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Functionally and morphologically distinct
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ABSTRACT

EVs in the microvesicle size range released during
spontaneous death of human neutrophils were charac-
terized and their properties compared with previously
described EVs with antibacterial effect (aEVs, generated
on specific activation) or produced spontaneously
(sEVs). The 3 vesicle populations overlapped in size and
in part of the constituent proteins were stained with
annexin V and were impermeable to Pl. However, none
of them produced superoxide. In contrast, remarkable
differences were observed in the morphology, abun-
dance of proteins, and antibacterial function. EVs formed
spontaneously in 30 min (sEVs) were more similar to EVs
released during spontaneous death in 1-3 d than to EVs
formed in 30 min on stimulation of opsonin receptors
(aEVs). Spontaneously generated EVs had no antibac-
terial effect despite their large number and protein
content. We hypothesized 2 parallel mechanisms: one
that proceeds spontaneously and produces EVs without
antibacterial effect and another process that is triggered
by opsonin receptors and results in differential sorting of
proteins into EVs with antibacterial capacity. Our results
call attention to the functional and morphologic hetero-
geneity within the microvesicle/ectosome fraction of
EVs. J. Leukoc. Biol. 98: 583-589; 2015.

Introduction

Cells produce different types of extracellular vesicles (EVs)

[1, 2], even prokaryotes are secreting EVs [3]. Exosomes are
released by fusion of the membrane of the multivesicular bodies,
a specialized endosomic compartment, with the plasma

Abbreviations: aEV = opsonized particle induced extracellular vesicle, CD11b =
cluster definition 11b, integrin « M, DLS = dynamic light scattering, EM = electron
microscopy, emPAl = exponentially modified protein abundance index, EV =
extracelular vesicle, LTF = lactoferrin, Pl = propidium iodide, PMN = poly-
morphonuclear cell, PS = phosphatidylserine, ROS = reactive oxygen species,
sSEV = spontaneous formed extracellular vesicle, SOD = superoxide dismutase
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supplermental information.
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membrane. They are of the smallest size, around or <100 nm
[4-7]. Microvesicles, microparticles, and ectosomes are gener-
ated by shedding from the plasma membrane [8-10]. These
vesicles are generally larger than the exosomes, although their
size represents a continuous spectrum [11]. Apoptotic vesicles,
released by apoptotic cells, are regarded as the largest population
of EVs, but neither their size nor their composition has been well
characterized [9, 12-14].

Neutrophilic granulocytes are short-lived cells that undergo
spontaneous death within a couple of days both in vivo and in
vitro under cell culture conditions [15-20]. In previous studies
PMN-derived EV formation has been shown by several groups
[21-26]. In those studies, the increase of IL-6 secretion from and
tissue factor production by endothelial cells [21, 22] and increase
of TGF- and resolvin production in macrophages [23, 24, 26]
have been revealed. We, and others, have demonstrated that
both the composition and the function of EVs generated from
isolated PMN in short-term incubation depend on the type of
stimulus applied [25, 26]. Specifically, opsonized particles
induced the generation of EVs that were able to impair the
growth of bacteria but EVs released on soluble stimuli did not
have any antibacterial effect [25]. We also observed spontaneous
formation of EVs, from both isolated and circulating PMNs that
lacked the antibacterial effect [25].

The aim of the present work was to investigate the EVs
generated during spontaneous death of PMN and to define their
relation to the EV types described previously.

MATERIALS AND METHODS
Preparation of EVs from PMNs

PMNs were prepared from venous blood of healthy volunteers as described

previously [27] according to procedures approved by the institutional review
board of the Semmelweis University. The preparation contained >95%
neutrophils and <0.5% eosinophils.
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E 3
Spontaneously generated and antibacterial EVs released from PMNs were
isolated, as described previously [25]. Zymozan A particles (Sigma-Aldrich, St.

Louis, MO, USA) opsonized in human serum [25] were used for activation
of PMNs.

Spontaneous cell death was initiated in DMEM at 37°C by the presence of
5% carbon dioxide [18, 19]. EVs were collected and isolated after 1, 2, and
3 d of incubation. The remaining cells were labeled with PI and FITC-Annexin
V and analyzed using flow cytometry.

RNA and DNA detection

RNA was extracted with the TriPure isolation reagent (Roche Applied
Science, Penzberg, Germany) according to the manufacturer’s instructions.
The presence and amount of RNA were measured with NanoDrop (Thermo
Fisher Scientific, Wilmington, DE, USA).

EV detection using flow cytometry

The method described recently in detail by Lorincz et al. [28] was followed.
To avoid swarm detection, the samples were measured at 2 different dilutions.

EM and DLS

The procedures described previously [28] were followed.

Measurement of bacterial survival and O,"~ production
The methods detailed in [27] were applied.

Mass spectrometry analysis

EV samples (45 pg) were lysed using 2% SDS at 65°C for 30 min, reduced,
alkylated, and digested using trypsin (Promega, Madison, WI, USA) as
described previously [29], with modifications for the filter-assisted sample
preparation protocol [30]. Before trypsinization, the samples were pipetted
into a Microcon-10 Ultracel YM-10 10,000 NMWL centrifugal filter (EMD
Millipore, Billerica, MA, USA) and rinsed (3 times) using 250 wl of 8 M urea/
0.1 M Tris-HCI (pH 8.5) to remove SDS. Before digestion, the sample was
diluted to 0.8 M urea/0.1 M Tris-HCI (pH 8.5). Peptides isolated through the
YM-10 filter were desalted and concentrated using C18 PROTO Ultra-
MicroSpin columns (Nest Group, Southborough, MA, USA). Desalted samples
were separated offline into 7 strong cation exchange (SCX) fractions using
SCX MicroTrap (Michrom-Bruker, Auburn, CA, USA) before analysis using

A

1D-RP (C18) nanoflow ultra high performance liquid chromatography and
nanoelectrospray-mass spectrometry (MS), as described previously [31], using
the LTQ-Orbitrap Elite MS platform (Thermo Fisher Scientific).

Data were acquired using Orbitrap Elite (Thermo Scientific) in the electron
transfer dissociation decision tree method. All MS1 data were acquired using
Fourier transform ion cyclotron resonance MS, and MS2 data using ion trap
mobility spectrometry. All MS data were searched using Proteome Discoverer
1.4 (Thermo Scientific) with Sequest (The Scripps Research Institute, San
Diego, CA, USA) and Mascot, version 2.4 (Matrix Science, Boston, MA, USA), in
a decoy database search strategy against UniProt Knowledgbase Homo sapiens
reference proteome canonical and isoform sequences current as of July 22, 2014.
The searches were performed with a fragment ion mass tolerance of 1.2 Da and
a parent ion tolerance of 50 ppm. The iodoacetamide derivative of cysteine was
specified as a fixed modification. Oxidation of methionine was specified as
a variable modification.

The search data results file were imported into Scaffold, version 4.3.4
(Proteome Software Inc., Portland, OR, USA) to control for <1.0% false
discovery rates with PeptideProphet and ProteinProphet (Institute for Systems
Biology, Seattle, WA, USA). The peptide and protein identifications were
accepted if they could be established at >95.0% probability by the
PeptideProphet [32] or ProteinProphet algorithm [33], respectively. A
comparison of protein abundance among the EV groups was determined in
Scaffold as the emPAI, as described by Ishihama et al. [34].

Immunoblotting
The method described in [25] was followed.

Statistical Analysis

Statistical analysis was performed with Statistica, version 8.0, software (Statsoft
Inc., Tulsa, OK, USA) with 2-sample ¢ test. All samples were compared with
sEV. The results were considered significant at a 2-sided P value = 0.05.

RESULTS AND DISCUSSION

EV production during spontaneous death of PMNs

First, we compared the properties of PMNs isolated freshly or
kept in cell culture medium for a few days. PMNs were regarded
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healthy if they could not be stained with either Annexin V-FITC
(BD Biosciences, Franklin Lakes, NJ, USA) or PI (Invitrogen,
Eugene, OR, USA). As summarized in Fig. 1A, freshly isolated
PMNs were 95% healthy and only 5% showed annexin V binding.
On the first day, most of the cells (55%) bound to annexin V,
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Figure 2. Morphology of different vesicle popula-
tions. (A) Size distribution spectra of EVs mea-
sured by DLS. sEVs represented by black line; third
day EVs represented by broken line. (B-F)
Representative electron microscopic images of
aEVs (B), sEVs (C), first day EVs (D), second day
EVs (E), and third day EVs (F). Original magnifi-
cation X30,000. Representative views of 1 of 3
similar experiments.

indicating enrichment of PS on their surface. Approximately

30% of the cells proved to be healthy and only 10% were PI
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positive (i.e., sufficiently leaky to enable PI to enter the nucleus).
On the second and later days, PMNs positive for both annexin
V and PI predominated.

Figure 3. Protein distribution profile of different
vesicle populations. (A) Protein distribution iden-
tified by MS in aEVs, sEVs, and first day EVs. (B)
Spot diagram on proteins identified by MS ranked
according their abundance in sEVs (x axis) and in
first day EV (y axis). (C) Spot diagram on proteins
identified by MS ranked according their abundance
in sEVs (x axis) and aEVs (yaxis). (D) Heat diagram
of each R? value determined by protein rank
correlation (shown in B and C).
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Next, we investigated the number and overall composition of
EVs produced in short (30 min) or longer term incubations in
cell culture medium. The number of EVs carrying the CD11b
marker (detected by anti-CD11b-RPE, 1 pg/ml, Dako, Glostrup,
Denmark) increased dramatically as the count of healthy PMNs
decreased (Fig. 1B). On the third day, EVs outnumbered the
initial PMN count 10-fold. The protein content of spontaneously
formed vesicles was about 10 times higher after 1 d (first day EVs)
than after 30 min of incubation (sEVs) but did not further
increase on the subsequent days (Fig. 1C). Accordingly, the
protein content per vesicle showed a significant decrease from
sEVs to EVs released during 3 d of culture (Fig. 1D). aEVs were
significantly more numerous and contained more protein than
sEVs did, although both vesicles were generated in 30 min (Fig. 1C).
The proportion of EVs that were able to bind annexin V was similar
in all the investigated vesicle populations (data not shown).

Morphologic properties of different PMN-derived

EV populations

The size of different PMN-derived EV populations was first
investigated by DLS (Fig. 2A). The 2 populations of EVs formed
in short incubation (sEVs and aEVs) did not differ in size, and
they showed 2 maximums around 100 and 500 nm. The size
scattering distribution curve for EVs issued from spontaneously
dying cells was shifted to the right, and the peaks were around
200 and 800 nm.

Next, we investigated the EVs using electron microscopy
(Fig. 2B-F). All the fractions contained heterogeneously size
vesicles surrounded by intact membrane. However, differences
were found in the density of the vesicle content. The frequency
of densely packed vesicles was the highest in the aEV fraction
(Fig. 2B). This is in accordance with their high protein content per
vesicle. EVs generated by spontaneously dying PMNs exhibited
increasing number of empty looking large vesicles (Fig. 2D-F),
consistent with the decreasing protein content per vesicle
(Fig. 1D).

Composition of different PMN-derived EV populations

Our detailed proteomic analysis identified 798 unique proteins
with 2 peptides and 95% confidence (Supplemental Table 1).
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First, we investigated protein overlap among the 3 most
characteristic populations: aEVs, sEVs, and first day of
spontaneous death (Fig. 3A). A total of 274 proteins were
present in all 3 populations. In addition, 324 proteins were
shared between sEVs and first day EVs, the 2 types of
spontaneously formed EVs. Thus, a total of 598 proteins were
shared by sEVs and first day EVs. In contrast, aEVs shared only
10 additional proteins with sEVs (for a total of 284 common
proteins) and 7 with the first day EV population (for a total
of 281 common proteins). The first day EV fraction contained
112 unique proteins, but only 7 proteins were specifically
distributed to aEVs.

Next, we listed the proteins in all 5 populations in decreas-
ing order of abundance. Figure 3B and C present a graphic
representation of that distribution. The comparison of the
abundance rank between the sEVs and first day EVs
(2 populations of spontaneously formed EVs) gave a symmetrical
distribution, suggesting that the 2-vesicle populations contained
the same proteins in similar relative quantities. In contrast,
comparing the abundance rank of aEVs with that of sEVs
(2 populations of short-term generated EVs) resulted in an
asymmetrical distribution, indicating significant differences in
the relative amount of constituting proteins.

Similar graphs were created for each possible pair of vesicle
populations, and the obtained square of the coefficients of
multiple correlation (R?) are summarized in Fig. 3D. The
mathematical analysis clearly showed that the protein pattern is
more similar among all the EV populations formed spontane-
ously than among any spontaneously formed vesicle population
and the activation-induced aEV population.

Next, we compared the amount of specific proteins with
distinct localization to neutrophils and the role in PMN functions
among the 5 EV populations (Fig. 4 and Table 1). We have
previously reported that granule proteins were enriched in aEVs
compared with sEVs [25]. The present study confirmed the
difference in EV expression of granule proteins between aEVs
and sEVs (Fig. 4A and B). Surprisingly, the amount of granule
proteins was also increased in EVs released from spontaneously
dying cells (Fig. 4A). In Western blots, an increase in the amount
of lactoferrin could be detected, but the amount of actin did not
change significantly, resulting in a clear and gradual increase in
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Figure 4. Analysis of specific proteins in different vesicle populations. (A) Amount (emPAl values) of all identified granule proteins related to actin. The
results were based on statistical evaluation of relative protein expression of proteomic analysis of 1 set of EVs. (B) Representative Western blot of
lactoferrin and actin. (C) Densitometric analysis of lactoferrin related to actin (£sEm; n = 4; *P < 0.05 compared with sEV; ns, nonsignificant).
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TABLE 1. emPAI values of NADPH oxidase subunits in different EV samples

Variable gp9lphox  p22phox  p67phox  p47phox  Racl/2 p40phox
aEVs 0.77 0.78 0.12 — 4.96 —
sEVs 0.68 0.68 0.14 0.40 5.22 0.22
First day EVs 0.35 0.41 0.23 0.77 3.37 0.13
Second day EVs 0.57 1.89 0.32 0.93 5.06 0.09
Third day EVs 0.44 0.57 0.17 0.83 3.00 0.12

The results were based on statistical evaluation of relative protein expression of proteomic analysis of

1 set of EVs.

the lactoferrin/actin ratio from sEVs toward EVs released from
spontaneously dying PMNs (Fig. 4B).

As another group of proteins with specific function, we
investigated the presence of the subunits of the NADPH oxidase
(Table 1). As previously observed, aEVs did not contain 2
essential cytosolic components (p47°"°* and p40P">) [25]. In
contrast, all the spontaneously formed EV populations contained
all 6 subunits.

Finally, we assessed the nucleic acid content of the
different vesicle types. As summarized in Table 2, all
vesicle types contained RNA, although a 3-fold difference
was found in the amount. In contrast, only vesicles from
spontaneously dying cells contained a detectable amount
of DNA.

Functional properties of different PMN-derived

EV populations

Finally, we investigated 2 major PMN functions: superoxide
production and impairment of bacterial growth (Fig. 5). In
both cases, we tested intact neutrophils as a positive control.
The strongest stimulation of superoxide production can be
reached using the pharmacological agent phorbol myristate
acetate. As demonstrated in Fig. bA, even this agent was not
able to induce any detectable superoxide generation in
any of the EV populations. No superoxide was detectable
with more sensitive, luminescent techniques, either (data
not shown).

In the bacterial survival test, 18% of the initial bacteria survived
in the presence of intact PMNs and ~60% in the presence of
aEVs generated from the same number of PMNs (Fig. 5B). In
contrast, sEVs did not impair bacterial survival, and bacteria even
grew in the presence of EVs released from PMNs cultured for 3 d.

Both the number and protein content of the applied “third day
EV” fraction was significantly greater than that of the aEV
fraction (Fig. 1C).

Next, we analyzed the relation of the antibacterial effect to the
antimicrobial granule protein content of the different EV types.
In Fig. 5C, bacterial survival is shown in the function of the total
granule protein content obtained by proteomic analysis. In
Fig. 5D, bacterial survival correlated with the lactoferrin content
determined by immunoblotting. In both analyses, aEVs represent
a clearly distinct population from all spontaneously formed
EV types.

Taken together, our data, obtained on microvesicle size EVs
released from PMN under different conditions, indicate that
some properties, such as annexin V binding, RNA content,
heterogeneous size distribution, absence of PI staining, and
superoxide production, are similar in the investigated EV
populations (Table 2). They also shared ~50% of the identified
proteins. In addition to the similarities, important differences
were found, in the morphologic properties, protein composition,
and, most significantly, in the antibacterial capacity. Comparing
the properties and composition of the 5 investigated EV
populations indicates that the 4 spontaneously formed EV types
are more similar to each other than any of them to the aEVs, the
vesicles induced by receptor activation.

On the basis of these findings, we propose that microvesicle
size EVs are formed from PMNs by (at least) 2 distinct
mechanisms. One is a spontaneously propagating process that
produces an increasing number of EVs with decreasing protein
content per vesicle as the cells proceed to spontaneous death.
The trigger or the mechanism of spontaneous vesicle forma-
tion is not known at present. It could be a neutrophil-specific
property related to the short lifespan of these cells or to the

TABLE 2. Comparison of properties of different PMN-derived EV types

Mother PMN RNA DNA
cell PS PI specific ROS Antibacterial ng/pl ng/pl
Variable staining  expression staining markers EM Size production effect (n=5;sEM) (n = 3; SEM)
aEVs AnnV™ PI™ + - + Dens, Peaks: 100, - + 25.7 = 4.21 ND
intact 500 nm
sEVs AnnV™ PI™ + - + Dens, Peaks: 100, - - 22.83 + 10.46 ND
intact 500 nm
Third day AnnV" PI + - + Empty, Peaks: 200, - - 66.26 = 14.79 1.35 = 0.87
EVs intact 800 nm

AnnV, annexin; Dens, high electron density; ND, not detected.
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heterogeneity of the age of the circulating cells or to priming
effects. The spontaneously formed vesicles have no antibacte-
rial function. The other mechanism is initiated by opsonin
receptors and produces EVs with high protein content and
definitive antibacterial capacity. As shown previously [25], the
antibacterial capacity of aEVs is exhausted at a significantly
lower bacterial load than that of PMNs; however, under certain
conditions, aEVs can be similarly effective or even better than
PMNs themselves. In our proteomic analysis, we revealed only
a few proteins with a low abundance that were specific to aEVs.
In contrast, 290 proteins were shared with spontaneously
formed vesicles (Fig. 3A). However, significant differences
were found in the abundance of these shared proteins (Fig.
3B-D), suggesting a selective sorting mechanism [5, 35]. The
importance of differential protein sorting in EV formation is
supported by the surprising pattern of NADPH oxidase
subunits. Despite the presence of membrane bound subunits
and other cytosolic members, 2 essential cytosolic activators
were completely missing from aEVs (Table 1). Furthermore,
no ROS production in the spontaneously formed vesicles,
perhaps because of inhomogeneous vesicle composition or the
lack of signaling elements (Fig. 5A). This highlights how
carefully ROS production is controlled, even during cell death
[36]. Only aEVs were able to impair bacterial growth—despite
the high granule protein content in EVs from spontaneously
dying PMNs—clearly indicating that the quantity of granule
proteins by itself does not determine the biologic activity of
EVs (Fig. 5C and D). The large quantity of granule proteins in
EVs produced during spontaneous death might be a mecha-
nism for sequestered removal of the dangerous granule
enzymes packed in vesicles with “eat me” signals as PS [15, 37].
Beyond the observations specifically relevant for neutrophilic
granulocytes, our results have demonstrated that many easily and
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widely determined properties were similar between EVs formed
in short-term incubations or during spontaneous cell death. The
size distribution of vesicles released from cultured PMNs shifted
toward higher values, supporting the notion that apoptotic
vesicles are larger, but the size range was widely overlapping (Fig.
2A). The staining properties and nucleic acid content were
similar, and a large number of proteins were shared (Fig. 3A and
Table 2). Our data indicate that, similar to the exosome fraction
[38], EVs sedimented in the microvesicle/ectosome fraction are
also heterogeneous, and the boundary between specifically
triggered EVs and apoptotic bodies is not sharp. On the basis of
our results, The protein amount per vesicle, electron microscopic
images, DNA content, and mainly specific biologic functions
might be useful in distinguishing various EV types.
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