided with an MMSE score. In our study, non-purified CSF samples from DLB/PDD in
comparison to those from HC were only found to be downregulated for Aβ1-42/pTau181 and Aβ1-42/T-Tau. Similarly, the team of
Delaby observed decreased levels of Aβ1-42 in CSF of DLB patients compared to control subjects (Delaby et al., 2022). Recently,
the European DLB consortium has also published results of tau dysregulation in DLB (Di Censo et al., 2020), and Ferreira et al.
(2020) discuss Aβ and tau changes in DLB as well. Regarding the comparison of neurodegenerative diseases amongst each other,
a study from 2011 (Aerts et al., 2011) compared CSF AD and DLB biomarkers, and while Aβ1-42 was not different, T-Tau and
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F IGURE  Visualisation of the log2 fold change (LogFC) values and p-values for the 39 selected disease specific biomarker candidates, as retrieved by
limma differential analysis in the non-purified CSF data. AD: differentiated HC vs. AD and/or AD vs. DLB, and not amongst non-AD diseases. DLB:
differentiated HC vs. DLB and AD vs. DLB, and not amongst non-DLB diseases. PD: differentiated HC vs. PD and PD vs. PDD, and not amongst non-PD
diseases. PDD: differentiated HC vs. PDD and AD vs. PDD or DLB vs. PDD, and not amongst non-PD or non-PDD diseases. PDMCI-PDD: differentiated HC
vs. PD-MCI and HC vs. PDD. PDMCI-DLB-PDD: differentiated HC vs. the PD continuum and HC vs. DLB. Proteins were considered differentially expressed
if the Benjamini–Hochberg-adjusted P-value was lower than 0.05 and the absolute LogFC was higher than 1. Exact LogFC and p-values for all comparisons can
be found in the supplementary Excel, sheet ‘non-purified CSF’. AD, Alzheimer’s disease; DLB, dementia with Lewy bodies; HC, healthy controls; PD,
Parkinson’s disease; PD-MCI, Parkinson’s disease with mild cognitive impairment; PDD, Parkinson’s disease dementia. Proteins were considered differentially
expressed if the Benjamini–Hochberg-adjusted p-value was lower than 0.05 and the absolute LogFC was higher than 1.

pTau181 were significantly elevated in AD. In our study, Aβ1-42 was shown to be differentially expressed between AD and PDD.
This could be explained by the fact that not all PDD and DLB patients exhibit amyloid plaques and NFTs, and thus the results
depend on the included patients and their co-pathology. In our study, Aβ1-42 was elevated in PDD compared to AD. However,
less studies have been performed on PDD and DLB regarding these analytes (Struyfs et al., 2015). For CSF-derived EV samples,
none of the Simoa results were shown to be significant. Moreover, some samples were not measured because they were below
the LOD. If wanting to reach this LOD, much more volume would be needed of the respective CSF-derived EV samples, which
should be taken into account when weighing the advantages over the disadvantages over non-purified CSF. The Simoa data thus
initially have failed to show evidence for the hypothesis that EVs might be transmitting the known pathological proteins in the
brain this way. Furthermore, it showed the challenges of using EV-enriched samples over non-purified samples in such targeted
approach. For the ExoView and Simoa experiments, a limited number of kits were available and samples had to be selected. In
these cases, PD-MCI samples were not analysed. For LC-MS/MS, all available samples were included.
Using untargeted proteomics, on the other hand, similar biological information can be acquired butwithout prior knowledge of

clinically relevant proteins. With LC-MS/MS, significant data was extracted from both sample types and differentially expressed
proteins were selected. We observed a greater number of differentially expressed proteins in CSF-derived EV samples (N = 276)
compared to non-purified CSF (N = 169), with minimal overlap between both datasets. This finding suggests that CSF-derived
EV samples may be more suitable for the discovery phase of a biomarker study, due to the removal of more abundant proteins,
resulting in a narrower dynamic range. Data of both sample types, therefore, complement each other. Notably, a larger proportion
of the potential biomarkers in CSF-derived EVs, pointed towards neurodegeneration, or in extend to a state of disease in general.
For instance, several ribosomal proteins showed altered expression, which in many diseases show up as altered. Two potential
markers for neurodegeneration in general were identified in non-purified CSF, while 33 markers were found in CSF-derived EV.
As more disease-specific markers, we selected a total of 39 markers as the most promising markers identified in non-purified
CSF, and 37 markers across the different included diseases in the CSF-derived EV data. Regarding AD, 10 markers (IGKV3D-15,
CA3, SORCS3, MYH9, TUBB2B, GALNT1, CALML5, SMOC1, SPINT2, BAMBI) differentiated AD from the other diseases in
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non-purified CSF, and four (CFHR2, EDF1, PLA2G4E, ARGLU1) achieved the same in CSF-derived EVs. For DLB, PD and
PDD the numbers were as follows: 15 markers (PLXDC2, SHISA5, CPLANE1, PCDH9, C1RL, SERPINB4, ACTC1, MGP, CD81,
IGHV3-30-5, PRKCSH, SLPI, F2R, IGHV2-70D, SPOCK1), 4 markers (EPHB6, KRT8, EPB42, CENPE) and 5 markers (SNCA,
MASP1, PLD4, PTPRS, CADM2) in non-purified CSF, and 9markers (SAMD9, SIRPA, PREX1, LDHA, TCOF1, EPHB1, RB1CC1,
KRT40, KRT38), 13markers (RALB, POR, SMPD3,MAPT,DDX6, ILK,OGN,CTSS, PPP1CC, FLII, IGKV1-8, SHMT1, RPL35A),
and 3 markers (EHD2, ACTBL2, SLIRP) in CSF-derived EVs, respectively. Considering DLB and PDD as two distinct diseases, 3
markers (HEG1,MOG, PNP)were able to detect PDD in theMCI stage in non-purifiedCSF, while fivemarkers (XIRP2,HP, IGG1,
SORL1, TF) accomplished this in CSF-derived EVs. On the other hand, when regarding DLB and PDD as the same disease, two
markers (WFIKKN2, PTPRN2) detected dementia in theMCI stage in non-purifiedCSF, and threemarkers (TGM5, IGLC1,ALB)
did so in CSF-derived EVs. For non-purifiedCSF, nine proteins of the total selected proteins also showed up in the network analy-
sis. For CSF-derived EVs, 16 proteins of the network analysis were selected as general neurodegenerationmarkers, and 11 proteins
for DLB or the PD continuum. The selected markers were compared to MarkerDB (Wishart et al., 2021), a database comprising
26,374 genetic biomarkers. Upon matching the selected most-promising non-purified CSF markers with this database, ACTC1
(Alpha cardiac muscle 1 Actin) was identified as a known genetic biomarker for familial hypertrophic cardiomyopathy, MYH9
(Myosin-9) for genetic deafness, and SNCA (α-synuclein) for DLB and PD. From the selected most-promising CSF-derived
EV markers, six were found in the database: PPT1 (Palmitoyl-protein thioesterase 1) for neuronal ceroid lipofuscinosis, just as
SMPD3 (Sphingomyelin phosphodiesterase), MYO6 (Unconventional myosin-VI) for genetic deafness, MAPT (Microtubule-
associated protein tau) for PD and progressive supranuclear palsy, TGM5 (Protein-glutamine gamma-glutamyltransferase 5) for
inborn genetic disease, and SORL1 (Sortilin-related receptor) for AD. Of these, ACTC1 is downregulated in DLB compared to
AD, PD, PDMCI, PDD and HC; SNCA (SYUA) is downregulated in PDD compared to HC or DLB; MYH9 is downregulated in
AD compared to HC or DLB. For CSF-derived EVs, PPT1 and MYO6, as markers for neurodegeneration in general, are down-
regulated in AD, DLB, PD, PDMCI and PDD compared to HC; SMPD3 is downregulated in PD compared to AD, DLB, HC and
PDD; MAPT is downregulated in PD compared to AD, HC and PDD; TGM5 is downregulated in DLB, PD, PDMCI and PDD
compared to HC; SORL1 is downregulated in PDMCI and PDD compared to HC.When considering both sample types together,
a total of nine potential markers were found in the database, with only one marker also appearing in the MarkerDB protein
biomarker section (consisting of 142 entries): TAU for AD (investigational). In our study, MAPT came forward as a biomarker
for PD in CSF-derived EVs. Other potential biomarkers have previously been published to distinguish AD from HC. Muraoka
et al. (2020) published three promising biomarker candidates to identify the conversion ofMCI to AD.Neither of these showed to
be differentially significant in our data of non-purified CSF or CSF-derived EVs. However, of those, NPEPPS and PTGFRNwere
identified in our CSF-derived EVs. Similarly to their third protein of interest, that is, HSPA1A, other heat shock proteins were
differentially expressed in our CSF-derived EVs. In our data, HSP90AA4P differentiated HC from PD and HC from PD-MCI,
and HSP90AA5P differentiated HC from PD. None of the three proteins were identified in non-purified CSF. In 2023, the study
of Chatterjee et al. (2023) showed 26 upregulated proteins in AD, and 88 downregulated proteins. Of the upregulated proteins,
four were identified in our non-purified CSF data of which two were differentially expressed among at least two groups (MGP,
CFH). Five of their upregulated proteins were identified in our CSF-derived EV data, but none were differentially expressed. In
our data, MGP was downregulated in DLB in comparison to AD, PDD and HC. CFH was upregulated in AD versus PD. Of
the 88 downregulated proteins, 10 were identified in our non-purified CSF data (of which (6) S100A8, CTSB, TXN, PIP, DSG1,
ASAH1 were differentially expressed) and 23 in our CSF-derived EV data (of which (7) S100A6, DSP, S100A11, CFHR2, ATP1A2,
ACTBL2, KPRP were differentially expressed). Neither of these seven proteins was dysregulated specifically in AD according to
our data. These results show the importance of including clinically similar diseases in a biomarker study, as specificity of such
markers is crucial to avoid misdiagnosing. Recently, a paper was published comparing the non-purified CSF proteome of DLB,
measured with Olink, with non-purified CSF from healthy controls and from AD patients (Del Campo et al., 2023). Of the dif-
ferentially expressed proteins in their dataset, seven proteins were differentially expressed in our datasets as well, between at
least two of our included groups (AD vs. DLB, AD vs. PD continuum, DLB vs. PD continuum, HC vs. AD, HC vs. DLB and/or
HC vs. PD continuum). From these seven proteins, six were identified in non-purified CSF, and three in CSF-derived EVs, with
two overlapping in both. Of these, WFIKKN2 passed our potential biomarker selection in non-purified CSF (Table 7, category
PDMCI-DLB-PDD). WFIKKN2 is a protease-inhibitor, primarily expressed in ovary, testis and brain. More specifically, accord-
ing to The Human Protein Atlas, it is highly expressed in the choroid plexus, providing an explanation for its presence in CSF.
Notably, according to our knowledge, this protein was previously not linked to dementia.
In order to evaluate biomarkers, sensitivity and specificity analysis, with the help of ROC curves, is commonly carried out.

However, this could not be done since in this biomarker discovery study, complex data from mass spectrometry is acquired that
is analysed by limma, offering a complexmodel including empirical Bayes variance adjusting and correcting for co-variates.With
a simpler, targeted proteomic approach in the validation study, sensitivity and specificity will be explored for individual markers
as well as a combination of markers. It is recommended to explore highly sensitive targeted proteomic techniques for validation
in CSF-derived EV samples, as supported by the findings of our Simoa experiments.
To fully investigate the benefits of CSF-EV derived samples compared to non-purified CSF, it is essential to validate all the

identified biomarker candidates in both sample types. In particular, validating the markers that demonstrate the ability to
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differentiate between AD and DLB/PDD, where current biomarkers have limited performance, can significantly advance the
field. Lastly, it is important to consider other, less-invasive biofluids, such as plasma, or more specific, brain-derived EVs from
plasma.
We have submitted all relevant data of our experiments to the EV-TRACK knowledgebase (EV-TRACK ID: EV230591) (Van

Deun et al., 2017).

 CONCLUSION

Wewere able to successfully perform label-free proteomics not only on non-purified CSF but also on CSF-derived EVs, enriched
by SmartSEC HT. We observed a greater number of differentially expressed proteins in CSF-derived EV samples compared to
non-purified CSF, with minimal overlap between both datasets. This finding suggests that CSF-derived EV samples may bemore
helpful in the discovery phase of a biomarker study. Notably, a larger proportion of the potential biomarkers in CSF-derived EVs,
pointed towards neurodegeneration, or in extend to a state of disease in general. Although with Simoa, we could not show this
for Aβ or Tau, our LC-MS/MS findings suggest that CSF-derived EVs spread disease-altering proteins, albeit not necessarily the
most disease-specific ones. As more disease-specific markers, we selected a total of 39 markers as the most promising markers
identified in non-purified CSF, and 37 markers across the different included diseases in the CSF-derived EV data. Since of all
selected proteins, only nine showed up as known genetic biomarkers, it is necessary to validate all proteins in a larger, indepen-
dent cohort study. This should be performed on both sample types since further investigations are inquired to determine whether
the CSF-derived EV potential biomarkers can also be detected in non-purified CSF using targeted proteomics. This way, a com-
prehensive understanding of the biomarker’s presence and detectability can be obtained.When considering targeted proteomics,
non-purified samples may offer a more practical solution as it requires a smaller amount of material compared to EV-enriched
samples. Furthermore, it is important to consider other, less-invasive biofluids, such as plasma, or more specific brain-derived
EVs from plasma. Nevertheless, in this study, initial key steps were made identifying new leads for future validations.
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