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ABSTRACT 

Extracellular vesicles (EVs) are heterogeneous and play important roles in intercellular communication, contributing to 
physiological and pathological processes. Since few markers currently exist to differentiate subtypes of EVs, this study aimed 
to determine proteomic and lipidomic differences among four EV subpopulations. Large and small EVs (L-EVs and S-EVs) were 
isolated from human mast cells (HMC-1) and monocytes (THP-1) by differential ultracentrifugation and then further separated by 
density cushions into two different densities [low-density (LD) and high-density (HD)]. L-EVs were pelleted at 16,500 × g , and S- 
EVs were pelleted at 118,000 × g . LD EVs were collected at 1.079–1.146 g/mL, while HD EVs were collected at 1.146–1.185 g/mL. The 
morphology, size and yield of EVs were determined by TEM and western blot. The proteome and lipidome of the EV subpopulations 
were determined with mass spectrometry. A total of 5364 proteins were quantified, and L-EVs LD were enriched in mitochondrial 
proteins such as TIMM/TOMM and MICOS proteins, while L-EVs HD were enriched in cytoskeleton- and cytokinesis-associated 
proteins, such as KIF proteins. S-EVs LD were enriched in tetraspanins, ADAM10 and ESCRT machinery proteins, while S-EVs 
HD were enriched in proteins commonly viewed as contaminants, such as histones, complement factors and collagen. Proteins 
involved in membrane trafficking between the plasma membrane and organelles, such as adaptor protein complexes, the conserved 
oligomeric Golgi complex, the trafficking protein particle complex, sortin-nexins, TBC1 domain proteins and coatomer subunits, 
were expressed at similar levels across all EV subtypes. Furthermore, 107 lipids were quantified, and phosphatidylethanolamine 
(PE) was less abundant in L-EVs LD as compared to the other EV subtypes, while ceramides were enriched in L-EVs as compared 
to S-EVs.This study demonstrates that there is a core proteome and lipidome that is similar across all four EV subtypes, but 
importantly, it also shows that a portion of the proteome and lipidome differs in EV subpopulations separated based on size and 
density. We suggest that these could be important markers in future EV studies and that they may reflect a different biogenesis 
and EV function. 
This is an open access article under the terms of the Creative Commons Attribution License, which perm
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Significance of the Study 

Cells release subpopulations of extracellular vesicles (EVs) 
with distinct biogenesis and functions; hence, EVs are a 
heterogeneous group of vesicles. Currently, few protein mark- 
ers exist to differentiate subpopulations of EVs, and even 
fewer studies have compared the lipid content of different 
subpopulations of EVs. We have here used quantitative mass 
spectrometry to determine the proteome and lipidome of four 
subpopulations of EVs of varying sizes and densities. Our 
study identifies both subtype-enriched proteins and lipids, 
as well as proteins and lipids that are similarly expressed in 
two or more EV subtypes. Detailed characterisation of the 
protein and lipid cargo within EV subpopulations is essential 
for advancing EV research across a range of biomedical 
applications. Defining specific molecular markers can provide 
deeper insights into EV biology, support the discovery of 
clinically relevant biomarkers and EV-based therapeutics, 
and enhance the evaluation of EV isolation and purification 
strategies, particularly when a single EV subpopulation is the 
primary focus. 

Extracellular vesicles (EVs) subtypes in this study 
∙ L-EVs LD : Large EVs low-density—pelleted at 16,500 × g 
and then collected at the density of 1.079–1.146 g/mL 

∙ L-EVs HD : Large EVs high-density—pelleted at 16,500 ×
g and then collected at the density of 1.146–1.185 g/mL 

∙ S-EVs LD : Small EVs low-density—pelleted at 118,000 × g 
and then collected at the density of 1.079–1.146 g/mL 

∙ S-EVs HD : Small EVs high-density—pelleted at 118,000 ×
g and then collected at the density of 1.146–1.185 g/mL 
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1 Introduction 

Extracellular vesicles (EVs) are small lipid membrane-bound
particles released by cells that play critical roles in intercellular
communication by transporting proteins, lipids and nucleic acids
between cells [ 1 ]. EVs have been shown to play a role in a variety
of biological processes including homeostasis, inflammation,
neurodegenerative diseases and cancer [ 2, 3 ]. In addition, EVs
are studied for their clinical use as biomarkers and therapeutic
vehicles for several diseases [ 4, 5 ]. Large-scale studies of EV
composition and cargo are therefore pivotal for understanding the
complex biological functions and mechanisms of EVs. 

EVs is an umbrella term for several different subpopulations of
vesicles, including, but not limited to exosomes, microvesicles
and apoptotic bodies, which differ in size, biogenesis and function
[ 6 ]. However, their nomenclature remains inconsistent, and most
isolation protocols cannot distinguish EVs based on biogenesis,
yet those terms are still applied. Therefore, we used the terms
large EVs (L-EVs) for EVs isolated at 10,000–20,000 × g and
the term small EVs (S-EVs) for vesicles isolated at centrifugation
forces above 100,000 × g to describe the EV subpopulations
of this study and the studies we reference. Although several
2

proteomics studies have examined the protein content of S-
EVs, less is known about L-EVs. Comparisons of multiple EV
subpopulations within the same study are even rarer. This
has led to a knowledge gap regarding subpopulation-specific
proteins. The characterisation of the content and cargo of EV
subpopulations is crucial for advancing EV research across a
variety of applications. These markers can enhance our under-
standing of EV biology, aid in the discovery of biomarkers and
improve the characterisation of EV isolation and purification
processes. 

Lipids not only serve as structural components of cell and
vesicle membranes and as energy stores but also function as
signalling molecules [ 7 ]. Although the lipid content of EVs is as
important as their protein content for understanding biogenesis 
and function, few comprehensive lipidomic EV subpopulation 
studies have been conducted. The aim of this study is therefore
to determine and compare the proteome and lipid composition
of four subpopulations of EVs. Undertaking this will allow us
to determine which proteins and lipids are uniquely expressed
in certain subpopulations and which are common among EV
subtypes. 

Here, we present an in-depth analysis of the proteomes and
lipidomes of four EV subpopulations with different sedimenta- 
tion properties from human mast cells (HMC-1) and monocytes
(THP-1). Four different sample types, namely L-EVs low density
(LD), L-EVs high density (HD), S-EVs LD and S-EVs HD, were
isolated using a combination of differential ultracentrifugation 
(16,500 × g for L-EVs and 118,000 × g for S-EVs) and subsequent
density cushion centrifugation [1.079–1.146 g/mL for low-density 
(LD) and 1.146–1.185 g/mL for high-density (HD)]. Then we char-
acterised the EV subtypes regarding their purity, morphology, 
yield and cargo. The analysis of the proteome by TMT-LC-MS/MS
revealed the differential expression of several proteins and protein
groups in the different EV subtypes. The analysis of the lipidomes
showed differences in the relative abundance of lipid classes and
single lipids. 

2 Material and Methods 

2.1 Cell Cultures 

The mast cell line HMC-1 [ 8, 9 ] was cultured in Iscove’s Modified
Dulbecco’s Medium (IMDM; Cytiva, HyClone laboratories, Inc., 
and Gibco, Thermo Fisher Scientific Inc.) supplemented with 
1.2 mM 1-Thioglycerol (Sigma–Aldrich). The monocyte cell line 
THP-1 [ 10 ] was cultured in RPMI 1640 Medium (Cytiva) supple-
mented with 0.05 mM 2-Mercaptoethanol (Gibco). Additionally, 
all media were supplemented with 10% EV-depleted foetal 
bovine serum (FBS; Sigma–Aldrich), 100 units/mL penicillin 
(Cytiva), 100 µg/mL streptomycin (Cytiva) and 2 mM l -glutamine
(Cytiva). The FBS was depleted of EVs by ultracentrifugation
at 118,000 × gavg with a Type 45 Ti fixed-angle rotor ( k -factor
178; 38 800 rpm, Beckman Coulter) for 18 h at 4◦C. The EV-
depleted FBS was sterile filtered through a 0.22 µm filter (Sarstedt
AG & Co.) before being added to the media. The incubator was
humidified and set to 37◦C with 5% CO2 . Cells were seeded at 5 ×
105 cells/mL, and the cells were cultured for 3–4 days before EVs
were isolated. 
Proteomics, 2026
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2.2 Enrichment of Large and Small EVs by 
Differential Ultracentrifugation 

EVs were isolated from HMC-1 and THP-1 conditioned cell
culture medium by differential ultracentrifugation (Figure 1A ).
For each isolation, 600 mL of conditioned cell culture medium
was used. All centrifugation steps were performed at 4◦C. First,
the medium was sequentially centrifuged for 20 min at 300 × g
and 20 min at 2000 × g to pellet the cells, cell debris and apoptotic
bodies. Next, the supernatant was centrifuged for 20 min at
16,500 × gavg with a Type 45 Ti fixed-angle rotor ( k -factor 1277;
14,500 rpm). Hereafter, this pellet is referred to as crude L-EVs.
The supernatant was then used for the final ultracentrifugation at
118,000 × gavg for 2.5 h with a Type 45 Ti fixed-angle rotor ( k -factor
178; 38,800 rpm). Hereafter, this pellet is referred to as crude S-
EVs. All pellets were resuspended with phosphate-buffered saline
(PBS) and stored at − 80◦C. 

2.3 Enrichment of Low-Density and 

High-Density EVs by Density Cushion 

Centrifugation 

The crude L-EVs and S-EVs were purified on bottom-loaded den-
sity cushions, and EVs at two different densities were collected
(Figure 1A and Figure S1 ). The densities at which the EV subtypes
were isolated were chosen based on previous experiences [ 4,
11, 12 ]. Briefly, the crude EV samples of two to three crude EV
isolations were pooled (a total of 1200 or 1800 mL), and PBS was
added to reach a total volume of 1.5 mL. This was then mixed
with 2.5 mL 60% iodixanol (OptiPrep, Merck). The 4 mL sam-
ple/iodixanol mix with an iodixanol concentration of 37.5% was
loaded at the bottom of the tube (Open-Top Thinwall Ultra-Clear
Tube, 13.2 mL, 14 × 89 mm, Beckman Coulter). Then 2.65 mL
of 32%, 2.65 mL of 24%, followed by 2.65 mL of 10% iodixanol
solution, was layered on top. The cushion was centrifuged at
180,000 × gavg (SW 41 Ti rotor, k -factor 145, 38,000 rpm) for 2 h
at 4◦C. After the centrifugation, the interphases between the 10%
and 24% iodixanol layer (1.079–1.146 g/mL) and the interphase
between the 24% and 32% iodixanol layer (1.146–1.185 g/mL) were
collected, these fractions are referred to as LD and HD fractions
hereafter, respectively. The proteomic analysis was made on three
biological replicates, and the lipidomic analysis was made on four
biological replicates. Due to the limited amount of EVs in the
final samples, no sample was used for both proteomic analysis
and lipidomic analysis. 

2.4 Characterisation of EVs 

2.4.1 Protein Measurements 

The Pierce BCA Protein Assay Kit (Thermo Scientific) was used
according to the manufacturer’s instructions. Samples were mea-
sured in Clear Flat-Bottom Immuno Nonsterile 96-Well Plates
(Thermo Fisher Scientific) using a Varioskan LUX microplate
reader (SkanIt Software 4.1 for Microplate Readers RE, ver.
4.1.0.43). 
Proteomics, 2026
2.4.2 Western Blot 

The EV samples were thawed and diluted, with 6 µg of protein
loaded for all samples. Subsequently, 4 ×Laemmli buffer (Bio-Rad
Laboratories) was added to the samples. For samples requiring
reducing conditions, 100 µL of β-mercaptoethanol was added to
900 µL of 4 × Laemmli buffer. The samples were denatured at
95◦C for 5 min before loading onto Mini-Protean TGX precast 4%–
20% gels (Bio-Rad Laboratories). As a molecular weight marker,
4 µL Precision Plus Protein WesternC Blotting Standard (Bio-Rad
Laboratories) was used. The proteins were separated at 180 V for
about 45 min. Blotting onto PVDF membranes was performed on
the Trans-Blot Turbo Transfer system (Bio-Rad Laboratories) set 
to 1.3 A and 25 V for 7 min using transfer buffer [100 mL Trans-
Blot Turbo stock solution (Bio-Rad Laboratories), 100 mL ethanol
and 300 mL distilled water]. The membranes were blocked with
EveryBlot Blocking Buffer (Bio-Rad Laboratories) for 5 min and
then incubated with the primary antibodies (Table 1 ) diluted in
EveryBlot Blocking Buffer overnight at 4◦C. 

After primary antibody incubation, the membranes were washed 
three times with TBS (Bio-Rad Laboratories) supplemented 
with 0.05% Tween 20 (TBS/Tween 20). Membranes were incu-
bated with the secondary antibodies (Table 2 ) and Precision
Protein StrepTactin-HRP Conjugate (1:10,000; Bio-Rad Labo- 
ratories) diluted in EveryBlot Blocking Buffer at RT for 1 h.
After incubation, the membranes were washed four times in
TBS/Tween 20. The blots were imaged with SuperSignal West
Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific) 
and the ChemiDoc Imaging System (Bio-Rad Laboratories). The 
secondary antibodies and StrepTactin-HRP were evaluated for 
unspecific binding to the samples in reducing and nonreducing
conditions. 

2.4.3 Transmission Electron Microscopy 

For negative staining, formvar/carbon-coated nickel grids (Ted 
Pella, Inc.) were glow discharged before incubation with 5 µg of
EVs for 5 min. Grids were washed two times with H2 O. Samples
were then fixed with 2% glutaraldehyde for 10 min before being
negative stained with 2% uranyl acetate for 1.5 min. The grids
were then dried well before being acquired using a Talos L120C
transmission electron microscope (Thermo Fisher Scientific) at 
120 kV with a CCD camera. 

For each of the sample types, two biological replicates were
prepared on grids for imaging. Approximately a total of 22 images
were acquired from three different positions on each grid. EVs
were counted, and the longest diameter of each EV was measured
using Fiji ImageJ 2.14.0/1.54f [ 13 ]. Sample preparation, image
acquisition and measurement of EVs were conducted in a blinded
manner. That is the operator who acquired the images and
measured the EVs was blinded to which sample was which.
This was to avoid bias towards capturing pictures or measuring
vesicles of a certain size, depending on knowing which sample
was analysed. The total amount of EVs measured for each EV
subtype is listed in Table 3 . 
3
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FIGURE 1 Characterisation of four subpopulations of EVs isolated from immune cells. (A) Schematic overview of the isolation protocol, including 
both differential ultracentrifugation and a density cushion. Image 1A was created by BioRender.com with permission. (B, C) Five micrograms of vesicles 
were loaded onto grids, negative stained and evaluated by transmission electron microscopy. Representative micrographs are shown from HMC-1 (B) and 
THP-1 (C). The scale bars represent 500 nm. Samples from three biological replicates were evaluated for each cell line. (D, E) For each vesicle subtype, 
41–45 micrographs were acquired. All structures in the micrographs were manually measured (Table 3 ). In total, the diameters of over 8500 and 5000 
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TABLE 1 Primary antibodies used for western blot. 

Protein Clone Number Supplier Host Condition Dilution 

CD81 M38 ab79559 Abcam Mouse Not reducing 1:1000 
CD63 H5C6 556019 BD 

Pharmingen 
Mouse Not reducing 1:1000 

CD9 MM2/57 CBL162 EMD Millipore Mouse Not reducing 1:1000 
Calnexin C5C9 2679 Cell Signalling 

Technology 
Rabbit Reducing 1:1000 

Flotillin-1 EPR6041 ab133497 Abcam Rabbit Reducing 1:1000 
Mitofilin EPR8749 ab137057 Abcam Rabbit Reducing 1:1000 
TOMM20 EPR15581-54 ab186735 Abcam Rabbit Reducing 1:2000 

TABLE 2 Secondary antibodies used for western blot. 

Antibody Clonality Number Supplier Host Dilution 

Anti-rabbit IgG Polyclonal NA9340V GE Healthcare 
UK Limited 

Donkey 1:5000 

Anti-mouse IgG Polyclonal NA9310V GE Healthcare 
UK Limited 

Sheep 1:5000 

TABLE 3 Number of vesicles measured with TEM. 

HMC-1 THP-1 

EV type L-EVs LD L-EVs HD S-EVs LD S-EVs HD L-EVs LD L-EVs HD S-EVs LD S-EVs HD 

Number of images 44 44 45 44 43 42 45 41 
Number of EVs 1263 852 4044 2358 1516 664 1615 1279 
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2.5 Proteomics 

2.5.1 Experimental Design and Sample Generation 

For tandem mass tag (TMT)–liquid chromatography (LC)–
tandem mass spectrometry (MS/MS), three independent biologi-
cal replicates were used for each of the four sample types resulting
in 12 samples per cell line and 24 samples in total ( n = 3 for each
vesicle type and cell line). The starting volume of cell culture
media for each biological replicate was 1200 or 1,800 mL, but
the amount of EV used was normalised to 40 µg of protein
per sample. The TMT method used allowed the comparison
of up to 16 samples in one set. Therefore, the 12 samples for
each cell line were run on two different sets. Proteomic analysis
was performed at the Proteomics Core Facility at Sahlgrenska
Academy, University of Gothenburg, Sweden. 
structures were measured in HMC-1 (D) and THP-1 (E), respectively. Two biolo
ANOVA. ** p = 0.0012, *** p = 0.0005, **** p < 0.0001. (F–I) Western blot was u
(F), markers generally enriched in L-EVs (G), markers generally enriched in 
was loaded per sample. N = 1. EV, extracellular vesicle; HD, high density; HMC
S-EVs, small extracellular vesicles; THP-1, human monocytes. 

Proteomics, 2026
2.5.2 Protein Digestion and Labelling 

Aliquots containing 40 µg of each sample (except 35 µg protein
for HMC-1 L-EVs HD-2), and two reference pools made up of
aliquots from each sample, were digested with trypsin using
the filter-aided sample preparation (FASP) method [ 14 ]. Briefly,
the samples were reduced with 100 mM dithiothreitol at 56◦C
for 30 min. Samples were diluted to 1:3 with 8 M urea in
50 mM triethylammonium bicarbonate (TEAB), transferred onto 
Microcon-30 kDa Centrifugal Filter Units (Merck) and washed 
four times by adding 200 µL of 8 M urea in 50 mM TEAB,
two times with digestion buffer [0.5% sodium deoxycholate 
(SDC), 50 mM TEAB] and subsequent centrifugation at 10,000
× g . Free cysteine residues were modified using 10 mM methyl
methanethiosulfonate (MMTS) solution in digestion buffer for 
20 min at RT, and the filters were then repeatedly washed with
gical replicates were analysed per EV type. Statistical analysis by one-way 
sed to investigate the presence of markers generally enriched in all EVs 
S-EVs (H) and markers generally not enriched in EV (I). A total of 6 µg 
-1, human mast cells; LD, low density; L-EVs, large extracellular vesicles; 
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100 µL of digestion buffer. Pierce trypsin protease (MS Grade,
Thermo Fisher Scientific) in digestion buffer was added at a
ratio of 1:100 relative to total protein mass, and the samples
were incubated at 37◦C overnight. Next morning, another portion
of trypsin (1:100) was added and the mixture was incubated at
37◦C for 4 h. The peptides were collected by centrifugation and
labelled using TMTpro 16-plex isobaric mass tagging reagents
(Thermo Scientific) according to the manufacturer’s instructions.
Samples from each cell line were labelled in separate sets
and combined into two sets together with one reference sam-
ple. Acetonitrile was evaporated using vacuum centrifugation,
and SDC was removed by acidification with 10% TFA with
subsequent centrifugation. The pooled samples were purified
using High Protein and Peptide Recovery Detergent Removal
Spin Column (Thermo Fisher Scientific) according to the man-
ufacturer instructions, followed by Pierce Peptide Desalting
Spin Columns (Thermo Scientific), following the manufacturer’s
instructions. 

The combined labelled sample was fractionated into 34 primary
fractions by basic reversed-phase chromatography (bRP-LC)
using a Dionex Ultimate 3000 UPLC system (Thermo Fischer
Scientific). Peptide separations were performed on a reversed-
phase XBridge BEH C18 column (3.5 µm, 3.0 × 150 mm, Waters
Corporation) using a gradient from 8% to 40% Solvent B over
48 min, 40%–50% over 10 min, followed by an increase to
100% B over 5 min, at a flow of 400 µL/min. Solvent A was
10 mM ammonium formate buffer at pH 10.00, and Solvent
B was 90% acetonitrile, 10% 10 mM ammonium formate at
pH 10.00. The primary fractions were concatenated into final
17 fractions (1 + 18, 2 + 19, . . . 17 + 34), evaporated and
reconstituted in 15 µL of 3% acetonitrile and 0.2% trifluoroacetic
acid. 

2.5.3 LC-MS/MS Analysis 

Each fraction was analysed on an Orbitrap Fusion Tribrid mass
spectrometer interfaced with an Easy-nLC 1200 nanoflow LC
system (both—Thermo Fisher Scientific). Peptides were trapped
on the Acclaim Pepmap 100 C18 trap column (75 µm × 2 cm,
particle size 5 µm, Thermo Fischer Scientific) and separated on
the in-house packed C18 analytical column (75 µm × 37 cm,
particle size 3 µm) using the gradient from 5% to 12% B over 5 min,
12% to 35% B over 70 min followed by an increase to 100% B for
5 min, and 100% B for 10 min at a flow of 300 nL/min. Solvent
A was 0.2% formic acid, and Solvent B was 80% acetonitrile,
0.2% formic acid. The quantitative analysis was performed in
multinoch MS3 mode, and the precursor ion mass spectra were
recorded at 120,000 resolution, the most intense precursor ions
were selected (‘top speed’ setting with a duty cycle of 3 s),
fragmented using CID at collision energy setting of 30, spectra
and the MS/MS spectra were recorded in ion trap with the
maximum injection time of 50 ms and the isolation window
of 0.7 Da. Charge states 2–7 were selected for fragmentation,
dynamic exclusion was set to 45 s with 10 ppm tolerance. MS3
spectra for reporter ion quantitation were recorded at 50,000
resolutions with HCD fragmentation at a collision energy of
55 using the synchronous precursor selection of the 10 most
abundant MS/MS fragments, with the maximum injection time of
120 ms. 
6
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2.5.4 Database Search and Quantification 

Identification and relative quantification were performed of 
the combined injections using Proteome Discoverer version 2.4 
(Thermo Fisher Scientific). The database search was performed 
using the Mascot search engine v. 2.5.1 (Matrix Science, London,
UK) against the Swiss-Prot human database. Trypsin was used as
a cleavage rule with no missed cleavages allowed; methylthiola-
tion on cysteine residues, TMTpro at peptide N-termini and on
lysine side chains were set as static modifications, and oxidation
on methionine was set as a dynamic modification. Precursor mass
tolerance was set at 5 ppm and fragment ion tolerance at 0.6 Da.
A percolator was used for the peptide-spectrum match (PSM)
validation with a strict false discovery rate (FDR) threshold of 1%.
Quantification was performed in Proteome Discoverer 2.4. The 
TMT reporter ions were identified with 3 mmu mass tolerance in
the MS3 HCD spectra, and the TMT reporter S/N values for each
sample were normalised within Proteome Discoverer 2.4 on the
total peptide amount. Only the quantitative results for the unique
peptide sequences with the minimum SPS match % of 50 and
the average S/N above 10 were taken into account for the protein
quantification. 

2.5.5 Statistics and Bioinformatics 

For the analysis of the quantified proteins, the significance
was calculated by paired Student’s t test on logged val-
ues. Subsequently, GraphPad Prism 10 was used to create
the volcano plots. Qlucore Omics Explorer (Qlucore Omics 
Explorer Version 3.9) was used for principal component anal-
ysis (PCA). After identifying the uniquely enriched proteins
in the different EV subtypes, the Database for Annotation,
Visualisation and Integrated Discovery [DAVID; https://david. 
ncifcrf.gov/home.jsp (accessed: August 22, 2024)] was used 
to determine the most enriched cellular compartments asso-
ciated with these proteins. Revigo was used in November
2025 to summarise the GO Terms into networks [ 15 ], and
Cytoscape (Version 3.10.4) was used to visualise the networks
[ 16 ]. 

The proteins from the five MISEV categories were created
based on in the MISEV2023 guidelines [ 17 ] and analysed and
visualised with Qlucore Omics Explorer (Qlucore Omics Explorer
Version 3.9), and multigroup (ANOVA) comparisons displayed as 
hierarchical clustering heat maps. Details of the analysis, such
as the p values, q values and number of proteins included in the
analysis, are listed in Table S1 . 

Seven previously published studies were used to create two lists
of proteins [ 11, 18–23 ]. One list for proteins enriched in S-EVs and
one list for proteins enriched in L-EVs. Details of the analysis,
such as the p values, q values and number of proteins included
in the analysis, are listed in Table S1 . 

The list of common EV proteins were created based on Top100
proteins in VesiclePedia (accessed: August 27, 2024) and Top100
proteins in EVpedia (accessed August 27, 2024). After removing
duplicates, the list consisted of 118 proteins. Qlucore Omics
Explorer (Qlucore Omics Explorer Version 3.9) was used for
Proteomics, 2026
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multigroup (ANOVA) comparisons displayed as hierarchical
clustering heat maps. Details of the analysis, such as the p values,
q values and number of proteins included in the analysis, are
listed in Table S1 . 

2.6 Lipidomics 

2.6.1 Experimental Design and Sample Generation 

Lipid extraction and analysis were performed at the Depart-
ment of School of Public Health and Community Medicine at
Sahlgrenska Academy, University of Gothenburg, Sweden. The
lipids analysed and how they were identified are listed in Table
S2 . 

For the lipidomic analysis, four independent biological replicates
were used for each of the four sample types, resulting in 16
samples per cell line and 32 samples in total ( n = 4 for each vesicle
type and cell line). The starting volume of cell culture media for
each biological replicate was 1200 or 1800 mL, but the amount
used was normalised to 10 µL per sample. Additionally, a media-
only control was created. Briefly, this was achieved by using
media supplemented with 10% EV-depleted FBS. This complete
media, which had not been in contact with cells, was processed
through the EVs isolation protocol described in Sections 2.2
and 2.3 . Hence, we ended up with four media-only controls, one
for each subpopulation of EVs. 

2.6.2 Lipid Extraction 

A Bligh and Dyer liquid extraction procedure was used to extract
the lipids from the EV preparations. Glass tubes (CORNING
99449-13) were prepared with 1 mL dichloromethane (DCM)
(EMSURE; Merck), 2 mL methanol (LC-MS grade LiChrosolv;
Merck) and 790 µL of 0.9wt% NaCl(aq). To the tubes 10 µL of
vesicle sample was added, followed by the addition of internal
standards. The internal standard SPLASH LipidoMIX (SKU:
330707, Avanti Polar Lipids, Inc. USA) was used as internal
standard for the lipid classes PC/LPC/PE/LPE/SM/PG/PI. The
isotope labelled standard GlcCer(d18:1(d5)/18:0) (SKU: 860638,
Avanti Polar Lipids, Inc., USA) was used as an internal standard
for the ceramide and hexosylceramide lipid classes. The SPLASH
stock standard was diluted 200 times in methanol and 20 µL was
added to each sample. The GlcCer(d18:1(d5)/18:0) standard was
diluted to 0.027 µg/mL in methanol before adding 10 µL to the
sample tubes. The tubes were vortexed for 30 s, ultrasonicated for
5 min and put on a shaker for 15 min at RT to solubilise the lipids
in the monophase. For phase separation, 1 mL DCM and 1 mL
0.9wt% NaCl(aq) were added to the extraction tubes, final ratio
NaCl(aq):MeOH:DCM [1.8:2:2]. The tubes were vortexed for 30 s
and centrifuged at 300 × g for 10 min at 10◦C to assist the phase
separation into two layers. From the lower organic phase 1000 µL
was transferred to an Eppendorf tube using a Hamilton syringe
(washed 2 × in isopropanol and 2 × in methanol between samples).
The Eppendorf tube was centrifuged at 10,000 × g for 10 min at
10◦C to remove particulates. From the Eppendorf tubes, 800 µL
of each sample was transferred to an HPLC vial (Waters Total
Recovery SKU: 186002805) using a CTC-PAL robot configured
with a Hamilton syringe. Then, solvents were evaporated under
Proteomics, 2026
a stream of nitrogen gas with a temperature of 30◦C (Porvair
MiniVap Gemini) in the total recovery vial. The remaining lipid
film was solvated with 300 µL acetonitrile/isopropanol [ratio 
(2:1)]. The tubes were vortexed for 30 s, ultrasonicated for 5 min
and put on a shaker for 15 min at RT to solubilise the lipids fully
in the injection solvent. 

2.6.3 UHPLC-ESI-QqQ-MS/MS Analysis 

An initial pre-run was done to determine the optimal dilution for
each sample. This was a necessary step due to the large differences
in the initial concentrations between samples. The additional 
dilution step was only necessary for the PC and SM lipid classes.
Once the optimal dilutions were determined, the study data were
collected using this dilution. 

Analysis was performed using Ultra High-Performance Liquid 
Chromatography (Waters ACQUITY UPLC I-Class PLUS) using 
Electro Spray Ionisation and a Triple Quadrupole mass detec-
tor (UHPLC-ESI-QqQ-MS/MS) (Waters Xevo TQXS). The mass 
spectrometer was operating in MRM mode (multiple reaction 
monitoring) for data acquisition. 

Chromatography was performed based on two different separa- 
tion principles: hydrophilic interaction chromatography (HILIC) 
(BEH Amide VanGuard FIT Column, SKU:186009508) and 
reverse phase chromatography (RP) (Premier BEH C8 VanGuard 
FIT Column, SKU:186010360). HILIC method was used for lipids
in the classes LPC/PG/PE/SM/PI in order the have chromato-
graphic lipid class separation. PC lipids were analysed on RP due
to the large number of species in this class it was desirable to
separate them based on the fatty acyl chains. The Cer and HexCer
lipids were analysed on the same column and mobile phase as
the PC lipids, but with a slightly extended gradient. For details on
the chromatography mobile phases and gradients, see Supporting 
Information data. 

Lipid panel for targeted UHPLC-ESI-QqQ-MS/MS method was 
selected based on previous screening experiments. Targeted 
screening was conducted using the Waters LipidQuan MRM
database containing over 2000 lipids. To verify that no major lipid
was missed, additional screening was done using precursor ion
scanning for the different lipid class-specific fragments (PIS184,
PIS264, NL141, NL189 and NL277). 

2.6.4 Data Analysis and Quantification 

Masslynx 4.2 software was used for data acquisition, and Tar-
getlynx was used for peak integration. Integrated peaks were
exported to the SAS 9.4 software for quantification. The online
tool LICAR was used for isotope correction of coeluting peaks
in HILIC [ 24 ]. The calculated Type II isotope correction factors
were applied to the results to account for the isotopic overlap
of lipids that are close in mass and have similar retention time.
Quantification was made relatively to the internal standard of the
same class. Both the ceramide analytes and the hexosylceramides
were quantified using the GlcCer(d18:1(d5)/18:0) internal stan- 
dard as they have shown to have very consistent and comparable
7
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recoveries. Results were normalised as mol%, meaning that all
lipids in a sample were summed up and subsequently expressed
as the percentage of the total. Suffix A or B was added to the
lipid annotation when isomeric peaks were found, for example,
LPC(18:2) SN1/SN2 isomers were annotated as LPC(18:2)_A and
LPC(18:2)_B. 

2.6.5 Statistics and Bioinformatics 

Qlucore Omics Explorer (Omics Explorer Version 3.9) was used
for PCA and multigroup comparisons displayed as hierarchical
clustering heat maps. GraphPad Prism 10 was used to display
differential enrichment of lipid classes. 

2.7 Nano-Flow Cytometry 

The presence of tetraspanins (CD63, CD81, and CD9) and
ADAM10 on the surface of EVs was determined utilising a Flow
NanoAnalyzer (NanoFCM Inc.) following the manufacturer’s
guidelines and using a staining protocol as described previously
[ 25, 26 ]. For experimental design, the MIFlowCyt-EV guidelines
were consulted [ 27, 28 ]. Controls, including buffer-only con-
trols, buffer with reagent controls, unstained sample controls,
single-stained sample controls and detergent treatment, were
performed. For the detergent treatment control, stained samples,
diluted 10-fold, were treated with Triton X-100 and compared
to the non-treated sample, and the ratio of disrupted particles
was calculated. In this project, we used 0.1% TritonX-100 and
incubation for 5 min at RT [ 29 ]. As we could observe positivity for
the ADAM10 isotype control with THP-1 EVs, the analysis was
only performed on HMC-1 EVs, where the isotype control was
negative. The analysis was made on three biological replicates for
HMC-1. 

2.7.1 Instrument Setup 

The system was calibrated before samples were loaded and
analysed. For alignment, a 1:100 dilution of 0.25 µm Fluorescent
Silica Microspheres (250 nm Std FL SiNPs) was used at a laser
power of 20/50 mW 488 and 20/100 mW 638 at a side scatter (SS)
decay of 0.2%. The 250 nm Std FL SiNPs bead data were recorded
and analysed as the concentration standard using the large signal
auto threshold. S16M-Exo Silica Nanosphere Cocktails were used
to create a calibration curve of particle sizes and SS intensity.
S16M-Exo includes particles at a range of 68–155 nm (peaks at 68,
91, 113 and 155 nm) and was recorded at a laser power of 10/50 mW
488 and 20/100 mW 638; SS decay of 10% and analysed using the
small signal auto threshold. The pressure was kept at 1.0 kPa for
all standards and samples. 

2.7.2 Staining 

First, the concentration of the EV samples was determined to
ensure that the stained samples would have the recommended
concentration of 2000 and 12,000 events per minute. Based on
these measurements, EV samples were prediluted before anti-
body staining. Prediluted antibodies (Table 4 ), isotype controls
8

(Table 5 ) or PBS were added to 3 µL pre-diluted EV samples to
a final volume of 5 µL. The samples were incubated in the dark
for 40 min. After incubation, 45 µL PBS (0.0067 M PO4 , pH 7.0–
7.2, Cytiva, HyClone Laboratories) was added to the samples,
leading to a 10X dilution of the EV-antibody mix. Directly before
acquisition, the samples were further serially diluted to reach
final dilutions of 100x and 200x before recording on the Flow
NanoAnalyzer. Dilutions were done with TE Buffer (Tris-EDTA,
1X Solution, pH 7.4, Molecular Biology, Fisher BioReagents, 
USA). 

2.7.3 Acquisition 

Samples were run at the same sampling pressure as the concentra-
tion standard and with the same laser power as the size standards.
The sampling pressure was set to 1.0 kPa. The SS was set as
the triggering channel (each signal above the SSC threshold was
acquired), and samples were analysed using the auto threshold
according to the EXO settings. 

2.7.4 Analysis, Statistics and Bioinformatics 

The nano-FCM software (NF profession V1.0) was used to calcu-
late the percentage of positive signal, particle concentration and
size distribution. To calculate the percentage of positive events,
particle concentration and size distribution, the NanoFCM soft-
ware (NanoFCM Profession V2.0; NanoFCM, Inc.) was used. The
auto threshold (small) was set for each sample, and gates were set.

3 Results 

3.1 Immune Cells Secrete EVs of Different Sizes 
and Densities 

We have previously determined the protein cargo of two EV sub-
populations of different sizes released by breast cancer cells [ 1 ].
In the current study, we build on these findings by determining
the protein and lipid content in four immune cell-derived EV
subpopulations. For this purpose, we expanded on the isolation
method by incorporating a density cushion that enables the
isolation of EV subpopulations according to density. This resulted
in the determination of the proteomic and lipidomic profile
of four subpopulations of EVs enriched at different sizes and
densities. 

Conditioned medium was collected from the immune cell lines
HMC-1 (mast cells) and THP-1 (monocytes), and crude L-
EVs and S-EVs were isolated by differential ultracentrifugation
(Figure 1A ). Subsequently, a bottom-loaded density cushion 
centrifugation was used to purify and sub-fractionate the crude
samples further. As EVs were collected at two different densities
for each crude EV type (Figure S1 ), this resulted in four types of
EVs: L-EVs LD, L-EVs HD, S-EVs LD and S-EVs HD (Figure 1A ).
The LD EVs were collected in the interphase between 10% and
24% iodixanol (1.079–1.146 g/mL), and HD EVs were collected in
the interphase between 24% and 32% iodixanol (1.146–1.185 g/mL).
TEM showed that all four EV subtypes indeed contained EVs
(Figure 1B, C and Figure S2 ). To be able to accurately determine
Proteomics, 2026
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TABLE 4 Antibodies and their predilutions used for Flow NanoAnalyzer. 

Protein Predilution Clone Number Supplier Fluorophore 

ADAM10 (CD156c) 10 REA309 130-104- 
406 

Miltenyi Biotec FITC 

Tetraspanin mix 
CD9 6 M-L13 341648 BD Biosciences BD 

Pharmingen 
APC 

CD63 20 H5C6 561983 BD Biosciences BD 

Pharmingen 
AF647 

CD81 6 JS-81 551112 BD Biosciences BD 

Pharmingen 
APC 

TABLE 5 Isotype control antibodies and their predilutions used for Flow NanoAnalyzer. 

AB 

Isotype 
control for Predilution Clone Number Supplier Fluorophore 

REA Control Antibody (S), 
human IgG1, FITC 

ADAM10-FITC 33 REA293 130-113-437 Miltenyi Biotec FITC 

APC Mouse IgG1, κ Isotype 
Control 

CD9-APC and 
CD81-APC 

6 MOPC-21 555751 BD Biosciences 
BD Pharmingen 

APC 

AF647 Mouse IgG1, κ Isotype 
Control 

CD63-AF647 20 MOPC-21 557714 BD Biosciences 
BD Pharmingen 

AF647 
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the different EV sizes in the four subpopulations, we conducted
a double-blinded experiment where several thousand EVs were
manually annotated (Figure 1D, E ). L-EV fractions generally
contained a higher amount of bigger EVs than S-EV fractions.
Additionally, HD fractions contained EVs that were smaller than
the corresponding LD fraction. Notably, L-EVs LD were more
heterogeneous in size, and these samples also had fewer non-
EV particles than L-EVs HD. Overall, S-EVs were smaller than
L-EVs; additionally, more non-EV particles could be seen in these
samples. The most notable difference between S-EVs LD and S-
EVs HD was the high amount of non-EV particles in the HD
factions. 

To characterise the four EV subtypes, we evaluated the pres-
ence of a general EV marker (flotillin-1), a non-EV protein
(calnexin) and markers that have been suggested to be enriched
in either S-EVs (CD63, CD9 and CD81) or L-EVs [mitofillin
(IMMT) and mitochondrial import receptor subunit TOM20
homolog (TOMM20)] with western blot. All four EV subtypes
were positive for flotillin-1 (Figure 1F ), which confirms ours
and others previous findings in other cell line-derived EVs that
all EV subtypes contain flotillin-1 to a similar degree [ 1, 21 ].
As expected, mitofillin and TOMM20 showed L-EV enrichment
(Figure 1G ). The tetraspanins CD9, CD63 and CD81 were present
in all fractions; however, an S-EV enrichment could be observed,
which was more prominent in the HMC-1 S-EVs (Figure 1H ). CD9
was faint in THP-1-derived EVs as compared to HMC-1; however,
previous studies have shown different expression of tetraspanins
in EVs from different cell types, with CD9 being particularly
low in THP-1 EVs compared to other cell lines [ 30 ]. A signal
for calnexin was mainly detected in THP-1 L-EVs (Figure 1I ).
These results, together with the TEM results, suggest that we
Proteomics, 2026

e

have enriched EVs with different sizes, densities and protein
cargo. 

3.2 The Proteomes of the Four EV 

Subpopulations Are Significantly Different 

We performed quantitative proteomics to identify differentially 
enriched and equally expressed proteins in the four subpopu-
lations of EVs, which were all analysed in biological triplicates
for each cell line. In total, 5364 proteins were quantified in
our dataset, 3970 and 4736 of these proteins were quantified in
HMC-1 and THP-1 cell line-derived EVs, respectively, with 3342
being quantified in both (Table S3 ). To visualise the relationship
between the different types of isolated EVs, a PCA was performed
for each cell line, including all proteins. Component 1, represent-
ing around 50% of the variability, distinguished L-EVs and S-EVs
(Figure 2A, B ). Furthermore, Components 2 and 3 distinguished
the LD and HD fractions; however, this was more evident in the
THP-1-derived EVs as compared to the HMC-1-derived EVs. A
similar pattern was observed when all samples from both cell
lines were analysed in the same PCA plot, although the samples
were then also separated based on the cell type in Components 2
and 3 (Figure 2C ). 

Firstly, we performed pairwise comparisons between the different
EV subtypes, revealing that proteomic differences among EV 

subpopulations were more pronounced by size than by density
(Figure 2D–M ). Proteins identified as uniquely upregulated in
EV subpopulations (Figure 2N and Figure S3A–C ) were anal-
ysed with DAVID and Revigo to determine the most enriched
biological cellular compartments associated with these proteins 
9
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FIGURE 2 The proteome of the four EV subpopulations is substantially dissimilar. Quantitative proteomics (tandem mass tag) was used to 
determine the differences in the proteomes of the EV subpopulations. Three biological replicates (40 µg protein/sample) were used from both cell 
lines. (A–C) Principal component analysis illustrating the relationship between the subpopulations derived from HMC-1 (A), THP-1 (B) and both cell 
lines combined (C). (D–G) Volcano plots of the proteomes of S-EVs LD, S-EVs HD, L-EVs LD and L-EVs HD from HMC-1 compared with each other. 
(H) Summary of the numbers of altered proteins in each comparison in D-G. (I–L) Volcano plots of the proteomes of S-EVs LD, S-EVs HD, L-EVs LD 

and L-EVs HD from THP-1 compared with each other. (M) Summary of the numbers of altered proteins in each comparison in I-L. Dotted lines indicate 
cutoffs: 1.3 on the y -axis (corresponding to p < 0.05) and 0.585 on the x -axis (corresponding to fold change > 1.5). (N) Identification of the proteins that are 
uniquely enriched in each EV subpopulation. The enriched proteins were produced as described in Supplementary Figure 3 . EV, extracellular vesicle; 
HD, high density; HMC-1, human mast cells; LD, low density; L-EVs, large extracellular vesicles; S-EVs, small extracellular vesicles; THP-1, human 
monocytes. 

10 Proteomics, 2026
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(Figure 3A–D ). Proteins upregulated in L-EVs LD were associ-
ated with mitochondrion, endoplasmic reticulum (ER), nucleus
and membrane, while the proteins upregulated in L-EVs HD
were associated with cytosol, cytoskeleton, kinesin complex and
microtubule (Figure 3A, B ). The proteins upregulated in S-EVs
LD were associated with the cytoplasm, plasma membrane (PM),
and early and late endosome, while the proteins upregulated in
S-EVs HD were associated with the nucleus, cytosol, spliceosome
and Golgi apparatus (Figure 3C, D ). The GO term ‘extracellular
exosome’ was associated with the upregulated proteins for all
subpopulations, but had the highest enrichment in S-EVs LD. 

Secondly, we analysed proteins that were not altered but showed
similar expression across all four EV subtypes in both cell lines.
Here, we identified protein groups such as adaptor protein
complex subunits (APs), coatomer subunits (COPs), conserved
oligomeric Golgi complex subunits (COG), sortin-nexins (SNXs),
trafficking protein particle complex subunits (TRAPPCs), TBC1
domain-containing proteins (TBC1Ds) and vacuolar protein
sortings (VPSs) belonging to homotypic fusion and vacuole
protein sorting (HOPS), class C core endosomal vacuole tethering
(CORVET), endosome-associated recycling protein (EARP) and
Golgi-associated retrograde protein (GARP) complex (Figure
S4A–H ). Interestingly, several of these groups of proteins are
involved in the transport of vesicles, proteins and membranes
between organelles and the PM. 

Taken together, L-EVs and S-EVs were well separated; however,
the separation between the LD and HD samples was more
pronounced for the THP-1 EVs than for the HMC-1 EVs. The
four EV subpopulations had a core EV proteome that was not
altered between the subpopulations. In addition, the proteins
that were differently enriched in the EV types were associated
with different biological functions and organelles. Both the PCA
plots and the GO term enrichment analysis strengthen the
assumption that our four sample types are enriched for different
subpopulations of EVs. This indicates that our EV subtypes might
have distinct biogenesis and biological functions, which could aid
in elucidating the differences between EV subpopulations. 

3.3 Immune Cells Secrete EVs With Different 
Expression of Common EV Markers 

The International Society for Extracellular Vesicles (ISEV) have
published three Minimal Information for Studies of Extracellu-
lar Vesicles (MISEV) guidelines, MISEV2014, MISEV2018 and
MISEV2023 [ 17, 31, 32 ]. In the MISEV2018 and MISEV2023, five
categories of proteins were presented to be used when analysing
the protein content of EVs. Categories 1 and 2 assess the presence
of EVs, with Category 4 providing additional information on
intracellular origins. Categories 3 and 5 assess the presence
of contaminations and coisolates. We analysed all the proteins
quantified in our dataset across these five categories. Category
1 assesses the presence of EV membrane proteins from the PM
and the endosomal pathway. The majority of the tetraspanins,
ADAM10 and some integrins (ITGs) were enriched in S-EVs LD
in THP-1 and in both S-EVs in HMC-1, while syndecans and
glypicans were enriched in both S-EVs LD and S-EVs HD in both
cell lines (Figure 4A ). Furthermore, major histocompatibility
class I and II, heteromeric G proteins (GNAs), and the rest of
Proteomics, 2026
the integrins were enriched in both L-EVs LD and S-EVs LD
(Figure 4A ). Belonging to Category 2 (cytosolic EV-associated
proteins), the majority of the ESCRT proteins were enriched in
S-EVs LD in THP-1, while this enrichment was not as prominent
in HMC-1. Furthermore, SDCBP (syntenin-1) was enriched in 
both S-EVs LD and S-EVs HD in both cell lines (Figure 4B ).
Flotillin-1 and -2 were enriched in both L-EVs LD and S-EVs LD,
while the tubulins (TUBBs) were either enriched in L-EVs HD or
S-EVs HD (Figure 4B ). In Category 3 proteins of non-EV coiso-
lated structures are summarised. The 14-3-3 proteins (YWHAs) 
enrichment was cell-dependent, while TGFB1 was enriched in L-
EVs LD in both cell lines. Whereas the rest of the proteins were
enriched in S-EVs HD or in both S-EV subtypes (Figure 4C ). In
Category 4, the proteins associated with mitochondria, ER and
Golgi apparatus were enriched in L-EVs LD, while the nucleus
proteins such as histones were enriched in S-EVs HD (Figure 4D ).
Lastly in Category 5, which contains ‘secreted proteins recovered
with EVs’, the majority of proteins were enriched in S-EVs HD,
except for IL-18 which was enriched in L-EVs LD and L-EVs
HD (Figure 4E ). Together, these results demonstrate that the EV-
associated proteins (Categories 1 and 2) are mainly associated
with S-EVs LD and to some extent L-EVs LD, while the proteins
more associated with contamination/coisolates (Categories 3 and 
5) are enriched in S-EVs HD. Furthermore, the proteins associated
with organelles other than the PM and endosomes (Category
4) are enriched in L-EVs LD, except for histones, which were
enriched in S-EVs HD. 

Next, we determined the expression of 28 proteins that have
previously been suggested to be the core proteome of exosomes
by Kugeratski et al., by analysing S-EVs from 14 cell lines [ 30 ].
We could only validate six of these proteins: PDCD6IP, SDCBP,
HISTIH4A, RAN, RPSA and CLTC to be enriched in either S-
EVs LD, S-EVs HD or both compared to L-EVs in both cell
types (Figure S5 ). This demonstrates the limitations of only
comparing the proteome of one EV subtype, in this case S-
EVs, to the cell proteome. We therefore next constructed a list
of previously identified markers for L- and S-EVs, discovered
by us and others in seven studies that had performed mass
spectrometry analysis comparing L-EVs and S-EVs. Many of the
proteins that were previously shown to be enriched in S-EVs as
compared to L-EVs were also enriched in S-EVs in our dataset
(Figure 5A, B ). Many of these proteins are known as classical
EV markers and were also included in the MISEV analysis and
are therefore discussed in Figure 4 . However, there were also
several proteins that we could not validate to be enriched in S-
EVs, such as ICAM1, CD44, STX3 and ITGA5, but were instead
equally or more enriched in L-EVs LD in both cell types. These
findings indicate that the distribution of these proteins among
EV subtypes may be cell-type dependent, especially since prior
work has primarily focused on EVs derived from cancer cells
rather than immune cells. However, methodological differences 
in EV isolation across studies may lead to subtle variations in the
enrichment of specific EV subtypes, which may also contribute to
this discrepancy. 

Similarly, many of the proteins that were previously shown to be
enriched in L-EVs as compared to S-EVs were also enriched in
L-EVs in our dataset (Figure 5C, D ). Interestingly, mitochondrial
proteins such as TOMM20, TOMM22, MICOS complex sub-
units [IMMT (mitofilin) and CHCHD3], ATP synthase subunits
11
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FIGURE 3 The proteomes of EV subtypes are associated with different GO terms for cellular compartments. (A–D) Database for Annotation, 
Visualisation and Integrated Discovery (DAVID) was used to determine the enriched cellular compartments associated with proteins uniquely enriched 
in the four different EV subpopulations in Figure 2N . The 20 most enriched terms (based on p value) for each EV subtype are displayed. Next, all 
significant GO terms for each subpopulation were analysed with Revigo to identify networks. The largest network for each EV subtype is displayed 
with Cytoscape. Lastly, the presence of the GO terms included in the top network for each EV subtype was evaluated in the other EV subtypes. The 
enriched proteins were produced as described in Figure S3 . EV, extracellular vesicle; GO, gene ontology; HD, high density; LD, low density; L-EVs, large 
extracellular vesicles; S-EVs, small extracellular vesicles. 
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FIGURE 4 The expression of MISEV guideline proteins in the four EV subpopulations. (A–E) In the MISEV guidelines [ 17, 32 ], five categories of 
proteins are recommended to be evaluated in EV isolates. We have analysed all proteins in our dataset that belong to these five categories. (A) Category 
1 – membrane proteins associated with the plasma membrane (PM)/endosomes. (B) Category 2 – cytosolic proteins in EVs. (C) Category 3 – major 
components of non-EV coisolated structures. (D) Category 4 – proteins associated with intracellular compartments other than PM/endosomes. (E) 
Category 5 – secreted proteins recovered with EVs. EV, extracellular vesicle; MISEV, Minimal Information for Studies of Extracellular Vesicles. 
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(ATP5s) were enriched in L-EVs LD in THP-1. In HMC-1 cells,
several of these proteins were likewise enriched in L-EVs LD,
whereas others displayed enrichment in both L-EVs LD and
L-EVs HD. On the other hand, kinesins (KIFs) and cytokinesis-
associated proteins such as PRC1, CIT, ANLN, PLK1, CEP55 and
RACGAP1 were enriched in L-EVs HD for both cell lines. This
shows that we could further separate some of the markers that
have previously been suggested to be enriched in L-EVs or S-EVs
to also be enriched in EVs at certain densities. 
Proteomics, 2026

iv
Lastly, to further determine the expression of common EV
proteins in our data set, we next constructed a list of the Top
100 proteins listed at EVpedia and Vesiclepedia (Figure 6A, B ).
This analysis showed that proteins such as ADAM10, CD63,
CD81, PDCD6IP (ALIX), TSG101, and 14-3-3 proteins (YWHAs) 
and EZR (Ezrin) were, as mentioned before, enriched in S-
EVs LD in THP-1 (Figure 6A , Cluster 5), while proteins such
as GAPDH, APOE and chaperonin-containing TCP-1 complex 
proteins (CCTs) were enriched in S-EVs HD in THP-1 (Figure 6A ,
13
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FIGURE 5 Presence of previously suggested markers for L-EVs and S-EVs in EV subpopulations from immune cells. Seven studies that have used 
mass spectrometry to compare the proteome of L-EVs and S-EVs were used to generate two lists, one with proteins enriched in S-EVs and one with 
proteins enriched in L-EVs [ 11, 18–23 ]. (A, B) After removing duplicates, the S-EV list contained 58 proteins. A multi-group (ANOVA) comparison was 
performed in Qlucore and showed that 18 and 28 of these proteins were differentially expressed in EVs from THP-1 ( p value = 0.001, q value = 0.0006453) 
(A) and HMC-1 ( p value = 0.001, q value = 0.0012622) (B), respectively. (C, D) After removing duplicates, the L-EV list contained 129 proteins. A multi- 
group (ANOVA) comparison was performed in Qlucore and showed that 81 and 52 of these proteins were differentially expressed in EVs from THP-1 ( p 
value = 0.001, q value = 0.001202) (C) and HMC-1 ( p value = 0.001, q value = 0.0018211) (D), respectively. EV, extracellular vesicle; HMC-1, human mast 
cells; L-EVs, large extracellular vesicles; S-EVs, small extracellular vesicles; THP-1, human monocytes. 
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FIGURE 6 Presence of EV markers from EV database in EV subpopulations from immune cells. The top 100 proteins identified in EVs from two 
online EV databases—EVpedia and VesiclePedia—were downloaded [ 33, 34 ]. After duplicates were removed, the list contained 120 proteins. (A, B) A 

multi-group (ANOVA) comparison was performed in Qlucore and showed that 86 and 56 of these proteins were differentially expressed in EVs from 

THP-1 ( p value = 0.001, q value = 0.0010117) (A) and HMC-1 ( p value = 0.001, q value = 0.001805) (B), respectively. EV, extracellular vesicle; HMC-1, 
human mast cells; THP-1, human monocytes. 
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Cluster 7). For HMC-1, these proteins were enriched in both S-
EV subpopulations (Figure 6B , Cluster 1). SDCBP (Syntenin-1)
was, as mentioned before, enriched in both S-EVs LD and HD
in both cell lines (Figure 6A , Cluster 6, Figure 6B , Cluster 1).
Annexins (ANXAs), Rab proteins (RABs) and flotillin-2 were
enriched in both S-EVs LD and L-EVs LD in THP-1 (Figure 6A ,
Clusters 1 and 3), while they were not significantly different
in HMC-1, suggesting that these proteins are equally expressed
in L-EVs and S-EVs. Together, these data demonstrate that
L-EVs LD are enriched in proteins associated with the mito-
chondrion, such as TIMMs/TOMMs, MICOS complex subunits
and ATP synthase subunits, while L-EVs HD are enriched in
Proteomics, 2026

v

KIFs and proteins associated with cytokinesis and microtubule 
(Figures 3–6 and summarised in Figure 7 ). Furthermore, S-EVs
LD were enriched in proteins associated with the PM and the
endosomal pathway, such as tetraspanins, ADAM10, proteins 
from the ESCRT machinery and 14-3-3s, while S-EVs HD were
enriched in tubulins, histones, complement factors and CCT 
complex proteins. Additionally, some proteins were enriched 
in two or more EV subtypes, such as flotillins, which were
similarly expressed in small and L-EVs, SDCBP being enriched
in both S-EV subtypes, and RABs, annexins, some integrins and
heteromeric G proteins that were enriched in both LD subtypes
(Figure 7 ). 
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FIGURE 7 Proteins enriched in subpopulations of EVs. Schematic illustration showing the proteins enriched in the four subpopulations of EVs as 
determined by quantitative proteomics. Proteins enriched in L-EVs LD, L-EVs HD, S-EVs LD and S-EVs HD are shown in light green, dark green, light 
red and dark red boxes, respectively. Proteins in the grey area are enriched in two or more subpopulations. AP, adaptor protein complex subunits; APO, 
apolipoproteins; CCT, chaperonin containing TCP-1 proteins; COG, conserved oligomeric Golgi complex subunits; COP, Coatomer subunits; CORVET, 
class C core endosomal vacuole tethering; EARP, endosome-associated recycling protein; ESCRT, endosomal sorting complexes required for transport; 
EV, extracellular vesicle; GARP, Golgi-associated retrograde protein; GNAs, Guanine nucleotide-binding proteins; HD, high density; HOPS, homotypic 
fusion and vacuole protein sorting; HSP, heat shock proteins; ITG, integrins; KIF, kinesin-like proteins; LD, low density; L-EVs, large extracellular 
vesicles; MICOS, mitochondrial contact site and cristae organising system; RAB, RAB G-proteins; S-EVs, small extracellular vesicles; SNX, sortin- 
nexins; TBC1D, TBC1 domain family; TIMM, translocase of the inner membrane of the mitochondria; TOMM, translocase of the outer membrane 
of the mitochondria; TRAPPC, trafficking protein particle complex subunits; TSPANs, tetraspanins; VDAC, voltage-dependent anion channels. Image 
was created by BioRender.com with permission. 
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3.4 ADAM10 Is Expressed on Tetraspanins+ EVs 

As we observed that CD9, CD63, CD81 and ADAM10 were all
enriched in S-EVs (Figures 4–6 ), and it has previously been
shown that ADAM10 is associated with tetraspanins on the
cell membrane and that the tetraspanins can regulate ADAM10
activity and its substrate cleavage [ 35–37 ], we decided to analyse
all tetraspanins and ADAMs/ADAMTSs in more detail in our
dataset. All tetraspanins were enriched in S-EVs with a further
enrichment in S-EVs LD in THP-1, except for CD151, which
was enriched in L-EVs LD for both cell lines (Figure 8A, B ).
For the ADAMs/ADAMTSs, ADAM10 was enriched in S-EVs
LD, while ADAM17 was enriched in both S-EVs LD and L-EVs
LD (Figure 8C, D ). Additionally, in THP-1, the ADAMTSs were
mostly enriched in S-EVs HD (Figure 8C, D ). As proteomics
is a bulk analysis, we next set out to determine if ADAM10
and tetraspanins are coexpressed on the same EVs. To do so,
we analysed S-EVs from the HMC-1 with a flow nanoAnalyzer.
As we have observed in previous flow nanoAnalyzer experi-
ments that iodixanol can interfere with the flow nanoAnalyzer
16

e

measurements, it was not feasible to analyse the S-EVs LD,
instead, we used crude S-EVs to investigate the presence of CD9,
CD63, CD81 and ADAM10 on their surface. It was shown that
the majority of ADAM10 is expressed on EVs that also express
CD9, CD63 and/or CD81 in S-EVs (Figure 8E ). Importantly,
Triton-X treatment disrupted the majority of the ADAM10+ and 
tetraspanins+ EVs, suggesting they are true EVs (Figure S6 ). All
relevant controls for the flow nanoAnalyzer can be found in
Figures S6–S8 . 

3.5 The Lipidomes of the Four EV 

Subpopulations Are Altered 

Next, we sought to determine the lipid composition of the
EV subtypes. We performed mass spectrometry to determine 
the presence of 107 lipids in the four subpopulations of EVs,
all analysed in biological quadruplicates for each cell line.
Overall, the four media-only blanks contained low levels of
lipids. Importantly, they contained substantially less than the 
Proteomics, 2026
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FIGURE 8 ADAM10 is present on tetraspanins expressing EVs. (A–D) A multi-group (ANOVA) comparison was performed in Qlucore with a 
focus on the tetraspanins (A, B) and ADAMs and ADAMTSs (C, D). (E) NanoFCM was used to determine the coexpression of ADAM10 and tetraspanins 
on single S-EVs. S-EVs from HMC-1 cells were stained for ADAM10 and an anti-tetraspanins mix containing antibodies for CD63, CD9 and CD81. EV, 
extracellular vesicle; HMC-1, human mast cells; S-EV, small extracellular vesicle. 
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corresponding samples, with a median contribution of 0.6% from
the media-only blanks to the lipids in the samples. One exception
was LPC(18:2)_B, which was high in one of the media-only
blanks. Interpretation of this lipid should therefore be made with
caution. 

To visualise the relationship between the different types of
isolated EVs, a PCA was performed for each cell line, including
all lipids. The samples were well grouped based on EV type and
Component 1, representing over 60% of the variability in THP-
1, distinguished L-EVs and S-EVs (Figure 9A, B ). Furthermore,
Components 2 and 3 distinguished the LD and HD fractions;
however, this was more evident in the HMC-1-derived EVs as
compared to the THP-1-derived EVs. A similar pattern was
Proteomics, 2026
observed when all samples from both cell lines were analysed in
the same PCA plot, although the samples separated based on cell
type (Figure 9C ). 

Firstly, we analysed the lipids at the group level for each lipid
type. Notably, significant differences were observed between the 
two cell lines. Although sphingomyelins (SM) and ceramides 
(Cer) were more common in HMC-1 EVs as compared to THP-
1 EVs, phosphatidylcholine (PC), phosphatidylinositols (PIs), 
glucosylceramide (GlcCer) and phosphatidylglycerol (PG) were 
more abundant in THP-1 EVs as compared to HMC-1 EVs
(Figure 9D–M ). Indeed, SM was the most abundant lipid in
HMC-1 EVs, whereas PC was the most abundant lipid in THP-
1 EVs. Importantly, there were differences between the EV
17

ve C
om

m
ons L

icense



FIGURE 9 Lipidomic analysis of a subpopulation of EVs from immune cells. Mass spectrometry was used to determine the differences between 
107 lipids in the EV subpopulations. Four biological replicates (10 µL EVs/sample) were used from both cell lines. (A–C) Principal component analysis 
illustrating the relationship between the subpopulations derived from HMC-1 (A), THP-1 (B) and both cell lines combined (C). (D–M) The % for each 
lipid class of the total lipids is illustrated. EV, extracellular vesicle; HMC-1, human mast cells, THP-1, human monocytes. 
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subpopulations; most prominent was the lower abundance of
phosphatidylethanolamine (PE) in L-EVs LD compared to all
three other EV subpopulations (Figure 9D, E, H ). In the HMC-
1 L-EVs LD, this was mainly compensated by an increase in SM,
PI and LPC, while in THP-1 L-EVs LD, it was compensated by an
increase in PC, PI and PG (Figure 9D–M ). Furthermore, Cer, PI
and LPC were more abundant in L-EVs compared to S-EVs, while
SM and GlcCer were more enriched in S-EVs at least in the THP-1
EVs (Figure 9D–M ). 

Secondly, we focused on an analysis of individual lipids. We
identified the 10 most abundant lipids in each EV subtype. In
each sample, these 10 lipids represented approximately 70% of
all the lipids (Figure 10A ). In the HMC-1 cell line, one of the
largest differences was for PE(O-2:0_18:1), a plasmanyl and PE(O-
2:0_18:2), which were less common in L-EVs LD. Additionally,
Cer(d18:1/22:0) and Cer(d18:1/16:0) were less common in S-EVs
18
compared to L-EVs. In the THP-1 cell line, there was a large
difference in PC(16:0/16:0), also called (DPPC), that was much
less abundant in L-EVs as compared to S-EVs. Additionally, PE(O-
2:0_18:2) was also less abundant in L-EVs LD, similar to that for
HMC-1. 

Focusing on lipids that were commonly altered in both cell
lines, analysis of individual lipids also demonstrated that 
Cer(d18:1/22:5), Cer(d18:1/18:0), Cer(d18:1/16:0), Cer(d18:1/22:3) 
and Cer(d18:1/14:0) were enriched in both L-EV subpopulations
compared to S-EVs (Figure 10B , Cluster 4 and Figure 10C , Cluster
3). Conversely, SM(36:2;O2) was enriched in S-EVs HD/S-EVs 
compared to L-EVs (Figure 10B , Cluster 1 and Figure 10C ,
Cluster 1), and PC(18:0_18:1) and PC(18:1_20:4) were enriched 
in S-EVs HD compared to all three other subpopulations
(Figure 10B , Cluster 1 and Figure 10C , Cluster 2). Meanwhile,
several of the other PCs were enriched in other subpopulations.
Proteomics, 2026
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FIGURE 10 Analysis of individual lipids. (A) The Top 10 most abundant lipids in each EV subtype and their positions in the other EV subtypes. 
(B, C) A multi-group (ANOVA) comparison was performed in Qlucore for lipids in EVs from HMC-1 (B) and THP-1 (C). EV, extracellular vesicle; HMC-1, 
human mast cells; THP-1, human monocytes. 

 

 

 

 

 

 

 16159861, 0, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/pm

ic.70096 by C
halm

ers U
niversity O

f T
echnology, W

iley O
nline L

ibrary on [28/01/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C
Lastly, LPC(18:1)_B, LPC(16:1)_B, PC(16:1_16:1), PC(14:0_18:2),
PC(16:1_18:1), PC(14:1_16:0), PC(16:1_18:1), PI(16:0_18:1) and
PI(18:0_18:1) were enriched in L-EVs LD/L-EVs (Figure 10B ,
Cluster 3 and Figure 10C , Cluster 3). 
Proteomics, 2026
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Together, this suggests that even though the most abundant lipids
are similar in the different EV subtypes, there are differences in
individual lipids and for some of the lipid classes, such as PE
and Cer. 
19
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4 Discussion 

Few studies have compared the proteome and lipidome of
multiple EV subtypes. Most studies focus on a single EV subtype,
limiting the knowledge of which proteins and lipids are common
and which are enriched in certain EV subpopulations. We present
here an in-depth analysis of the proteome and lipidome of
four subpopulations of EVs from immune cells to address this
knowledge gap. The proteomes of the four EV subtypes were well
separated and had distinct protein profiles. Mitochondrial and
cytoskeleton proteins were enriched in L-EVs LD and L-EVs HD,
respectively. Tetraspanins, ESCRT machinery proteins and 14-3-3
proteins were enriched in S-EVs LD, while histones, complement
factors and CCT proteins were enriched in S-EVs HD. Proteins
such as flotillins, RABs, heat shock proteins, guanine nucleotide-
binding proteins (GNAs) and integrins were enriched in two or
more EV subtypes, while proteins involved in the transport of
proteins and membranes between organelles and the PM were
similarly expressed in all four EV subtypes. The lipidome was
relatively similar for the EV subpopulations, with lipids such as
SM(34:1;O2) and PC(16:0_18:1) being the most abundant lipids
in several of the EV subtypes. However, PE was substantially
lower in L-EVs LD as compared to all the other subpopulations,
and ceramides were more abundant in L-EVs as compared to
S-EVs. 

We identified several groups of proteins, such as APs, COGs,
TRAPPCs, SNXs, TPC1Ds, COPs and VPSs, that belong to dif-
ferent tethering complexes, which were all equally expressed
in all four subtypes of EVs. Interestingly, several of these are
involved in membrane and protein trafficking by transport
vesicles between different organelles and between the PM and
organelles. When proteins and lipids are transported from the
PM and the trans -Golgi network (TGN) to the endosome in
clathrin-coated vesicles, APs recruit clathrin to the membrane.
AP-1 complex is participating in the process at the TGN, while AP-
2 is participating at the PM [ 38 ]. Other than clathrin, transport
vesicles can be coated with COPs, such as COPI or COPII.
While COPI vesicles are trafficking from the Golgi to the ER
and within the Golgi, the COPII vesicles are trafficking in the
opposite direction from the ER to the Golgi [ 13 ]. Tethering factors
participate in the initial contact between the transport vesicles
and the target membrane. Examples of tethering complexes are
TRAPPCs, COGs, CORVETs, HOPSs, EARPs and GARPs that
later bind to RABs and SNAREs to dock the transport vesicles
to the target membrane [ 14 ]. While COGs are involved in intra-
Golgi retrograde trafficking mediated by COPI vesicles, TRAPPCs
are involved in transport between ER and Golgi and endosome
and Golgi via both COPI and COPII vesicles. CORVET, HOPS
and EARP are involved in the fusion of early endosomes, late
endosome, and recycling endosomes, respectively, while GARP is
involved in recycling to the TGN. The fact that these proteins were
similarly expressed across all EV subtypes and could therefore be
considered part of a core EV proteome suggests that intracellular
membrane-trafficking machinery may be important for multiple
EV types. 

We also identified several proteins that were enriched in one or
several EV subtypes. The proteins enriched in L-EVs LD were
associated with mitochondrion and ER. Specifically, proteins
such as TIMM/TOMM, MICOS and ATP-synthase proteins were
20
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significantly enriched in L-EV fractions, but commonly with 
a higher enrichment in the L-EVs LD. This validates previous
studies by us and others that L-EVs from both cell lines and
clinical samples are enriched in mitochondrial proteins such 
as mitofilin (IMMT), ATP5O, ATP5F1B and ATP5F1A [ 11, 19,
21–24, 39–41 ]. Additionally, there are papers suggesting that
L-EVs can transport whole mitochondria [ 42, 43 ]. However,
there are also studies showing that S-EVs contain, for example,
mitochondrial DNA or mitochondrial proteins [ 12, 42, 44, 45 ].
Furthermore, it has been suggested that mitochondria protein- 
containing vesicles, mitovesicles, are a novel population of EVs,
distinct from both S-EVs and L-EVs, such as exosomes and
microvesicles [ 46 ]. Lastly, it has also been demonstrated that the
amount of EVs containing mitochondrial proteins is altered in
Down syndrome, asthma and cancer [ 45–47 ]. Puhm et al. also
showed that stimulating THP-1 cells with LPS, the same cells that
we used here, increased TOMM22 in L-EVs, suggesting that stress
can enrich the mitochondrial content in L-EVs [ 48 ]. Together,
these findings suggest that there is an interaction or overlap
between processes in the mitochondrion and the biogenesis of
certain subpopulations of EVs and that this may be altered in
pathophysiological conditions. 

On the other hand, proteins enriched in L-EVs HD were
associated with the cytosol, the cytoskeleton and the kinesin com-
plex. Specifically, proteins associated with cytokinesis, such as 
microtubules- and central spindle complex-associated proteins, 
including KIFs, PRC1 and RACGAP1, were enriched. During 
cell division, RACGAP1 interacts with KIF23 and PRC1 to form
and stabilise the central spindle, and it has been shown that
RACGAP1 is overexpressed in several cancers [ 49 ]. About half of
the proteins belonging to the kinesin superfamily proteins (KIFs)
were quantified in our proteomics analysis, and the majority of
the quantified KIFs showed significant enrichment in L-EVs HD.
The enrichment observed in L-EVs HD isolated in this study
validates previous studies published by us and others, where
it was shown that KIFs and RACGAP1 are enriched in L-EVs
[ 11, 22, 24, 50 , 51 ] and further enriched in L-EVs HD [ 20 ]. Rai
and coworkers suggested that the EVs containing the midbody
remnants are a distinct EV subpopulation from exosomes (S-EVs)
and microvesicles (L-EVs), and our data may support this, as these
proteins were uniquely upregulated in L-EVs HD in both cell
lines. 

Additionally, some protein groups were enriched in both L-EVs
LD and HD, such as heat shock proteins and voltage-dependent
anion channels (VDAC). Heat shock proteins are involved in
the folding, unfolding and stabilisation of proteins and thereby
ensure correct folding, but they also have a multitude of other
functions. In our previous study, we found that the majority of
heat shock proteins were enriched in L-EVs [ 11 ], which others
have also observed [ 19, 22, 23, 52 , 53 ]. We could confirm it here
and further show that there was little difference between the L-
EVs LD and HD. However, this time we also included the type
two chaperonins ‘chaperonin containing TCP-1’ (CCT) proteins, 
which fold about 10% of all proteins with a focus on actin
and tubulin, but also proteins essential for cancer development
[ 54 ]. Interestingly, these CCTs tended to be enriched in S-EVs
instead, with the highest abundance in S-EVs HD, showing a
distinct distribution compared to the other heat shock proteins.
In previous studies, CCTs have been identified as both enriched
Proteomics, 2026
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in S-EVs [ 53 ] and L-EVs [ 22, 55 ]. Interestingly, Rojas-Gómez et al.
recently suggested that CCTs control EV production by affecting
the number and size of lipid droplets, and by affecting the kinesin
dynamics, inter-organelle contacts and movement. Specifically,
cells treated with siRNA to reduce the CCTs expression released
more S-EVs, which was suggested to be an effect of the redirection
of the endolysosomal pathway to multivesicular body biogenesis
and EV release [ 56 ]. 

Additionally, some protein groups were enriched in both L-EVs
HD and S-EVs HD, such as tubulins. Tubulins have previously
been shown to be enriched in both L-EVs [ 22, 53 ] and S-EVs HD
[ 57 ], demonstrating their presence in both L-EVs and S-EVs. Our
data clearly showed that when separated based on density, the
tubulins would end up in the HD fraction for both L-EVs and S-
EVs. 

Besides the tubulins and CCTs mentioned above, S-EVs HD were
also enriched in histones, complement proteins, apolipoproteins
and collagens compared to the other EV subpopulations. These
proteins are commonly considered to be a contamination sug-
gested to be copelleting with S-EVs during ultracentrifugation.
However, the S-EVs HD floated up from the bottom, where
the crude EVs were loaded to the collection fraction of the
HD EVs (above 32%). This means that histones, complement
proteins, apolipoproteins and collagens must have been attached
to a lipid structure to move up to this density, as free protein
would not float. In recent years, the investigations of a protein
corona surrounding EVs have increased. The EV protein corona
is a group of proteins that are attached to the vesicle surface
after the vesicle is released. The reason for their binding can be
due to, but not limited to, electrostatic interactions, proximity,
protein aggregation and receptor/ligand binding. Proteins that are
adsorbed to EVs, creating the corona, are, for example, albumin,
apolipoprotein, complement factors, cytokines and fibrinogen
[ 58, 59 ]. We currently do not know if these proteins are attached
as a corona or loaded inside the S-EV HD. If we speculate that
these proteins are derived from a corona, we currently did not
determine whether it is a biological feature, hence, S-EVs attract
more proteins than L-EVs, or if it is a technical issue, such
as that more proteins are forced to attach to S-EVs due to the
higher g forces needed to pellet crude S-EVs as compared to L-
EVs. However, it has been suggested that glycoproteins on EVs
can bind some of the corona proteins [ 58 ], and interestingly,
glypican-1, glypican-2, syndican-2 and syndecan-4 are enriched
in S-EVs in our dataset. Additionally, we also do not know if
the HD and LD S-EVs are two distinct S-EV subpopulations
and therefore attract these proteins differently, or if the EVs are
the same, but due to more protein corona one subtype ends
up at a higher density. Future studies about protein corona
versus coisolation of contaminants with different EV subtypes
are needed. Interestingly, a recent study showed that histones
were associated with the membrane of tetraspanin-positive S-EVs
[ 60 ]. Furthermore, they observed that histones were also present
in CD63-positive intraluminal vesicles in multivesicular bodies,
showing that the histones can be released associated with S-EVs
and hence, not attached as a corona after the secretion. 

Proteins enriched in S-EVs LD were tetraspanins, ESCRT complex
proteins, 14-3-3 and ADAM10. As S-EVs are the most studied EV
subtype, they are commonly known to be present in S-EVs. We
Proteomics, 2026
and others have previously also shown that they are enriched in
S-EVs as compared to L-EVs and/or further enriched in S-EVs
LD as compared to S-EVs HD [ 11, 19, 21–24, 50 , 52, 53, 57, 61–
64 ] from both cell lines and clinical samples. ADAM10 belongs
to a family of transmembrane proteins that are involved in
ectodomain shedding and cell adhesion. Interestingly, it has been
shown that ADAM10 is associated with tetraspanins on cells and
that some tetraspanins have been shown to regulate the ADAM10
surface expression levels and its activation for its cleavage of
several substrates [ 35–37 ]. Furthermore, it has been shown that
EVs contain active ADAM10 that can cleave its substrate [ 65 ].
We show here that ADAM10 is mainly expressed on EVs that
also express tetraspanins. Although we could not analyse the S-
EV LD fraction for technical reasons, but rather analysed the
crude S-EVs, this suggests a close relationship between ADAMs
and tetraspanins that may be of interest for future EV studies to
determine in more detail. 

Lastly, we also identified some protein groups that were enriched
in two or more EV subpopulations. Although flotillins were
enriched in all subpopulations, GNA proteins, integrins and 
annexins were enriched in both S-EVs LD and L-EVs LD, and
Syntenin-1 and syndecans were enriched in both S-EVs LD and S-
EVs HD. As some studies have previously suggested that annexins
are enriched in L-EVs while others have suggested that they are
enriched in S-EVs [ 21, 52, 53, 62 , 66 ], these proteins are most
likely not good markers to distinguish EV subpopulations as their
expression may be different depending on cell source. Most other
studies have suggested that integrins are enriched in S-EVs [ 23,
50, 61, 66 , 67 ], and we observe that for some of the integrins,
while others are enriched in both S-EVs LD and L-EVs LD, which
suggests that their expressions are also cell source dependent.
Syntenin-1 (SDCBP) has mainly been shown previously to be
enriched in S-EVs by us and others [ 11, 19, 22, 30 , 57, 61, 62, 68 ] and
has also been suggested to be part of the biogenesis of exosomes
together with syndecans and ALIX (PDCD6IP) [ 69 ]. We report
here that we observed similar enrichment in S-EVs HD and LD
for syntenin-1 and syndecans, which may suggest that both these
EV types have similar biogenesis. 

Next, we also determined the lipid content of the different
subpopulations of EVs. In contrast to the proteomic analysis,
which is unbiased, the lipidomic analysis is targeted, with a list
of 107 lipids being included in our analysis. Cholesterol has been
suggested to make up over 40% of EV lipids [ 70, 71 ]. However,
as cholesterol was not included in our analysis, this should be
considered when comparing percentages between studies. It is 
important to note that lipids are inherently present in the culture
medium, especially if FBS is used in the medium, and care must
be taken to account for potential lipid contaminants that may
coisolate with EV preparations. 

Overall, the lipid content of S-EVs and L-EVs was quite similar,
which confirms previous observations by others in EVs from
seminal plasma and cell lines [ 40, 68 ]. Haraszti et al., for example,
observed that the lipid content of L-EVs and S-EVs was more
similar than the protein content. However, when comparing EVs
from three different cell lines, they noted differences between the
cell lines [ 40 ]. Our findings were consistent with this observation.
Durcin et al. also suggested similarity in the lipid profile of L-
EVs and S-EVs except for cholesterol content and externalised
21
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PS, two parameters we did not evaluate in our study [ 53 ]. Zhang
et al. demonstrated that S-EVs of different sizes had similar lipid
cargo; however, exomers had distinct lipids [ 72 ]. Also, Zhang
and coworkers showed that the lipid content in EVs was cell-
type specific. However, we and others have detected differences
in sphingolipids and phospholipids. For example, others have
observed more Cer in L-EVs compared to S-EVs, while more SM
was observed in S-EVs compared to L-EVs [ 73–76 ]. This could be
verified in our study as we identified more Cer in L-EVs in both
cell lines and more SM in S-EVs in THP-1. In previous studies
that have compared the lipids of S-EVs with the lipids in the
membrane of EV-producing cells, SM and Cer are two of the lipid
groups that are usually enriched in the EV membrane compared
to the cell membrane [ 77 ]. Cer is known to increase membrane
order and rigidity, as well as negative curvature, and have been
suggested to be important for the formation of intraluminal
vesicles in multivesicular bodies [ 78 ]. A difference in the ratio
of SM and Cer in the EV membrane can therefore potentially
influence vesicle curvature, rigidity and membrane stability. 

The most profound difference in our dataset was that PE was
lower in L-EVs LD compared to all three of the other subpop-
ulations. Tacconi et al. focused their analysis on how the lipid
cargo of S-EVs and L-EVs from macrophages was altered in
high glucose environments, but their data suggest that L-EVs
have less PE [ 74 ]. Additionally, S-EVs from platelets have been
shown to have more PE than L-EVs [ 75 ]. PE is the second most
abundant phospholipid, and it preferentially localises to the inner
leaflet of the PM in cells [ 79 ]. In previous studies that have
compared the lipids of S-EVs with the lipids in the membrane
of EV-producing cells, PE is one of the lipids that has similar
expression in the EV and cell membrane [ 77 ]. Furthermore, PE
contributes to negative curvature and is involved in membrane
fusion/fission, membrane budding and mitochondrial cristae.
Additionally, PE is required for GPI-anchored protein matura-
tion [ 80 ]. A difference in PE abundance in the EV membrane
can therefore potentially influence vesicle curvature, rigidity or
membrane stability. 

In conclusion, our study shows that the proteome and lipidome
of large and S-EV subpopulations of different densities are
substantially different. However, this was more prominent for
the proteome than for the lipidome. Importantly, we cannot
exclude that additional EV subtypes exist within these four
subpopulations, and future studies will have to dissect this
further. Here, we suggest proteins and lipids that are enriched
in one or more of our EV subpopulations, but have also identi-
fied molecules that are similarly expressed in all EV subtypes.
Detailed characterisation of the protein and lipid cargo within
EV subpopulations is essential for advancing EV research across
a range of biomedical applications. Defining specific molecular
markers can enhance the evaluation of EV isolation and purifi-
cation strategies, particularly when a single EV subpopulation is
the primary focus. Although we do not provide any functional
or mechanistic data here, we suggest that identifying EV subtype
markers can also provide deeper insights into EV biology, support
the discovery of clinically relevant biomarkers, and EV-based
therapeutics. As it has been shown that subpopulations of EVs
have different functions [ 81 ], they may not all contribute equally
in a disease; therefore, studying a mixture of EV subtypes might
mask important functions or potential EV-associated biomarkers.
22
Defining specific molecular markers can enhance the possibility
to identify these features. 
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Supporting Information 

Additional supporting information can be found online in the Supporting
Information section. 
Supporting Figure 1: LD and HD samples. Representative photographs 
of density cushions for L-EVs and S-EVs from HMC-1. The image was 
created by BioRender.com with permission. 
Supporting Figure 2: Higher magnification of TEM electrogram. 
Representative micrographs are shown for the four EV subtypes from 

HMC-1 and THP-1. The scale bars represent 200 nm. 
Supporting Figure 3: A step-by-step explanation of how the uniquely 
enriched proteins in each EV subpopulation for Figure 3A-D were 
calculated. 
Supporting Figure 4: Protein groups that have similar expression in all 
four EV subtypes. The cutoff for a protein to be considered altered in each 
comparison is a fold change > 1.5 and p-value < 0.05). 
Supporting Figure 5: Expression of previously suggested exosome core 
proteins in subtypes of EVs. The 28 exosomal core proteins suggested by 
Kugeratski et al (30) were evaluated in our dataset. A multi-group (Anova) 
comparison was performed in Qlucore and presented here as a heatmap. 
Supporting Figure 6: Triton-X controls for the nanoFCM experiments. 
Supporting Figure 7: Buffer and antibody controls for the nanoFCM 

experiments. (A) The buffers used in this project were analysed in 
the Flow NanoAnlayzer to determine the background. (B) Controls 
evaluating the background generated by unbound antibody, the 
autofluorescence by the EVs themselves, and the isotype control for 
the antibodies were evaluated. 
Supporting Figure 8: Controls for double staining for the nanoFCM 

experiments. To determine that the double staining of the EVs for both 
ADAM10 and the tetraspanins did not affect the percentage of positive EVs 
for any of the markers, we compared single and double staining. 
Supporting Table 1: Statistics for the multigroup (ANOVA) comparisons 
performed for Figures 4, 5, and 6. 
Supporting Table 2: List of the 107 lipids that we analysed in this study 
and how they were identified. 
Supporting Table 3: Normalized abundance for the 5364 proteins 
quantified in HMC-1 and THP-1 EVs. 
25

reative C
om

m
ons L

icense

https://doi.org/10.18632/oncotarget.3801
https://doi.org/10.1042/BJ20051013
https://doi.org/10.7554/eLife.58288
https://doi.org/10.1039/D1NR08108J
https://doi.org/10.1007/s00232-015-9810-0
https://doi.org/10.1038/ncb2502
https://doi.org/10.1016/j.addr.2020.03.002
https://doi.org/10.1002/pmic.201200348
https://doi.org/10.1038/s41556-018-0040-4
https://doi.org/10.3390/ijms25137492
https://doi.org/10.1186/s12964-024-01560-7
https://doi.org/10.1007/s00018-018-2771-6
https://doi.org/10.1080/20013078.2020.1790158
https://doi.org/10.1194/jlr.R084343
https://doi.org/10.1126/science.1153124
https://doi.org/10.1002/jev2.70049
https://doi.org/10.3389/fnut.2022.1094273
https://doi.org/10.15252/embj.201696003
https://doi.org/10.1093/nar/gkn923
https://doi.org/10.1038/nmeth.4185

	Proteomic and Lipidomic Profiling of Immune Cell-Derived Subpopulations of Extracellular Vesicles
	1 | Introduction
	2 | Material and Methods
	2.1 | Cell Cultures
	2.2 | Enrichment of Large and Small EVs by Differential Ultracentrifugation
	2.3 | Enrichment of Low-Density and High-Density EVs by Density Cushion Centrifugation
	2.4 | Characterisation of EVs
	2.4.1 | Protein Measurements
	2.4.2 | Western Blot
	2.4.3 | Transmission Electron Microscopy

	2.5 | Proteomics
	2.5.1 | Experimental Design and Sample Generation
	2.5.2 | Protein Digestion and Labelling
	2.5.3 | LC-MS/MS Analysis
	2.5.4 | Database Search and Quantification
	2.5.5 | Statistics and Bioinformatics

	2.6 | Lipidomics
	2.6.1 | Experimental Design and Sample Generation
	2.6.2 | Lipid Extraction
	2.6.3 | UHPLC-ESI-QqQ-MS/MS Analysis
	2.6.4 | Data Analysis and Quantification
	2.6.5 | Statistics and Bioinformatics

	2.7 | Nano-Flow Cytometry
	2.7.1 | Instrument Setup
	2.7.2 | Staining
	2.7.3 | Acquisition
	2.7.4 | Analysis, Statistics and Bioinformatics


	3 | Results
	3.1 | Immune Cells Secrete EVs of Different Sizes and Densities
	3.2 | The Proteomes of the Four EV Subpopulations Are Significantly Different
	3.3 | Immune Cells Secrete EVs With Different Expression of Common EV Markers
	3.4 | ADAM10 Is Expressed on Tetraspanins+ EVs
	3.5 | The Lipidomes of the Four EV Subpopulations Are Altered

	4 | Discussion
	Author Contributions
	Acknowledgements
	Funding
	Conflicts of Interest
	Data Availability Statement
	References
	Supporting Information


