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Key Points

¢ Neutrophilic granulocytes
stimulated with opsonized par-
ticles produce microvesicles
(MVs) that are able to impair
bacterial growth.

* Antibacterial effect correlates
with number and size of ag-
gregates between bacteria

Cell-derived vesicles represent a recently discovered mechanism for intercellular
communication. We investigated their potential role in interaction of microbes with host
organisms. We provide evidence that different stimuli induced isolated neutrophilic
granulocytes to release microvesicles with different biologic properties. Only opsonized
particles initiated the formation of microvesicles that were able to impair bacterial
growth. The antibacterial effect of neutrophil-derived microvesicles was independent of
production of toxic oxygen metabolites and opsonization or engulfment of the microbes,
but depended on B, integrin function, continuous actin remodeling, and on the glucose
supply. Neutrophil-derived microvesicles were detected in the serum of healthy donors,
and their number was significantly increased in the serum of bacteremic patients. We
propose a new extracellular mechanism to restrict bacterial growth and dissemination.

and MVs and depends on cyto-
skeletal reorganization of MVs.

Introduction

(Blood. 2013;121(3):510-518)

Cell-derived vesicles (such as exosomes, ectosomes, microvesicles,
shedding microvesicles, and microparticles) represent a recently
discovered mechanism for cell-cell communication.'-* Exosomes
are small (50-100 nm) vesicles released from multivesicular
bodies.* They are involved in antigen presentation>” and cell-to-
cell transfer of receptors® or RNA,%!0 thereby influencing or
reprogramming neighboring cells and often promoting tumorigen-
esis.®!! Exosomes also play a role in host defense against microor-
ganisms: tracheobronchial epithelial cells produce exosome-like
vesicles with antiviral activity,'”> and macrophage-derived exo-
somes are able to transfer pathogen-associated molecular patterns
of opportunistic intracellular pathogens to uninfected cells.!?
Larger vesicles, called microvesicles (MVs) or microparticles
express tissue factor on their surface that is capable of initiating
coagulation.'* Both exosomes and MVs of different cellular origin
were detected in various body fluids and selective enrichment was
related to specific diseases.!>1?

Neutrophilic granulocytes (PMNs) play a critical role in innate
immune mechanisms by engulfing, killing, and degrading various
microorganisms. PMNs produce larger vesicles (named by the
authors alternatively as ectosomes, microparticles, or MVs) after
incubation with various stimuli.!*?> Microparticles obtained from

PMNss stimulated by chemotactic agents or phorbol esters activated
cytokine (IL-6) secretion from endothelial cells® and platelets,?*
thereby contributing to the procoagulant effect of leukocyte-
derived microparticles.” Chemotactic peptide-induced PMN-
ectosomes increase the secretion of the anti-inflammatory cytokine
transforming growth factor 3% and interfere with the maturation of
monocyte-derived dendritic cells.?’?8 Auto-antibody—induced mi-
croparticles were suggested to be involved in the pathogenesis of
vasculitis.!® However, potential contribution of PMN-derived MV's
to antimicrobial defense has not been investigated.

This study shows that stimulation of peripheral blood PMNs by
different agents resulted in the release of MVs of different
composition and different functional properties. Importantly, spe-
cific MVs were able to reduce the growth of nonopsonized bacteria
more efficiently than intact PMNs. The antibacterial effect of
PMN-derived MVs was associated with their ability to aggregate
bacteria on their surface. PMN-derived MVs were detectable in
significantly higher numbers in the serum of bacteremic patients
than in healthy donors. MVs from bacteremic patients were able to
aggregate bacteria ex vivo. We propose a new extracellular
mechanism by which neutrophils contribute to the battle against
invading microbes.

Submitted May 24, 2012; accepted October 18, 2012. Prepublished online as
Blood First Edition paper, November 8, 2012; DOI 10.1182/blood-2012-05-431114.

*C.1.T. and A.M.L. contributed equally to this work.
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Methods

Materials

Saponin was from Merck; cytochrome ¢, lucigenin, phorbolmyristate
acetate (PMA), paraformaldehyde, formyl-methionyl-leucyl-phenylalanin
(fMLF), cytochalasin B (CB), jasplakinolide, latrunculin A, wortmannin,
and PKH2GL-1KT cell membrane stain from Sigma-Aldrich, CXCL12
from PeproTech, sterile endotoxin-free HBSS from ThermoScientific,
Ficoll from Phadia, the blocking anti-CD18 antibody (clone TS1/18) from
BioLegend. All other reagents were of research grade. H-medium contained
145mM NaCl, SmM KCIl, ImM MgCl,, 0.8mM CaCl,, SmM glucose,
10mM HEPES, pH = 7.4. GFP-expressing S aureus® was a kind gift of
Professor William Nauseef (University of lowa).

Preparation of MVs from PMNs and human serum

Venous blood was drawn from healthy adult volunteers according to
procedures approved by the Institutional Review Board of the Semmelweis
University. Neutrophils were obtained by dextran sedimentation followed
by Ficoll-Paque gradient centrifugation as previously described.’® The
preparation contained more than 95% PMN and less than 0.5% eosinophils.
PMNs (typically 4.5 X 10°ell in 450 wL HBSS) were incubated with or
without activating agent (added in 50 L) for 20 minutes at 37°C on a linear
shaker (80 rpm/min), unless indicated otherwise. After incubation, PMNs
were sedimented (500g, 5 minutes, 4°C) and the supernatant was filtered
through a 5-pm pore sterile filter (Sterile Millex Filter Unit, Millipore). The
filtered fraction was sedimented again (15 700g, 10 minutes, 4°C). The
sediment was resuspended in HBSS at the original incubation volume
unless indicated otherwise. Protein concentration was determined by the
Bradford protein assay using BSA as standard. Serum of healthy donors and
bacteremic patients was filtered and sedimented as described. This study
was conducted in accordance with the Declaration of Helsinki.

Opsonization of bacteria

Bacteria (9 X 10% in 900 wL HBSS) were opsonized with 100 pL pooled
normal human serum for 15 minutes at 37°C. After opsonization, bacteria
were centrifuged (5 minutes, 4°C, 5000g), and washed by HBSS. The
concentration of bacteria was set to ODggg = 1.0.

Measurement of bacterial growth and superoxide production

Bacterial growth was followed in a plate reader (Labsystems iEMS Reader
MEF, Thermos Scientific) on the basis of changes in optical density at
650 nm, as described.*® Production of superoxide (O-~) was determined
with lucigenin-based chemiluminescence as previously described.?”

Microvesicle detection by flow cytometry

CDl11b-labeled (see next section) PMNs were activated, and MVs were
separated as described. A FACSCalibur analytic flow cytometer (Becton
Dickinson) was used. An initial microvesicle-size gate was set with the
help of calibrating GFP-expressing bacteria (S aureus, diameter 0.8 pm)
and 3.8 wm SPHERO rainbow alignment particles (Spherotech). The
absolute count of MVs was measured for 15 s. We defined PMN-derived
MVs as particles less than 1.5 pwm in diameter and expressing surface
marker CD11b.

Fixation and staining of MVs and PMNs

MVs or PMNs were layered on cover slips and fixed with fixation buffer
(4% paraformaldehide, 0.1% saponin in HBSS) for 5 minutes at room
temperature. When indicated, samples were permeabilized with 0.5%
Triton X-100 for 3 minutes at room temperature after fixation. After
washing with HBSS, MVs were visualized by R-PE conjugated anti-CD11b
monoclonal Ab (1 pwg/mL, 30 minutes; Dako), or with FITC-conjugated
anti-CD18 monoclonal Ab (1 pg/mL, 30 minutes; Dako). Myeloperoxidase
(MPO) was detected with anti-MPO monoclonal Ab (4 wg/mL, 30 minutes;
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Abcam), and FITC-conjugated anti-mouse goat Fab (4 pg/mL, 30 minutes;
Invitrogen) as secondary antibody. F-actin was labeled with Alexa 488—
Phalloidin (0.1 wt/vol %, 30 minutes; Invitrogen), phosphatidylserine was
stained with FITC-conjugated annexin-V (used as indicated by the manufac-
turer; Becton Dickinson Bioscience). As nucleic acid marker propidium
iodide was used (I pg/mL, 10 minutes; Invitrogen). On each sample,
autofluorescence and isotype antibodies were measured as controls.

Transmission, confocal, and video microscopy

For confocal and video microscopy experiments, Zeiss LSM510 confocal
laser scanning microscope equipped with 40 X/1.3 and with 63 X/1.3 oil
immersion objective (Plan-Neofluar, Zeiss) was used. In video microscopic
experiments stage and objective were heated to 37°C and slips were coated
with BSA (10 wt/vol %) for 1 hour at room temperature. Images were
analyzed with LSM Image Browser software (Zeiss). For transmission
microscopy experiments, a Leica DMI6000B inverted microscope was used
(Leica Microsystems; objective: 63 X/1.3 phase contrast, camera: Leica
DFC480 CCD). Images were analyzed with ImageJ 1.42 software (NIH). In
transmission and confocal microscopy, 9 regions of interest per sample
were investigated.

Electron microscopy of MVs

Pelleted MVs were fixed at room temperature for 60 minutes with 4%
paraformaldehyde in PBS. The preparations were postfixed in 1% OsO4
(Taab) for 30 minutes. After rinsing with distilled water, the pellets were
dehydrated by ethanol, followed by block staining with 1% uranyl-acetate
in 50% ethanol for 30 minutes, and embedded in Taab 812 (Taab). After
overnight polymerization at 60°C and sectioning for EM, the ultrathin
sections were analyzed with a Hitachi 7100 electron microscope equipped
by Veleta, a 2k X 2k MegaPixel side-mounted TEM CCD camera (Olym-
pus). Electron micrographs were edited by Photoshop CS3 (Adobe).

Dynamic light scattering

Dynamic light scattering (DLS) measurements were performed at room
temperature, using an ALV goniometer with a MellesGriot diode-pumped
solid-state laser (CVI MellesGriot) at 457.5-nm wavelength (type 58 BLD
301). The radius of the particles was calculated using sphere approximation.'”

Mass spectrometry analysis

Proteins were extracted from MVs using a previously described methanol
extraction protocol.?!-32 Extracted proteins were digested in solution with
trypsin (Promega), tryptic peptides lyophilized, and resuspended in 0.5%
acetic acid, as previously described.’> MVs extracts were analyzed with a
Thermo LTQ linear ion trap using a previously described 2D-LC-MS/MS
approach.’?33 For database searching of tandem mass spectra charge state
deconvolution and deisotoping were not performed. All MS/MS samples
were analyzed using SequestSorcerer (Sage-N), and a FASTA-formatted
human protein database (Human RefSeq, 2007) was searched. Searches
were performed with a fragment ion mass tolerance of 1.00 Da and a parent
ion tolerance of 1.2 Da. lodoacetamide derivative of cysteine was specified
as a fixed modification. Oxidation of methionine was specified as a variable
modification.

Scaffold Version 3.0.00 (Proteome Software) was used to validate
MS/MS-based peptide and protein identifications. Peptide identifications
were accepted if they could be established at greater than 95.0% probability
by the Peptide Prophet algorithm.?* Protein identifications were accepted if
they could be established at greater than 95.0% probability assigned by the
Protein Prophet algorithm.?? Quantitative assessment and comparison of
MV protein composition with different stimuli was based on a previously
described spectral counting-based approach.333

Immunoblotting

MVs were lysed in 4 X Laemmli sample buffer, boiled, run on 10%
(wt/vol) polyacrylamide gels and transferred to nitrocellulose membranes.
After blocking for 1 hour in PBS containing 5% albumin and 0.1% (wt/vol)
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Tween 20, blots were incubated with anti—lactoferrin polyclonal antibody in
1:1000 dilution or anti—B-actin mAb (both from Sigma-Aldrich) in
1:10 000 or anti-MPO antibody (Cell Signaling, Danvers) in 1:500 dilution
in PBS containing 5% ovalbumin. Bound antibody was detected with
enhanced chemiluminescence using horseradish peroxidase—conjugated
anti-rabbit-Ig (from donkey) or anti-mouse-Ig (from sheep) secondary
antibodies (GE Healthcare) used in 1:5000 dilution.

Results
Effect of various stimulants on MV formation

Release of MVs by isolated peripheral blood PMNs was followed
by 2 independent methods: on the basis of protein content and by
flow cytometry after staining the cells with antibodies against the
PMN-marker CD11b. Using 2 different stimuli, we observed by
both methods similar kinetics, and maximum MV formation was
reached by 20 minutes (Figure 1A-B). In all subsequent experi-
ments, 20 minutes stimulation time was used. We observed
spontaneous MV formation in resting cells (referred to as s-MVs).
Chemotactic agents (such as the formyl peptide fMLF or the
chemokine CXCL12 or lipopolysaccharide [LPS]) did not influ-
ence either the number or the protein content of the formed MVs
(Figure 1C). The protein kinase C activating pharmacologic agent
phorbolmyristate acetate (PMA) induced an approximately 2-fold
increase in MV formation (p-MVs). The highest amount of MV
formation was induced by incubation of PMNs with S aureus,
opsonized with pooled normal human serum (b-MVs). Nonop-
sonized bacteria did not significantly increase MV formation.
Zymosan opsonized with normal serum also enhanced release of
MVs from PMNs (data not shown). Formation of b-MVs could be
prevented by inhibition of actin polymerization with cytochalasin
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Figure 1. Effect of various stimulants on MV forma-

tion. Amount of formed MVs was followed on the basis of

protein concentration (A-C) or flow cytometry after stain-

ing PMNs with anti-CD11b antibody (bacteria were not

stained at all). (B-C) Stimulation of 9 X 109/mL PMNs

was carried out with 108/mL opsonized S aureus (A-C) or

100nM PMA (B-C) or 1uM fMLF (C) for 20 minutes or

20 ng/mL TNFa for 30 minutes, 100 ng/mL LPS for

120 minutes or 100 ng/mL CXCL-12 for 5 minutes or

108/mL S aureus with or without opsonization (C). In

panel A the protein content of bacteria cosedimented with

MVs is shown. In panel C and all later figures, this value

- has been subtracted. Bars show mean += SEM, n = 4;
c

E #P < .05.

H Flow

cytometry

[ Protein

B, but it was not affected by diphenylene-iodonium (DPI), an
inhibitor of the NADPH oxidase, or in the absence of glucose or in
the presence of deoxyribonuclease (DNase; not shown).

The cell count, uptake of vital dyes, morphology by light
microscopy, superoxide production, and elimination of bacteria did
not differ significantly between PMNs sedimented after b-MV
formation and those without any stimulus (supplemental Figure 1,
available on the Blood Web site; see the Supplemental Materials
link at the top of the online article). In fact, repeated incubation
with opsonized bacteria resulted in repeated formation of b-MVs.

Characterization of PMN-derived MVs

By fluorescence microscopy we observed vesicular structures that
could be stained with the fluorescent lipid intercalating dye
PKH2GL-1KT (not shown) and with antibodies against CD11b
(Figure 2A), CDI18 (not shown), the 2 chains of the major
neutrophil integrin Macl and CD177 (not shown). On treatment of
the MVs with detergents or distilled water both lipid and protein
staining disappeared, and MVs were no longer detected by flow
cytometry (data not shown). These results support the vesicular
nature and outside-out orientation of the MV preparation.!” MV
could also be stained with annexin V (Figure 2B), indicating that
phosphatidylserine was present in the outer leaflet of PMN-derived
MVs, as described for other exosome and microparticle
preparations.>

The size of the MVs was estimated by dynamic light scattering
where we identified 2 vesicle populations: a smaller fraction with a
diameter around 100 nm, and a major fraction with diameter of
approximately 500 nm (range 200-800 nm; Figure 2D). These data
were confirmed by electron micrographs (Figure 2C). Thus, our
MVs are larger than ectosomes produced by chemotactic stimuli in
PMNS5, 202! but correspond in size to microparticles.??2*
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Figure 2. Characterization of PMN-derived MVs. (A) Fluorescence microscopy
image of separated MVs. CD11b was marked with anti-CD11b R-PE conjugated
monoclonal antibody. Original magnification is 630X. (B) Flow cytometry analysis of
binding of FITC-conjugated annexin to phosphatidylserine. (C) Representative
electron microscopic image of MVs. Original magnification is 10 000X. (D) Analysis
of isolated MVs by dynamic light scattering. The x-axis is set to logarithmic scale, a(ry)
denotes the coefficient of autocorrelation function of the scattered electric field.
(E) Superoxide production of 106 PMNs or MV's derived from 107 PMNs stimulated by
100nM PMA (dots show mean of measured RFU = SEM, n = 4).

In contrast to intact neutrophils, PMN-derived MVs did not
produce superoxide on stimulation with PMA or opsonized bacteria
(Figure 2E). It is important to note that all these properties of
PMN-derived MVs (size, surface properties, and inability to
produce superoxide) were independent of the conditions used to
stimulate MV formation.

Effect of PMN-derived MVs on bacterial growth

When PMNs were incubated with a tenfold excess of opsonized
bacteria, the proportion of proliferating bacteria gradually de-
creased so that by 30 minutes only approximately 20% of the
original number remained (Figure 3A). When the same experiment
was carried out with b-MVs formed from an identical number of
PMNSs, approximately 60% of the original number of bacteria was
present after 30 minutes of incubation (Figure 3A). Antibacterial
effect of MVs depended on opsonization of the initiating particles
but it was independent of the suspended or adherent state of the
producing PMNs (Figure 3B). Zymosan opsonized with normal
serum also initiated the formation of antibacterial MVs but serum
alone was not effective (not shown). Presence of normal serum had
no effect on either type of MVs.

Next, we investigated bacterial growth in the presence of MVs
induced by different stimuli. MVs were applied at equal protein
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concentration. Figure 3C shows that MVs formed spontaneously
(s-MVs) or induced by fMLF, LPS, TNFa, or CXCL12 failed to
impair bacterial growth. The incubation time of PMNs with certain
stimuli (LPS, CXCL12, or TNFa) was extended up to 1 or 2 hours,
but the resulting MVs had neither higher protein content nor
developed any antibacterial effect. P-MVs impaired bacterial
growth slightly, but there was a statistically significant difference
between the antibacterial effect of b-MVs and p-MVs. The
antibacterial effect of b-MVs was not limited to S aureus, the
bacteria used for initiation of MV formation, as b-MVs impaired
the growth of E coli to a similar extent. However, b-MVs were
ineffective against Proteus mirabilis (Figure 3D). Thus, PMNs are
able to form MVs both spontaneously and on stimulation with
different agents. However, only particles (bacteria or zymosan)
opsonized with normal serum stimulated the release of MVs that
significantly interfere with the growth of selected types of bacteria.

Characterization of the antibacterial effect of b-MVs

We compared the antibacterial capacity of b-MVs and intact PMN
at different bacterial loads (Figure 3E). Intact PMNs were able to
efficiently eliminate opsonized S aureus up to a 300-fold excess. At
a 1:1 ratio of b-MVs (expressed in PMN-equivalent) to bacteria,
b-MVs were as effective as PMNs, but their antibacterial capacity
gradually decreased as the bacterial load increased. The antibacte-
rial effect of b-MVs did not differ between opsonized and
nonopsonized bacteria. This finding is in sharp contrast to the
critical role of opsonization in induction of b-MV formation
(Figures 1C and 3B). When intact PMNs were incubated with
nonopsonized S aureus, bacterial growth was not inhibited. Thus,
the efficacy of b-M Vs against nonopsonized bacteria exceeded that
of intact PMNs at most concentrations of bacteria.

We also tested the effect of various pharmacologic inhibitors
and incubation conditions on the antibacterial effect of b-MVs.
Treatment of b-MVs with agents interfering with actin polymeriza-
tion and cytoskeletal structure, such as cytochalasin B, latrunculin
A, and jasplakinolide, prevented the antibacterial effect of b-MVs
(Figure 4A). Incubation of b-MVs and bacteria in the absence of
glucose or in the presence of wortmannin, an inhibitor of
phosphatidylinositol-3-kinase also impaired antibacterial activity.
Inhibition of 3, integrin function with blocking antibodies against
CD18 or in the presence of EDTA significantly reduced the
antibacterial effect. On the other hand, inhibition of NADPH
oxidase by DPI did not alter the antibacterial activity of b-MVs. On
disruption of the vesicular structure by distilled water or detergents,
the antibacterial effect of b-MVs completely disappeared (Figure
4A). Filtration through 450-nm pore size filters also resulted in
significant diminution of the antibacterial effect of b-MVs (not
shown). We interpret these data to indicate that inhibition of
bacterial growth by b-MVs depends on intact vesicular and
cytoskeletal structure and requires metabolic activity by the MVs.

Protein composition of MVs

The protein composition of MVs formed spontaneously (s-MVs),
induced by PMA (p-MVs), or by opsonized S aureus (b-MVs) was
determined by proteomic analysis. We identified 282 proteins with
95% confidence from the 3 types of MVs (supplemental Table 1).
These proteins were subjected to Ingenuity Pathways Knowledge
Base analysis (Ingenuity Systems), as previously described.? The
major biologic processes consisted of cytoskeletal regulation
(42 proteins), adhesion (26 proteins), host defense and inflamma-
tion (55 proteins), and metabolism, including enzymes of the
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Figure 3. Effect of PMNs derived MVs on bacterial growth. (A) Effect of PMNs (9 x 108/mL) and of b-MVs (derived from the same amount of PMNs) in time on growth of
fresh, opsonized S aureus (9 X 107/mL). Points indicate mean + SEM, n = 47. (B) MVs were collected from equal number of suspended PMNs incubated with opsonized or
nonopsonized S aureus or from adherent PMNs incubated with opsonized S aureus. (C) MVs were collected after incubation of PMNs with the indicated agents (concentration
and times are described in Figure 1C) and applied at equal protein concentration. (D) Effect of the same amount of b-MVs on the indicated, opsonized bacteria. (E) Antibacterial
capacity of 9 X 108/mL PMNs (M) and of b-MVs (A; derived from the same amount of PMNSs) on opsonized (full symbols) and nonopsonized (empty symbols) S aureus. In
panels B through E bacterial growth after 30 minutes incubation is shown; 100% represents the initial bacterial count (9 X 107/mL) that did not change in the absence of
nutrients, but increased during the 30 minutes incubation period in the presence of nutrients. In panel B points indicate mean of protein concentration and of bacterial growth

rate, = SEM, n = 4; in panels C through E bars indicate mean = SEM, n = 4; #P < .05.

glycolytic pathway (39 proteins). The cellular localization of the
majority of proteins was the cytosol (107 proteins) or plasma
membrane (62 proteins), although 28 proteins were primarily
associated with granules. Plasma membrane components identified
consisted of the 2 chains of the complement receptor CR3 (the
integrin Mac-1 composed of CD11b + CD18), FcyRIIl, and the
2 membrane-bound chains (gp91Phox and p22°"°x) of the phagocytic
NADPH oxidase. Interestingly, the cytosolic components of the
oxidase were only detectable in p-MVs but not in b-MVs.
Eosinophil peroxidase was either adherent to the anionic surface of
MVs or indicates MVs-formation by contaminating eosinophils.
Several proteins that were previously described as typical constitu-
ents of exosomes, such as tetraspanins (CD63, CD81, CD82, CD9),
alix, and TSG101,* were not identified by this analysis.

The relative amounts of each protein were compared between
b-MVs and s-MVs, using spectral counts.?33> The amount of

antibacterial proteins was almost doubled in b-MVs, whereas no
difference was observed in the amount of cytoskeletal or metabolic
proteins (Figure 4B). Analyzing at the level of individual proteins,
29 proteins were identified from the 100 most highly expressed
proteins that were increased by at least 40% in b-MVs, including
11 of the 20 most highly expressed proteins (supplemental Table 2).
Analysis of those 29 proteins showed that 15 proteins possessed
antibacterial activity and 26 proteins were previously identified in
neutrophil granules.?*” The difference in the amount of lactoferrin
and myeloperoxidase (MPO) was verified by Western blotting
(Figure 4C-D).

Localization of certain proteins within b-MVs was assessed by
comparison of staining of b-MVs before and after permeabilization
by Triton X-100. Actin, MPO, and lactoferrin could be visualized
on CD11b-positive vesicles only in permeabilized samples, whereas
staining of CD11b was not altered after permeabilization. No
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+ Cytochalasin B | # 5
2 .] Figure 4. Characterization of the antibacterial effect of b-MVs. (A) Effect of
+ Latunculin A G ¢ " 0 4 @ T various inhibitors (cytochalasin B 10pM; latrunculinA 10M; jasplakinolide 1uM;
N 2 b"’é Dgeﬁg 6@\9"&& wortmannin 300nM; all added 5 minutes before incubation), absence of glucose
Jasplakinolide | ’ LS . -
or presence of blocking CD18-antibodies (clone TS1/18), or imM EDTA or 1uM
no Glucose [N # C MV b-MV DPI or pretreatment with distilled water or with saponin (1 mg/mL) on antibacte-
- rial effect of b-MVs. Change in S aureus growth was measured after 30 minutes
+ Wortmannin N - Myeloperoxidase [N . avion with the indicated sample. 100% represents the initial bacterial count
canticots i Lactoferrin SN  that did not change in the absence of nutrients, but increased during the
Actin [ 30 minutes incubation period when inactive or destroyed vesicles were present.
+eoTa [N . It was controlled that inhibitors in the applied concentration and time as well as
absence of glucose by themselves did not affect bacterial growth. Bars and
+ D - e D = 4] msmv obmv e, points indicate mean, = SEM, n = 4; #P < .05. (B) Proteomic analysis of the
+H,0 . ¢ ; contents of PMN-derived MVs. Equal amount of total protein was analyzed in
Z the different samples. Proteins were ranked by spectral count.32 (C) Western
+ saponin N - T blot of lactoferrin and myeloperoxidase of s-MVs and b-MVs produced by
' ' i 0 : 2 X 107 PMNs. Actin is shown as loading control. (D) Densitometric analysis of
o 0 100 150 Lacloferrin  Myeloperoxidase  lactoferrin and myeloperoxidase signal related to total protein content of MVs
growth rate (%) (+ SEM; n = 5); #P < .05. See also supplemental Tables 1 and 2.
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Figure 5. Potential mechanism of the antibacterial effect of b-MVs. (A-C) Representative transmission fluorescence microscopy images (of 35 similar ones from
4 experiments) about coincubation of b-MVs with opsonized S aureus at time points 0 (A), 10 minutes (B), and 30 minutes (C). Red marks indicate CD11b-positivity and green
marks show GFP-expressing S aureus. (D) Confocal microscopy image of a representative clump (35 areas of interest were investigated from 4 experiments). Z-axis was
1 wm. Red and green marks are the same as described. (E) Statistical analysis of images taken from 4 independent experiments. Means were made on each sample by
3 individual investigators, and averaged. On the x-axis the ratio of bacteria and CD11b-positive, at least 1.5-.m wide aggregates to all CD11b-positive events is presented.
Concentration of inhibitors is the same as detailed in Figure 4. Error bars show SEM, n = 4; #P < .05. (F) Relation of growth rate to the ratio of clumped bacteria (bacteria within
CD11b-positive environment compared with all bacteria). Error bars represent SEM, n = 4. (G) Graphic representation of the proportion of clumped bacteria, large aggregates,
and growth rate of bacteria in the presence of 3 different MV preparations. Error bars represent SEM, n = 4.

staining with propidium iodide was detected in nonpermeabilized
or in permeabilized MVs (data not shown).

Bacterial aggregation is required for the antibacterial effect of
b-MVs

The interaction of b-MVs with bacteria was followed by fluores-
cence microscopy. Isolated b-MVs were labeled with anti CD11b
antibody (red) and S aureus expressed green fluorescent protein.
Typical pictures are shown in Figure 5. At the beginning of the
incubation period, red b-MVs and green bacteria are largely
separated (Figure 5A). After 10 minutes incubation, colocalization
of isolated b-MVs and S aureus occurs frequently (Figure 5B),
whereas after 30 minutes incubation, large aggregates of b-MVs
and bacteria were observed (Figure 5C). In thin confocal micro-
scopic sections of aggregates, the separation of the 2 colors is
clearly visible (Figure 5D), indicating that b-MVs did not ingest
bacteria. No aggregation could be detected when either b-MVs or
bacteria were incubated separately for 30 minutes or b-MVs were
pretreated with detergent (not shown). The ratio of large (more than
1.5 wm) aggregates of CD11b-positive b-MVs and bacteria to all
CDl11b-stained b-MVs increased from 2% at the beginning of
incubation to 10% at 30 minutes (Figure SE). Incubation of s-MVs
or p-MVs with bacteria for 30 minutes did not result in any increase
of the ratio of large aggregates (Figure SE). Similar to the effect on
bacterial growth (Figure 4A), b-MVs incubated with bacteria in the
presence of agents that inhibit cytoskeletal reorganization or 3,

integrin function or in the absence of glucose failed to form large
aggregates (Figure SE). A clear negative relationship could be
observed between bacterial growth and proportion of large, aggre-
gated b-MVs (supplemental Figure 2A). In addition to S aureus,
b-MVs also formed large aggregates with E coli but not with
P mirabilis (data not shown).

To further investigate the relationship of these aggregates to
bacterial survival, the percentage of bacteria present in the aggre-
gates was analyzed and related to bacterial growth (Figure SF,
supplemental Figure 2B). Incubation of b-MVs with S aureus for
30 minutes resulted in aggregation of more than 55% of all bacteria
present, and decreased the growth rate to 60%. In all other
experimental conditions, the ratio of aggregated bacteria was lower
and the growth rate higher showing an inverse relation between
percent aggregated bacteria and growth rate (Figure 5F). Although
p-MVs induced aggregation of almost 50% of bacteria (Figure S5F),
the size of those aggregates was much smaller (Figure SE-G), and
the antibacterial effect of p-MVs was significantly less than that of
b-MVs (Figure 5G). Apparently, the inhibition of bacterial growth is
dependent on both the number and size of the bacterial aggregates.
Taken together, our data suggest that formation of large aggregates
between bacteria and MVs may play a critical role in the antibacterial
effect of b-MVs. This suggestion was also supported by video micros-
copy: in the course of 45 minutes, freely diffusing bacteria underwent
visible division cycles, but the size of bacterial clumps aggregated with
b-MVs did not grow (see the supplemental Video).
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To determine whether bacteria survived in the large aggregates
with b-MVs, classic microbiologic dilution assays were performed
after mechanical disintegration of aggregates. No difference in the
number of wells where bacterial growth occurred was observed in
the presence or absence of b-MVs, although there was a significant
difference in the rate of growth. These experiments suggest that
impaired bacterial growth by b-MVs was because of a bacterio-
static, rather than bactericidal, effect. A bacteriostatic effect is in
agreement with the finding that GFP did not diffuse out of bacteria
clumped with b-MVs (Figure 5D, supplemental Video).

PMN-derived MVs in healthy individuals and bacteremic
patients

Neutrophil-derived M Vs identified by double-staining with antibod-
ies against CD11b and CD177 were routinely detected in the serum
of healthy donors. The number of such MVs was 5- to 6-fold higher
in serum from patients with documented S aureus bacteremia and
fever within 24 hours before drawing the blood sample (Figure 6A;
clinical data of the patients are summarized in supplemental Table 3).

Next we investigated the interaction of PMN-derived MVs
isolated from blood serum with GFP-expressing S aureus under
ex vivo conditions. We observed formation of large and CDI11b
positive aggregates between bacteria and MVs from bacteremic
patients (Figure 6C), whereas clump formation was only rarely
detected with MVs of healthy individuals (Figure 6B). Statistical
analysis revealed an approx. Four-fold higher ratio of large
aggregates in case of MVs from bacteremic patients than from
healthy individuals (Figure 6D). The ratio of clumped bacteria was
7- to 8-fold higher with bacteremic MVs than with MVs from
healthy sera (Figure 6E). These data indicate that PMN-derived
MYV production is increased during bacteremia and bacteremic
MVs initiate the formation of similar aggregates ex vivo as
observed with b-M Vs produced in vitro.

Discussion

Various stimuli were shown earlier to initiate the formation of
PMN-derived extracellular vesicles that affect endothelial cells, 2%

BLOOD, 17 JANUARY 2013 - VOLUME 121, NUMBER 3

Figure 6. PMN derived MVs in vivo and ex vivo. MVs
were separated from serum, using the same conditions
as applied for isolated PMNs. (A) Concentration of PMN
derived MVs in serum of healthy donors (n = 6) or
patients with clinically verified S aureus bacteremia
(n = 12), measured by flow cytometry after staining with
anti-CD11b and anti-CD177 antibodies. (B-E) MVs sepa-
rated from serum were incubated with not opsonized
S aureus for 30 minutes at 37°C in HBSS with gentle
shaking. Interaction was followed by fluorescent micros-
copy at the end of incubation. (B) Representative image
of MVs from healthy donors (of 35 similar images from
4 independent experiments), whereas panel C is repre-
sentative of MVs from bacteremic patients (53 similar
images from 6 independent experiments). Red shows
CD11b positivity, green represents S aureus. Statistical
analysis (with same criteria as in Figure 5) of microscopic
images shows amount of aggregated MVs to all MVs (D),
and amount of clumped bacteria to all bacteria (E). Bars
show mean = SEM; #P < .05.

platelets,>* or monocytes and macrophages.?*2® However, this is
the first report about the direct effect of PMN-derived MVs on
bacteria.

Our results showed that MVs released from peripheral blood
PMNs by various stimuli have similar size and orientation, but
differ in protein composition and functional properties. Only
stimulation of PMNs with opsonized particles resulted in produc-
tion of MVs that were capable of significant reduction of bacterial
growth. The antibacterial effect of b-MVs was associated with
vesicles that are larger than either the exosomes or the neutrophil
granules. In addition, the presence of plasma membrane markers on
the vesicle surface suggests that they are not intracellular granules
released from neutrophils.

The mechanism(s) by which b-MVs inhibited bacterial growth
differed from those of intact PMNs. Although b-MVs expressed the
membrane components of the phagocytic NADPH oxidase, gp91phox,
and gp22Ph°* none of the cytosolic subunits of the oxidase were
identified and superoxide generation by b-MVs could not be
detected. The antibacterial effect of PMNs required bacterial
opsonization, whereas the bacteriostatic effect of b-MVs was
totally independent of opsonization (Figure 3E). PMNs typically
engulf microorganisms and carry out intracellular killing within
phagosomes. In contrast, our confocal micrographs indicate that
b-MVs do not engulf bacteria; rather they concentrate the microor-
ganism on their surface. Finally, b-MVs are bacteriostatic, whereas
PMNs are bactericidal.

The antibacterial effect of b-MVs also differs in significant
aspects from the properties of the recently described neutrophil
extracellular traps (NETs).?¥ Formation of NETSs typically requires
2 to 4 hours,? whereas maximum b-MVs-formation was reached in
20 minutes. NETS are destroyed by DNase3® but b-MV release and
activity were not affected by DNase treatment. NET formation
depends on superoxide production by Nox2,* whereas both the
formation and effect of b-MVs were independent of respiratory
burst activity. LPS and PMA are the most effective stimuli of
NET-formation, whereas antibacterial MVs were only induced by
opsonized particles. No filamentous structures were visible in
b-MVs, and permeabilized MVs were not stained by propidium
iodide. In contrast, the antibacterial effect of b-MVs depended on
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an intact vesicular structure, an intact cytoskeleton, and on an
adequate supply of glucose.

The mechanism of impaired bacterial growth by b-MVs prob-
ably depends on multiple factors. In the presented experiments,
2 specific properties of b-MVs have been revealed. First, the
formation of large aggregates with bacteria was associated with
their antibacterial activity (Figure SF-G, supplemental Figure 2, and
supplemental Video) and only occurred in the presence of bacteria and
b-MVs (as opposed to s-MVs or p-MVs). Aggregation was prevented
by inhibition of cytoskeletal reorganization or 3, integrin function and
depended on glucose metabolism and phosphatidylinositol-3-kinase
activity of b-MVs. In a recent study, firm binding of particles to the
surface of macrophages was shown to require active involvement of the
actin cytoskeleton.*! We suggest that a similar mechanism may be
involved in the integrin-dependent interaction of b-MVs with bacteria
that requires continuous actin remodeling. The second specialty of
b-MVs is the enrichment of PMN granule proteins, many of which are
known to be antibacterial. The detected difference in protein composi-
tion of b-MVs, compared with s-MVs, suggests that incorporation of
granule constituents into MVs is important to the development of
antibacterial activity. It is possible that in the large extracellular
aggregates bacteria are exposed to granule proteins concentrated in
MVs, thereby limiting bacterial growth.

PMN-derived MVs were detected in the serum of healthy
donors, and their number was markedly increased in the serum of
patients with an active S aureus infection (Figure 6A). Similar
observations were made earlier in meningococcal septic patients.'8
These data suggest that bacteria induce formation of MVs under in
vivo conditions. In contrast to healthy donors, PMN-derived MVs
isolated from bacteremic sera showed definitive aggregation ability
ex vivo (Figure 6B-E). Taken into account that sequestration and
immobilization of bacteria by PMN-derived MVs was completely
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independent of opsonization, this mechanism could contribute to
limitation of microbial growth in the early stages of infection.
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