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ABSTRACT

Extracellular vesicles (EV) are membrane encapsulated nanoparticles that can function in inter-
cellular communication, and their presence in biofluids can be indicative for (patho)physiological
conditions. Studies aiming to resolve functionalities of EV or to discover EV-associated biomarkers
for disease in liquid biopsies are hampered by limitations of current protocols to isolate EV from
biofluids or cell culture medium. EV isolation is complicated by the >10°-fold numerical excess of
other types of particles, including lipoproteins and protein complexes. In addition to persisting
contaminants, currently available EV isolation methods may suffer from inefficient EV recovery,
bias for EV subtypes, interference with the integrity of EV membranes, and loss of EV function-
ality. In this study, we established a novel three-step non-selective method to isolate EV from
blood or cell culture media with both high yield and purity, resulting in 71% recovery and near to
complete elimination of unrelated (lipo)proteins. This EV isolation procedure is independent of ill-
defined commercial kits, and apart from an ultracentrifuge, does not require specialised expen-
sive equipment.
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Introduction is determined by their originating cell type and cell dif-
ferentiation [1,14]. Both quantitative and qualitative
changes in molecular composition have been reported
for EV isolated from patient blood, indicating perspec-
tives for their use as biomarkers of disease [15-18].

The amount of EV in blood plasma has been esti-
mated between 10” and 10"* EV/mL [19,20]. This huge
variation in concentration between studies has multi-
factorial causes, including loss of EV during their iso-
lation, false assignment of contaminating particles as
EV in isolates, and failure to detect small EV. When
MVBs fuse with the plasma membrane, a proportion of
the released exosomes may remain attached to the cell
surface, for example, by tetherin [21]. Alternatively,
released EV may rebind directly to the releasing cell
or to bystander cells, as exemplified by the ICAM-I
dependent recruitment of EV from dendritic cells by
bystander dendritic cells, B cells or T cells [22,23].
Thus, the concentration of EV is determined not only
by the release of EV by their producing cells but also by
the rate of their clearance by target cells. From that
perspective, a relative low equilibrium concentration of

Extracellular vesicles (EV) are membrane encapsulated
nanoparticles that are released by all cell types [1]. EV
have been categorised into different subtypes based on
their cellular or subcellular origin, size, or molecular
composition. Although many names have been coined
to define EV from different origins, it is now widely
accepted that exosomes are secreted by multivesicular
bodies (MVBs) as 40-120 nm vesicles, while microvesi-
cles pinch directly from the plasma membrane and can
range in diameter from 40 nm up to 1 pm [2]. EV are
present in all body fluids, including blood [3], lymph [4],
ascites [5], cerebrospinal fluid [6], semen [7], and breast
milk [8]. EV transfer their constituents, including cyto-
solic- and membrane proteins, lipids and RNA molecules,
from their producing cells to acceptor cells. In this capa-
city, EV function as multicomponent intercellular signal-
ling devices in a diverse range of physiological and
pathophysiological processes, including immune regula-
tion, angiogenesis, cancer metastasis and neuro-
degeneration [9-13]. The molecular composition of EV

CONTACT Willem Stoorvogel @ w.stoorvogel@uu.nl @ Department of Biomolecular Health Sciences, Faculty of Veterinary Medicine, Utrecht University,
Utrecht, The Netherlands
This article has been republished with minor changes. These changes do not impact the academic content of the article.
Supplemental data for this article can be accessed here
© 2020 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group on behalf of The International Society for Extracellular Vesicles.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which
permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.


http://orcid.org/0000-0001-6782-2541
https://doi.org/10.1080/20013078.2020.1791450
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/20013078.2020.1791450&domain=pdf&date_stamp=2020-07-17

2 (&) X. ZHANG ET AL

EV in plasma is understandable and not indicative for
their relevance in intercellular communication. Plasma
contains, in addition to EV, also many other types of
particles with biological activities, including lipoprotein
particles and protein complexes. For example, while
some miRNAs can be transferred by EV [24], others
are bound to high-density lipoprotein particles (HDL)
[25] or extracellular protein complexes [26]. Similarly,
intercellular transfer of some signalling proteins,
including Wnt [27], and bioactive lipids [28], can be
mediated by either EV, protein complexes, or lipopro-
tein particles. Human blood contains 6 x 10'® very low
density lipoprotein particles (VLDL)/mL, 6 x 10"* low-
density lipoprotein particles (LDL)/mL, and 2 x 10'°
HDL/mL [29], collectively outnumbering EV by at least
10> fold. This alone already illustrates the challenges
for isolating EV from blood. Since current isolation
protocols fail to isolate EV to homogeneity, it cannot
be excluded that biological effects that have been
assigned to EV in some studies may in fact have been
caused by contaminating constituents [30]. To confirm
signalling potential of EV, as well as for the discovery
of low abundant EV-associated biomarkers of disease,
it is essential to be able to effectively isolate EV from
other, much more abundant, plasma constituents.
Unbiased isolation of EV remains a challenge, however,
due to their population heterogeneity and overlapping
characteristics with other constituents of biological
fluids [31].

For example, although immunocapture by immobi-
lised monoclonal antibodies may yield highly purified
EV, this isolation method relies on the presence of
a capturing antigen [32]. Given the heterogeneity in
protein composition of EV from different origins, only
subpopulations of EV can be isolated with this
approach. Moreover, elution of EV from immune com-
plexes may compromise their biological activity.
Alternatively, various unbiased methods have been
used to isolate EV from body fluids or cell culture
media, including pelleting by ultracentrifugation
(UC), polymeric precipitation, density gradient fractio-
nation, filtration, size exclusion chromatography
(SEC), and aqueous two-phase separation systems
[33-35]. However, due to overlapping characteristics
of EV compared to lipoprotein particles and protein
complexes, including size distributions and equilibrium
buoyant densities [36], all of these methods fail to
isolate  EV to homogeneity. Other complications
include poor recovery and losses due to non-specific
binding of EV to plastics [37]. Pelleting by UC provides
low yields of EV [38], induces EV aggregation and
membrane rupture during resuspension of UC pellets
[39], and may interfere with the biological activities of

EV [40]. Moreover, protein complexes [41] and some
HDL [42] are also pelleted at the same centrifugal
force. Alternatively, polymeric precipitation methods
allow for high yield recovery of EV at low centrifugal
force [43]. However, with these methods many other
plasma constituents are co-precipitated with EV,
resulting in poor isolation characteristics [36,44]. UC
into density gradients can separate EV from soluble
proteins and protein complexes [45,46], but ineffi-
ciently from HDL [42] or LDL [20]. SEC can separate
EV from ~8 nm HDL, but is less efficient in separating
EV from much larger (V)LDL, chylomicrons or protein
complexes [47-49]. UC of EV into density gradients
followed by SEC, or vice versa, improved isolation of
EV from contaminating particles [36,50], illustrating
the power of sequential appliance of different EV iso-
lation techniques. In our current study, we extend on
this idea and demonstrate that EV can be isolated to
unmatched yield and purity from plasma or cell culture
media by sequential use of PEG precipitation, upward
displacement into linear iohexol density gradients, and
SEC. The international Society for EV (ISEV) has
emphasised the urgent need for more effective methods
to isolate EV [51-53], and we believe that this proce-
dure can fulfill that void.

Results
EV precipitation by PEG

Human blood was collected in sodium citrate tubes
and depleted from cells and the majority of platelets
by sequential centrifugation steps up to 3,000x g. Cell
free plasma was then diluted with an equal volume of
PBS and centrifuged at 10,000x g, a procedure that
removed any remaining platelets. Inevitably, similarly
sized large EV are also removed by this procedure.
Samples of diluted platelet free plasma were then
mixed with a PEG solution, and after incubation cen-
trifuged for 15 min at 4,000x g to collect aggregated
material (see Supplementary Figure 1 for schematic
representation). PEG and salt concentrations, as well
as buffer conditions were varied, and maximal recovery
of EV from plasma was achieved when diluted plasma
was mixed with an equal volume containing 20% PEG,
200 mM NaCl, 10 mM EDTA, 200 mM Tris-HCI, pH
7.0. Addition of EDTA to the PEG solution facilitated
resuspension of the pelleted material. For comparison,
EV were also collected by UC from diluted
10,000 x g supernatants of plasma. While UC pellets
were invisible by the naked eye and yielded only
0.5 = 0.1 mg protein per mL plasma (Figure la), PEG
induced pellets were clearly visible and yielded as much
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Figure 1. Comparison of EV isolation by PEG precipitation or UC. EV were collected from equal volumes of blood. For PEG
precipitation, 250 uL of 1:1 diluted plasma was mixed with an equal volume of 20% PEG. For UC, 250 uL of 1:1 diluted plasma was
first diluted further with 4 mL PBS. Pellets were resuspended in PBS. (a), total protein was determined by BCA (expressed as mg/mL
originating plasma; mean + SD, n = 3). (b), the concentration of particles as detected by NTA (particles/mL originating plasma; mean
+ SD, n = 3). (), size distribution of particles detected in B (representative for n = 3). Particle size at peak optimum is indicated. (d
and e), protein was collected either by centrifugation after incubation with PEG for the time indicated, or by UC. PEG and UC
samples were normalised to equivalent volumes of originating plasma, or, where indicated, 2.5 X concentrated. Molecular weight
markers are indicated on the left in kDa. (d), samples were analysed by SDS-PAGE followed by Sypro ruby total protein staining. (E),
the same samples were analysed by Western blotting for the presence of the EV markers CD9 or CD81, the LDL marker apoB100, or
the HDL marker apoA1l. Experiment shown is representative for 3 independent experiments. (f), Whole amount TEM images of
particles collected by either PEG precipitation or UC. Due to the high concentration of particles, PEG pellets were resuspended in 10
x higher volume of PBS than UC pellets. Scale bars, 100 nm. Arrows indicate EV, arrowheads exemplify some of the many

lipoprotein particles.

as 9.9 + 1.3 mg protein per mL plasma. UC and PEG ~ According to their measured size (Figure 1c), these
induced precipitation yielded 2.0 x 10" and 2.3 x 10"*  particles may represent EV (70-300 nm), but could
particles per mL plasma, respectively, as determined by ~ also represent large protein aggregates or lipoprotein
Nanoparticle Tracking Analysis (NTA) (Figure 1b).  particles, including chylomicrons and VLDL. It should



4 (&) X.ZHANG ET AL.

also be noted that NTA has an estimated lower limit of
detection of about 70 nm for EV [54], meaning that
some small EV, LDL and HDL were not detected by
NTA. The relative high protein yield after PEG preci-
pitation was confirmed by SDS-PAGE followed by total
protein staining (Figure 1d). Also, the yield of the EV
markers CD9 and CD81 was much higher with PEG
precipitation as compared to UC (Figure le). ApoB100
is an apolipoprotein B isoform associated with both
VLDL and LDL particles, and could be detected by
immunoblotting in UC pellets, but was much more
abundantly present in PEG precipitates (Figure le).
Similarly, apoAl, a lipoprotein associated with both
HDL and chylomicrons, was also more efficiently col-
lected by PEG precipitation than by UC (Figure le).
Precipitation of EV and lipoprotein particles in plasma
required only 30 min incubation in 10% PEG at these
conditions, as their marker protein signals were not
increased further by prolonging the incubation time
for up to 16 h (Figure ld,e). In contrast to EV in
plasma, previously isolated EV were inefficiently pre-
cipitated after 1 h incubation, and required overnight
incubation with PEG for quantitative recovery
(Supplementary Figure 2), indicating that PEG preci-
pitation of EV from plasma is facilitated by the pre-
sence of other precipitating plasma constituents. EV
and lipoprotein particles could be discerned by trans-
mission electron microscopy (TEM) (Figure 1f). Both
UC and PEG pellets contained structures reminiscent
of EV, with a characteristic cup shaped appearance. In
addition, homogeneously negatively stained smaller
spherical structures could be discerned, which are char-
acteristic for lipoprotein particles. The latter were rela-
tively more abundant in PEG precipitates, consistent
with the biochemical data. Combined, these results
indicate that the yield of EV is about 7 fold higher by
PEG precipitation in comparison to UC, although PEG
precipitated material also contained more contaminat-
ing material, including lipoprotein particles.

EV isolation by iohexol density gradient
centrifugation

As a second step, we used iohexol density gradients to
separate EV from contaminating constituents that were
also collected by either UC or PEG precipitation.
Hereto, UC pellets or PEG precipitates were resus-
pended in 60% iohexol and overlaid with a 50-0%
iohexol density gradient. EV were floated upward into
the gradient by UC for 16 h at 200,000 X gp. after
which gradient fractions were analysed for their con-
tents. EV that were first collected by UC and then
centrifuged into the gradient, floated upwards to

a density of 1,07-1,13 g/mL, as determined by the
presence of CD9 and CD63 (Figure 2a). Most protein,
however, failed to float up during density gradient UC,
as can be expected for soluble proteins and protein
complexes (Figure 2b,c). As indicated by its marker
apoAl, HDL was retained in denser gradient fractions,
well separated from CD9 (Figure 2a). Only little
apoB100 was collected by UC (Figure le), but the little
apoB100 that was pelleted floated up to the top of the
density gradient, as can be expected for LDL
(Figure 2a). Consistent with these results, TEM
revealed that the top gradient fractions exclusively con-
tained negatively stained spherical particles of ~50 nm,
characteristic for LDL, while the bottom gradient frac-
tions were enriched in ~10 nm particles, reminiscent of
HDL (Figure 2d). The 5" and 6" fractions contained
~100 nm EV, but still also some smaller sized electron
lucent lipoprotein-like particles.

EV that were collected by PEG precipitation were
floated into iohexol density gradients for either 4, 16,
or 65 h UC at 200,000 X gp,.x (Figure 3). Again, most
proteins failed to float upward into the gradients, as
can be expected based on the high buoyant density of
freely soluble proteins and protein complexes
(Figure 3a). CD9-containing EV were recovered at
a density of 1.06-1.12 g/mL (Figure 3b), similar to
the density of EV that were collected by UC, and
consistent with reported equilibrium buoyant densities
for EV [45]. This position was independent of centri-
fugation time, indicating that the equilibrium buoyant
density of CD9 carrying EV was reached already after 4
h of gradient centrifugation. ApoAl was detected
throughout the gradient, but mostly in the top 3 and
bottom 4 gradient fractions after 4 h gradient centrifu-
gation. ApoAl that migrated to the top of the gradient
(~1.02 g/mL) is most likely associated with lipoprotein
particles with a low density and relatively large dia-
meter, such as chylomicrons. ApoA1l that was retained
in the bottom fractions after 4 h of gradient centrifuga-
tion gradually floated up into the EV containing frac-
tions when the centrifugation time was increased from
4 h to 65 h, consistent with the expected behaviour of
HDL. Although HDL and EV have overlapping equili-
brium buoyant densities, the migration velocity of
HDL is lower due to its relatively small size (7-12 nm).
LDL (18-25 nm), VLDL (27-200 nm) and chylomi-
crons (up to 1 pm) have a lower density but are larger
than HDL [55]. As a consequence, the LDL marker
apoB100 reached its equilibrium density of ~1,02—-
1.06 g/mL already after 16 h of centrifugation, well-
separated from CD9. After 4 h of centrifugation, how-
ever, the majority of LDL was still present in higher
density fractions, and overlapping with the distribution
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Figure 2. Fractionation of UC isolates in iohexol density gradients. EV were collected by UC of a diluted equivalent of 2 mL plasma,
loaded at the bottom of the gradient and separated during 16 h centrifugation at 200,000 X gmayx. Fractions were collected from the
top and analysed by Western blotting for the presence of CD9, CD63, apoA1, and apoB100 (a), BCA for protein quantification (b),
and SDS-PAGE followed by total protein staining using Sypro ruby (c). Molecular weight markers are indicated on the left in kDa. (d),
Particles from the indicated gradient fractions were adsorbed to grids and analysed by TEM. White bars indicate 200 nm, black bar
in the enlarged insert indicates 100 nm. In fractions 5 and 6, EV are indicated by arrows, while lipoprotein particles are exemplified
by arrowheads. Note the many small electron lucent lipoprotein particles in fractions 2 and 9. All data are representative for 3

independent experiments.

of CD9. Considering the distinct equilibrium densities
and velocities of EV, HDL, and LDL, we conclude that
16 h centrifugation was most optimal to separate EV
from most lipoprotein particles. To determine the rela-
tive distribution of other EV markers in the gradient,
we next increased the sample load by a factor 8, now
representing PEG precipitated material from 1 mL of
plasma (Figure 3C-3F). After centrifugation for 16 h,
the EV markers CD9, CD63 and CD81 co-distributed
into gradient fractions 5 and 6 (Figure 3c), suggesting
that EV from different (sub)cellular sources can be co-
fractionated at these conditions. These EV confining
fractions contained very little total protein as compared
to the other gradient fractions (Figure 3d.,e), again
consistent with good separation of EV from its con-
taminants. As detected by TEM, fraction 3 contained
negatively stained g ~ 20 nm and ~ 200 nm particles,
presumably representing (V)LDL and chylomicrons,
respectively (Figure 3f). Fractions 1 and 8 contained
only small lipoprotein particles with sizes characteristic

for LDL and HDL, respectively. Consistent with the
distribution of EV marker proteins, EV were exclu-
sively detected in fractions 5 and 6. However, these
EV containing fractions (5™ and 6™) also contained
relatively small amounts of lipoprotein-like particles.
Together with the detection in these fractions of trace
amounts of apoAl by immunoblotting, this indicated
that the EV containing gradient fractions were con-
taminated by limited amounts of HDL particles.

To validate our method for EV isolation from cell
culture media, we used a B lymphocyte cell line that
produces abundant amounts of EV [45]. We have pre-
viously determined characteristics of these EV [46,56]
and found that they are enriched in CD81, CD63 and
major histocompatibility complex class II (MHC-II),
but lack CD9. The cells were cultured in EV-depleted
FCS containing medium. FCS contains LDL and HDL,
but not VLDL or chylomicrons. The EV from these
B cells were PEG precipitated from 20 mL cell free cell
culture medium, and then floated into a iohexol



6 (& X.ZHANG ET AL

PEG precipitaiton
+ DG (4 hour)

Fraction

PEG precipitaiton
+ DG (16 hour)

1234567 89101112

PEG precipitaiton
+ DG (65 hour)

X v - e
12345 6789101112
Fraction

B
SOEESILIPTIT| SELTSIUEPIETS | SSFEFES L PS5 B vensiys g
kDa NN N N NN NTNINISINIST T NI RTINS NTININININISININT [ SR NN NIRRT NN NSNS Y g
25 - | T It - | cpo
P - “ale |  soanmee | ——— | apoal
- LR - “. |a 0B100
20 pnne | e :
1234567 89101112 1234567 89101112 12345 678 9101112
Fraction Fraction Fraction
C D
12
I R R A S
kDo S SN NNV Density: giml g
25 - | cpo _ 8
75— £ 6
.- CD63 g
37— 4
25— .- ~-| CD81 2
12345 6789101112 0

Fraction

Fraction

Fraction 6

Figure 3. Fractionation of PEG precipitates in iohexol density gradients. (a and b), For PEG precipitation, 250 pL of 1:1 diluted
plasma was mixed with an equal volume of 20% PEG, and aggregates collected by low speed centrifugation, resuspended, and
loaded on the bottom of iohexol density gradients. The gradients were centrifuged as indicated for either 4, 16, or 64 hr. Fractions
were collected from the top of the gradients (left) and analysed by SDS-PAGE followed by Sypro ruby for total protein staining (a),
or by Western blotting for detection of CD9, apoA1 and apoB100 (b). Molecular weight markers are indicated on the left in kDa. (c,
d, e and f), after 1 hr incubation with PEG, aggregates in diluted equivalents of 1 mL plasma were collected by low speed
centrifugation, resuspended, and loaded on the bottom of iohexol density gradients. The gradients were centrifuged for 16 hr, and
gradient fractions were analysed by Western blotting for CD9, CD81 and CD63 (c), total protein in mg/mL plasma (d), SDS-PAGE
followed by Sypro ruby for total protein staining (e), and TEM (f). White bars, 200 nm; black bars in the enlarged inserts, 100 nm.
Note the abundance of EV indicated by arrows in fractions 5 and 6, relative to presumable lipoprotein particles (as exemplified by
arrowheads), and the predominant presence of electron lucent lipoprotein particles in fractions 1 and 8. The very large lipoprotein
particles in fraction 3 (asterixis) may represent chylomicrons. All data are representative for 3 independent experiments.
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density gradient during 16 h centrifugation
(Supplementary Figure 3), similar to the procedure
that was used above for plasma EV. As expected, the
majority of PEG precipitated protein remained at the
bottom of the gradient while all EV markers floated up
to an equilibrium buoyant density of 1.07-1.15 g/mL.
Bovine apoAl was found both at the bottom and the
top of the gradient. The indicated dominant high mole-
cular weight protein in fractions 2-4 was identified by
mass spectrometry as bovine apoBl100 (data not
shown), demonstrating the position of bovine LDL
from FCS. TEM data confirmed the distribution of
EV and lipoprotein particles in the gradient.
Collectively, these data validate the use of this method
for EV isolation from cell culture media.

EV isolation by SEC

Next, we isolated EV by combining PEG precipitation
with SEC. When PEG precipitated material from
human plasma was resuspended and directly applied
onto Sepharose CL-2B columns, CD9 and CD63 carry-
ing EV were collected in void volume fractions 9-12,
while most protein, including apoA1l and apoB100, was
collected in fractions 12-26, consistent with the notion
that EV are larger than most lipoprotein particles and
protein (complexes) (Figure 4a—c). The EV containing
fractions did not display a clear peak in the distribution
of total protein within the gradient. Moreover, EV
carrying fractions were not entirely negative for
apoAl or apoB100. The presence of lipoprotein parti-
cles in EV carrying fractions was confirmed by TEM
(Figure 4d). When PEG precipitated EV were first
isolated by iohexol density gradient centrifugation
and then applied to SEC (Figure 5; see Supplementary
Figure 1 for schematic representation), CD9 and CD63
again eluted into column fractions 9-12 (Figure 5a).
SDS-PAGE followed by Sypro ruby protein staining
now indicated a few protein bands uniquely present
in fractions 9-12 (Figure 5b). The little apoAl and
apoB100 that contaminated the EV containing iohexol
density gradient fractions was largely removed by SEC
(Figure 5a). Separation of EV and contaminating lipo-
protein particles by SEC was confirmed by TEM
(Figure 5c). Detection of particles by TEM relies on
non-specific binding of such particles to carbon coated
grids, and differences in binding efficiencies of EV
(subtypes) and lipoprotein particles may thus generate
a bias in detection. Therefore, TEM is not a reliable
method to determine relative contributions of distinct
particles in isolates. To further determine the purity of
our isolated EV and characterise their morphology
with maximal resolution, we resorted to cryo-electron
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microscopy (cryo-EM). With this method, excess liquid
is blotted away with a filter paper, leaving EV being
contained within a thin (~50-200 nm) layer of vitrified
ice. Some of the particles appeared to be adsorbed to
the glow-discharged lacey carbon. For that reason,
although far less so compared to TEM, some bias in
particle detection cannot be excluded. Another advan-
tage of cryo-EM is its unmatched resolution and par-
ticle preservation. EV can be clearly distinguished by
their delimiting lipid bilayer, while lipoprotein particles
are surrounded by a single layer of phospholipids
(Figure 5d). We analysed 1310 randomly encountered
particles from SEC fraction 10, and 90% of these could
be identified as EV by the presence of a lipid bilayer.
EV ranged between 30-400 nm, with an average dia-
meter of 120 nm (Figure 5e). Of all EV, 61% had
a single membrane, while 39% had one or more inter-
nal membrane(s) in addition to their delimiting
membrane.

To test whether our three-step isolation procedure
can also be applied to isolate EV from cell culture
media, EV from 20 mL B-cell culture medium were
precipitated by PEG, and then floated into an iohexol
density gradient during 16 h centrifugation. EV con-
taining gradient fractions were pooled and applied for
SEC. By SEC, the majority of protein fractionated
together with MHC-II, CD63 and CD81, and was well
separated from the majority of apoAl (Supplementary
Figure 4A and 4B). TEM data confirmed the presence
of EV in these SEC fractions and minimal contamina-
tion with lipoprotein particles (Supplementary Figure
4C). Collectively, these data validate this method for
EV isolation from cell culture media.

EV enrichment and recovery

Finally, we determined the enrichment and recovery of
EV isolated by the entire three step procedure, invol-
ving PEG precipitation followed by iohexol gradient
centrifugation and SEC. Based on our data, we con-
clude that the amount of EV in human plasma is very
low relative to both soluble protein and EV unrelated
particulate material. Assessment of EV recovery and
enrichment during isolation from human plasma is
complicated due to the low signals of EV markers in
unfractionated plasma relative to total protein.
Nevertheless, CD9, apoAl and apoB100 could be
detected in unfractionated human plasma by Western
blotting (Figure 6). Other EV markers could not be
detected in unfractionated plasma by Western blotting
due to the overwhelming excess of other proteins. To
resolve this experimental problem, we introduced an
independent marker, by spiking EV isolated from
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Figure 4. Fractionation of PEG precipitates by SEC. For PEG precipitation, 2 mL of 1:1 diluted plasma was mixed with an equal
volume of 20% PEG. Aggregates were collected by low speed centrifugation, resuspended, and fractionated on a Sepharose CL-2B
column. Total protein was determined by BCA (a) and SDS-PAGE followed by Sypro ruby staining (b), the presence CD9, CD63,
apoA1, and apoB100 by Western blotting (c). Molecular weight markers are indicated on the left in kDa. (d), TEM images of EV in
SEC fractions 9 and 10. Scare bars, 100 nm. Arrows indicate EV, arrowheads exemplify presumable lipoprotein particles. All data are
representative for three independent experiments.
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bottom of an iohexol density gradient. After 16 hr centrifugation, EV containing fractions were pooled and applied onto a Sepharose CL-2B
column. SEC fractions were analysed by SDS-PAGE followed by Sypro ruby staining for total protein (a), and by Western blotting for the
presence of CD9, CD63, apoA1 and apoB100 (b). Molecular weight markers are indicated on the left in kDa. (c), TEM images of particles in the
indicated SEC fractions. White bars, 200 nm; black bar in the enlarged insert, 100 nm. EV are indicated by arrows, lipoprotein particles are
exemplified by arrowheads. Fraction 18 shows lipoprotein particles only. These data are representative for 3 independent experiments. (d),
Cryo-EM analysis of SEC fraction 10. EV (arrows), and one lipoprotein particle (arrowhead) are indicated. Scale bars, 100 nm. Black dots
represent 5 nm gold particles that were spiked in for the purpose of image tracking. White asterisks point areas of the supporting carbon net.
(E), Size distribution of randomly encountered EV by cryo-EM as in D.
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Figure 6. EV enrichment and recovery. (A, B, C and D), For PEG precipitation, 2 mL of 1:1 diluted plasma was spiked with EV isolated
from 100 mL B cell culture medium, which are highly enriched for MHC-II. EV were then isolated from the spiked plasma by PEG
precipitation, followed by floatation into iohexol gradients, and then SEC. (a), Fractions from the iohexol density gradients were
analysed by Western blotting for the presence of the B cell EV specific marker MHC-Il and the plasma EV specific marker CD9. (b),
Fractions after SEC were analysed by Western blotting for the presence of MHC-Il, CD9, CD63 and CD81. For each sequential
isolation step, the recovery of total protein was monitored by SDS-PAGE (c) and for CD9, MHC-II, apoA1 and apoB100 by Western
blotting (d). Samples from non-spiked plasma (lanes 1), plasma spiked with B cell EV (lanes 2), PEG precipitates (lanes 3), pooled EV
containing iohexol density gradient fractions (lanes 4), and pooled EV containing SEC fractions (lanes 5) were all normalised to reach
the same input relative to plasma. MHC-Il was undetectable in non-spiked plasma, while CD9 could not be detected on B cell
derived EV (not shown) and hence was not enhanced in spiked plasma. The quantification for recovery of MHC-Il was determined
for each step of the isolation procedure and is depicted in Fig. 6 H. (e), Scatterplot of the relative intensities of proteins detected by
LC-MS/MS in EV containing density gradient fractions (DG) and after SEC (for their identity see Supplementary Table 1). The in red
coloured named dots represent apolipoproteins (see also Supplementary Table 2), the open circles represent proteins that were
undetectable after SEC and presumably not associated with EV (see Supplementary Table 1). The dotted line Y = X would represent
quantitative retrieval. The solid line is generated by linear regression analysis for all proteins except apolipoproteins and those
proteins that were not detected after SEC, and is indicative for 8.4 fold loss of EV due to non-specific binding of EV to the SEC
column. (f), EV from 100 mL B cell culture media were isolated by UC followed by iohexol density gradient (DG) centrifugation and
SEC, either using a qEV column or a Sepharose CL-2B column that was equilibrated and eluted in the absence or presence of access



B-cell culture media into human plasma. EV from
B cells contain a strong signal for MHC-II [45] and
have similar sizes and buoyant density distributions as
EV from human plasma. EV from 100 mL B-cell media
were collected by UC, yielding ~10"> NTA detectable
particles, and resuspended in diluted plasma equivalent
to 1 mL undiluted plasma. After spiking with B-cell-
derived EV, total EV were isolated from plasma using
PEG precipitation followed by iohexol gradient fractio-
nation and SEC. As expected, MHC-II on B-cell EV co-
fractionated with plasma EV markers on density gra-
dients (Figure 6a) and by subsequently performed SEC
(Figure 6b). MHC-II was detected only when B-cell EV
were spiked in, while CD9 was contributed exclusively
by plasma EV (Figure 6d, lanes 1 and 2). After PEG
precipitation, MHC-II and CD9 were collected quanti-
tatively in the pellet (Figure 6d, lanes 3), indicating
near to absolute recovery. As much as 20% of total
plasma protein was collected in the pellet after PEG
precipitation, indicating ~5 fold enrichment of EV over
total protein in plasma (Figure 6¢,h). When PEG pre-
cipitates were resuspended and fractionated on iohexol
gradients, 77% of the original amount of MHC-II
together with only 0.2% of the original amount of
plasma protein was recovered in EV containing frac-
tions, indicating a ~ 500 fold enrichment of EV by this
two-step procedure (Figure 6¢,d, lanes 4; 6 H). As
a third and final isolation step, SEC was employed to
remove iohexol as well as many of the remaining
lipoproteins from the EV containing iohexol gradient
fractions. After SEC, only 7 pg (0.01% of the original
amount of plasma protein) was isolated while the
recovery of EV, as determined by the MHC-II marker,
was down to 35% due to losses by non-specific binding
to the column material (Figure 6c,d, lanes 5). These
data indicate a final ~3400 fold enrichment of EV
relative to total plasma protein. The efficacy of SEC
as a third EV isolation step, following PEG precipita-
tion and iohexol gradient fractionation, was confirmed
by comparing the protein compositions of EV samples
before and after SEC using label free quantitative LC-
MS/MS (Figure 6e and Supplementary Table 1). In this
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case we isolated EV from unspiked plasma, to exclude
contributions from B-cell EV. In total 287 proteins
were identified, 37 of which were completely removed
by SEC, leaving 250 proteins in EV containing SEC
fractions. Relative quantification and linear regression
analysis (Figure 6e) revealed that on average 80% of the
EV proteins was lost by SEC, consistent with Western
blotting analysis (Figure 6d), which can be explained by
non-specific binding of EV to the column resin. We
also detected 15 lipoproteins (Figure 6e, indicated in
red), most of which were reduced relative to EV asso-
ciated proteins by SEC (see also Supplementary
Table 2). Together, these data confirm that EV were
purified further by SEC as a third isolation step. Gene
ontology (GO) analysis linked 63% of the identified
proteins to the cellular component “extracellular exo-
somes” (Supplementary Figure 5A). Molecular function
analysis indicates that 18% of the proteins are linked to
“antigen  binding”  (Supplementary Figure 5B).
Biological process analysis confirmed that many
detected proteins are involved in immune regulatory
processes, while 22% of the EV associated proteins
could be assigned to “complement activation”
(Supplementary Figure 5C).

Finally, we investigated whether loss of EV as
a consequence of non-specific binding to SEC columns
could be prevented. Irrespective of the type of column
used, Sepharose CL-2B or qEV, ~ 65% of the MHC-II
signal of the column input material was lost during
SEC (Figure 6fh). EV loss could be largely prevented,
however, when the SEC columns were preequilibrated
and eluted with PBS containing 1 mg/mL BSA
(Figure 6f,g). For obvious reasons, we could not deter-
mine the enrichment of EV over total plasma protein
when BSA was used as a blocking reagent.

Discussion

Methods that are used to isolate EV are often poorly
characterised for the yield and purity of isolated EV.
We here describe a novel method that allows for the
isolation of EV from either plasma or cell culture

BSA, as indicated. After SEC, EV containing fractions were pooled and normalised to the input, and analysed by Western blotting for
MHC-II. (g), EV were isolated from plasma spiked with B cell EV by PEG precipitation followed by iohexol density gradient
fractionation and SEC using Sepharose CL-2B columns that were equilibrated and eluted either in the absence or presence of
1 mg/mL BSA. For each sequential isolation step, the recovery of MHC-Il was monitored by SDS-PAGE and Western blotting using
normalised samples, as indicated. Molecular weight markers are indicated on the left in kDa. All data are representative for 3
independent experiments. (H), Recovery and enrichment of EV from plasma after PEG precipitation, subsequent iohexol gradient
fractionation and SEC. Total isolated protein was determined by BCA and is expressed as mg/mL originating plasma (xSD, n = 3).
Recovery of MHC-Il was determined by quantification of Western blotting signals as in Fig. 6D, and is expressed as percentage
relative to the signal in originating plasma spiked with EV from B cells (mean £ SD, n = 3). Enrichment of MHC-II carrying EV was
calculated relative to total protein in the same fraction (mean + SD, n = 3). Enrichment could not be determined after SEC in the

presence of BSA due to the excess of BSA (N.D.).
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medium with both high yield and purity. This method
is relatively simple and highly reproducible. It relies on
relative inexpensive reagents that can be purchased in
bulk quantities. PEG is non-toxic and even used in
medicine, for example, to treat constipation or as
drug delivery system. Similarly, iohexol is a non-toxic
contrasting reagent used in X-ray imaging and CT
scanning. Non-toxicity is of importance when isolated
EV are used in in vivo experiments or for medical
applications. PEG is far less expensive than commercial
polymer-based EV precipitation kits, while the mole-
cular composition of these kits is not public. Finally, it
should be realised that EV isolated by commercial
isolation kits are highly contaminated by co-
precipitated plasma constituents, similar to PEG pre-
cipitated EV. To exclude contributions from platelets,
we here isolated EV from human plasma from which
platelets had been removed by centrifugation at
10,000 x g. It should be noted that this procedure
also removed large EV, including large microvesicles
and apoptotic bodies. However, our method can also
be applied to 1,500-2,500 x g supernatants of human
plasma, which in addition to small EV also contains
large EV together with residual amounts of platelets.
We here demonstrate that EV could be captured from
10,000 x g supernatants by PEG precipitation with near
to 100% efficiency, and that 20% of all plasma protein,
including lipoprotein particles, was co-precipitated
with this procedure. PEG precipitation takes less than
1 h, and although this first simple step in our EV
isolation protocol resulted in only ~5 fold enrichment
of EV over total plasma protein, it allowed for rapid
concentration of EV into a small volume with maximal
efficacy. Our optimised PEG precipitation conditions
are somewhat distinct from other studies who have
used PEG to precipitate EV [43,57,58], or employed
PEG precipitation for the isolation of lipoprotein par-
ticles [59-61]. PEG is a non-denaturing water-soluble
polymer whose ability to precipitate proteins and par-
ticles is based on excluded volume interactions. This is
why it is also widely used for protein crystallisation
[62]. Reduction in protein solubility by the presence of
PEG is dependent on PEG concentration as well as on
protein/particle size and protein concentrations [63].
Indeed, efficient precipitation of EV in the absence of
excess plasma protein required longer incubation time
with PEG (Supplementary Figure 2). Macromolecules
and particles that are aggregated by the presence of
PEG can be collected by low speed centrifugation.
PEG itself is not precipitated and pelleted particle/pro-
tein aggregates are readily disaggregated upon their
resuspension in a PEG lacking buffer. Low concentra-
tions of PEG remain after resuspension of the pelleted

material, but this may in fact help to prevent non-
specific binding of proteins/particles to each other or
to plastics [64]. In our hands, EDTA facilitated rapid
dispersion of PEG precipitated EV, possibly by pre-
venting Ca®>* dependent processes such as integrin
binding. Our TEM analysis confirmed that PEG pre-
cipitated EV were evenly dispersed after resuspension
in PEG lacking buffer (Figure 1f). In contrast, EV
collection by UC results in poor EV recovery
(Figure le) and in irreversible EV aggregation, while
membrane rupture during resuspension of the pellet
may occur [39]. In conclusion, we here demonstrate
that PEG precipitation is superior to UC for concen-
trating EV.

To remove contaminants from PEG precipitated EV,
we employed density gradient centrifugation. The den-
sity at which EV accumulate and the degree by which
they can be separated from contaminating particles are
determined by the gradient material. Iohexol is a non-
toxic, small, iodinated, high molecular weight molecule
(821 g/mol). Iodixanol (Optiprep) is commonly
employed to generate density gradients for the purpose
of EV isolation, and this compound is essentially
a dimer of iohexol. However, we found that the linear-
ity of precasted iohexol gradients was preserved much
better than for iodixanol gradients during UC, as
a consequence of the lower molecular weight of the
former compound. Both iohexol and iodixanol gradi-
ents display better separation characteristics as com-
pared to sucrose density gradients, probably due to the
much higher osmolarity and viscosity of sucrose gra-
dients [61]. Moreover, due to the high viscosity of
sucrose density gradients, higher g forces or longer
centrifugation times are required for EV to reach
their equilibrium buoyant density [7]. PEG precipitated
pellets readily disaggregated in the low viscosity buffer
containing 60% iohexol, thus allowing loading at the
bottom of an overlaid linear iohexol density gradient.
With this approach, soluble proteins and protein com-
plexes were retained by definition at the bottom of the
gradient during centrifugation, due to their high buoy-
ancy. We avoided top loading of the density gradients
because top loaded large protein (complexes) migrated,
albeit with low velocity, into EV containing fractions,
never reaching their equilibrium buoyant density at the
bottom of the gradient, thereby contaminating the EV
containing fractions (data not shown). After centrifu-
ging bottom loaded gradients for 16 h at 200,000 X gnax
of, EV were recovered at their equilibrium buoyant
density in the middle of the gradient, well separated
from soluble protein (complexes) and HDL in the
lower part of the gradient and LDL at the top of the
gradient. After 4 h centrifugation, slowly migrating



LDL had not yet reached its equilibrium density at the
top of the gradient and consequently was not well
separated from EV. HDL had an even lower velocity
than LDL and required 65 h of centrifugation time to
reach its equilibrium buoyant density, which is over-
lapping with that of EV. These data illustrate the
importance of monitoring the migration of lipoprotein
particles during density gradient centrifugation and
tuning of the centrifugation force and time for optimal
separation of EV from both LDL and HDL.

As a final step, we used SEC to remove remaining
lipoprotein particles as well as iohexol. Single-step iso-
lation of EV from plasma by SEC with Sepharose CL-2B
was first described by Boing et al [48]. These authors
reported a 330-fold enrichment of EV over total plasma
protein and 19-fold enrichment relative to HDL, with
31% recovery of EV. The same protocol was used in
a later study, confirming contamination of EV fractions
with both HDL and LDL [36]. Sepharose CL-2B has
a pore size of ~70 nm, and most EV eluted in the void
volume, consistent with a diameter > 70 nm. With
a diameter < 70 nm, most HDL and LDL were retained
by the column, with limiting amounts eluting into the
EV containing fractions. Other SEC columns such as
qEV ™ (Izon) also failed to completely separate EV
from lipoprotein particles (data not shown and
[20,65]). With our three-step approach, by far most
lipoprotein  particles were already removed in
the second step by iohexol density gradient fractiona-
tion. Subsequent fractionation by SEC of EV containing
gradient fractions removed most of the remaining HDL
and LDL, as determined both by Western blotting, label
free quantitative mass spectrometry, and cryo-EM. The
latter indicated that after the three step purification, 90%
of all particles detected represented EV, as determined
by the presence of a delimiting lipid bilayer, with the
remaining 10% representing lipoprotein particles.
Others reported that some EV isolated from plasma
may physically associate to lipoprotein particles
[20,66], but we detected only three examples of such
chimeras in our SEC fractions by cryo-electron micro-
scopy. We noted significant losses of EV when EV from
iohexol gradient fractions were purified further by SEC,
either by Sepharose CL-2B or qEV ™., probably as
a consequence of non-specific binding to the surface of
the column beads. This loss could be prevented by
saturating non-specific binding sites in the column
with excess BSA prior to applying the EV samples,
consistent with results by others [37]. SEC also removed
iohexol and can be used to switch at will to any buffer,
which is important for molecular or functional analysis
of isolated EV. With LC-MS/MS we identified 287 pro-
teins before SEC and 250 proteins after SEC in EV
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containing fractions (Supplementary Table 1). The 37
identified proteins that were quantitatively removed by
SEC (Supplementary Table 1) are nearly all extracellular
proteins that potentially can associate transiently to pro-
tein complexes such as complement or extracellular
matrix, or with membranes, explaining how they may
contaminate EV-containing fractions. Of the 250 pro-
teins that were identified in EV containing SEC frac-
tions, 65% was linked to “extracellular exosomes”
(Supplementary Figure 5A). Although 15 apolipopro-
teins could still be detected after SEC, their relative
abundance was significantly decreased relative to EV
fractions before SEC (Figure. 5b,e; Supplementary
Figure 2). Interestingly, the amount of apoH was not
decreased by SEC. However, apoH is a misnomer, also
known as beta-2-glycoprotein 1, a protein that is asso-
ciated with cardiolipin containing membranes rather
than to lipoprotein particles. Plasma EV have diverse
cellular origins and are thus heterogeneous in protein
composition [67]. Among the 250 proteins that we
detected in highly purified EV, many are associated
with GO terms that are related to complement or
immune regulation. These observations are consistent
with well-established observations that immune cells in
circulation, including monocytes and lymphocytes,
abundantly release EV [68].

Collectively, our data demonstrate the benefit of
using SEC to purify EV after density gradient centrifu-
gation. EV losses by non-specific binding to SEC col-
umns should be considered, but this can easily be
prevented by using BSA containing equilibration and
elution buffers (Figure 6f,g). Considering a total loss of
65% of EV during the entire isolation procedure
(Figure 6e), we estimate that 1 mL of a 10,000 x g plasma
supernatant contained ~11 pg of EV, equalling
1,5 x 10" NTA detectable particles. Importantly, the
B-cell-derived EV that were spiked into the plasma as
a marker were numerically outnumbered > 10 fold by
the plasma EV (data not shown). We conclude that 1 pg
EV consists of ~1.4 x 10'® NTA detectable particles.
A similar number can be calculated when assuming an
average EV diameter of 100 nm and average EV protein
density of 100 mg/mL, and this amount is also close to
the number of EV per pg protein that was determined
by others [69]. It must be borne in mind, however, that
EV < 50 nm cannot be detected by NTA and that large
EV were lost together with platelets during the
10,000 x g centrifugation of plasma prior to EV isola-
tion. Furthermore, it cannot be excluded that some
particles other than EV were still present in the final
isolate. The least biased method to date for particle
sampling and EV identification by electron microscopy
is cryo-EM, and using this method we identified 90% of
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the isolated particles as EV and the remaining 10% as
lipoprotein particles. Human blood contains 6 x 10
VLDL, 6 x 10" LDL, and 2 x 10'® HDL particles
per mL*. Given our estimation of 1.5 x 10" NTA
detectable small EV per mL plasma, EV in plasma are
outnumbered at least 10° fold by lipoprotein particles,
explaining why it is so difficult to isolate EV to absolute
purity. Nevertheless, these numbers also indicate that we
were able to enrich for EV at least 10° fold relative to
lipoprotein particles.

In conclusion, we showed that unbiased isolation of
EV from plasma to very high purity could be accom-
plished by three sequentially performed isolation steps:
PEG-precipitation, iohexol gradient centrifugation, and
SEC in the presence of excess blocking protein. This
method can also be applied to isolate EV from cell
culture media. The required reagents can be purchased
in bulk quantities and are relatively cheap as compared,
for example, to commercial EV isolation kits. Our
three-step protocol takes a maximum of two working
days, separated by an overnight centrifugation step.
Efficient and effective isolation of EV from contami-
nating particles is essential to accelerate the discovery
of EV-based biomarkers, to validate functions of EV in
biological processes, and for the translation of EV to
diagnostic, prognostic and therapeutic applications.
This protocol provides such requirements and to our
best knowledge is unmatched by any other EV isolation
procedure.

Methods

Preparation of human plasma and conditioned
B-cell culture medium

Blood from healthy volunteers was obtained following
institutional ethical approval (www.umcutrecht.nl/
METGC; protocol number 07-125/C). The experiments
abide by the declaration of Helsinki principles for
human research ethics. Blood was collected in trisodium
citrate containing anticoagulant tubes (BD, UK). Cells and
platelets were removed by centrifugation at 2,500 x g for
15 min at room temperature. The supernatant was col-
lected and re-centrifuged at 3,000 x g for 15 min. The
supernatant was collected, diluted with an equal volume of
PBS, and centrifuged at 10,000 x g for 30 min at 4°C to
remove any remaining platelets.

RN cells (HLA-DR15" B cells) were cultured as
described [45]. EV were isolated from 3 day cell cul-
tures. Hereto, cells were washed with PBS by centrifu-
gation, and cultured in IMDM (Gibco, 1956942)
supplemented with 10% EV depleted foetal calf serum
(FCS). EV-depleted FCS was generated from 30% FCS

diluted in IMDM by UC at 100,000 x g for 16 h at 4°C.
After centrifugation, EV depleted FCS was carefully
pipetted from the top of the tube, discarding the bot-
tom 10% of the volume. After 3 day culturing in EV-
depleted FCS containing medium, cell concentrations
were typically ~1 x 10° cells/mL. Cells were removed
from media by centrifugation twice at 200 x g for
10 min. The medium was collected and centrifuged
twice for 10 min at 500 x g and 30 min at
10,000 x g at 4°C. The final supernatant was collected
and stored at —20°C until use.

EV collection by UC

For EV collection from platelet free plasma by UC, 250 pL
was diluted with 4 mL sterile PBS and centrifuged for 1 h
at 100,000 x g in a Beckman SW60 rotor at 4°C. To collect
EV from B-cell culture medium by UC, 10,000 x g super-
natant was centrifuged for 1 h at 100,000 x g in
a Beckman SW40 rotor at 4°C. Supernatants were care-
fully removed and discarded, and the pellets resuspended
in either SDS sample buffer, PBS, or iohexol containing
buffer, for applications indicated below.

EV collection by PEG precipitation

For PEG precipitation, samples of platelet free plasma
or B-cell-conditioned medium were mixed with an
equal volume of PEG buffer and rotated end-over-end
at 4°C for 1 h, unless indicated otherwise. PEG buffer
contained 20% w/v PEG6000 (Sigma, BCBT1548) in
200 mM NaCl, 10 mM EDTA, 200 mM Tris-HCI, pH
7.0. Samples were then centrifuged for 15 min at
4,000 x g in an Eppendorf centrifuge. Supernatants
were carefully removed, and pellets resuspended in
either SDS sample buffer for protein analysis, or in
PBS for NTA or SEC, or in iohexol containing buffer
for density gradient centrifugation (see below).

lohexol density gradient centrifugation

Pellets from UC or PEG precipitation were resus-
pended in 700 pL 60% (w/v) iohexol (Nycodenz from
Axis-Shield, 10179579) in 100 mM NaCl, 5 mM EDTA,
10 mM Tris-HCI, pH 7.0, and placed at the bottom of
a SW60 tube (Beckman). Gradients were made by
sequential layering of 300 uL samples of 50%, 45%,
40%, 35%, 30%, 25%, 20%, 15%, 10%, 5% and 0%
iohexol, each in 100 mM NaCl, 5 mM EDTA, 10 mM
Tris-HCl, pH 7.0. The gradients were centrifuged at
200,000 X gmax at 4°C for either 4, 16 or 65 h, as
indicated. After centrifugation, 11 fractions of 300 pL
were collected by pipetting from the top of the tube,
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with a bottom 12th fraction of around 700 pL.
Densities were determined by refractometry.

Size exclusion chromatography

Sepharose CL-2B (GE healthcare, 17014001) was
packed in 6.2 cm long columns with diameter of
1.5 cm (Econo-Pac chromatography columns from
Bio-Rad), and washed with 5 column volumes of
PBS, 5 mM EDTA. When indicated, the washing
buffer was supplemented with 1 mg/mL BSA. For
this purpose, a 10% BSA stock solution was used
that had been depleted from any particulate material
by UC for 16 h at 200,000 X gy, at 4°C. EV contain-
ing fractions from the iohexol gradient were pooled,
loaded on the column, and eluted with PBS, 5 mM
EDTA. Similarly, PEG precipitates were resuspended
in 1 mL PBS containing 5 mM EDTA and applied to
the column. When indicated, qEV ™ columns (Izon)
were used instead. 26 Fractions of 0.5 mL were col-
lected and stored at —20°C until use.

SDS-PAGE, Western blotting and protein
concentration measurement

For protein analysis of iohexol density gradient frac-
tions or SEC column fractions, proteins were first
concentrated by trichloroacetic acid (TCA) precipita-
tion. Hereto, iohexol gradient fractions were first
diluted 2 fold with PBS containing 5 mM EDTA to
reduce the density and viscosity of the samples. To
increase the efficacy of TCA precipitation at low pro-
tein concentrations [70], sodium deoxycholate was
added as a carrier to reach a final concentration of
2 mg/mL. Thereafter, a solution of ice cold 100% (w/
v) TCA (Merck, 1008070250) was added to a final
concentration of 20%, and mixed immediately. After
30 min at 4°C, precipitates were pelleted by centrifuga-
tion for 10 min at 16,000 x g at 4°C in an Eppendorf
centrifuge. The supernatant was removed, and the pel-
let washed twice by resuspension in 1 mL acetone at
-20°C and centrifugation as above. The final pellets
were air dried, resuspended in non-reducing SDS sam-
ple buffer and heated for 5 min at 95°C.

For total protein analysis, samples were separated
by 10% SDS-polyacrylamide gel -electrophoresis
(PAGE), stained with Sypro ruby (Invitrogen,
1890270) according to the manufacturer instructions,
and detected using a Bio-Rad ChemiDoc imager.
Pre-stained protein marker (Bio-Rad) was used as
a molecular weight standard. For Western blotting,
proteins were separated either by 6% or 10% SDS-
PAGE and transferred by electrophoresis to PVDF
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membranes (Millipore, Billerica, MA). The blots
were blocked for 1 h in PBS containing 0.1%
Tween-20, and either 0.2% cold fish skin gelatin or
5% non-fat milk powder, and incubated overnight
with antigen-specific antibodies in the same buffer.
CD9 was detected using mouse anti-human CD9
(HI9a, 312102, Biolegend, 1:2,000); CD63 with
mouse anti-human CD63 (H5 Cé6, 556019, BD
Biosciences, 1:250); CD81 with mouse anti-human
CD81 (B11, sc-166029, Santa Cruz Biotechnology,
1:500); MHC-II with mouse anti-human MHC-II
(CR3/43, MO077501-2, Dako, 1:10,000); apoB100
with goat anti-human apoB100 (AF3260, R&D sys-
tems, 1:1,000); and apoAl with mouse anti-human
apoAl (bl0, sc-376818, Santa Cruz Biotechnology,
1:1,000). Primary antibodies were labelled for 1
h with HRP-conjugated goat anti-mouse Ig (Jackson
Immuno Research, 1:10,000) or donkey anti-goat Ig
(Dako, 1:5,000). HRP was detected with Super Signal
West Dura Chemiluminescent Substrate (Thermo
Fisher Scientific, TF267375) wusing a Bio-Rad
Chemidoc imager. Relative signal intensities were
determined using Bio-Rad image lab 5.1 software.
All antibodies used revealed specific protein signals
as determined by appropriate molecular weights and
lack of signal with negative control primary
antibodies.

Protein concentrations were determined by BCA
protein assay (Thermo Fisher Scientific, TD265235)
or microBCA protein assay (Thermo Fisher
Scientific, KH133946), according to the manufac-
turer’s instructions. It should be noted that the
BCA assay is sensitive not only for protein but to
a minor extent also for lipids [71]. Lipoprotein par-
ticle detection by BCA thus results from both protein
and lipids that are associated with these particles.
PEG containing samples were diluted prior to analy-
sis to eliminate significant contribution of PEG in
protein quantification [72]. Iohexol did not interfere
with the BCA protein assay [73].

Nano particle tracking analysis (NTA)

The concentration and size distribution of isolated
particles was determined by NTA using a NS500
model (Nanosight Technology, Malvern, UK), con-
figured with a high-sensitivity sCMOS camera. The
camera level was set at 14 and the detection thresh-
old was 3. The fractions were diluted to obtain < 200
particles/frame. Triplicate videos of 30 s
recorded and analysed for each sample by NTA 3.1
software.

were
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Electron microscopy

For TEM, 150-mesh copper grids coated with formvar and
carbon were used. Sample droplets of 20 pL were placed on
parafilm, covered with a grid, incubated for 10 min at room
temperature to allow non-specific particle binding and then
transferred to a drop of 2% paraformaldehyde in 0.1 M
phosphate buffer for 5 min at RT. Subsequently, the grids
were washed 3 x 1 min with milliQ water. For negative
staining, the grids were transferred onto a 10 pL drop
containing 0.4% uranyl acetate and 1.8% methylcellulose,
and incubated for 5 min on ice. Excess fluid was removed
using filter paper and the grids were dried on air. Samples
were imaged using a transmission electron microscope (Fei,
Tecnai-12, Eindhoven, the Netherlands) operating at 80 kV.

For cryo-electron microscopy, 3 pl samples of SEC frac-
tions were applied to 200 mesh lacey carbon copper grids
(Quantifoil, Germany) that had been glow-discharged for
25 s prior to use. After 1 min incubation at 23°C in a 100%
humidified atmosphere, samples were diluted 1:1 with
10 nm fiducial gold particles in PBS, for tracing purposes,
and vitrified using a Vitrobot Mark IV (FEI Company, The
Netherlands). Micrographs were recorded on a FEI Talos
Arctica transmission electron microscope equipped with
a “K2 Summit” direct electron detector (Gatan, USA). The
electron microscope was operated at 200 kV, spot size 8. The
SerialEM software [74] was used for data acquisition. For
statistical evaluation, maps of full grid squares were recorded
at ~15,000 x magnification with a nominal defocus value of
232 pm, resulting in a pixel spacing of 0.9 nm on the
detector. Higher magnification snapshots were recorded at
~79,000 x magnification and a nominal defocus of 3 um
using dose fractionation (5 s total exposure at 1.44 e-/As,
0.2 s per frame). Images were motion corrected using
motioncor 2 [75]. To analyse vesicle morphology and dis-
tribution, grid square maps at 15,000 x magnification were
systematically inspected using IMOD 4.94 [76]. Figures
from 79,000 x magnification snapshots were prepared in
IMOD, as well. Vesicle diameter, morphology, and aggrega-
tion state were determined manually from these maps.
Lipoprotein particles were identified visually based on their
morphology. Only grid squares with little ice crystal con-
tamination were taken into account since some ice crystals
can have a morphology similar to lipoprotein particles.
Nevertheless, for this reason overestimation of the contribu-
tion of lipoprotein particles relative to EV cannot be
excluded.

Mass spectrometry

LC-MS/MS was performed to analyse the proteome of EV
isolates from human plasma. EV were isolated from 1 mL
human plasma by PEG precipitation followed by iohexol

gradient fractionation and SEC. Protein from EV containing
iohexol gradient fractions (fractions 5 and 6) or SEC frac-
tions (fractions 8, 9 and 10) were pooled and concentrated
by TCA precipitation as indicated above. The proteins in
TCA pellets were resuspended and alkylated in 8 M Urea,
containing 1 M ammonjum bicarbonate, 10 mM Tris
(2-carboxyethyl) phosphine hydrochloride (TCEP) and
40 mM 2-chloro-acetamide, diluted 4 times with 1 M
ammonium bicarbonate, and digested with trypsin (500
ng). The resulting peptides were desalted with homemade
C-18 stagetips (3 M, St Paul, MN). Using high pH elution,
three fractions were prepared (5, 10 and 30% acetonitrile, set
to pH = 10 with 10 mM Ammonium Formate), which were
dried in the speedvac and dissolved in buffer A (0,1%
Formic Acid). Peptides were separated on a 30 cm pico-tip
column (75 pum ID, New Objective) in-house packed with
1.9 pm aquapur gold C-18 material (dr. Maisch) using 140
gradient (7% to 80% ACN 0.1% FA), delivered by an easy-
nLC 1000 (Thermo), and electro-sprayed directly into
a Orbitrap Fusion Tribrid Mass Spectrometer (Thermo
Scientific). The latter was set in data dependent Top speed
mode with a cycle time of 1 s, in which the full scan over the
400-1500 mass range was performed at a resolution of
240,000. Most intense ions (intensity threshold of 15000
ions) were isolated by the quadrupole and fragmented with
a HCD collision energy of 30%. The maximum injection
time of the ion trap was set to 50 ms with injection of ions
for all available parallelizable time. Raw files were analysed
with Maxquant software, version 1.6.3.4 [77]. For identifica-
tion, the Human Uniprot database (Jan 2019) was searched
with oxidation and protein N-terminus acetylation set as
variable and carbamidomethylation of cysteine set as fixed
modification, while peptide and protein false discovery rates
were set to 1%. The data are deposited at the
ProteomeXchange Consortium via the PRIDE partner repo-
sitory with the dataset identifier PXD015283.

EV-TRACK

The relevant data of our experiments were submitted to
the EV-TRACK knowledgebase (EV-TRACK ID:
EV200037) [78].
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