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We have classified microvesicles into two subtypes: larger MVs released upon stimulation of prostate
cancer cells, sMVs, and smaller cMVs, released constitutively. cMVs are released as part of cell meta-
bolism and sMVs, released at 10-fold higher levels, produced upon activation, including sublytic C5b-9.
From electron microscopy, nanosight tracking analysis, dynamic light scattering and flow cytometry,
cMVs (194—210 nm in diameter) are smaller than sMVs (333—385 nm). Furthermore, using a Quartz
Crystal Microbalance measuring changes in resonant frequency (Af) that equate to mass deposited on a
sensor, an SMV and a cMV are estimated at 0.267 and 0.241 pg, respectively. sMVs carry more calcium
and protein, express higher levels of lipid rafts, GPI-anchored CD55 and phosphatidylserine including
deposited C5b-9 compared to cMVs. This may allude to biological differences such as increased bound
C4BP on sMVs inhibiting complement more effectively.
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1. Introduction

Microvesicle formation results from cell stimulation (activa-
tion) or apoptosis. Activation may encompass different stimuli,
including chemical, biochemical and mechanical, inducing
apoptotic or pseudoapoptotic events (brief exposure to stress
initiating an easily recoverable apoptotic event) and/or increases
in [Ca%™]; [1].

Apoptotic events are initiated via cell death signals originating
extrinsically such as through FasL or intrinsically by caspase acti-
vation and caspase-3 cleavage causing the degradation of cellular
protein, including actin. Whereas Membrane Attack Complex (MAC
or C5b-9) can induce a caspase-dependent, stimulated apoptosis
[2] sublytic levels can be pro- or anti-apoptotic [3].

Besides roles in intercellular communication, MVs are involved
in homeostatic mechanisms, ranging from inflammation control to
cellular differentiation [4]. Although the physical and biological
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properties of MVs derived from different cells has been studied, the
distinction between constitutively released MVs and those released
upon cell stimulation, has not hitherto been attempted.

2. Materials and methods
2.1. Isolation of constitutively released MVs

MVs were isolated as described previously [5]. Exosomes were
purified by centrifugation (2 x 100,000 g/60 min) after removing
MVs. All EVs were quantified and sized by Nanoparticle Tracking
Analysis (NTA) using the NanoSight LM20. For comparison, MVs
were quantified using the Guava EasyCyte 12HT microcapillary
flow cytometer (Millipore), 10,000 events being acquired at a flow
rate of 0.6 ul/s. With a resolution down to 0.2 um, and using a
stepper motor pump, the 12HT allows exact volume uptake thus
eliminating sheath fluid, enabling absolute particle counts. To avoid
counting large debris and MVs, fluorescent or autofluorescent MVs
were always gated. When the FSC versus SSC plot was observed
with this gate applied, so-called ‘backgating,’ any debris was thus
excluded.
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2.2. Stimulation of cells with sublytic complement (NHS) or BzATP
This was carried out as described before [5].
2.3. Flow cytometric analysis of C5b-9 deposition

C5b-9 on PC3 cells, presensitized with anti-PC3 serum and
incubated with NHS, was detected by fixing the cells in 1% para-
formaldehyde (4 °C/15 min). Cells were then washed in PBS and
incubated with anti-human C5b-9 neoepitope, clone aE11 (DAKO)
(30 min/4 °C) and then goat anti-mouse FITC conjugate and washed.
The Median Fluorescence Index (MFI) of bound C5b-9 on cells or
MVs was determined by flow cyometry. Cells/MVs stained with
secondary antibodies alone served as a control, as did a mouse IgG1.

2.4. Immunodepletion of CD63-positive exosomes

EV-containing culture supernatants were incubated for 18 h/4 °C
with biotinylated anti-CD63 (Biolegend) and immune complexes
removed using Streptavidin T1 Dynabeads (Life Technologies).

2.5. Dynamic light scattering (DLS) analysis

DLS measurements were performed using a Malvern Zetasizer
Nano ZS. Samples of MVs at 1 x 10%/ml were diluted 3-fold in EV-
free (x2, 0.22 um filtered; 100,000 g/16 h) PBS [5]. Six particle size
measurements, were recorded per MV subtype and averages taken.

2.6. Quantification of lipid rafts

Briefly, MVs (1 x 10%/ml) in 200 pl cholera toxin subunit B
AlexaFluor® 594 (Invitrogen) were incubated (10 min/4 °C). After
washing (25,000 g/15 min) MVs were added to 200 pl anti-CT-B
antibody, incubated (15 min/4 °C) and analysed by flow cytom-
etry. Parent cells were similarly stained for GM; ganglioside and
analysed by immunofluorescence microscopy.

2.7. Quartz Crystal Microbalance (QCM) analysis

Samples were analysed on the QCM (Q-Sense E1) as described
before [6]. Using the Sauerbrey equation, m = —C (%) , an estimate

of MV mass was possible.

2.8. SDS-PAGE, Western blotting and mass spectrometry

Microvesicles were solubilized in non-reducing sample buffer
and electrophoresis and immunoblotting carried out as before [7].
Total protein profiles were visualized by silver or Coomassie
staining, the latter for protein identification by mass spectrometry.
For this, tryptic digests of in-gel digested excised bands underwent
MALDI-TOF/TOF (Bruker) and database searching.

2.9. Complement lysis of T. cruzi metacyclic trypomastigote forms
Metacyclic trypomastigotes were incubated in 50% NHS (37 °C/

1 h) with 1.5 x 10° MV/ml and parasite survival quantified using a
Neubauer chamber and trypan blue staining, as described before [8].

2.10. Statistical analysis

All readings were obtained in triplicate and experiments
repeated 2—3 times. Data are represented as mean + standard error
of the mean. Statistical analysis (unpaired t-test or one-/two-way

analysis of variance, ANOVA) was performed using GraphPad Prism
software (version 5.0). Significance levels were: *p < 0.05, **p < 0.01
and ***p < 0.001.

3. Results

3.1. Sizing of constitutively released MVs (cMVs) and those released
upon stimulation (sMVs) using NTA, DLS and sizing beads (flow
cytometry)

In isolating PC3 exosomes (CD63"8N PtSer*!o%; sucrose density
1.14—1.15 g/ml and 50—90 nm in diameter), as expected, by sucrose
gradient, (Fig. 1A and B) we found a second pool of vesicles at
1.04—1.05 g/ml (CD63'°¥.PtSer'®” and ~150—200 nm in diameter).
We then collected all constitutively released species of EVs (likely
to include exosomes and cMVs) from resting PC3 over a 12 h period.
As sizing data obtained using beads cannot be comprehensively
related to cells or their EVs [9] NTA was used to size the vesicles.
This suggested (Fig. S1A) that some type of MV as well as exosomes
had been isolated, (exosomes conventionally <100 nm in diameter
and MVs >100 nm). A small peak at 220 nm (for cMVs) often seen
in NTA profiles for exosomes may correspond to the 210 nm cMV
NTA peak in Fig. 1C, where separately purified exosomes, sMVs and
accumulated cMVs (immunodepleted or not of exosomes) were
analysed. This showed a modal sMV peak of 350 nm (49.5% of
vesicles within 320—380 nm) and a modal cMV peak of 210 nm
(33.3% of vesicles within 180—240 nm); the modal peak for exo-
somes was 100 nm. Whilst immunodepletion of exosomes reduced
the exosome counts by ~70%, whilst leaving cMV yield undepleted
(Fig. S1B), and reduced the Alix and CD63 signals (Western blotting)
(Fig. S1C), removal of the 15,000 g pellet from the 100,000 g fraction
specifically removed the cMV peak (Fig. S1D).

DLS measurements were also used to verify relative MV sizes
(Fig. 1D). Despite a wider range, they confirmed sMVs as larger,
averaging just over 300 nm in diameter, cMVs, being ~200 nm.

Sizing beads (Fig. 1E) showed cMVs/sMVs to differ considerably
in average size and scatter plot. The cMV population had the
highest density of events (80%) in the <0.3 um range. sSMVs were
more uniformly sized with 60% in the >0.3—0.5 um range. The
shape of the respective scatter density plots also differed, each
having a unique signature, sMVs showing a narrower SCC-HLog
scatter, as a measure of granularity (intravesicular structural
complexity and/or membrane topography) than cMVs. sMVs (from
MAC-stimulated cells) showed raised levels of relative granularity
compared to cMVs (released from unstimulated cells).

As expected, sMVs were released in larger numbers (2.5 x 10°/
ml within 30 min) than cMVs, (one order of magnitude greater)
from the same number of cells in half the time, in response to
stressing agents (Fig. S1E) and after 20 min showed some early
apoptosis, albeit only 9% (Fig. STF).

3.2. Transmission electron microscopy of sMVs, cMVs and exosomes

Transmission electron microscopy (TEM) [6] highlighted differ-
ences in EV morphology and size. In Fig. 2A, cMVs are small, roughly
spherical vesicles (averaging 194 + 42 nm across, n = 143). sMVs are
larger (average diameter 385 + 55 nm, n = 201) Summarising the
datain Fig. 2B collating cMV/sMV sizes by TEM, NTA, DLS and sizing
beads, cMVs are 194—210 nm and sMVs 333—385 nm in diameter.

3.3. Mass determination of MVs using the QCM
Using the QCM, we found sMVs to quench the oscillating mo-

mentum of the crystal more rapidly than cMVs, implying faster
deposition on the sensor and larger mass (Fig. 2C). Given a Af of
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Fig. 1. Constitutively released MVs (cMVs) are larger than those released upon stimulation (sMVs). Pool 1 being AnV-positive, CD63-negative and pool 2 AnV-negative, CD63-
positive (A) consisting of vesicles of >100 nm (B) respectively constitute MVs and exosomes. (C) MVs were isolated from PC3 cells, presensitized with anti-PC3 serum and
stimulated with 5% NHS (for sMVs) or from the culture supernatants of unstimulated cells (for cMVs) which were (or not) further immunodepleted for CD63-positive exosomes as
were exosomes by differential centrifugation; sizes were determined by NTA. A representative screen shot image from the light scatter video shows optimal light scatter (inset). (D)
Light scattering by DLS shows sMVs averaging at 333 + 12 nm and cMVs at 199 + 25 nm. (E) cMVs and sMVs showed differing population densities by flow cytometry, according to
forward (FSC-Hlog) and side scatter (SSC-Hlog). sMV scatter plots show a more uniform distribution of vesicles, most being in the >0.3—0.5 pm range, cMVs being <0.3 um. The
FACS gating shown is based upon multimix sizing beads, the oval in the <0.3 um gating representing the 0.3 pm diameter beads and that in the >0.3—0.5 um gating representing

0.5 pm beads. The data shown is from a single, representative experiment.

300 + 10 Hz for the deposition of 1.3 x 10 sMVs and 271 + 7 Hz for
the same number of cMVs, sMV and cMV mass was estimated at
0.267 + 0.008 and 0.241 + 0.006 pg respectively (p < 0.05), the
latter agreeing remarkably well with the 0.25 pg, calculated earlier
from the mass shed from stimulated cells [6]. An equivalent drop of
water (assuming a sphere and 356 nm diameter as for sMVs), would
be 0.19 pg, very close to the MV average, 0.259 pg (Fig. 2D).

3.4. Sublytic C5b-9 deposited on cells is effectively removed on
sMVs

To confirm MV capacity to remove sublytic C5b-9 from cells,
complexes deposited and remaining on PC3 cells were estimated.
The highest MFI for C5b-9 was at time zero, straight after 10 min
deposition (Fig. 3A). Over 45 min the relative amount of C5b-9
(MFI) reduced from 80.6 to 31.3, and the estimated half-life of
C5b-9 decay was 25 min (Fig. 3A, inset). This ty; is less than that

found for C5b-9 removal from K562 cells (ti;2 = 38 min) [10] but
more comparable with the vesiculation shown in Fig. STF (over in
20—30 min); the other factor, not considered here for C5b-9
removal, is endocytosis [10].

sMV:s carrying significant C5b-9 (Fig. 3B), raises the possibility of
intercellular transfer. Higher C5b-9 levels on sMVs than cMVs,
could explain the higher proportion of sMVs in the range
>0.3—0.5 um, having increased granularity, as found in Fig. 1E;
similarly, increased deposition of mannose binding lectin (MBL) on
apoptotic, as opposed to healthy cells was also perceived as an in-
crease in side scatter [2].

3.5. sMVs expose more PtSer, have higher levels of deposited C4BP
and carry more protein but have fewer lipid rafts than cMVs

Both MV populations were confirmed as MVs, as opposed to
exosomes, through labelling with AnV-FITC (Fig. 3C). The bimodal
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Fig. 2. Transmission electron microscopy of sMVs, cMVs and exosomes. All EVs in (A),
were released from PC3 cells. Samples were prepared by negative staining and
examined on a JEOL JEM-1200 EXII electron microscope. (B) Average sizes were esti-
mated from several images, 385 + 55 nm for sSMVs, n = 201, and 194 + 42 nm for cMVs,
n = 143. These were compared with those obtained previously by NTA, DLS and by
sizing beads. (C) The QCM used at a crystal oscillation of 70 MHz to measure the ability
of MVs to quench oscillating momentum showed sMVs to phase out quicker indicating
faster deposition, and larger mass; estimated masses calculated using the Sauerbrey
equation are shown in D.

histogram for PtdSer exposition on sMVs revealed PtSer low and
high populations, the latter likely representing remnant cMVs,
binding AnV less strongly; this asymmetric SMV peak also makes
comparisons of fluorescent intensities difficult although comparing
the ‘PtSer High’ sMV peak with the unimodal cMV ‘PtSer’ peak
would suggest higher exposition on sMVs. This is reminiscent of
scatter plots for unstimulated monocytes releasing MVs (which we
would now term ‘cMVs’) showing lower granularity compared to
‘sMVs’ released from calcium ionophore-treated cells [11]. Those
‘sMVs’ also showed a bimodal distribution for the AnV histogram
and a unimodal one for ‘cMVs’ [10].

The soluble complement inhibitor, C4BP (C4b-binding protein),
complexed to protein S in serum, bound MVs (Fig. 3D). This was
mediated through binding surface PtdSer as preincubation with
AnV blocked the interaction. The binding of complexed C4BP via
exposed PtdSer (and protein S), on apoptotic cells, has been
described before [12]. That the binding was greater on sMVs (Fig.
3D), presumably reflects their greater PtSer exposition.

As expected, given that sublytic C5b-9-stimulated cells are
associated with increased DNA synthesis, cell proliferation and de
novo protein synthesis [13] we found sMVs to contain more pro-
tein/MV, 0.035 pg protein/sMV and 0.022 pg protein/cMV
(Fig. S2A). However, sMVs with a 5-fold greater volume (based on
average diameters determined above) would, per unit volume
contain about 1/3rd the amount of protein in cMVs. SDS-PAGE

(Fig. S2B) showed a wider profile of protein bands, in the
30—250 kDa range in sMVs. Uniquely it also showed high MW
proteins, likely components of deposited C5b-9, (bracketed and
highlighted with an asterisk) and was more akin to the protein
profile of unstimulated cells whose profile in turn appeared to have
several proteins that are diminished in cells after sMV release (lane
with C5b-9-stimulated cells) as denoted by white triangles
(Fig. S2B).

Although there are few proteins (marked {) present in the
resting (unstimulated) parent cells greatly diminished/absent in
sMVs/cMVs, overall we cannot intimate any particular protein
sorting from these profiles, which constitute a preliminary analysis.
So far, mass spectrometry (Fig. S2C) and Western blotting (Fig. S2D)
has confirmed abundant proteins (annexin VI, pyruvate kinase, a-
tubulin, f-actin) in sSMVs.

Decay Accelerating Factor (DAF) is GPI-anchored, enriched on
lipid rafts (sphingolipid- and cholesterol-rich areas) [14] and likely
to be enriched on MVs. DAF on MVs, was more highly expressed
than on parent cells (iMFI 369 for sMVs and 210 for cMVs compared
to 154 for parent cells) (Fig. S2E and F) as a reflection of the
comparatively high expression of lipid rafts on sMVs. In Fig. S2F we
show integrated mean MFI (iMFI) as the product of the relative
frequency of cells or MVs (percent positive) and MFI for GM;
ganglioside expression (as a measure of lipid rafts). Thus, as well as
acquiring greater levels of C4BP, sMVs express more DAF with
possible implications in complement inhibition.

3.6. sMVs inhibit complement-mediated lysis more effectively than
cMVs

Having previously shown host cell MVs to interact with and
inhibit complement-mediated lysis of Trypanosoma cruzi [8] we
found sMVs to more effectively protect T. cruzi parasites from
complement-mediated lysis (Fig. S3).

4. Discussion

Microvesicles may be categorised, according to their mode of
generation, and certain physical and biochemical properties, into two
groups. Working with prostate cancer cells we have distinguished
MVs, into constitutively released, cMVs, and stimulated, sMVs
(Fig.4).Inarecent study on human myeloma cells, size distribution of
MVs released upon stimulation, this time by serum deprivation (SD),
was also increased in a similar size range, [15]. In early SD, where
tumour cells, unlike their normal counterparts, have anti-apoptotic
responses initiated, there was a 1.5-fold increase in % of ‘stimu-
lated’ MVsin the 0.2—0.5 pmrange in two myeloma cellslines [15]; in
this study we found a 3.8-fold increase in % PC3 sMVs versus cMVs in
the >0.3—0.5 um range. This is in contrast to previous work on THP-1
cells where the stimulus, including LPS, had no effect on size distri-
bution of MVs compared to those released without stimulus. In this
case there were proportionally low numbers, ~30% of the total of MV's
in the <190 nm, 190—530 nm and 530—780 nm ranges combined
compared to the 780—990 nm (~60%) probably because of the rela-
tively low centrifugation speed used during isolation (16,000 g/
45 min). Our estimated sizes using sizing beads and TEM, were
confirmed by DLS, with sMVs and cMVs in the range 333—385 nm
and 194—210 nm, respectively. Despite the inherent deficiencies in
all size determination methods [16], the trend of larger sMVs (from
C5b-9-stimulated cells) than cMVs, was consistent.

Whereas ‘extrinsic’ apoptosis is triggered by death
ligand—receptor interaction and the perforin pathway by cytotoxic
T cells (and perforin), cells also undergo constitutive, spontaneous
apoptosis. This occurs via the intrinsic pathway and may be part of
normal, low level, continuous cell turnover and homeostasis,
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(MFI) whilst considering control fluorescence from cells labelled without primary antibody. The data were represented as percentage expression of deposited C5b-9, inset, to give an
estimate of the half-life of C5b-9 decay. (B) Cells stressed with sublytic complement release MVs harbouring higher levels of bound C5b-9 than cMVs. (C) % AnV-FITC binding as a
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triggered by negative signals such as deprivation of cytokines,
growth factors or hormones (so-called starvation-induced
apoptosis) that de-represses death programmes. This occurs in
normal cell culture leading to the release of cMVs (Fig. 4A). The
intrinsic pathway may also be triggered by positive signals, hyp-
oxia, free radicals, virus infection, toxins, heat and radiation [17]
leading to sMV release. Another positive signal, sublytic C5b-9
deposition, results in Ca** influx, mitochondrial overload and loss
of mitochondrial transmembrane potential (AW,) leading to cy-
tochrome c-mediated activation of caspase and apoptosis [18].

sMVs are released in response to stress factors, probably as a
mechanism to circumvent apoptosis [19]. Most mammalian cells
exist in a state of pseudoapoptosis, an apoptotic-like state from
which they can readily revert [1]. If left to accrue, stress factors
ultimately result in apoptosis or even necrosis [18]. The uncon-
trolled rise in [Ca®*]; from membrane pores such as MAC (Fig. 4B)
but also from intracellular stores such as ER [20] could lead to
metabolic damage, but also act as second messengers for many
intracellular signalling pathways [10].

MV release, if a cellular response to injury may contribute to the
‘shedding’ of excess intracellular calcium, helping restore basal
levels between 7 and 15 min after cell stimulation, akin to the
export of damaging agents such as deposited C5b-9 and caspase-3,
allowing the cell to recover.

The higher PtSer exposition on MVs (and from other studies also
in apoptotic blebs) is likely due to the different mechanisms of
biogenesis, exosomes having an endocytic origin and MVs, certainly
sMVs, being associated with early apoptosis. In addition we found
sMVs to have higher intravesicular calcium, express more PtSer, to
be larger and carry more protein (Fig. 4A and B). sMVs carry more
lipid rafts and GPI-anchored CD55 (DAF) likely sequestered to lipid
rafts, was as expected more highly expressed in sMVs. That annexin
VI, the phospholipid-binding protein involved in exocytosis and
endocytosis, detected in MVs, is an equally strong band in cMVs and
sMVs, unlike the other proteins, suggests a particular lack of
incorporation in sMVs. This may relate to the rapid (within 5s)
cytosolic calcium-mediated translocation of annexin VI to the
plasma membrane, observed in THP-1 and other cells, in this case
calcium ionophore-mediated [21]; plasma membrane-located
Annexin VI for some reason may then not so readily be incorpo-
rated into sMVs.

The QCM was able to provide an accurate measure of sMV and
cMV mass (0.267 and 0.241 pg, respectively) which agreed with
previous calculations based on loss in mass of stimulated cells [6].

Previously we showed host MVs, to interact with and protect
Trypanosoma cruzi from complement-mediated lysis, and from
in vivo experiments to enable the parasite to infect host cells [8]. We
now show cMVs to offer less protection against complement lysis
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cMV characteristics, 3. SMVs are released as a result of cell stress or injury (B): 4, Higher concentrations of extracellular calcium enter the cell via sublytic MAC or an activated
calcium channel/membrane breach. The organelles are unable to sequester the influxed calcium. 5, free calcium causes actin cleavage and membrane depolarisation in an un-
controlled manner leading to rapidly produced bleb, 6. sMVs bleb and pinch off. This may be abrogated by blocking protein kinase C [5]. Per MV, larger sMVs have higher overall
protein levels, more DAF (GPI-anchored protein), lipid rafts, PtSer and associated C4BP, than cMVs.

than sMVs, perhaps the smaller cMVs having a lesser avidity for
complement deposition; this may be important if MVs are simply
depleting complement. Increased C4BP on sMVs may also play a
role. Besides being a co-factor for factor I-mediated cleavage of C3b/
C4b [22], C4BP binds and inactivates C3 convertase [23]. Although
DAF is more expressed in sMVs, these types of comparisons are
difficult with different sized MVs and need further confirmation.

There has been much speculation in the EV field about hetero-
geneity of MV and exosome sizes, including in MVs from activated
platelets, of differences in protein content, according to size class
and associated differences in function [24]. The immunodepletion
of exosomes suggests that differential centrifugation may not be
ideal to separate them from cMVs, but shows the populations are
distinct. Also cMV size (and lack of laddered DNA) means they are
devoid of apoptotic blebs which would certainly be released from a
few cells dying in culture. sMVs are primarily released through
apoptotic triggers, including sublytic MAC, BzATP and calcium
ionophore and may possibly transmit such apoptotic signals.
Furthermore, the increased PtSer on sMVs, carrying stress agents,
may facilitate their more rapid phagocytosis. This may be signifi-
cant in autoimmune disease as we previously showed MVs to
inhibit apoptotic cell phagocytosis [25] possibly explaining
decreased phagocytic activity in atherosclerotic plaques [26].
Conversely, the smaller, low PtSer-positive cMVs, may be less
phagocytosed and pass unhindered through the tissues to perform
their communicative role.
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