Cellular and Molecular Life Sciences (2018) 75:2873-2886

https://doi.org/10.1007/500018-018-2773-4 Cellular and Molecular Life Sciences

@ CrossMark

ORIGINAL ARTICLE

Detailed analysis of the plasma extracellular vesicle proteome
after separation from lipoproteins

Nasibeh Karimi'2 - Aleksander Cvjetkovic' - Su Chul Jang'? - Rossella Crescitelli' -
Mohammad Ali Hosseinpour Feizi® - Rienk Nieuwland* - Jan Létvall’ - Cecilia Lasser’

Received: 2 November 2017 / Revised: 3 January 2018 / Accepted: 1 February 2018 / Published online: 13 February 2018
© The Author(s) 2018. This article is an open access publication

Abstract

The isolation of extracellular vesicles (EVs) from blood is of great importance to understand the biological role of circulat-
ing EVs and to develop EVs as biomarkers of disease. Due to the concurrent presence of lipoprotein particles, however,
blood is one of the most difficult body fluids to isolate EVs from. The aim of this study was to develop a robust method to
isolate and characterise EVs from blood with minimal contamination by plasma proteins and lipoprotein particles. Plasma
and serum were collected from healthy subjects, and EVs were isolated by size-exclusion chromatography (SEC), with
most particles being present in fractions 8—12, while the bulk of the plasma proteins was present in fractions 11-28. Vesicle
markers peaked in fractions 7-11; however, the same fractions also contained lipoprotein particles. The purity of EVs was
improved by combining a density cushion with SEC to further separate lipoprotein particles from the vesicles, which reduced
the contamination of lipoprotein particles by 100-fold. Using this novel isolation procedure, a total of 1187 proteins were
identified in plasma EVs by mass spectrometry, of which several proteins are known as EV-associated proteins but have
hitherto not been identified in the previous proteomic studies of plasma EVs. This study shows that SEC alone is unable to
completely separate plasma EVs from lipoprotein particles. However, combining SEC with a density cushion significantly
improved the separation of EVs from lipoproteins and allowed for a detailed analysis of the proteome of plasma EVs, thus
making blood a viable source for EV biomarker discovery.

Keywords Exosomes - Extracellular vesicles - Lipoproteins - Plasma - Serum - Size-exclusion chromatography - Density
cushion - Mass spectrometry - Proteomics

Introduction

A blood sample is minimally invasive and is one of the most
commonly used samples for diagnostic purposes [1]. Dis-
eased cells, such as tumour cells, and injured or stressed
tissues release molecules into the bloodstream, and these
molecules can be used to monitor the status of different tis-
sues and organs without obtaining an invasive biopsy, and
blood samples are, therefore, often referred to as a “liquid
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biopsy” [2]. Cells and molecules that can be analysed in
a liquid biopsy include circulating tumour cells, cell-free
DNA and RNA, soluble proteins, and extracellular vesicles
(EVs) [2].

EVs are small (40-800 nm) membrane-enclosed ves-
icles that are released by all cells into the extracellular
space [3, 4], and they contain RNA, lipids, proteins, and
DNA that can be shuttled to other cells to influence the
recipient cell’s phenotype [4-7]. Furthermore, patients
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suffering from diseases such as cancer have higher concen-
trations of circulating EVs, and these EVs can carry dis-
ease-specific molecules [3, 8—10]. Isolation of EVs from
plasma and serum is, therefore, of great importance in the
use of EVs as biomarkers for diseases such as cancer [3].
However, human plasma and serum contain a vast array
of particles, including EVs, but also a dominating pool of
lipid particles such as chylomicrons and multiple types of
lipoprotein particles and plasma proteins, making blood
one of the most difficult body fluids to isolate EVs from.
Chylomicrons are produced after ingestion of fat-con-
taining meals, and they transport lipids and cholesterol
to the liver via the peripheral blood plasma. The size
of chylomicrons varies with the amount of ingested fat,
ranging from 75 to 1200 nm in diameter [11]. The liver
transforms the fat in chylomicrons into very low-density
lipoproteins (VLDL, 30—-80 nm), which in turn can be
converted into smaller types of lipoproteins (5-35 nm).
These types include intermediate-density lipoprotein
(IDL), low-density lipoprotein (LDL), and high-density
lipoprotein (HDL), and all of these transport triglycerides
and cholesterol to and from the peripheral tissues. Lipo-
protein particles are very abundant in the circulation, and
estimates have suggested that there are 20- to 100-fold
more lipoproteins than EVs in isolates from plasma [12,
13], with chylomicrons further increasing in numbers after
food intake [13]. In addition, it is suggested that > 70% of
the particles isolated from plasma are non-EVs [14] and

that EVs isolated from plasma are contaminated by HDL
[12] and LDL [13].

Thus, a major hurdle in the characterisation of circulating
EVs is that EVs are difficult to separate from lipoproteins
and chylomicrons, not only because of these molecules’
abundance, but also because they resemble EVs in their
physical features, including size and density. The aim of
this study was, therefore, to develop a robust procedure for
isolating EVs from human blood with minimal contamina-
tion of lipoprotein particles to enable the proteome of highly
purified plasma EVs to be determined.

Materials and methods
Blood collection and processing

Peripheral blood was collected from healthy donors after
overnight-fasting. Briefly, for plasma, the blood was col-
lected into K2E EDTA tubes, while for serum, the blood was
collected into clot activator tubes. For plasma, processing
was carried out directly, while, for serum, the sample was
left at room temperature (RT) for 30 min to allow clotting.
Plasma and serum were isolated by centrifugation at 1880xg
for 10 min at RT. The plasma and serum were transferred
to new tubes and centrifuged at 2500xg for 10 min at RT
to minimise contamination by platelets. EVs were isolated
directly by several different methods (Fig. 1). For some of
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the validating experiments, frozen plasma was used. Sam-
ples were collected with the approval of the Regional Ethical
Approval Committee in Gothenburg, Sweden (no. 593-08).

Isolation of EVs by size-exclusion chromatography

EVs were isolated with an in-house made size-exclusion
chromatography (SEC) column as previously described
[15]. Briefly, Sepharose CL-2B (GE Healthcare, Uppsala,
Sweden) was packed in a Telos SPE column (Kinesis, Cam-
bridgeshire, UK) to a final volume of 10 mL and equili-
brated with PBS. Fresh plasma or serum samples (1 mL)
were applied to the premade column, and up to 30 fractions
of 0.5 mL were collected with PBS as the elution buffer.

Isolation of EVs by an iodixanol density cushion
and size-exclusion chromatography

An OptiPrep cushion was used for the removal of lipopro-
tein before loading the samples onto an SEC column. In
brief, 6 mL of plasma was layered on top of a 2 mL 50%,
2 mL 30%, and 2 mL 10% OptiPrep cushion. The cushion
and sample were centrifuged at 178,000Xg,,, (SW 41 Ti
rotor, k-factor 143.9, Beckman Coulter, Brea, CA, USA) for
2 h at 4 °C. A visible band between the 10 and 30% layers
was collected (high-density band) as well as a band that was
floating on top of the plasma (low-density band) (Fig. 1).
Collected bands were loaded onto separate SEC columns. If
the collected bands were less than 1 mL in volume, PBS was
added to a final volume of 1 mL prior to loading. For some
experiments, the same bands from two cushions were mixed
to a final volume of 1 mL and loaded to one common SEC
column. The SEC columns and vesicle isolation procedure
were as described above.

Isolation of EVs by ultracentrifugation, followed
by iodixanol density cushion and size-exclusion
chromatography

A combination of ultracentrifugation, iodixanol density
cushion, and SEC was used for isolation of larger numbers
of EVs of higher purity. Briefly, 40-80 mL of plasma pooled
from several individuals was diluted in PBS and centrifuged
at 16,500><ghlvg (Type 70 Ti rotor, k-factor 950.6, Beckman
Coulter) for 20 min to pellet larger EVs such as microvesi-
cles. The supernatant was subjected to ultracentrifugation
at 118,OOO><galVg (Type 70 Ti rotor, k-factor 133.7, Beckman
Coulter) for 2.5 h to pellet smaller EVs such as exosomes.
Both EV pellets were re-suspended in PBS and mixed into
one sample with a final volume of 6 mL that was loaded
onto an iodixanol cushion (as described above). Again, the
fraction between the 10 and 30% layer was collected and

loaded onto an SEC column, and fractions were collected
as described above.

Nanoparticle tracking analysis

The particle concentrations in the SEC fractions were meas-
ured with a ZetaView® PMX 110 instrument according to
the manufacturer’s instruction (Particle Metrix, Meerbusch,
Germany). Aliquots from the SEC fractions were diluted 10-
to 1000-fold in PBS. All samples were measured in duplicate
and using the same instrument settings. The chamber tem-
perature was automatically measured and integrated into the
calculation, and the sensitivity of the camera was set to 80
and the shutter was set to 100. Data were analysed using the
ZetaView® analysis software version 8.2.30.1 with a mini-
mum size of 5, a maximum size of 5000, and a minimum
brightness of 20.

Protein concentration measurement

The protein concentrations in the SEC fractions were meas-
ured with a BCA assay according to the manufacturer’s
instruction (Pierce” BCA Protein Assay Kit, Thermo Sci-
entific). An aliquot from each fraction was mixed with 1%
SDS Tris—HCI and sonicated three times for 5 min with 10 s
intermediate-speed vortexing in-between sonication prior to
analysis.

PageBlue protein staining

An equal volume (40 pL) from each of the collected SEC
fractions was boiled in reducing buffer and subjected to
electrophoresis on precast Mini-Protean TGX 4-20% gra-
dient gels (Bio-Rad Laboratory). Gels were incubated with
PageBlue Protein Staining Solution (Thermo Scientific,
Waltham, MA, USA) for 2 h with gentle agitation at RT and
then washed three times in dH,O before being detected with
a VersaDoc 4000 MP imaging system (Bio-Rad Laborato-
ries, Hercules, CA, USA).

Western blot

Forty microliters of each SEC fraction were loaded and sep-
arated on Mini-Protean TGX precast 4-20% gels (Bio-Rad
Laboratory), and proteins were blotted onto PVDF mem-
branes using a Trans-Blot Turbo Transfer system (Bio-Rad
Laboratory). Membranes were blocked with 5% non-fat dry
milk in TBS containing 0.01% Tween-20 (TBST). Mem-
branes were incubated with the following primary antibod-
ies: CD81 (1:500 dilution; clone H-121, sc-9158, Santa
Cruz Biotechnology, Santa Cruz, CA), TSG-101 (1:500
dilution; clone 4A10, ab83, Abcam, Cambridge, UK), flo-
tillin-1 (1:1000 dilution; clone H-104, sc-25506, Santa Cruz
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Biotechnology), and Apo-A (1:1000 dilution; clone FL-267,
sc-30089, Santa Cruz Biotechnology), diluted in TBST over-
night at 4 °C. Membranes were washed three times before
being incubated with the following secondary antibodies
diluted in TBST; donkey anti-rabbit IgG HRP-linked F(ab’),
fragment (1:10,000 dilution; NA9340V), and sheep anti-
mouse IgG HRP-linked F(ab’), fragment (1:10,000 dilutions;
NA9310V) (both from GE Healthcare, Buckinghamshire,
UK). Blots were visualised with SuperSignal™ West Femto
Maximum Sensitivity Substrate (Thermo Scientific) and a
VersaDoc 4000 MP imaging system (Bio-Rad Laboratory)
with Quantity One software.

In-house made ELISA

Based on the protein concentration in fraction 10 (the frac-
tion with the most particles), a volume equivalent to 500 ng
proteins was used for ELISA. The same volume as for frac-
tion 10 was then used for all other fractions, which were
diluted in 1 mL PBS. Samples (100 pL per well) were added
to a black-walled 96-well plate (Thermo Scientific) and
incubated overnight at 4 °C. After incubation, the plate was
washed three times with PBS and blocked with PBS with
1% bovine serum albumin (BSA) for 1 h at RT. The PBS-1%
BSA was discarded, and the primary antibodies were added
(1:200 dilution) and the plate and samples were incubated
for 2 h at RT. Primary antibodies included CD9, CD63,
and CD81 (all from Santa Cruz Biotechnology). The plates
were then washed three times with PBS-1% BSA and then
incubated with donkey anti-rabbit IgG HRP-linked F(ab'),
fragment (1:2000 dilution) or sheep anti-mouse IgG HRP-
linked F(ab’), fragment (1:2000 dilution) (both from GE
Healthcare) for 1 h at RT. The plates and samples were then
washed four times, and the BM Chemiluminescence ELISA
substrate (Roche, Basel, Switzerland) was used according to
the manufacturer’s protocols to measure the chemilumines-
cence on a Varioskan™ LUX multimode microplate reader
(Thermo Fisher Scientific).

Total RNA isolation

RNA was isolated either from 300 L of the high-density or
low-density band from the density cushion or from the pel-
lets of pooled SEC fractions (F1-6, F7-12, F13-18, F19-24,
and F25-30). The pooled fractions were ultracentrifuged at
115,000><ga‘,g for 1 h (TLA-100.3 rotor, k-factor 52.8, Beck-
man Coulter). Total RNA was extracted using the miRCURY
RNA Isolation Kit—Cell and Plant (Exiqon, Vedbaek, Den-
mark) according to the manufacturer’s instructions. For the
density bands, 700 L lysis buffer was added to 300 puL sam-
ple, and for the pooled SEC fractions, 350 pL lysis buffer
was added to the pellets. One microliter of isolated RNA was
examined by capillary electrophoresis using an Agilent RNA
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6000 Pico chip on an Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA).

Electron microscopy

Formvar/carbon-coated copper grids (Ted Pella, Inc., Red-
ding, CA, USA) were glow discharged before the samples
were loaded. The grids and samples were incubated for
15 min, fixed sequentially in 2% paraformaldehyde and 2.5%
glutaraldehyde, and contrasted in 2% uranyl acetate. The
preparations were examined using an LEO 912AB Omega
electron microscope (Carl Zeiss NTS, Jena, Germany).

Mass spectrometry

Proteomic analyses were performed at The Proteomics Core
Facility at the Sahlgrenska Academy, University of Gothen-
burg. The EV samples (30 pg) were lysed by the addition
of sodium dodecyl sulphate (SDS) to a final concentration
of 2% SDS and 50 mM triethylammonium bicarbonate
(TEAB). Samples were digested with trypsin using the filter-
aided sample preparation method [16]. Briefly, samples were
reduced with 100 mM dithiothreitol at 60 °C for 30 min,
transferred to 30 kDa MWCO Pall Nanosep centrifugation
filters (Sigma-Aldrich), and washed several times with 8 M
urea, and once with digestion buffer prior to alkylation with
10 mM methyl methanethiosulfonate in digestion buffer for
30 min. Digestion was performed by addition of trypsin
(0.3 pg, Pierce MS-grade trypsin, Thermo Fisher Scientific)
in 50 mM TEAB and 1% sodium deoxycholate (SDC) buffer
at 37 °C overnight. An additional portion of enzyme was
added and incubated for another 2 h. Peptides were collected
by centrifugation and SDC was removed by acidification
with 10% trifluoroacetic acid.

Samples were desalted using PepClean C18 spin columns
(Thermo Fisher Scientific) according to the manufacturer’s
guidelines prior to analysis on a Q Exactive mass spectrom-
eter (Thermo Fisher Scientific) interfaced with an Easy nL.C
1200 liquid chromatography system. Peptides were sepa-
rated using an in-house constructed C18 analytical column
(300 mm X 0.075 mm L.D., 3 pm, Dr. Maisch, Germany)
using a gradient from 6 to 27% acetonitrile in 0.1% formic
acid over 45 min followed by an increase to 80% acetonitrile
in 0.1% formic acid for 5 min at a flow rate of 3 nL/min.
Precursor ion mass spectra were acquired at 70 K resolu-
tion, and MS/MS analysis was performed in a data-depend-
ent mode where the 10 most intense precursor ions were
selected for fragmentation using HCD at a collision energy
of 27. Charge states 2—-6 were selected for fragmentation,
and dynamic exclusion was set to 30 s.

Data analysis was performed using the Proteome Dis-
coverer version 1.4 software (Thermo Fisher Scientific)
and the Human SWISSPROT Database version Jan 2017
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(Swiss Institute of Bioinformatics, Switzerland). Mascot
2.3 (Matrix Science) was used as the search engine with
a precursor mass tolerance of 5 ppm and a fragment mass
tolerance of 200 mmu. Tryptic peptides were accepted with
one missed cleavage, and methionine oxidation and cysteine
alkylation were set as variable modifications. The detected
peptide threshold in the software was a 1% False Discovery
Rate by searching against a reversed database, and identi-
fied proteins were grouped by shared sequences to minimise
redundancy.

Bioinformatics

The proteins identified with LC-MS/MS were analysed
using the Database for Annotation, Visualization and Inte-
grated Discovery (DAVID; http://david.abcc.nciferf.gov/) to
identify cellular components associated with or enriched in
the vesicle proteome. Venny (http://bioinfogp.cnb.csic.es/
tools/venny/index.html) was used to compare lists of pro-
teins to find common and unique molecules. Information
from the exosome database EVpedia (http://www.evped
ia.info/) [17] was accessed in April 2017.

Results and discussion

Size-exclusion chromatography fails to separate
extracellular vesicles from lipoproteins

One millilitre of plasma or serum was loaded onto an in-
house-made Sepharose-based SEC column (Fig. 1) as previ-
ous described [15], and 28 fractions were collected. Nano-
particle tracking analysis (NTA) was used to determine the
concentration of particles in each fraction. Because fractions
8—12 contained the highest concentrations of particles (Sup-
plementary Figure 1), we limited the subsequent analysis to
fractions 5—16. While fractions 8—12 contained the highest
concentration of particles in both plasma and serum, peaking
in fraction 10, the bulk of the proteins eluted in later frac-
tions (Fig. 2a and Supplementary Figure 2), confirming the
previous results [15].

We used an in-house developed ELISA system to deter-
mine the presence of the common EV markers CD9, CD63,
and CD81 in the SEC fractions. All three markers were the
most prominent in the fractions containing the highest con-
centrations of particles (Fig. 2b, fraction 8—12). Flotillin-1,
also a marker of EVs, was most abundant in fractions 8 and
9 of both serum and plasma as determined by Western blot
(Fig. 2¢). However, Western blot also revealed that apolipo-
protein Al (Apo-Al), a marker for HDL and chylomicrons,
was detectable in fractions 7-12, showing that lipoprotein
particles were co-isolated with EVs (Fig. 2¢). The presence
of lipoprotein particles and plasma proteins was confirmed

by electron microscopy (Fig. 2d, e). It is, however, impor-
tant to note that when the degree of contamination is evalu-
ated by measuring lipoproteins such as Apo-A, Apo-B, and
Apo-E, proteins such as Apo-E have been reported to be
present on exosomes, specifically those released from pig-
ment cells [18], and EVs isolated from plasma can be cov-
ered with LDL [13], thus making it difficult to discriminate
between lipoprotein particle contaminants and EV-associ-
ated lipoproteins.

We continued by analysing fractions 8 and 9 with mass
spectrometry; however, only 88 proteins were identified
(data not shown). Most of these proteins were plasma pro-
teins, such as Apo-B, which is the primary apolipoprotein of
chylomicrons (Apo B-48) and LDL and VLDL (Apo B-100).
Other apolipoproteins known to be associated with chylomi-
crons and other lipoprotein particles were also observed.
However, few EV-specific proteins were identified, with only
9 proteins identified from the top 100 human EV proteins
listed on EVpedia [17]. Together, these results show that
although fractions 8—12 contained particles with the size of
EVs (Fig. 2a) and contained the highest concentrations of
EV markers (Fig. 2b, c), electron microscopy and Western
blot revealed that these fractions also contained lipoproteins
and plasma proteins (Fig. 2c—e). Boing et al. used the same
SEC column as we have used here, and they showed that the
purest vesicles were found in fraction 9 [15]. When frac-
tions 10, 11, and 12 were included, the recovery increased
as these fractions also contained vesicles. However, as these
fractions also contained more contaminants, this led to an
overall decrease in purity. We observed a similar trend of
decreased purity beyond fraction 10, but when we analysed
fractions 8 and 9 with mass spectrometry, it was also clear
that mainly lipoprotein and plasma proteins and relatively
few vesicle proteins, could be identified.

Sequential density gradient and size-exclusion
chromatography separate EVs from lipoproteins

Because the concentration of chylomicrons increases in
the blood after a meal, blood was collected from individu-
als after overnight fast. Despite this precaution, SEC alone
was still unable to separate EVs from contaminating factors
(Fig. 2c—e). Several lipoproteins have a diameter of less than
35 nm and would, therefore, be eluted in later fractions than
EVs. On the other hand, chylomicrons and VLDL are over-
lapping in diameter with EVs, and co-isolation is expected
during size-based separation by SEC. Because chylomicrons
and VLDL differ in density from EVs, < 0.93, < 1.06, and
> 1.10 g/em?, respectively [11, 19], we decided to combine
SEC with a density-based separation to further separate EVs
from lipoprotein particles and chylomicrons. Density separa-
tion was thus expected to remove lipoprotein particles that
are similar in size to EVs but differ in density, whereas SEC
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«Fig. 2 Evaluation of EVs isolated with size-exclusion chromatogra-
phy (SEC). One millilitre of plasma or serum was loaded onto 10 mL
Sepharose CL-2B columns, and up to 30 fractions of 500 uL were
collected from each column. a Concentrations of particles and pro-
teins in the SEC fractions were determined with nanoparticle track-
ing analysis (NTA; ZetaView®, blue) and BCA (green), respectively.
Data are presented as the percentage of the total amount of particles
or proteins in fractions 5-16. N = 4-6, and the results are presented
as the average + SEM. b ELISA was used to determine the expres-
sion of CD9, CD63, and CD81 on the vesicles in the SEC fractions.
Data are presented as the percentage of the total expression for each
protein in fractions 5-16. N = 3-5, and the results are presented as
the average + SEM. ¢ Presence of the vesicle marker flotillin-1 and
the HDL marker Apo-Al was determined in fractions 7-12 (40 pL/
fraction) with Western blot. d, e Fifteen microliters (1-20 pg protein)
from fractions 8-11 were loaded onto grids, negative stained, and
evaluated with electron microscopy. Examples of EV-like structures
(cup-shaped) are indicated by black arrows, and examples of lipopro-
tein particle-like structures (white structures) are indicated by white
arrows. e Enlargements from fraction 8-10 from the plasma sample
showed in d. Scale bars are 200 nm in d and 100 nm in e

removes the lipoprotein particles with similar density to EVs
but that differ in size (Fig. 3).

Six millilitres of plasma were loaded on top of an iodix-
anol density cushion (Fig. 1) and centrifuged. The density
cushion was carefully designed to allow the vesicles to float
at approximately 1.06—1.16 g/cm?, while most lipoprotein
particles have a lower density (Fig. 3) and, therefore, will
float on top of the cushion. Following centrifugation, two
bands were visible, one band containing material floating
above the plasma at approximately < 1.025 g/cm?, here
called the “low-density band”, which was enriched in lipo-
protein particles, and a “high-density band” containing
material floating at approximately 1.06-1.16 g/cm?, which
was expected to be enriched in EVs (Fig. 4a). Next, the low-
density and high-density bands were loaded onto individual
SEC columns, and the concentrations of particles and pro-
teins were measured in the eluted fractions. The majority of
particles were recovered in fractions 7-14 for the low-den-
sity band, whereas the high-density band peaked at fraction
8 (Fig. 4b). When the absolute numbers of particles were
compared between the same fractions of the low-density and
high-density bands from the same sample, fractions 8§—14
contained 30- to 100-fold more particles in the low-density
band, suggesting that the chylomicrons and lipoprotein par-
ticles are substantially more abundant then EVs in plasma
(Fig. 4c), supporting the previous observations [12—14]. This
emphasises the difficulty that the EV field faces when work-
ing with highly complex samples such as plasma, where EVs
are a tiny minority among other particles with similar physi-
cal features. This also highlights the limitations of NTA.
Although NTA efficiently measures the particle abundance
in SEC fractions, NTA fails to distinguish EVs from non-EV
components. This becomes a problem especially when work-
ing with plasma and serum as lipoprotein particles overlap

in size with EVs (Fig. 3). Thus, our results demonstrate that
it is important to combine separation steps, each based on
its own physical separation principle, when working with
plasma, and to characterise the obtained isolates with several
methods to determine the composition of the isolates.

Western blot showed that flotillin-1 was present in SEC
fractions 7-9 of the low-density band and in fractions 7-14
of the high-density band (Fig. 4d). Interestingly, TSG-101
was mainly detected in SEC fractions 10-14 from both the
low-density and high-density bands, suggesting the pres-
ence of a subpopulation of EVs positive for TSG-101 but
negative for or containing lower amounts of flotillin-1 and
eluting in later fractions than the flotillin-1-positive vesi-
cles (Fig. 4d). It was surprising to us that the SEC fractions
from the lipoprotein-enriched band (low-density band) also
contained detectable levels of established vesicle markers.
This indicates that particles or vesicles positive for classi-
cal EV markers are also present at densities < 1.025 g/cm?.
This is puzzling as to our knowledge, there is little evidence
suggesting that EVs can be found at this density. However,
two studies have found EVs at these densities, one where
prominin-1—containing particles were isolated from human
epithelial colorectal adenocarcinoma cells at a density of
1.032-1.068 g/cm3 [20], and another study where vesicles
were isolated from bone marrow-derived mesenchymal stem
cells at a density of < 1.06 g/cm? [21].

In this study, we used Sepharose CL-2B with a pore size
of approximately 75 nm [22], which causes the EVs below
this size to be eluted in later fractions together with the small
lipoprotein particles and soluble plasma proteins. When
evaluating the yield of vesicles in the different fractions, it
is important to remember that NTA cannot detect smaller
vesicles or particles that might be present in the analysed
fractions nor in fractions 16, and later, because NTA has a
lower limit of detection of about 70 nm for EVs, although
this detection limit depends on the refractive index of the
measured particles [23]. Thus, NTA cannot detect HDL and
LDL particles that are eluted in the later fractions. Our find-
ing that flotillin-1 and TSG-101 are also detectable in the
fractions containing smaller particles stresses the need for a
way to separate these potentially interesting EV's from small
lipoproteins and plasma proteins, as well as the need for
more sensitive instrumentation capable of detecting particles
at such a minute size range.

Apo-Al was mainly detected in the SEC fractions of
the low-density band, suggesting that by implementing
the density cushion before SEC, the lipoprotein particles
can be efficiently separated from the plasma EVs (Fig. 4d).
The higher particle concentration in the low-density band
compared to the high-density band was further supported
by electron microscopy (Fig. 4e). Furthermore, electron
microscopy revealed that the low-density band contained
more lipoprotein-like particles, while the high-density band
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Fig.3 Schematic overview
of the size and density of
lipoproteins and EVs. Sev-

eral of the lipoproteins such

as high-density lipoproteins
(HDL), low-density lipoproteins
(LDL), intermediate-density
lipoproteins (IDL), very low-
density lipoproteins (VLDL), 0.93 =
and chylomicrons overlap with
extracellular vesicles (EVs) in
terms of size or density. With
an iodixanol density cushion of
10%/30%/50%, the 10% layer
will create a density cutoff

at approximate 1.06 g/cm?
(indicated by the orange dashed
line). With Sepharose CL-2B
SEC columns, the size cutoff is
approximately 75 nm (indicated 110 b= °
by the blue dashed line). The
picture is modified from [11]

1.006 =

1.02 =

Density (g/cm?®)

L6 = — —@—

TRemoved by density

Removed by size

@ HDL: 5-12 nm, 1.063-1.210 g/cm®
@® LDL: 18-25 nm, 1.019-1.063 g/em®
@ IDL: 25-35 nm, 1.006-1.019 g/cm’®

contained more EV-like structures (Fig. 4e). Thus, the SEC
fractions from the high-density band contained less contami-
nation, and a purer EV isolate was generated when flotation
and SEC were combined.

A commercial column, Exo-spin (CellGS), has previ-
ously been used to successfully isolate EVs from cell cul-
ture media from a prostate cancer cell line; however, when
plasma was used, the fractions containing EVs overlapped
with the fractions containing apolipoproteins [14]. Thus, this
column also has a problem with separating EVs from lipo-
protein particles, highlighting again that a combination of
density cushion and SEC is probably essential when plasma
or serum is used, although this problem might not be as great
when cell culture media are used as a starting material, espe-
cially if the cells are cultured in a serum-free environment.

Due to the small number of vesicles in the high-density
band, bands from two density cushions were combined and
loaded onto a single SEC column, resulting in a total of
12 mL plasma as starting material, and fractions 8 and 9
were analysed with mass spectrometry. In total, 634 and 608
proteins were identified in fractions 8 and 9, respectively
(data not shown), with approximately 90% overlap, indicat-
ing that vesicles in fractions 8 and 9 are similar in their
protein cargo. In total, 86 proteins were identified from the
top 100 human EV proteins listed at EVpedia [17]. It is,
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therefore, reasonable to conclude that the combination of
flotation and density gradient is essential to remove con-
taminating lipid protein particles and plasma proteins for the
analysis of plasma EV protein content. In addition, with this
approach, the starting volume of plasma could be increased.

The starting amount of plasma can be further
increased with sequential ultracentrifugation,
density gradient, and size-exclusion
chromatography

To increase the concentration of vesicles, ultracentrifugation
was added to the procedure (Fig. 1), thereby offering the
advantage that we could start with any volume of plasma.
Plasma was centrifuged at 16,500xg and 120,000xg, and
both pellets were dissolved in PBS, mixed, and loaded on
top of a density cushion. The high-density band was subse-
quently loaded onto an SEC column and fractions were col-
lected. In accordance with the previous observations, most
particles eluted in fractions 8 and 9 (Fig. 5a). Western blot
once more showed that the flotillin-1 signal was strongest in
fractions 8 and 9; however, flotillin-1 was now also detect-
able in fractions 10—14 (Fig. 5b). Furthermore, Western blot
showed low levels of Apo-Al in fractions 7-14 (Fig. 5b).
Electron microscopy confirmed that more vesicles were
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Fig.4 Evaluation of EVs isolated with the combination of den-
sity cushion and size-exclusion chromatography (IDC + SEC).
Six millilitres of plasma were loaded on top of a density cushion
(50%/30%/10% iodixanol), and visible bands after ultracentrifuga-
tion were further loaded onto 10 mL Sepharose CL-2B columns, and
up to 30 fractions of 500 puL each were collected. a After centrifug-
ing of the plasma sample on top of the cushion, two bands were vis-
ible. One band contained material floating above 1.025 g/cm?® (low-
density band), and the second band contained material floating at
approximately 1.06-1.16 g/cm?® (high-density band). b Low-density
and high-density bands were loaded onto individual SEC columns,
and fractions were collected. The concentrations of particles and
proteins in the SEC fractions were determined by nanoparticle track-
ing analysis (NTA; ZetaView®, blue) and BCA (green), respectively.

present in fractions 7-10 when the volume of starting mate-
rial was increased (Fig. 5S¢ compared to Fig. 4e). Fractions 8
and 9 were combined and analysed with mass spectrometry,
and in total, 1187 proteins were identified (Supplementary
Table 1). A total of 85 proteins were identified from the top
100 human EV proteins listed on EVpedia [17] as well as
several common EV proteins such as Rab proteins, annex-
ins, tetraspanins, heat shock proteins, and ESCRT proteins
(Table 1). The identified proteins were analysed with GO
Term Finder to identify enriched cellular components com-
pared to the genome frequency, and the top associated terms
were “Extracellular exosome”, “Blood microparticle”, and

High-density band
- 9

Data are presented as the percentage of the total amount of particles
or proteins in fractions 5-16. N = 3, and the results are presented as
the average + SEM. ¢ Total number of particles was determined by
ZetaView® in fractions 5-16 from the high-density and low-density
bands isolated from the same plasma samples, and the fold change
was calculated. N = 3, and the results are presented as the aver-
age + SEM. LD low-density, HD high-density. d Presence of the
vesicle markers flotillin-1 and TSG-101 as well as the HDL marker
Apo-Al was determined by Western blot of fractions 7-14 (40 pL/
fraction) isolated from both the high-density and low-density band.
e Fifteen microliters (1-6 ug protein) from fractions 8—10 from the
high-density and low-density bands were loaded onto grids, nega-
tive stained, and evaluated with electron microscopy. Scale bars are
200 nm

“Membrane” (Fig. 5d), supporting the conclusion that EVs
of high purity had, indeed, been isolated.

Protein analysis of plasma-derived extracellular
vesicles

In an attempt to determine the cellular origin of the isolated
vesicles, the presence of markers for several cells was evalu-
ated in the proteomic data set. In the plasma EVs, the fol-
lowing cell markers were detected with mass spectrometry:
CD235a (glycophorin-A) for erythrocytes; CD41, CD61,
and CD62p for platelets; and CD56 for NK cells. However,
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Fig.5 Evaluation of EVs isolated with the combination of ultracen-
trifugation, density cushion, and size-exclusion chromatography
(UCF + IDC + SEC). To be able to increase the starting volume
of plasma, two centrifugation steps were added. The pellets from
16,500xg and 118,000xg spins were re-suspended in PBS, mixed,
loaded on top of a density cushion (50%/30%/10% iodixanol), and
centrifuged. The band between 30 and 10% was subsequently loaded
onto a 10 mL Sepharose CL-2B column, and up to 30 fractions of
500 pL each were collected. a Concentrations of particles and pro-
teins in the SEC fractions were determined with nanoparticle track-
ing analysis (NTA; ZetaView®, blue) and BCA (green), respectively.
Data are presented as the percentage of the total amount of particles

neurons, glia cells, and skeletal muscle cells can also express
CD56, which is why it cannot be concluded that theses EV's
really originate from NK cells. The expression of the follow-
ing specific cell type proteins was not detectable in plasma
EVs: CD326 (EpCAM) for epithelial cells, CD146 for
endothelial cells, CD45 for leukocytes, CD66b for granulo-
cytes, CD14 and CD33 for macrophages/monocytes, CD34
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or proteins in fractions 5-16. N = 1. b Presence of the vesicle marker
flotillin-1 and the HDL marker Apo-A1l was determined with Western
blot in fractions 7-14 (40 pL/fraction). ¢ Five micrograms of protein
(11-19 pL) from SEC fractions 7-10 were loaded onto grids, nega-
tive stained, and evaluated with electron microscopy. Scale bars are
500 nm. d LC-MS/MS was performed on the EVs isolated from frac-
tions 8 and 9 and pooled. In total, 1187 proteins were identified and
were analysed with DAVID Bioinformatics Resources 6.8 (https:/
david.ncifcrf.gov/). The ten most associated cellular compartments
(based on p value) are listed in the graph. e The 1187 identified pro-
teins were compared to previously published proteomes of plasma
EVs [29-31, 33]

for hematopoietic stem cells, CD11c and CD123 for den-
dritic cells, CD19 and CD20 for B cells, and CD3, CD4, and
CD8 for T cells. Importantly, we did detect MHC class I but
not MHC class II, the latter being expressed only on antigen
presenting cells. Together, these data show that the majority
of the plasma EVs originated from erythrocytes and plate-
lets; however, even though we were unable to detect other
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Table 1 Identiﬁcat.ion of Protein group Proteins
common EV proteins
Rabs Rab-1A, -1B, -2A, -2B, -4A, -4B, -5A, -5B, -5C, -6A, -6B, -7a, -8A, -8B
Rab-10, -11B, -14, -18
Rab-21, -27B
Rab-30, -32, -33A, -35, -37, -38
Annexins Annexin A2, Annexin A4, Annexin A7, Annexin A11

Tetraspanins
Common EV markers

Heat shock proteins

ESCRT

CD9, CD63, CD81, CD82, CD151, TSPAN2, TSPAN14, TSPAN32

MHC class I, Ezrin, Flotillin-1, Flotillin-2, Cofilin-1, Profilin-1, CD59,
14-3-3 protein (beta/alpha, epsilon, eta, gamma, sigma, theta, zeta/delta)

Heat shock 70 kDa protein 1A/1B

Heat shock cognate 71 kDa

Heat shock protein 75 kDa, mitochondrial
Heat shock protein beta-1

Heat shock protein HSP 90-alpha and beta

ESCRT-0—ND
ESCRT-I—VPS-28, VPS-37B
ESCRT-1I—ND
ESCRT-III—CHMP4B, CHMP6
ESCRT accessory—Clathrin, Alix

Proteins highlighted in bold are the proteins that have not been previously identified in plasma EVs with
mass spectrometry or SOMAscan® [29-31, 33]

ND not detected

cell-specific markers in our present analysis, these other cells
might still contribute to the mixture of circulating EVs.
Interestingly, the membrane proteins CD55, CD59, and
CDA47 were identified in plasma EVs. CD55 and CD59 pro-
tect cells against lysis by the complement complex [24], and
it has been demonstrated that when expressed on exosomes,
these molecules protect against complement-mediated vesi-
cle lysis [25]. The expression of CD47, which is extensively
expressed on red blood cells, is considered to prevent recog-
nition by macrophages, and it is referred to as a “don’t-eat-
me” signal or “marker of self” [26]. The presence of these
three proteins on the plasma-derived EVs suggests that they
are at least partly protected from rapid consumption in the
circulation thus allowing for prolonged circulation time.
The concentration of albumin in plasma ranges between
30 and 50 mg/mL [27], and albumin is, therefore, the main
contaminant when plasma EVs are isolated by ultracentrifu-
gation, irrespectively of washings [28]. Therefore, several
previous studies determining the proteome of plasma EVs by
mass spectrometry have used other isolation methods such as
SEC, commercial columns, density gradients, and immune-
affinity capture [29, 30]. Looze et al. were the first to use
mass spectrometry on EVs isolated from human plasma
[31]. Although an ambitious approach including both gel
exclusion chromatography and rate zonal centrifugation was
applied to isolate vesicles, only 66 proteins could be identi-
fied [31]. Kalra et al. identified 213 proteins using three dif-
ferent isolation methods for plasma EVs [29]. In addition,
de Menezes-Neto et al. used different isolation methods and
identified 330 proteins [30]. In total, these studies together
identified approximately 400 proteins in EVs isolated from

human plasma [29-32]. However, only half of the identified
proteins were observed in more than one study, demonstrat-
ing a large heterogeneity between studies [30]. Furthermore,
relatively few specific vesicle markers were identified, dem-
onstrating how difficult it is to isolate and separate EVs from
abundant plasma proteins [30]. In addition, Welton et al.
used SEC to isolate plasma EVs, but in this study, only
21 proteins could be detected by mass spectrometry, and
these proteins were mainly soluble plasma proteins, despite
removal of more than > 97% of the proteins [33]. Thus, the
authors used a protein array platform, SOMAscan®, instead
of mass spectrometry and could then detect approximately
1000 proteins [33]. Because SOMAscan® is a multiplex
aptamer-based protein array, only aptamer-binding proteins
were detected. Therefore, several exosomal markers such
as CD9, CD81, and ezrin were not found, as they were not
among the 1300 proteins that the aptamer-based assay had
been designed for. Thus, although the authors increased the
identified proteins from 21 to over a 1000 using a multiplex
protein assay, this technique still has limitations.

When we compare our data set to these previously pub-
lished data sets, it is clear that the overlap is very small
and that we have identified almost 800 novel proteins previ-
ously not identified in plasma EVs (Fig. 5e). Several of these
proteins have been identified in previous proteomic stud-
ies on EVs from other sources such as cell lines (Table 1,
highlighted in bold) and some of these EV proteins, such as
CD63, CD9, and CD81, have previously been identified in
plasma EVs with Western blot, electron microscopy, or flow
cytometry [15, 29, 30, 33, 34], but so far never with mass
spectrometry. Thus, our current study has identified many
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novel plasma EV proteins, far beyond what has previously
been reported. This highlights two important conclusions
from our study. First, a combination of several purification
steps is required to generate a sample that is pure enough
for mass spectrometry. Second, several particles observed
in plasma are, indeed, not vesicles, and it is, therefore, most
likely not yet possible to isolate sufficient EVs from a small
volume of plasma (< 10 mL) for subsequent analyses using
the current state-of-the-art techniques.

RNA analysis of plasma-derived extracellular
vesicles

Both EVs [7, 35] and HDL [36] have been shown to con-
tain RNA. Interestingly, it has been shown that EVs of
different densities differ in RNA content [35, 37]. Thus,
the amount of and characteristics of the RNA cargo could
be partly responsible for the different densities, with EVs
of higher density containing more RNA [35]. Based on
the densities for different biomolecules (protein (1.35 g/
cm?), RNA and DNA (1.7 g/cm?®), and (lipids ~ 1 g/cm?)

[38, 39]), the particles/vesicles floating at a density as
low as < 1.025 g/cm® should be composed of > 90%
lipids and have very low concentrations of both RNA and
protein. We, therefore, analysed the RNA content in the
high-density and low-density bands to determine whether
the lipoprotein particles with lower density also contain
RNA. Bioanalyzer analysis showed that the EV-enriched
band (high-density band) contained significantly more
RNA than the lipoprotein-enriched band (low-density
band) (Fig. 6a). The high-density band was then separated
further by SEC, and the collected fractions were pooled
(fractions 1-6, 7-12, 13-18, 19-24, and 25-30) prior to
ultracentrifugation and RNA analysis. The RNA in the
high-density band was mainly present in SEC fractions
7-12 (Fig. 6b), which again were the fractions containing
most of the EVs and no lipoprotein particles (Figs. 4d, e,
5a—d). These data strongly suggest that most of the circu-
lating RNA is, indeed, packed in the EVs and that lipopro-
tein particles, except HDL, and a potential subpopulation
of low-density EVs contain little or no RNA.
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Fig.6 RNA isolation from EV-enriched and lipoprotein- density. b Fifty-eight millilitres of plasma were ultracentrifuged, and

enriched fractions. a Six millilitres of plasma were loaded onto a
50%/30%/10% iodixanol density cushion, and the low-density and
high-density bands were isolated. RNA was isolated with a miR-
CURY RNA Isolation Kit—Cell and Plant (Exiqon) directly from
300 pL of the high-density and low-density bands and analysed with
a Bioanalyzer® (Agilent). N = 4-6, and the results are presented as
the average + SEM. **p value < 0.01. LD low-density, HD high-
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the pellets from a 16,500xg and 118,000xg spin were re-suspended
in PBS, mixed, loaded on top of a density cushion (50%/30%/10%
iodixanol) and centrifuged. The band between 30 and 10% was subse-
quently loaded onto a 10 mL Sepharose CL-2B column and 30 frac-
tions of 500 uL each were collected in pools of 6 fractions (3 mL in
total/pool). The sample pools were ultracentrifuged, and RNA was
isolated and analysed as in a
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Conclusion

Isolation of EVs from bio-fluids for downstream analysis is
still problematic, because many body fluids have a complex
biochemical and physical composition. This is particularly
true for plasma and serum, making it difficult to obtain pure
EV isolates from such fluids. This study demonstrates that
a two-step isolation procedure, combining density cush-
ion separation followed by SEC, isolates EVs from human
plasma, and efficiently separates EVs from the main con-
taminants lipoproteins and plasma proteins. By floating the
vesicles on a density cushion, the EVs could be separated
from the chylomicrons and other lipoproteins with lower
densities than EVs, and by loading the floated EVs on an
SEC column, the EVs could be further separated from solu-
ble proteins and lipoproteins with a smaller size than EVs.
With this isolation approach, plasma EVs of previously unat-
tained purity could be identified by electron microscopy and
Western blot, and in total, 1187 proteins could be identified
in the EV isolates with mass spectrometry, without excessive
contamination of plasma proteins and lipoprotein particles.
Several of these proteins have been identified previously in
EVs isolated from different sources, but they have not previ-
ously been detected with mass spectrometry using plasma
EVs isolated by other methods. Again, the results presented
here support the feasibility of the combined use of flotation
and SEC to isolate highly pure EVs from blood. However,
the need for these highly purified blood-derived EVs might
depend on the downstream analyses. As the lipoprotein par-
ticles with low density only contained low or no amounts
of RNA, the requirement of purification might be less if it
is the RNA that will be analysed. Furthermore, if a focused
analysis such as ELISA or the SOMAscan® assay is used,
the problem of contaminating protein is probably smaller;
however, for mass spectrometry analysis, for example, this
approach is crucial as well as for functional studies.

In conclusion, by combining a density cushion and
SEC, we could for the first time isolate EVs from plasma
with high purity. Furthermore, we show that the majority
of particles detected in plasma are not EVs, which empha-
sises the relevance of stringent isolation methods prior to
the analysis of EV cargo and function to avoid studying
non-EV-associated features.
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