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Tetraspanin-based immunocapture for high-
depth proteomic profiling of extracellular
vesicles from cerebrospinal fluid for biomarker
discovery

Elizabeth R. Dellar", lolanda Vendrell?, Roman Fischer?* and Alexander G. Thompson'"

Abstract

Background Due to its proximity to cells of the central nervous system, cerebrospinal fluid (CSF) is an important
source of novel biomarkers for neurological diseases. Membrane-bound extracellular vesicles (EVs) are enriched for
proteins of intracellular and membrane origin, implicated in the pathogenesis of some neurological diseases, and
secreted into CSF. Proteomic profiling of CSF-EVs, however, is limited by the large volumes required for typical EV
isolation protocols.

Methods We appraised the performance of tetraspanin (CD81, CD63, CD9)-based immunocapture for EV isolation
from 200 to 1000 uL CSF sample and compared to size-exclusion chromatography (SEC). EVs were profiled by
library-free data independent-acquisition (DIA) mass spectrometry to assess protein depth and abundance of specific
EV markers and known co-isolates. Abundance and precursor peptide locations for potential neuronal-specific
immunocapture targets described in the literature were also assessed.

Results Immunocapture was effective using CSF volumes as low as 200 L, consistently detecting core EV markers
and reducing relative levels of non-vesicular proteins such as Apolipoprotein B (APOB) and galectin 3 binding protein
(LGALS3BP) compared with size-exclusion chromatography (SEC). Proteomic depth reached 811+ 14 protein groups
in EVs from 200 uL CSF, increasing to 1285+ 224 when using feature alignment across runs with up to 1000 L starting
volume. These included eleven candidate biomarkers of neurological diseases that were detected in all preparation
methods, with additional candidates detected by immunocapture only. Increased depth was observed for both
transmembrane and secreted proteins using immunocapture compared with SEC, with proportional enrichment of
transmembrane proteins.

Conclusions This work demonstrates the effectiveness of tetraspanin immunocapture for proteomic profiling of EVs
in small volumes of CSF that can be adapted to use with cell-type-specific markers of choice.
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Introduction

Cells, including those in the central nervous system
(CNS), secrete extracellular particles into their exter-
nal environment. The most heavily studied extracellular
particles are extracellular vesicles (EVs), defined by the
presence of a lipid-bilayer, which encompass vesicular
particles produced by a variety of different mechanisms
that may vary by cellular origin [1, 2]. A number of other
nano-sized non-vesicular extracellular particles (NVEPs),
including ribonucleoproteins (RNPs) such as argonaute
complexes and vault particles, exomeres, supermeres,
and single protein aggregates are also recognised [3-7].
Particularly in biofluids such as blood as cerebrospi-
nal fluid (CSF), highly abundant particles such as high-,
intermediate-, low- and very-low-density lipoprotein
(HDL, IDL, LDL and VLDL) are also present and out-
number EVs by several orders of magnitude [5, 8].

EVs have attracted great attention as a novel source
of fluid biomarkers in many neurological diseases, par-
ticularly neurodegenerative diseases such as Alzheimer’s
disease, Parkinson’s disease and amyotrophic lateral scle-
rosis [9]. Compared with whole CSF, which comprises
primarily abundant secreted proteins, CSF EVs have dis-
tinct a protein composition that is enriched for proteins
of intracellular and membrane origin [10]. This feature
makes EVs attractive as a potential biomarker source, as
they are more likely to illuminate intracellular alterations
central to the disease process rather than downstream
effects of immune activation or blood-brain barrier alter-
ations [11-13].

Shotgun proteomics has proven to be a useful tool for
biomarker discovery in neurodegenerative diseases, and
accessing the EV proteome can enable increased profiling
depth but relies on effective separation of EVs from lipo-
proteins and serum albumin [14-16]. Previous studies
in CSF have adopted many different approaches includ-
ing ultracentrifugation, precipitation and size exclusion
chromatography (SEC), using 500 pL to 16 mL volumes,
attempting to balance the trade-off between purity and
volume requirements [10, 17-19]. Affinity-based meth-
ods, exploiting the lipid or protein surface composition of
EVs to separate them from NVEPs and concentrate from
bulk fluid in a single step, can potentially reduce the start-
ing volume required. Tetraspanin proteins such as CD81,
CD9 and CD63 are highly abundant on the membrane of
EVs from a variety of sources and are enriched relative
to NVEPs [3, 4, 20, 21]. This study aimed to test the use
of CSF EV immunocapture using antibodies against tet-
raspanins in small volumes of CSF to determine its suit-
ability for use in proteomic biomarker discovery.
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Materials and methods

Experimental design

This study assesses the suitability of tetraspanin-based
immunocapture (CD81, CD63, CD9 antibody mix) as a
methodology for enrichment of EVs from CSF for pro-
teomic biomarker discovery, comparing against SEC as
an existing standard. Initial characterisation experiments
shown for SEC (Nanoparticle tracking analysis, immu-
noblotting, transmission electron microscopy) are for a 5
mL volume in a single experiment due to the large vol-
umes required for replicates. Proteomics was performed
on technical replicates of immunocapture from a pool of
CSF (made up of ten individuals), with four replicates for
each of three different starting volumes (200 pL, 500 pL,
1000 pL). These were compared against SEC, for which
a single isolation from 2 mL CSF was carried out from
the same pool and split into four replicates for protein
digestion and subsequent proteomics, such that each
SEC replicate is representative of 500 pL of starting CSFE.
Data analysis was carried out using match between runs
(MBR) across either each sample preparation group (1 =
4 for each) or across the entire dataset (n = 16). Outly-
ing samples were excluded based on number of protein
groups identified, either high count combined with evi-
dence of cellular contamination (GOLGA2/GM130), or
low protein count and in which one of the immunocap-
ture target proteins was not detected. Assessment of pro-
posed EV biomarker candidates for neurological diseases
used all proteins listed in the International Society for
Extracellular Vesicles CSF Task Force summary publica-
tion [22].

CSF processing

CSF samples were obtained from individuals undergo-
ing lumbar puncture at Oxford University Hospitals NHS
Foundation Trust for routine care purposes. All partici-
pants provided informed consent. Diagnoses included
idiopathic intracranial hypertension, post-infectious tho-
racic myelitis, relapsing-remitting multiple sclerosis and
meningioma, including both male and female partici-
pants ranging from 27 to 57 years of age. Samples used in
this study received ethical approval from Ethics Commit-
tee South Central-Oxford C (references 09/H0606/5 +5
and 19/SC/0173). Lumbar punctures were performed in
either the morning or afternoon, without fasting, using
22G NRFit Sprotte needle and 1% Lidocaine anaes-
thetic to collect up to 25 mL CSF per patient into sterile
polypropylene tubes (Sarstedt). All samples were con-
firmed to be clear by visual inspection, before centrifug-
ing within two hours of sampling at 2300 g for 10 min at
4 °C. Samples were then aliquoted and frozen at —-80 °C
in polypropylene storage tubes. For proteomics, aliquots
of CSF from ten different individuals were thawed on
wet ice and combined to produce a single pooled sample
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from which all technical replicates were derived (see Sup-
plementary Table 1 for subject details). CSF underwent
two freeze-thaw cycles before EV isolation.

Size exclusion chromatography of extracellular
vesicles

2-5 mL of pooled CSF was concentrated to 100 pL using
an Amicon Ultra-15 10 kDa centrifugal filter (Merck Mil-
lipore) at 3500 g. For immunoblotting and TEM a starting
CSF volume of 5mL was used, and for proteomic analysis
2mL starting CSF volume (corresponding to 500 pL per
replicate of proteomics). The sample was injected onto
a Tricorn 5/150 column with 3 mL bed volume packed
with sepharose 4 fastflow (mean particle size 90 pm,
exclusion limit 3x 10’ M,) and eluted at 0.3 mL/minute
in phosphate buffered saline pH 7.4 without calcium and
magnesium (PBS) using an AKTA Go fast protein lig-
uid chromatography system (Cytiva). 200 uL fractions
were collected. For proteomics, two particle-containing
fractions were pooled and then split into four 100 pL
samples for independent lysis replicates. 100 uL 10%
sodium dodecyl sulfate in 100 mM triethylammonium
bicarbonate (TEAB) was added to each and incubated on
an orbital shaker at 1000 rpm at room temperature for
20 min.

Nanoparticle tracking analysis

Particle counting was carried out on intact EVs using
the Zetaview Nanoparticle Tracking instrument (Par-
ticle Metrix), calibrated with silica 100 nm microspheres
(Polysciences Inc., Philadelphia, United States). Samples
were diluted to 100-200 particles per frame in PBS. Data
was acquired at room temperature with settings: sensi-
tivity 80, shutter 100, frame rate 30, cycles 2, minimum
brightness 20, maximum size 1000, minimum size 10,
minimum tracelength 15, at all 11 positions and analysed
using zetaview software (version 8.05.12 SP2).

Transmission electron microscopy

EVs were incubated for 2 min on glow discharged (20 s at
15 mA) carbon 300 mesh copper grids (Agar Scientific,
AGS160-3) pre-treated with 0.1% poly-L-lysine solu-
tion for 5 min. Grids were negatively stained with 2%
uranyl acetate for 10 s before blotting dry. Imaging was
performed using an FEI Tecnai 12 transmission electron
microscope at 120 kV using a Gatan OneView CMOS
camera.

Immunoblotting

Immunoblotting was carried out using a tris-glycine gel
system for separation (Novex, Invitrogen). EVs were lysed
directly in 2x SDS sample buffer with (for syntenin-1)
or without (for tetraspanins) NuPAGE dithiothreitol
reducing agent (Invitrogen), and frozen at —80 °C. Before
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loading, samples were heated to 65 °C for 12 min. Sam-
ples were separated on WedgeWell 8—-16% tris-glycine
mini gels in tris-glycine SDS running buffer alongside
Spectra multicolour broad range protein ladder (Fisher
Scientific) for 90 min at 150 V. Proteins were dry trans-
ferred to 0.2 pm PVDF membranes using an iBlot2 sys-
tem (20 V for 1 min, 23 V for 4 min, 25 V for 1 min).
After blocking in 5% milk in 0.1%-TBS-Tween for 1 h,
membranes were incubated overnight with primary anti-
bodies; CD81 (Thermofisher 10828D), CD9 (Millipore,
CBL162), CD63 (Thermofisher 10628D) or Syntenin-1
(Abcam, 133267) at 1:1000 in 1% milk/0.1% TBS-Tween.
After washing three times in 0.1%-TBS-Tween, mem-
branes were incubated with rabbit or mouse horseradish
peroxidase-labelled secondary antibodies (VWR Interna-
tional) at 1:10,000 for 1 h at room temperature. Detection
was carried out with ECL Prime (Cytiva) on ChemiDoc
MP (BioRad).

Immunocapture of extracellular vesicles

EV immunocapture was performed using 2.8 pm mag-
netic M-270 Epoxy Dynabeads (Invitrogen 14311D)
covalently conjugated to a mix of CD81 (Thermofisher
10828D), CD9 (Millipore, CBL162) and CD63 (Thermo-
fisher 10628D) antibodies in 2:1:1 ratio or hemaggluti-
nin (HA; Invitrogen 26183) antibody as negative control.
4 ug total antibody was added per 1 mg of dynabeads
and incubated overnight at 37 °C on an orbital shaker at
800 rpm. Beads were washed as per manufacturer’s pro-
tocol, before addition of SynBlock ELISA Blocking Buf-
fer (Enzo, ICT-641) and further washing with PBS. Each
independent capture replicate used 200—1000 pL pooled
CSF sample made up to a total volume of 1000 pL in PBS,
with 0.5 mg conjugated beads, in 2 mL low protein bind-
ing Eppendorf tubes. Samples were rotated overnight at
4 °C. Before elution, beads were washed once with 0.05%
PBS-Tween and once with PBS. Samples were eluted in
50 pL 5% sodium dodecyl sulfate in 100 mM TEAB on
an orbital shaker at 1000 rpm at room temperature for
20 min. Four independent immunocaptures were carried
out per CSF volume.

Preparation of samples for proteomics

EV samples were digested for proteomics using a suspen-
sion trapping method (Protifi, Fairport, NY). After lysis,
protein was reduced and alkylated (5 mM dithiothrei-
tol and 20 mM iodoacetamide respectively) for 30 min
at room temperature each in the dark. Phosphoric acid
was used to acidify the samples to a final concentra-
tion of 2.5%, which were then mixed with six volumes
of binding buffer (90% aqueous methanol with 100 mM
TEAB). Samples were applied to S-trap micro columns
and centrifuged at 4,000 g, repeating for the full sample
volume. Bound protein was washed five times with 150
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uL binding buffer. 400 ng trypsin/Lys-C mix was added to
each column in 40 uL. 50 mM TEAB. Columns were incu-
bated for one hour at 37 °C in a water-saturated atmo-
sphere before addition of 40 pL more 50 mM TEAB and
overnight incubation. To elute peptides, 40 pL 50 mM
TEAB was added before centrifugation at 4000 g for one
minute, followed by successive addition of 40 pL 0.2%
aqueous formic acid and 40 uL 50% aqueous acetonitrile
with 0.2% formic acid, centrifuging at 1500 g after each
addition. Peptides were frozen, then thawed for drying
and resuspension in 60 pL 2% acetonitrile/0.1% formic
acid before analysis.

Mass spectrometry

Liquid chromatography—tandem mass spectrometry
(LC-MS/MS) was used to analyse the tryptic peptides
using the Vanquish Neo UHPLC connected to the Orbi-
trap Ascend Mass Spectrometer equipped with a high-
field asymmetric ion mobility spectrometry (FAIMS)
Pro Duo interface (all Thermo Fisher Scientific) with an
EASY-Spray Source. The Vanquish Neo was operated in
“Trap and Elute” mode using a PepMap Neo trap (5 pm,
300 pm x 5 mm; Thermo Fisher) and separated using an
EASY-SPRAY PepMapNeo column (50 cm x 75 um, 1500
bar; Thermo Fisher) heated at 50 °C. Mobile phase A and
B were 0.1% Formic acid in water (LC-MS Optima grade)
and 0.1% Formic acid in Acetonitrile (LC-MS Optima
grade), respectively. 16% of tryptic peptides from each
sample were injected, trapped and separated over a 60
min gradient, going from 2 to 18% B in 40 min, to 35%
in 20 min, up to 99% B in 1 min and then staying at 99%
for 14 min. The flow rate was maintained at 300 nL/min
throughout the gradient. The FAIMS Pro Duo was oper-
ated in standard resolution mode with carrier gas flow
rate of 3.8 L/min and compensation voltage set to —45.
Data acquisition was carried out in data-independent
mode (DIA) similar to previous studies [23-25]. MS1
scans were collected in the orbitrap at a resolving power
of 45 K at m/z 200 over m/z range of 350 to 1,650 m/z.
The MS1 normalized automatic gain control was set at
125% (5e5ions) with a maximum injection time of 91
ms and a radio frequency lens at 30%. DIA MS2 scans
were then acquired using the tMSn scan function at 30
K orbitrap resolution over 40 scan windows with variable
width, with a normalized automatic gain control target of
1,000%, maximum injection time set to auto and a 30%
collision energy.

Library-free analysis of raw data files was carried out
using DIA-NN (v1.8.1) against the UniprotSwissprot
reviewed human proteome (downloaded July 2023 and
containing 20,426 sequences). Default settings were used
to generate label free quantitation data [26]. Settings used
were 1% peptide false discovery rate, trypsin as proteo-
lytic enzyme with one missed cleavage allowed, inclusion
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of N-terminal excision, Cysteine carbamidomethylation
enabled as a fixed modification and oxidation of methio-
nine as variable modifications. The match between runs
(MBR) algorithm within DIA-NN was used for feature
alignment across MS runs to reduce missing peptide
identifications by the transfer of MS/MS peptide identi-
fications in one run to other runs with peptide signal of
the same mass and retention time. Data were analysed
both with MBR across all 16 samples, or for each group
of technical replicates separately.

Data processing

Data files were filtered to include only proteins which
appeared in at least three of four replicates of at least one
of the four different groups, and then log, transformed.
Data were either left non-normalised, or normalised
to the mean abundance of CD81, CD63 and CD9 tet-
raspanin proteins. Aside from comparison of protein
depth, all analysis was carried out on dataset deriving
from analysis with MBR applied across all 16 samples.
Coefficients of variation were calculated from non-logged
abundance data after normalisation to mean abundance
of CD81, CD63 and CD9 tetraspanin proteins. Three
outlying samples were excluded based on number of
proteins identified, two with high protein count with evi-
dence of cellular contamination (GOLGA2/GM130) and
one with low protein count and in which CD63 was also
not detected (Supplementary Fig. 2A).

Gene ontology

Overrepresentation analysis was carried out using Clus-
terProfiler (v 4.6.2) in R (v 4.2.0), using either analysis
of all gene ontology terms (Biological Process, Cellular
Component and Molecular Function) or user-defined
categories from the Human Protein Atlas (proteinat-
las.org) [27, 28] as of 5th January 2025. For gene ontol-
ogy, background was defined as all proteins detected in
the dataset after the exclusion of three outlying samples.
Dotplots show the ten most significant terms after Ben-
jamini-Hochberg p-value adjustment and use of “sim-
plify” method to remove redundant terms. For cell type
marker enrichment, genes defined as cell-type enriched
by the Human Protein Atlas (at least four-fold higher
mRNA level that cell type compared to any other cell
type) for glial, neuronal, epithelial, blood and immune
cells were downloaded from the Human Protein Atlas.
1064 genes classed as regionally elevated within the brain
according to the Human Protein Atlas were used for
analysis of brain regions. As background a combination
of all 3174 proteins detected in a high-depth proteomic
study of whole CSF [29] and proteins in our CSF EV data-
set (after exclusion of outliers), giving a total of 4429 pro-
teins. Venn diagrams were produced using VennDiagram
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package (v 1.7.3). Upset plots were produced using
UpsetR package (v 1.4.0).

Statistical analysis

Hierarchical clustering was carried out in R (v 4.2.0)
using pheatmap package (v 1.0.12), clustering by “com-
plete” method using Euclidian distance for rows. Two-
way ANOVA followed by TukeyHSD posthoc test, or
Kruskal-Wallis test followed by pairwise Wilcoxon-rank
sum posthoc test with Benjamini-Hochberg correction,
were used to analyse differences between experimental
groups (R v 4.2.0). Statistical significance cut-off was set
at 0.05. Spearman correlation for proposed neuronal EV
capture targets was carried out using pairwise complete
observations, excluding GAP43 and ATP1A3 to ensure at
least three complete observations for each protein pair.
Correlation plots were produced using corrplot package
(v 0.95). Pairwise differential abundance analysis was car-
ried out in R using limma (v 3.54.2) on protein groups
containing no missing values for the pairwise compari-
son. Empirical Bayes moderation was applied to obtain
moderated t-statistics due to the small sample size (n=3
per group), with Benjamini-Hochberg method for false-
discovery rate (FDR) correction, and a cut-off of FDR-
adjusted p <0.05.

Mapping of precursor peptides

Mapping of precursor peptides was carried out using
custom code in R. Canonical protein sequence and asso-
ciated topological data (TRANSMEM, TOPO_DOM)
were imported from Uniprot (www.uniprot.org/) as a
reference [30], as of 5th January 2025. For each protein
of interest, precursor peptides annotated to this protein
were filtered to exclude non-proteotypic peptides and
aligned against the reference sequence.
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Protein type

Protein type was defined by extracting subcellular
location data from Uniprot (www.uniprot.org/) for
all detected proteins [30]. Proteins were defined as
“Secreted” if matching to string “Secreted” and not fol-
lowed by “extracellular exosome” or “extracellular
matrix” “Single-pass’, “Multi-pass’, “Lipid-anchor” and
“Peripheral” were used as additional search strings for
membrane proteins. All proteins not matching any of
these terms were designated as “Other”. Proteins match-
ing to multiple classification types were grouped as “mul-
tiple annotations”

Results
Isolation of tetraspanin-positive extracellular vesicles in
CSF using SEC and immunocapture
Size-exclusion chromatography of a concentrated 5 mL
CSF sample was undertaken with a 3 mL volume column
containing sepharose 4 fast flow resin. 280 nm absor-
bance demonstrated a small peak at an elution volume of
1 -1.4 mL, corresponding to the terminal portion of the
void volume, prior to bulk protein eluting from 1.6 mL
and accompanied by a distinct peak in particle number
by nanoparticle tracking analysis (NTA; Fig. 1A). Frac-
tions from the particle peak were found to be positive
for tetraspanins CD63, CD9 and CD81 by immunoblot,
indicating the presence of EVs (Fig. 1B; Supplementary
Fig. 1A). Transmission electron microscopy indicated
60-80 nm cup-shaped particles with a morphology
consistent with negatively stained membrane vesicles
(Fig. 1C). Additional smaller structures around 40 nm
were also observed, indicating a diverse population of
nanoparticles within SEC samples.

Immunocapture against CD81 directly from whole
CSF was able to precipitate material positive for the EV
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Fig. 1 Characterisation of EVs enriched by size exclusion chromatography or immunocapture. (A) Isolation of EVs from cerebrospinal fluid by size-
exclusion chromatography (SEC) using fast protein liquid chromatography; line and left y-axis shows UV absorbance at 280 nm with peak at 1-1.4.4 mL,
indicative of protein concentration, bars and right y-axis show NTA particle counts from 200 L fractions with peak at 1-1.4.4 mL (n=1). (B) Immunoblot-
ting of SEC-EVs from pooled elution volume 1-1.4.4 mL. (C) Representative TEM of negatively stained SEC-EVs from pooled elution volume 1.0-1.4.04 mL.
(D) Immunoblotting for EVs enriched by immunocapture using CD81 antibody or hemagglutinin (HA) isotype-matched negative control. Ab, antibody.
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membrane marker CD63 and cytoplasmic marker syn-
tenin-1 from 500 uL CSE, indicating capture of intact EVs
(Fig. 1D). Further characterisation of immunocapture
isolates using NTA and TEM was not possible due to the
challenges of eluting EVs from beads without stringent
detergent conditions that lead to membrane dissociation
[31].

Proteomic depth achieved by immunocapture versus size
exclusion chromatography

Since the study aimed to determine the suitability of CSF
tetraspanin immunocapture for proteomic biomarker
discovery, capture was performed using different CSF
volumes, 200 pL, 500 pL and 1000 pL (four replicates
each) from a single pool of CSF, using beads conjugated
to a cocktail of three tetraspanin antibodies (CD9, CD63,
CD81) to capture a broader range of EVs than CD81
alone (Fig. 2). Given the high relative abundance of CD81
in CSF EVs, a 2:1:1 ratio of CD81:CD63:CD9 was used
(Supplementary Fig. 1C) [21]. For comparison, a single
isolation by SEC from 2 mL CSF was carried out and split
into four replicates for protein digestion and subsequent
proteomics.

Depth of proteomic analysis was profiled in EV extracts
initially by analysing each volume group separately in
DIA-NN, applying match between runs (MBR) to each
four replicates of a given CSF starting volume separately.
After exclusion of three outlying samples, we detected
811+ 14 protein groups from 200 pL starting CSF by
immunocapture, significantly increasing to 1285+ 224
from 500 pL to 1266 + 18 from 1000 pL (Fig. 3A; Supple-
mentary Fig. 2A); SEC of a 500 puL- equivalent CSF start-
ing volume yielded 812 + 66 protein groups.

Applying MBR across all samples increased the num-
ber of protein groups detected in all CSF starting vol-
umes: 1641+ 145 protein groups for 200 pL, 1772 +390
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for 500 pL, 2087+ 101 for 1000 uL, and 1266+ 17.8 for
SEC (Fig. 3A), indicating that the gains in depth obtained
through increasing CSF starting volume for immunocap-
ture might be somewhat negated by increasing the num-
ber of samples analysed.

To compare the functional enrichment of proteins
detected by immunocapture versus SEC, proteins were
defined as present in a given CSF starting volume or by
SEC if detected in at least three of the four replicates
(when MBR was applied across the whole dataset). Com-
paring SEC and immunocapture from a 500 pL equiva-
lent starting volume, there were 761 protein groups in
common between the two methods, with 460 detected
only in immunocapture and 135 only in SEC (Fig. 3B).
GO overrepresentation analysis of the non-overlap-
ping proteins showed that immunocapture samples was
enriched for ribosomal terms (Fig. 3C), whilst SEC sam-
ples were enriched for microtube, extracellular matrix,
and ciliary related proteins (Fig. 3D). Overlapping terms
were most enriched for terms relating to coagulation and
immunity (Supplementary Fig. 2B).

Proteins detected by immunocapture across the three
different starting CSF volumes were then compared.
Almost all proteins reproducibly detected from 200 pL
starting CSF were also detected from larger starting vol-
umes (Fig. 3E). The 546 additional proteins that were
detected only from the largest 1000 pL starting volume
were most significantly enriched for “integral component
of plasma membrane’; alongside additional terms relating
to ciliary proteins (Fig. 3F), suggesting that the additional
proteins detected are likely to be of predominantly vesic-
ular origin, rather than an increase in the number of co-
isolated components.
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Fig. 4 Proteomics comparison of extracellular particle marker proteins. (A) Abundance of three immunocapture target tetraspanins in mass spectrom-
etry data. (B) Heatmap for proteins commonly associated with endosomal-derived EVs (SDCBP, PDCD6IP, TSG101, FLOT1, FLOT2), plasma-membrane
shed EVs (ANXAT, ACTB, ARF6, BSG, ARRDCT), co-isolated components (APOA, APOE, APOB, LGALS3BP, ALB) and tetraspanins (CD81, CD9, CD63) after
normalisation to average abundance of tetraspanin immunocapture targets. (C) Volcano plot showing differential abundance of all proteins detected
consistently in 500 pL starting volume samples after outlier removal (n=3 per condition, total proteins 777). (D) Mean percentage of proteins detected in
each sample within each protein type according to Uniprot. Full data shown in Supplementary Table 3. IC, immunocapture; SEC, size-exclusion chroma-
tography. (D) Coefficients of variation for 699 proteins which had no missing values across the dataset. Kruskal-Wallis test followed by pairwise Wilcoxon
rank-sum posthoc test with Benjamini-Hochberg correction. ****, p < 0.0001; NS, non-significant.

Enrichment of extracellular particle markers

The relative abundance of specific markers associated
with different populations of extracellular particles were
then analysed to assess the yield and specificity of EV iso-
lation. Firstly, the abundance of the tetraspanins CD81,
CD9, CD63 (against which the immunocapture antibod-
ies were targeted) were compared in non-normalised
data, demonstrating that abundance for all three pro-
teins was CSF volume-dependent (Fig. 4A). Importantly,
in this non-normalised data all three volumes showed
higher abundance of CD81 and CD9 compared to SEC,
demonstrating the effectiveness of the immunocapture
technique for increasing yield.

Abundance of marker proteins thought to be indica-
tive of endosomal-derived EVs was then analysed relative
to average abundance of target tetraspanins. Syndecan
binding protein (syntenin-1; SDCBP), programmed cell
death 6 interacting protein (ALIX, PDCD6IP), tumour
susceptibility 101 (TSG101), flotillin 1 (FLOT1) and flo-
tillin 2 (FLOT2) were consistently detected in all samples,
(Fig. 4B; Supplementary Fig. 3 A). Differential abundance
analysis was carried out on all proteins consistently
detected in immunocapture versus SEC from 500 puL sam-
ples to assess relative purity, demonstrating an enrich-
ment of syntenin-1 (log2FC = 1.25; FDR = 0.0048; Fig. 4C).
Other proteins within the tetraspanin family, including
CD82, TSPAN4 and TSPAN14, were also detected and,
with the exception of CD151, were of highest abundance
in immunocapture samples in normalised data (Supple-
mentary Fig. 3B). Some protein markers more typically
associated with plasma membrane-shed EVs, annexin
Al (ANXA1L), basigin (BSG) and actin (ACTB), were
also consistently detected, but at reduced abundance in
immunocapture relative to SEC (ANXA1 log2FC = -2.08,
FDR=0.0031; BSG log2FC = -0.95, FDR=0.0021; ACTB
log2FC =-2.16, FDR =0.0011;Fig. 4B and C; Supplemen-
tary Fig. 3C).

Similarly to blood, whole CSF contains a range of very
highly abundant proteins, including albumin (ALB),
Apolipoprotein B (APOB, the major protein constitu-
ent of LDL, IDL and VLDL particles), Apolipopro-
tein A1 (APOA1, a major protein constituent of HDL),
Apolipoprotein E (APOE, the major cholesterol trans-
porter in the brain), and LGALS3BP (a secreted glyco-
protein reportedly highly abundant in exomeres) [4, 6,
25, 29]. These proteins are common co-isolates of EVs

so their abundance in SEC versus immunocapture was
also compared to assess purity. APOB and LGALS3BP
were both highly depleted in immunocapture relative to
SEC (LGALS3BP log2FC = -8.00, FDR < 0.0001; APOB
log2FC = -3.55, FDR < 0.0001, indicating that they are
not integral components of tetraspanin-positive EVs (Fig.
4B and C; Supplementary Fig. 3D). Collagens (COL1A1,
COL1A2, COL6A2) and other extracellular matrix com-
ponents (VCAN, LAMC1, LAMB2) were also amongst
the most highly depleted proteins in immunocapture
(Fig. 4C). APOA1 was very highly abundant and showed
no significant difference in abundance between immuno-
capture and SEC, whilst APOE was slightly enriched by
immunocapture (log2FC = 0.72, FDR = 0.027; Fig. 4C,
Supplementary Fig. 3D). Albumin, as a key marker of
soluble protein and the most abundant CSF protein, was
increased in immunocapture samples (log2FC 2.45, FDR
< 0.0001; Fig. 4C).

The relatively higher abundance of albumin seen with
immunocapture might indicate that the additional pro-
teins detected by immunocapture reflect co-isolated
soluble protein rather than being of vesicular origin. Pro-
tein localisation was therefore assessed according to Uni-
prot annotation of proteins as membrane or secreted. By
immunocapture, there was a volume-dependent increase
in the number of proteins detected in all classes; periph-
eral membrane, single-pass membrane, multi-pass mem-
brane and secreted, alongside “other” (cytoplasmic or no
annotation; Supplementary Table 2). As a proportion of
total proteins detected, secreted proteins were depleted
and membrane-spanning proteins enriched in immuno-
capture samples relative to SEC (Fig. 4D; Supplementary
Table 3), suggesting that immunocapture increases depth
of the vesicular proteome as opposed to co-isolated solu-
ble protein.

In order to assess the variability in abundance of the
proteins quantified by each method, the coefficient of
variation (CV) for all proteins found consistently in all
samples (699 protein groups) were compared. Median
CV was lowest for SEC (median 24.2%, IQR 14.2-37.1),
which was expected given that these were replicates at
the level of digestion, rather than at purification (Fig. 4E).
For immunocapture, overall median CV for 500 pL
(median 22.0%, IQR 13.6-43.6) was comparable to SEC
(p=0.89), with higher median CV in 200 pL (median
39.8%, IQR 24.5-53.7, p<0.0001), and highest for 1000
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pL (median 49.6%, IQR 31.2-77.3, p<0.0001; Fig. 4E).
These data indicate that the variability is not directly
related to CSF starting volume.

To further assess the suitability of the immunocapture
method for biomarker discovery, a panel of 57 previously
described EV-localised biomarker candidates of neuro-
logical diseases were assessed in the dataset [22]. Of these
57 proteins, 21 were reproducibly detected in at least
one of the four sample groups; 11 of these in SEC and
immunocapture from all CSF volumes (Fig. 5A). Immu-
nocapture enabled the detection of four additional can-
didate biomarkers in all CSF volumes, with a further six
at higher CSF start volumes. No proteins were detected
only in SEC. Proteins detected only by the immunocap-
ture method included GRIA2, CNTNAP2 and LGI1, all
proteins which exhibit relatively high specificity to cells
of CNS-origin (Fig. 5B). These data indicate that the tet-
raspanin-based immunocapture method is suitable for
the detection and quantification of currently known bio-
marker candidates.

Given the ability to detect biomarker candidates of
interest, cell type enrichment analysis was then per-
formed to ascertain the origin of the EVs isolated. In
the whole CSF EV dataset compared to a background
of all proteins known in CSF [29] there was significant
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enrichment of plasma cell proteins only (fold enrichment
1.34, p < 0.0001; Fig. 6A). All proteins within this set cor-
responded to immunoglobulins. Overrepresentation of
specific brain regions was also sought, with significant
enrichment for choroid plexus only (the secretory tissue
primarily responsible for CSF production; fold enrich-
ment 1.22, p < 0.0001; Fig. 6B).

Multiple different marker proteins have been proposed
to enable enrichment of rare EV populations, includ-
ing potential neuronal-specific transmembrane proteins
such as L1 cell adhesion molecule (LICAM), neural cell
adhesion molecule 1 (NCAM1), neural cell adhesion
molecule 2 (NCAM2), neurexin 3 (NRXN3), ATPase
Na+/K + transporting subunit alpha 3 (ATP1A3), growth
associated protein 43 (GAP43), neuroligin 3 (NLGN3),
microtubule associated protein 1B (MAP1B) and gluta-
mate ionotropic receptor AMPA type subunit 2 (GRIA2)
[32-38]. However, there remain questions about both
the neuronal specificity of these proteins, and the exis-
tence of soluble protein forms resulting from proteo-
lytic cleavage by proteases [38—40]. LICAM, NCAM1
and NCAM2 were detected in the majority of samples
and were most abundant in SEC EVs in tetraspanin-nor-
malised data (Fig. 6C). GRIA2 and GAP43 were detected
in immunocapture samples only (eight and two samples
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Fig. 5 Candidate biomarkers for neurological diseases that are detected in CSF extracellular vesicles. (A) Upset plot showing proposed neurological dis-
ease biomarker candidates listed in Sandau et al. (2024) that are reproducibly detected in CSF EVs. Proteins shown as detected if present in at least three
replicates of the group. 36 other proteins did not reach this filtering threshold. (B) Heatmap showing abundance of neurological disease biomarker can-
didates after normalisation to average abundance of tetraspanin immunocapture targets. Grey colour indicates samples where protein is not detected.
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Fig. 6 Assessment of markers of brain and neuronal origin in CSF EVs. (A) Overrepresentation analysis of markers of different cellular origins for proteins
detected anywhere in the CSF EV dataset against a background of all known CSF proteins. (B) Overrepresentation analysis of markers of specific brain re-
gion for proteins detected anywhere in the CSF EV dataset against a background of all known CSF proteins. Grey points indicate non-significance p > 0.05.
(C) Total protein abundance of literature-identified neuronal EV immunocapture targets in tetraspanin-normalised mass spectrometry data. (D) Mapping
of precursor peptides for literature-identified neuronal EV immunocapture targets from mass spectrometry against canonical full-length sequence and
topological data (cytoplasmic, extracellular and helical transmembrane domains) from Uniprot. No topological data available for GAP43. (E) Spearman
correlation matrix for neuronal EV immunocapture targets. GO, gene ontology.
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marker proteins within the EV proteomic dataset, pre-
cursor peptides were mapped to canonical reference
sequences and annotated topological domains. For
L1CAM, NCAM2, NRXN3 and GRIA2, only peptides
mapping to extracellular regions were detected, whilst
for NCAM1 and ATP1A3, one precursor peptide each
mapped to a cytoplasmic region of the protein (Fig. 6D).
No topological information was available for GAP43. For
L1ICAM, NCAM2 and both isoforms of NRXNS3, pep-
tide coverage in CSF EV data was similar to that of whole
CSF prepared for proteomics using the same SDS-based
method (Supplementary Fig. 4) [25]. However, ATP1A3,
GRIA2 and the cytoplasmic peptide for NCAM1 were
not detected in whole CSF data, indicating that they
might be more abundant in the CSF EVs [25]. Finally,
the abundance of these neuronal proteins was correlated
with each other, which demonstrated a strong inter-rela-
tionship between most of these putative neuronal marker
proteins with correlation coefficients ranging from 0.16
to 0.98, indicating a likely similar source (Fig. 6E).

Discussion

The development of new sample preparation, mass spec-
trometry instrumentation and data processing method-
ologies has enabled continued increases in the proteomic
depth and reproducibility that is possible using small vol-
umes of biofluids for biomarker discovery [16, 26, 29, 41—
45]. While mass spectrometry of CSF EVs can access a
different portion of the CSF proteome, a key limiting fac-
tor for clinical proteomics is the far larger sample volume
required [14, 17]. This study examined the performance
of tetraspanin immunocapture of CSF EVs compared
with SEC purified CSF EVs. With dataset-wide MBR we
were able to achieve a total depth of 2087 + 101 proteins
from EVs immunocaptured from 1000 pL starting CSF
using a 60-minute gradient, and 1641 + 145 from only
200 pL, showing very high protein depth relative to start-
ing volume compared to other recent studies, with repro-
ducibility of quantification that is at least comparable to
SEC [17, 37, 46]. Furthermore, it confirms detection of
a range of known candidate biomarkers of neurological
diseases in these low volumes [22].

Using immunocapture, a higher proportion of proteins
identified contained transmembrane domains, giving
higher confidence that they are of truly vesicular origin.
However, immunocapture also enabled the detection of
higher numbers of secreted proteins when compared
with SEC. This may be a reflection of less effective exclu-
sion of abundant soluble proteins (or their non-specific
association with beads), differences in the exclusion
of particulate contaminants (such as lipoprotein par-
ticles) or, since the charged surface of EVs may attract a
“corona” of soluble proteins, that the increased yield in
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immunocapture attracts and concentrates low abundance
soluble proteins to better enable their detection [9, 47,
48].

Key to increasing the depth in biofluid mass spectrom-
etry is the reduction of very highly abundant proteins
which mask the detection of low abundance proteins. In
a meta-analysis of plasma EV studies, the proteome of
“EVs” isolated by polymer-based precipitation methods
comprised up to 70% apolipoprotein and serum albumin,
contrasting with density gradient ultracentrifugation in
which this fraction was under 10% [15]. Our data indi-
cate that in CSE, tetraspanin immunocapture effectively
depletes APOB (expected to be contained within LDL
and VLDL particles) and LGALS3BP, but not APOA1
(a marker of HDLs) or APOE. Spike-in experiments in
plasma have demonstrated that APOA1 very readily
adsorbs to the vesicular surface, possibly due to specific
interactions with binding partners such as ABCAI, or
charge-based interactions that are stronger than those of
APOB [47, 49-51].

Recent research has suggested that some proteins or
RNAs that have been attributed as EV cargoes, such as
miRNAs and glycolytic proteins, may instead derive
primarily from NVEPs and lipoproteins [3, 4, 52-54].
LGALS3BP is a very highly abundant protein in CSF
and in non-vesicular “exomeres” [4, 6, 11, 55]. By TEM
we visualised 40 nm particles in SEC samples that were
reminiscent of ring-like aggregates of LGALS3BP that
have been reported in the literature [56, 57]. The strong
reduction of LGALS3BP in our data indicates that immu-
nocapture may offer an approach by which to better sepa-
rate different nanoparticle populations, and to define the
extracellular secretion pathway of molecules of interest,
which may have importance to understanding of both
disease pathogenesis and reproducible quantification in
biofluids.

Despite tetraspanin immunocapture providing higher
overall protein coverage than SEC in CSF EVs, the data
show that there is a likely a difference in EV subpopu-
lations, with gene ontology indicating better coverage
of ciliary and extracellular matrix components in SEC
compared to tetraspanin immunocapture; in addition to
higher relative abundance of proteins such as ANXA1
which are typically associated with plasma-membrane-
shed EVs [5]. Further work will be required to assess
whether these differences associated with enrichment
methodology in CSF are reproduced in other biofluids
such as blood and urine.

Accurate quantification in proteins in CSF-derived EVs
is challenging due to the paucity of material for study.
Whilst variability of quantification is rarely reported
in mass spectrometry of EVs, one study of cell culture-
derived EVs demonstrated that variability was strongly
related to peptide load, with median coefficient of



Dellar et al. Clinical Proteomics (2026) 23:8

variation at 25.2% for ultra-low 2 ng peptide quantities
using a 15-minute gradient, falling to 4.7% with 200 ng
at 44-minute gradient [58]. However, variability is typi-
cally much higher in biofluid samples such as blood and
CSF, including in EVs [59]. Unexpectedly, we found that
immunocapture from the largest starting CSF volume
showed the highest variability, indicating that it cannot
necessarily be reduced by increasing starting material.
In our experiments the CSF volumes were normalised to
1 mL for immunocapture, so the dilution of CSF for 200
and 500 pL may have aided more reproducible capture.
Bound EVs were washed with a standard low percentage
of Tween-20 detergent (0.05%) to reduce non-specific
binding, but evidence suggests that EV are resistant to up
to 5% Tween-20, so higher concentrations could be used
to reduce co-isolation of soluble protein [60, 61]. Small
protocol modifications, therefore, might have significant
impacts on the purity of EVs and the resulting proteomic
depth.

Our immunocapture protocol was highly robust, show-
ing clear increases in captured material with increased
CSF starting volume, indicating capture specificity. Due
to the challenges of eluting intact EVs however, other
orthogonal characterisation methods could not be car-
ried out. CD81, CD9 and CD63 tetraspanins are abun-
dant on EVs of many cellular origins, so it is unsurprising
that the core EV proteome comprised predominantly
blood-derived proteins (as is seen in whole CSF) and
choroid plexus-derived proteins, in line with previous
studies [10, 14]. With the identification of suitable cell
type-specific or sub-cellular origin-specific membrane
markers, however, it should be possible to apply the
same methodology with different antibodies, nanobod-
ies, or aptamers to effectively enrich for these popula-
tions. Whilst present in almost all samples, we did not
find evidence to suggest that the most used neuronal EV
marker, LICAM, was present in a membrane-bound over
soluble form, with its abundance lowest in immunocap-
tured samples and lacking cytoplasmic precursor peptide
detection. However, the small size of the cytoplasmic
region, and the high hydrophobicity of membrane-span-
ning regions may negatively impact the ability to detect
such peptides, so this does not prove their absence. For
an alternative target, ATP1A3 [34], only a single precur-
sor peptide was detected in only three samples, but this
was a cytoplasmic peptide, providing stronger evidence
that the full-length protein is present primarily in a mem-
brane-spanning form. Notably, ATP1A3, like tetraspanin
proteins, is a multi-pass membrane protein, without
extended extracellular regions that are susceptible to pro-
teolytic cleavage. Therefore, multi-pass membrane pro-
teins with neuronally-restricted expression may provide
more robust targets for neuronal EV capture direct from
CSF (enabling reduced volume requirements) if, and
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where, reagents targeting extracellularly exposed regions
are available.

Conclusions

In conclusion, our study demonstrates that immunocap-
ture enables high-depth proteomic profiling of extracel-
lular vesicles from lower starting volumes (200-500 pL
CSF) than used for SEC, addressing a key limiting factor
in the use of CSF EVs for biomarker discovery. The same
methods could be applied to study other biological car-
goes of interest in EVs from CSF and other biofluids, such
as RNA, but will require additional validation for these
applications [62—65]. Whilst our work makes use of tet-
raspanin antibodies for capture, the same methodology
can be applied using antibodies for cell type-specific or
sub-cellular origin-specific membrane markers.
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VLDL Very- low-density lipoprotein
SEC Size exclusion chromatography
IC Immunocapture

MBR Match between runs

Supplementary Information
The online version contains supplementary material available at https://doi.or
g/10.1186/512014-025-09579-9.

Supplementary Material 1

Supplementary Material 2

Acknowledgements
Not applicable.

Author contributions

**ER.D: ** Conceptualization; data curation; formal analysis; investigation;
methodology; visualization; writing — original draft; writing — review and
editing. **.V: ** Data curation; formal analysis; investigation; methodology;
writing — review and editing. **R.F: ** Investigation; methodology; resources;
writing - review and editing. **A.G.T. ** Conceptualization; investigation;
methodology; resources; writing — review and editing.

Funding

AG.T. receives funding from the Medical Research Council (MR/T006927/1)
and Motor Neurone Disease Association Lady Edith Wolfson Clinician Scientist
Fellowship (Thompson/Jan20/952 —795). RF. was supported by the Chinese
Academy of Medical Sciences Innovation Fund for Medical Science, China
(grant number: 2018-12M-2-002).

Data availability

We have submitted all relevant data of our experiments to the EV-TRACK
knowledgebase (EV-TRACK ID: EV250021) [66]. The mass spectrometry data
have been deposited to the ProteomeXchange Consortium ([http://proteome
central.proteomexchange.org](http:/proteomecentral.proteomexchange.org))
via the PRIDE partner repository with the dataset identifier PXD061653.


https://doi.org/10.1186/s12014-025-09579-9
https://doi.org/10.1186/s12014-025-09579-9
http://proteomecentral.proteomexchange.org
http://proteomecentral.proteomexchange.org

Dellar et al. Clinical Proteomics (2026) 23:8

Declarations

Ethics approval and consent to participate
Samples used in this study received ethical approval from Ethics Committee
South Central-Oxford C (references 09/H0606/5+ 5 and 19/5C/0173).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 12 June 2025 / Accepted: 11 December 2025
Published online: 17 January 2026

References

1. Buzas El. The roles of extracellular vesicles in the immune system. Nat Rev
Immunol. 2023;23:236-50.. https://doi.org/10.1038/s41577-022-00763-8

2. Welsh JA, Goberdhan DCl, O'Driscoll L, Buzas El, Blenkiron C, Bussolati B, et
al. Minimal information for studies of extracellular vesicles (MISEV2023): from
basic to advanced approaches. J Extracell Vesicles. 2024;13:e12404. https://do
1.0rg/10.1002/jev2.12404

3. Zhang Q, Jeppesen DK, Higginbotham JN, Graves-Deal R, Trinh VQ, Ramirez
MA, et al. Supermeres are functional extracellular nanoparticles replete with
disease biomarkers and therapeutic targets. Nat Cell Biol. 2021;23:1240-54. ht
tps://doi.org/10.1038/541556-021-00805-8

4. Zhang Q, Higginbotham JN, Jeppesen DK, Yang Y-P, Li W, McKinley ET, et al.
Transfer of functional cargo in exomeres. Cell Rep. 2019;27:940-954.e6. https:/
/doi.org/10.1016/j.celrep.2019.01.009

5. Jeppesen DK, Fenix AM, Franklin JL, Higginbotham JN, Zhang Q, Zimmerman
LJ, et al. Reassessment of exosome composition. Cell. 2019;177:428-445.e18.
https://doi.org/10.1016/j.cell.2019.02.029

6.  Tosar JP, Cayota A, Witwer K. Exomeres and supermeres: monolithic or
diverse? J Extracell Biol. 2022;1:e45. https://doi.org/10.1002/jex2.45

7. Liu X, Nizamudeen ZA, Hill CJ, Parmenter C, Arkill KP, Lambert DW, et al.
Assessment of vault particles in cancer cell line-derived extracellular vesicle
preparations. J Extracell Vesicles. 2025;14:70142. https://doi.org/10.1002/JEV
2.70142.

8. Sodar BW, Kittel A, Paloczi K, Vukman KV, Osteikoetxea X, Szabd-Taylor K, et
al. Low-density lipoprotein mimics blood plasma-derived exosomes and
microvesicles during isolation and detection. Sci Rep. 2016,6:24316. https://d
0i.0rg/10.1038/srep24316.

9. CouchY.Challenges associated with using extracellular vesicles as biomark-
ers in neurodegenerative disease. Expert Rev Mol Diagn. 2023;23:1091-105. h
ttps://doi.org/10.1080/14737159.2023.2277373.

10.  Thompson AG, Gray E, Mager |, Fischer R, Thézénas ML, Charles PD, et al.
UFLC-Derived CSF extracellular vesicle origin and proteome. Proteomics.
2018;18:1800257. https://doi.org/10.1002/PMIC.201800257.

11. Thompson AG, Gray E, Mager |, Thézénas ML, Charles PD, Talbot K; et al. CSF
extracellular vesicle proteomics demonstrates altered protein homeostasis in
amyotrophic lateral sclerosis. Clin Proteom. 2020;17:31. . https://doi.org/10.11
86/512014-020-09294-7

12. Huang, Driedonks TAP, Cheng L, Rajapaksha H, Routenberg DA, Nagaraj R,
et al. Brain tissue-derived extracellular vesicles in Alzheimer's disease display
altered key protein levels including cell type-specific markers. J Alzheimers
Dis. 2022;90:1057-72. https://doi.org/10.3233/JAD-220322.

13. Fowler SL, Behr TS, Turkes E, O'Brien DP, Cauhy PM, Rawlinson |, et al. Tau fila-
ments are tethered within brain extracellular vesicles in Alzheimer’s disease.
Nat Neurosci. 2025;28:40-8. https://doi.org/10.1038/541593-024-01801-5.

14.  Chiasserini D, van Weering JRT, Piersma SR, Pham TV, Malekzadeh A, Teunis-
sen CE, et al. Proteomic analysis of cerebrospinal fluid extracellular vesicles: a
comprehensive dataset. J Proteomics. 2014;106:191-204. https://doi.org/10.1
016/jjprot.2014.04.028.

15, Vallejo MC, Sarkar S, Elliott EC, Henry HR, Powell SM, Diaz Ludovico |, et al. A
proteomic meta-analysis refinement of plasma extracellular vesicles. Sci Data.
2023;10:837. https://doi.org/10.1038/541597-023-02748-1.

16.  Wu CC, Tsantilas KA, Park J, Plubell D, Sanders JA, Naicker P, et al. Enrichment
of extracellular vesicles using Mag-Net for the analysis of the plasma pro-
teome. Nat Commun. 2025;16:1-15. https://doi.org/10.1038/541467-025-605
95-7

18.

20.

21.

22.

24.

25.

26.

27.

28.

29.

30.

31.

32,

33.

34.

35.

Page 14 of 15

Kangas P, Nyman TA, Metsahonkala L, Burns C, Tempest R, Williams T, et al.
Towards optimised extracellular vesicle proteomics from cerebrospinal fluid.
Sci Rep. 2023;13:9564. https://doi.org/10.1038/541598-023-36706-z.

Hayashi N, Doi H, Kurata Y, Kagawa H, Atobe Y, Funakoshi K; et al. Proteomic
analysis of exosome-enriched fractions derived from cerebrospinal fluid of
amyotrophic lateral sclerosis patients. Neurosci Res. 2020;160:43-9. https://do
i.0rg/10.1016/j.neures.2019.10.010.

Kato C, Ueda K, Morimoto S, Takahashi S, Nakamura S, Ozawa F, et al. Pro-
teomic insights into extracellular vesicles in ALS for therapeutic potential of
Ropinirole and biomarker discovery. Inflamm Regen. 2024;44:32. https://doi.o
rg/10.1186/541232-024-00346-1.

Hu L, Zheng X, Zhou M, Wang J, Tong L, Dong M, et al. Optimized AF4
combined with density cushion ultracentrifugation enables profiling of high-
purity human blood extracellular vesicles. J Extracell Vesicles. 2024;13:212470.
https://doi.org/10.1002/jev2.12470.

Okada-Tsuchioka M, Kajitani N, Omori W, Kurashige T, Boku S, Takebayashi M.
Tetraspanin heterogeneity of small extracellular vesicles in human biofluids
and brain tissue. Biochem Biophys Res Commun. 2022,627:146-51. https://do
i.0rg/10.1016/j.bbrc.2022.08.025.

Sandau US, Magafia SM, Costa J, Nolan JP, lkezu T, Vella LJ, et al. Recommen-
dations for reproducibility of cerebrospinal fluid extracellular vesicle studies. J
Extracell Vesicles. 2024;13:12397. https://doi.org/10.1002/jev2.12397.

Muntel J, Kirkpatrick J, Bruderer R, Huang T, Vitek O, Ori A, et al. Comparison of
protein quantification in a complex background by DIA and TMT workflows
with fixed instrument time. J Proteome Res. 2019;18:1340-51. https://doi.org/
10.1021/acs jproteome.8b00898.

O'Brien DP, Jones HBL, Guenther F, Murphy EJ, England KS, Vendrell |, et al.
Structural premise of selective deubiquitinase USP30 Inhibition by Small-
Molecule benzosulfonamides. Mol Cell Proteom. 2023;22:100609. https://doi.
0rg/10.1016/j.mcpro.2023.100609.

Dellar ER, Vendrell I, Amein B, Lester DG, Edmond EC, Yoganathan K, et al.
Elevated cerebrospinal fluid ubiquitin carboxyl-terminal hydrolase isozyme
LTscp in asymptomatic C9orf72 hexanucleotide repeat expansion carriers.
Ann Neurol. 2025,97:449-59. https://doi.org/10.1002/ana.27133

Demichev V, Messner CB, Vernardis Sl, Lilley KS, Ralser M. DIA-NN: neural
networks and interference correction enable deep proteome coverage in
high throughput. Nat Methods. 2020;17:41-4. https://doi.org/10.1038/54159
2-019-0638-x.

Uhlén M, Fagerberg L, Hallstrém BM, Lindskog C, Oksvold P, Mardinoglu A, et
al. Tissue-based map of the human proteome. Science. 2015;347:1260419. htt
ps://doi.org/10.1126/science.1260419.

Sjéstedt E, Zhong W, Fagerberg L, Karlsson M, Mitsios N, Adori C, et al. An
atlas of the protein-coding genes in the human, pig, and mouse brain. Sci-
ence. 2020;367:eaay5947. https://doi.org/10.1126/science.aay5947

Macron C, Lavigne R, NUfez Galindo A, Affolter M, Pineau C, Dayon L.
Exploration of human cerebrospinal fluid: a large proteome dataset revealed
by trapped ion mobility time-of-flight mass spectrometry. Data Brief.
2020;31:105704. https://doi.org/10.1016/J.DIB.2020.105704.

Bateman A, Martin M-J, Orchard S, Magrane M, Adesina A, Ahmad S, et al.
UniProt: the universal protein knowledgebase in 2025. Nucleic Acids Res.
2025;53:0609-17. https://doi.org/10.1093/nar/gkae1010.

Karimi N, Dalirfardouei R, Dias T, Lotvall J, Lasser C. Tetraspanins distinguish
separate extracellular vesicle subpopulations in human serum and plasma —
contributions of platelet extracellular vesicles in plasma samples. J Extracell
Vesicles. 2022;11:212213. https;//doi.org/10.1002/jev2.12213.

Barnett MM, Reay WR, Geaghan MP, Kiltschewskij DJ, Green MJ, Weiden-
hofer J, et al. MiRNA cargo in circulating vesicles from neurons is altered in
individuals with schizophrenia and associated with severe disease. Sci Adv.
2023;9:eadi4386. https://doi.org/10.1126/sciadv.adi4386.

Ko J, Hemphill M, Yang Z, Sewell £, Na YJ, Sandsmark DK, et al. Diagnosis of
traumatic brain injury using MiRNA signatures in nanomagnetically isolated
brain-derived extracellular vesicles. Lab Chip. 2018;18:3617-30. https://doi.or
9/10.1039/c8lc0067 2e.

YouY, Zhang Z, Sultana N, Ericsson M, Martens YA, Sun M, et al. ATP1A3 as a
target for isolating neuron-specific extracellular vesicles from human brain
and biofluids. Sci Adv. 2023;9:eadi3647. https://doi.org/10.1126/sciadv.adi364
7.

Fiandaca MS, Kapogiannis D, Mapstone M, Boxer A, Eitan E, Schwartz JB, et

al. Identification of preclinical Alzheimer’s disease by a profile of pathogenic
proteins in neurally derived blood exosomes: a case-control study. Alzheim-
ers Dement. 2015;11:600-7.e1. https://doi.org/10.1016/}jalz.2014.06.008.


https://doi.org/10.1038/s41577-022-00763-8
https://doi.org/10.1002/jev2.12404
https://doi.org/10.1002/jev2.12404
https://doi.org/10.1038/s41556-021-00805-8
https://doi.org/10.1038/s41556-021-00805-8
https://doi.org/10.1016/j.celrep.2019.01.009
https://doi.org/10.1016/j.celrep.2019.01.009
https://doi.org/10.1016/j.cell.2019.02.029
https://doi.org/10.1016/j.cell.2019.02.029
https://doi.org/10.1002/jex2.45
https://doi.org/10.1002/JEV2.70142
https://doi.org/10.1002/JEV2.70142
https://doi.org/10.1038/srep24316
https://doi.org/10.1038/srep24316
https://doi.org/10.1080/14737159.2023.2277373
https://doi.org/10.1080/14737159.2023.2277373
https://doi.org/10.1002/PMIC.201800257
https://doi.org/10.1186/S12014-020-09294-7
https://doi.org/10.1186/S12014-020-09294-7
https://doi.org/10.3233/JAD-220322
https://doi.org/10.1038/s41593-024-01801-5
https://doi.org/10.1016/j.jprot.2014.04.028
https://doi.org/10.1016/j.jprot.2014.04.028
https://doi.org/10.1038/s41597-023-02748-1
https://doi.org/10.1038/s41467-025-60595-7
https://doi.org/10.1038/s41467-025-60595-7
https://doi.org/10.1038/s41598-023-36706-z
https://doi.org/10.1016/j.neures.2019.10.010
https://doi.org/10.1016/j.neures.2019.10.010
https://doi.org/10.1186/s41232-024-00346-1
https://doi.org/10.1186/s41232-024-00346-1
https://doi.org/10.1002/jev2.12470
https://doi.org/10.1002/jev2.12470
https://doi.org/10.1016/j.bbrc.2022.08.025
https://doi.org/10.1016/j.bbrc.2022.08.025
https://doi.org/10.1002/jev2.12397
https://doi.org/10.1021/acs.jproteome.8b00898
https://doi.org/10.1021/acs.jproteome.8b00898
https://doi.org/10.1016/j.mcpro.2023.100609
https://doi.org/10.1016/j.mcpro.2023.100609
https://doi.org/10.1002/ana.27133
https://doi.org/10.1038/s41592-019-0638-x
https://doi.org/10.1038/s41592-019-0638-x
https://doi.org/10.1126/science.1260419
https://doi.org/10.1126/science.1260419
https://doi.org/10.1126/science.aay5947
https://doi.org/10.1016/J.DIB.2020.105704
https://doi.org/10.1093/nar/gkae1010
https://doi.org/10.1002/jev2.12213
https://doi.org/10.1126/sciadv.adi4386
https://doi.org/10.1039/c8lc00672e
https://doi.org/10.1039/c8lc00672e
https://doi.org/10.1126/sciadv.adi3647
https://doi.org/10.1126/sciadv.adi3647
https://doi.org/10.1016/j.jalz.2014.06.008

Dellar et al. Clinical Proteomics

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

(2026) 23:8

Eitan E, Thornton-Wells T, Elgart K, Erden E, Gershun E, Levine A, et al.
Synaptic proteins in neuron-derived extracellular vesicles as biomarkers

for Alzheimer’s disease: novel methodology and clinical proof of concept.
Extracell Vesicles Circ Nucleic Acids. 2023;4:133-50. https://doi.org/10.20517/
evcna.2023.13.

Ter-Ovanesyan D, Whiteman S, Gilboa T, Kowal EJ, Trieu W, lyer S, et al. Identi-
fication of markers for the isolation of neuron-specific extracellular vesicles.
BioRxiv. 2024. https://doi.org/10.1101/2024.04.03.587267.:2024.04.03.587267.
Gomes DE, Witwer KW. L1CAM-associated extracellular vesicles: a systematic
review of nomenclature, sources, separation, and characterization. J Extracell
Biol. 2022;1:e35. https://doi.org/10.1002/jex2.35.

Norman M, Ter-Ovanesyan D, Trieu W, Lazarovits R, Kowal EJK, Lee JH, et al.
L1CAM is not associated with extracellular vesicles in human cerebrospinal
fluid or plasma. Nat Methods. 2021;18:631-4. https://doi.org/10.1038/54159
2-021-01174-8.

Kadam V, Wacker M, Oeckl P, Korneck M, Dannenmann B, Skokowa J, et al.
Most L1CAM is not associated with extracellular vesicles in human biofluids
and iPSC-derived neurons. Mol Neurobiol. 2025;62:10427-42. https://doi.org/
10.1007/512035-025-04909-2.

Carlyle BC, Trombetta BA, Arnold SE. Proteomic approaches for the discovery
of biofluid biomarkers of neurodegenerative dementias. Proteomes.
2018;6:32. https://doi.org/10.3390/proteomes6030032.

Dellar ER, Vendrell |, Talbot K, Kessler BM, Fischer R, Turner MR, et al. Data-
independent acquisition proteomics of cerebrospinal fluid implicates
endoplasmic reticulum and inflammatory mechanisms in amyotrophic lateral
sclerosis. J Neurochem. 2024;168:115-27. https://doi.org/10.1111/jnc.16030.
Ludwig KR, Schroll MM, Hummon AB. Comparison of in-solution, FASP,

and S-Trap based digestion methods for bottom-up proteomic studies. J
Proteome Res. 2018;17:2480-90. https://doi.org/10.1021/acs.jproteomne.8b00
235.

Messner CB, Demichev V, Bloomfield N, Yu JSL, White M, Kreidl M, et al. Ultra-
fast proteomics with scanning SWATH. Nat Biotechnol. 2021,39:846-54. https:
//doi.org/10.1038/541587-021-00860-4.

Guldbrandsen A, Vethe H, Farag Y, Oveland E, Garberg H, Berle M, et al.
In-depth characterization of the cerebrospinal fluid (CSF) proteome dis-
played through the CSF proteome resource (CSF-PR). Mol Cell Proteomics.
2014;13:3152-63. https://doi.org/10.1074/mcp.M114.038554.

Hirschberg Y, Valle-Tamayo N, Dols-Icardo O, Engelborghs S, Buelens B,
Vandenbroucke RE, et al. Proteomic comparison between non-purified
cerebrospinal fluid and cerebrospinal fluid-derived extracellular vesicles from
patients with Alzheimer’s, Parkinson’s and Lewy body dementia. J Extracell
Vesicles. 2023;12:12383. https://doi.org/10.1002/jev2.12383.

Van Deun J, Jo A, Li H, Lin H, Weissleder R, Im H, et al. Integrated dual-mode
chromatography to enrich extracellular vesicles from plasma. Adv Biosyst.
2020;4:1900310. https://doi.org/10.1002/adbi.201900310.

Toth EA, Turidk L, Visnovitz T, Cserép C, Mazl6 A, Sédar BW, et al. Formation of
a protein corona on the surface of extracellular vesicles in blood plasma. J
Extracell Vesicles. 2021;10:e12140. https://doi.org/10.1002/jev2.12140
Nogueras-Ortiz CJ, Eren E, Yao P, Calzada E, Dunn C, Volpert O, et al. Single-
extracellular vesicle (EV) analyses validate the use of L1 cell adhesion
molecule (L1CAM) as a reliable biomarker of neuron-derived EVs. J Extracell
Vesicles. 2024;13:e12459. https://doi.org/10.1002/JEV2.12459.

Woo HK, Cho YK, Lee CY, Lee H, Castro CM, Lee H. Characterization and
modulation of surface charges to enhance extracellular vesicle isolation in
plasma. Theranostics. 2022;12:1988-98. https://doi.org/10.7150/THNO.69094.
Wang N, Silver DL, Thiele C, Tall AR. ATP-binding cassette transporter Al
(ABCAT1) functions as a cholesterol efflux regulatory protein. J Biol Chem.
2001;276:23742-7. https://doi.org/10.1074/jbc.M102348200.

Vickers KC, Palmisano BT, Shoucri BM, Shamburek RD, Remaley AT. MicroRNAs
are transported in plasma and delivered to recipient cells by high-density
lipoproteins. Nat Cell Biol. 2011;13:423-35. https://doi.org/10.1038/NCB2210.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Page 15 of 15

Castleberry M, Raby CA, Ifrim A, Shibata Y, Matsushita S, Ugawa S, et al.
High-density lipoproteins mediate small RNA intercellular communication
between dendritic cells and macrophages. J Lipid Res. 2023;64:100328. https:
//doi.org/10.1016/j,jIr.2023.100328.

Arroyo JD, Chevillet JR, Kroh EM, Ruf IK, Pritchard CC, Gibson DF, et al. Argo-
naute2 complexes carry a population of circulating microRNAs independent
of vesicles in human plasma. Proc Natl Acad Sci U S A. 2011;108:5003-8. https
://doi.org/10.1073/PNAS.1019055108.

Costa J, Pronto-Laborinho A, Pinto S, Gromicho M, Bonucci S, Tranfield E, et
al. Investigating LGALS3BP/90 K glycoprotein in the cerebrospinal fluid of
patients with neurological diseases. Sci Rep. 2020;10:5649. https://doi.org/10.
1038/541598-020-62592-w.

Mdller SA, Sasaki T, Bork P, Wolpensinger B, Schulthess T, Timpl R, et al.
Domain organization of Mac-2 binding protein and its oligomerization to
linear and ring-like structures. J Mol Biol. 1999,291:801-13. https://doi.org/10.
1006/jmbi.1999.2996.

Sasaki T. Mac-2 binding protein is a cell-adhesive protein of the extracel-

lular matrix which self-assembles into ring-like structures and binds beta 1
integrins, collagens and fibronectin. EMBO J. 1998;17:1606~13. https://doi.org
/10.1093/emboj/17.6.1606.

Cross J, Rai A, Fang H, Claridge B, Greening DW. Rapid and in-depth
proteomic profiling of small extracellular vesicles for ultralow samples.
Proteomics. 2024;24:22300211. https://doi.org/10.1002/pmic.202300211.
Muraoka S, Hirano M, Isoyama J, Nagayama S, Tomonaga T, Adachi J. Com-
prehensive proteomic profiling of plasma and serum phosphatidylserine-
positive extracellular vesicles reveals tissue-specific proteins. iScience.
2022;25:104012. https://doi.org/10.1016/].is¢i.2022.104012.

Osteikoetxea X, Sédar B, Németh A, Szabo-Taylor K, Péloczi K, Vukman KV, et
al. Differential detergent sensitivity of extracellular vesicle subpopulations.
Org Biomol Chem. 2015;13:9775-82. https://doi.org/10.1039/C50B01451D.
Pauwels J,Van de Steene T, Van de Velde J, De Muyer F, De Pauw D, Baeke F, et
al. Filter-aided extracellular vesicle enrichment (FAEVET) for proteomics. Mol
Cell Proteom. 2025;24:100907. https://doi.org/10.1016/j.mcpro.2025.100907
DeMarino C, Denniss J, Cowen M, Norato G, Dietrich DK, Henderson L, et al.
HIV-1 RNA in extracellular vesicles is associated with neurocognitive out-
comes. Nat Commun. 2024;15:4391. https://doi.org/10.1038/541467-024-486
44-7

Fernandez-Rhodes M, Suédrez M, Molet |, Sudrez-Garcia S, Arola L, Sze SK, et

al. Molecular imprints of clinical comorbidities in hypothalamic extracellular
vesicles at the onset of obesity. ACS Omega. 2025;10:23563-81. https://doi.or
9/10.1021/acsomega.5c02274.

Saugstad JA, LusardiTA, Van Keuren-Jensen KR, Phillips JI, Lind B, Harrington
CA, et al. Analysis of extracellular RNA in cerebrospinal fluid. J Extracell
Vesicles. 2017;6:1317577. https://doi.org/10.1080/20013078.2017.1317577.
Michel U, Shomroni O, Miller B, Lange P, Salinas G, Bahr M, et al. Small and
long RNA transcriptome of whole human cerebrospinal fluid and serum as
compared to their extracellular vesicle fractions reveal profound differences
in expression patterns and impacts on biological processes. J Trans| Med.
2022;20:413. https://doi.org/10.1186/512967-022-03612-3.

Perez-Riverol Y, Csordas A, Bai J, Bernal-Llinares M, Hewapathirana S, Kundu
DJ, et al. The PRIDE database and related tools and resources in 2019: improv-
ing support for quantification data. Nucleic Acids Res. 2019;47:D442-50. http
s://doi.org/10.1093/NAR/GKY1106.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.20517/evcna.2023.13
https://doi.org/10.20517/evcna.2023.13
https://doi.org/10.1101/2024.04.03.587267
https://doi.org/10.1002/jex2.35
https://doi.org/10.1038/s41592-021-01174-8
https://doi.org/10.1038/s41592-021-01174-8
https://doi.org/10.1007/s12035-025-04909-2
https://doi.org/10.1007/s12035-025-04909-2
https://doi.org/10.3390/proteomes6030032
https://doi.org/10.1111/jnc.16030
https://doi.org/10.1021/acs.jproteome.8b00235
https://doi.org/10.1021/acs.jproteome.8b00235
https://doi.org/10.1038/s41587-021-00860-4
https://doi.org/10.1038/s41587-021-00860-4
https://doi.org/10.1074/mcp.M114.038554
https://doi.org/10.1002/jev2.12383
https://doi.org/10.1002/adbi.201900310
https://doi.org/10.1002/jev2.12140
https://doi.org/10.1002/JEV2.12459
https://doi.org/10.7150/THNO.69094
https://doi.org/10.1074/jbc.M102348200
https://doi.org/10.1038/NCB2210
https://doi.org/10.1016/j.jlr.2023.100328
https://doi.org/10.1016/j.jlr.2023.100328
https://doi.org/10.1073/PNAS.1019055108
https://doi.org/10.1073/PNAS.1019055108
https://doi.org/10.1038/s41598-020-62592-w
https://doi.org/10.1038/s41598-020-62592-w
https://doi.org/10.1006/jmbi.1999.2996
https://doi.org/10.1006/jmbi.1999.2996
https://doi.org/10.1093/emboj/17.6.1606
https://doi.org/10.1093/emboj/17.6.1606
https://doi.org/10.1002/pmic.202300211
https://doi.org/10.1016/j.isci.2022.104012
https://doi.org/10.1039/C5OB01451D
https://doi.org/10.1016/j.mcpro.2025.100907
https://doi.org/10.1038/S41467-024-48644-Z
https://doi.org/10.1038/S41467-024-48644-Z
https://doi.org/10.1021/acsomega.5c02274
https://doi.org/10.1021/acsomega.5c02274
https://doi.org/10.1080/20013078.2017.1317577
https://doi.org/10.1186/s12967-022-03612-3
https://doi.org/10.1093/NAR/GKY1106
https://doi.org/10.1093/NAR/GKY1106

	﻿Tetraspanin-based immunocapture for high-depth proteomic profiling of extracellular vesicles from cerebrospinal fluid for biomarker discovery
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Experimental design

	﻿CSF processing
	﻿Size exclusion chromatography of extracellular vesicles
	﻿Nanoparticle tracking analysis
	﻿Transmission electron microscopy
	﻿Immunoblotting

	﻿Immunocapture of extracellular vesicles
	﻿Preparation of samples for proteomics
	﻿Mass spectrometry
	﻿Data processing
	﻿Gene ontology
	﻿Statistical analysis
	﻿Mapping of precursor peptides
	﻿Protein type

	﻿Results
	﻿Isolation of tetraspanin-positive extracellular vesicles in CSF using SEC and immunocapture
	﻿Proteomic depth achieved by immunocapture versus size exclusion chromatography
	﻿Enrichment of extracellular particle markers

	﻿Discussion
	﻿Conclusions
	﻿References


