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Aging- and activation-induced platelet microparticles 
suppress apoptosis in monocytic cells and differentially 
signal to proinflammatory mediator release
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Abstract: Background: Platelet microparticles (PM) are the most abundant cell-derived microparticles in the blood, 
and accumulate in thrombo-inflammatory diseases. Platelets produce PM upon aging via an apoptosis-like process 
and by activation with strong agonists. We previously showed that long-term treatment of monocytic cells with 
apoptosis-induced PM (PMap) promotes their differentiation into resident macrophages. Here we investigated short-
er term effects of various types of PM on monocyte signalling and function. Methods and results: Flow cytometry 
and scanning electron microscopy revealed that PM formed upon platelet aging (PMap) or ultra-sonication (PMsonic) 
expressed activated αIIbβ3 integrins and tended to assemble into aggregates. In contrast, PM formed upon platelet 
activation with thrombin (PMthr) or Ca2+ ionophore (PMiono) had mostly non-activated αIIbβ3 and little aggregate forma-
tion, but had increased CD63 expression. PM from activated and sonicated platelets expressed phosphatidylserine 
at their surface, while only the latter were enriched in the receptors CD40L and CX3CR1. All PM types expressed 
P-selectin, interacted with monocytic cells via this receptor, and were internalised into these cells. The various PM 
types promoted actin cytoskeletal rearrangements and hydrogen peroxide production by monocytic cells. Markedly, 
both aging- and activation-induced PM types stimulated the phosphoinositide 3-kinase/Akt pathway, suppressing 
apoptosis induced by several agonists, in a P-selectin-dependent manner. On the other hand, the PM types differen-
tially influenced monocyte signalling in eliciting Ca2+ fluxes (particularly PMap) and in releasing secondary mediators 
(complement factor C5a with PMap, and pro-inflammatory tumour necrosis factor-α with PMthr). Conclusions: In spite 
of their common anti-apoptotic potential via Akt activation, aging- and activation-induced PM cause different Ca2+ 
signalling events and mediator release in monocytic cells. By implication, aging and activated platelets may modu-
late monocyte function in different way by the shedding of different PM types.
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Introduction

All blood cells are able to release small mem-
brane vesicles, known as microparticles. 
Among these platelet microparticles (PM) are 
the most abundant ones, representing 70-90% 
of the microparticle population in the circula-
tion in a non-diseased state [1, 2]. However, the 
numbers of PM can further increase under 
pathological conditions, such as in cardiovas-
cular disease, diabetes or inflammation [3-6]. 
Given that platelets are increased in activation 

tendency in all these disorders, it is considered 
that the higher levels of PM are a consequence 
of in situ platelet activation. On the other hand, 
the residual levels of circulating PM in the 
absence of disease likely originate from aging 
platelets in the absence of activation [7]. The 
current insight is that circulating microparticles 
should not be regarded as inactive cell debris, 
but as cell fragments that are actively involved 
in physiological and pathophysiological pro-
cesses [4, 8]. Yet, whether and how the mic-
roparticles from platelets influence the func-
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tions of blood and vascular cells is hardly 
understood.

There is limited evidence for the interaction of 
platelet-derived microparticles with leukocytes 
and endothelial cells in vitro and in vivo [2, 9, 
10]. Under in vitro conditions, PM with exposed 
procoagulant membranes are also able to sup-
port coagulation and thrombin generation [11]. 
It is often supposed that PM similarly interact 
with blood cells as their parental cells, and 
hence simply propagate the effects of activat-
ed platelets. On the other hand, it is known that 
PM can be shed under different conditions, e.g. 
from aging platelets and platelets triggered 
with various agonists [7, 12, 13]. This raises the 
question whether the circumstances of PM for-
mation influence their surface characteristics 
and, thereby, their functional properties. For 
instance, the shedding of PM from aging plate-
lets occurs in an apoptosis-like process (PMap) 
that typically differs from agonist-induced 
platelet activation [14].

In earlier work, we have demonstrated that 
PMap interact with monocytic cells, and that this 
interaction, after 2-7 days, promotes the differ-
entiation of these cells to a resident macro-
phage phenotype [15]. For the present paper, 
we focused on the shorter-term effects of PM 
shed by platelets under different conditions, 
hypothesizing that different types of platelet 
microparticles produced during aging or activa-
tion may have distinct effects on monocyte 
function. To investigate this, we isolated PM 
from aging platelets, from platelets activated 
by strong agonists, and from platelets frag-
mented by ultrasonication. In these PM types, 
we characterised the expression of surface gly-
coproteins. Furthermore, for the most physio-
logical types of PM, we determined functional 
effects on monocytic cells and primary 
monocytes.

Materials and methods

Monocyte isolation and THP-1 cell culturing

Peripheral blood was obtained from healthy 
donors, who had given full informed consent. 
Leukocytes were isolated from blood buffy 
coats, as described before [15]. Monocytes 
were separated from neutrophils by Ficoll den-
sity gradient centrifugation, and further purified 
by negative selection using a Macs monocyte 
isolation kit II (Miltenyi Biotech). Purity of the 

monocyte preparations was determined and 
amounted to > 97%, based on flow cytometry. 
Human acute monocytic leukaemia THP-1 cells 
were cultured in RPMI-1640 medium with 
L-glutamine and 10% foetal calf serum, as 
described [15].

Generation of different PM types

Apoptosis-induced platelet microparticles 
(PMap) were isolated from platelet concentrates 
stored in plasma for 5 days at standard blood 
bank conditions (Uniklinikum Aachen, Germany) 
[7]. Platelet-poor plasma (PPP) was prepared by 
centrifugation at 4,000 g for 5 minutes. From 
the PPP, PMap were pelleted at 20,000 g for 60 
minutes. Pellets were resuspended in Hepes 
buffer pH 7.45 (136 mM NaCl, 10 mM Hepes, 
2.7 mM KCl, 2 mM MgCl2) containing 0.1% 
bovine serum albumin (BSA) and 0.1% glucose. 
Suspensions were filtered through a Minisart 
filter with a 0.8 µm pore size (Sartorius), pel-
leted again at 20,000 g for 40 minutes, and 
resuspended in Hepes buffer pH 7.45. The 
PM-free supernatants were used as a control.

Washed human platelets were isolated from 
peripheral blood, as described [16], and used 
at a concentration of 2 × 108 platelets/ml in 
Hepes buffer pH 7.45 with 2 mM CaCl2, under 
sterile conditions. To obtain thrombin-activated 
PM (PMthr), the platelets were activated with 11 
nM (1 U/ml) thrombin (Enzyme Research 
Laboratories). After 30 minutes, residual throm-
bin was inactivated with 25 nM PPACK 
(Calbiochem), and the activated platelets were 
removed by centrifugation at 300 g for 5 min-
utes. Following filtration through a 0.8 µm filter, 
PMthr were pelleted at 20,000 g for 40 minutes, 
and resuspended in Hepes buffer pH 7.45. 
Calcium ionophore-activated microparticles 
(PMiono) were obtained similarly, except that the 
platelets were stimulated with 15 µM A23187 
(Calbiochem). Sonicated microparticles (PMsonic) 
were prepared by ultrasound treatment of 
washed platelets for 3 × 30 seconds [17]. The 
microparticles were pelleted by centrifugation 
twice at 20,000 g for 20 minutes, and resus-
pended in Hepes buffer pH 7.45. The various 
microparticle suspensions were snap-frozen in 
liquid nitrogen, and stored at -20°C until use.

Quantification of PM types

Suspensions of PM were counted as flow-cyto-
metric events at minimal forward/side scatter 
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gating and staining with anti-CD61 mAb. 
Numbers of PM were obtained by adding fixed 
amounts of fluorescent beads to the PM sus-
pensions [15]. Furthermore, the PM were quan-
tified by measuring procoagulant membranes 
in the suspensions, using an in-house devel-
oped thrombin generation test [18]. Briefly, 
preparations of PM were diluted to 3330/µl 
(based on flow-cytometric counts) in BSA-free 
Hepes buffer pH 7.45. Samples were then soni-
cated for 3 minutes on ice to cause complete 
scrambling of the membrane phospholipids. 
Subsamples of 7.5 µl were added to micro-
wells, containing 60 µl platelet-free plasma and 
5 pM tissue factor (final concentration). 
Thrombin generation (37°C) was started by 
addition of 15 µl substrate solution (0.41 mM 
Z-GGR AMC and 16.6 mM CaCl2 in saline). 
Nanomolar concentrations of phospholipids 
were obtained by addition to the plasma of 
fixed amounts of procoagulant phospholipids 
(phosphatidylserine : phosphatidylethanol-
amine : phosphatidylcholine, 1 : 1 : 3, mol/mol) 
at a concentration range of 1.4-1000 nM.

Scanning electron microscopy

Platelets or PM were immobilised on polylysine-
coated surfaces, and fixed overnight with 4% 
paraformaldehyde in phosphate-buffered 
saline (PBS). Samples were dehydrated, and 
subjected to scanning electron microscopy, as 
described elsewhere [19].

Flow cytometry determination of PM surface 
markers

Surface characterisation of PM types and 
platelets was performed with a FACS Canto II 
flow cytometer (BD Biosciences) [15]. The mic-
roparticles were labelled for 30 minutes with 
fluorescent monoclonal antibodies (mAbs) 
against CD61, CD62P or activated integrin 
αIIbβ3 (PAC-1, BD Biosciences); or mAbs against 
CD41, CD40 or CD40L (eBioscience). 
Expression of phosphatidylserine was probed 
with APC-labelled annexin A5 (BD Biosciences). 
Expression of CD31 (PECAM-1) and CD36 was 
detected with mAbs from Sigma and 
ImmunoTools, respectively. Rat anti-human 
CX3CR1 antibody (MBL International) was used 
to identify the fractalkine receptor, CX3CR1. 
Isotype controls used were IgG1 (eBioscience) 
or rat IgG2b (MBL International). Antigen 
expression levels are presented as geometric 
means of fluorescence intensity, corrected for 

background fluorescence with isotype control 
immunoglobulins.

Binding and phagocytosis of PM by monocytic 
cells

FITC-labelled carboxylated polystyrene beads 
(1 µm diameter, 1 × 107/ml) were decorated 
with PM types by incubation at 1-5 × 108 PM/
ml. The PM-coated beads were added to THP-1 
cells (2 × 106/ml) for measurements of binding 
and phagocytosis. Unloaded beads served as a 
control. Interaction of the PM-coated beads 
with THP-1 cells was determined by flow cytom-
etry. Inhibitors added were the integrin αIIbβ3 
antagonist, eptifibatide (50 µg/ml, GlaxoSm- 
ithKline), the Ca2+/Mg2+ scavenger EDTA (5 
mM), or phosphatidylserine-scavenging annex-
in A5 (1 µg/ml, BD Biosciences). Phagocytosis 
of beads was monitored by making z-stacks 
with confocal fluorescence microscopy, after 
immobilisation of the THP-1 cells on coverslips 
[20].

Monocytic cell responses

PM-induced release of hydrogen peroxide from 
THP-1 cells (2.5 × 106/ml) was measured after 
2-24 hours. At indicated time points, cell super-
natants were collected and assessed for oxida-
tion of the hydrogen peroxide substrate, tetra-
methylbenzidine (TMB, Invitrogen). Increased 
absorbance was measured at 450 nm, after 
correction for absorbance at 570 nm. 
Calibration was performed with a concentra-
tion range of hydrogen peroxide.

Formation of filamentous actin in THP-1 cells 
was determined by flow cytometry. Cells were 
fixed with 4% paraformaldehyde, permeabilized 
with 5% Triton-X-100, and stained for 15 min-
utes with FITC-labelled phalloidin (1 mg/ml, 
Invitrogen), and washed twice with PBS.

PM-induced adhesion of THP-1 cells was mea-
sured as before [15]. Briefly, THP-1 cells (1.5 × 
105/ml) were incubated with indicated amounts 
of PM or platelets, and allowed to adhere to 
fibronectin-coated wells at 37°C. After 44 
hours, vital cell were labelled with BCECF ace- 
toxymethyl ester (1 μg/ml, Sigma), and fluores-
cence from total and adherent cells was mea-
sured using a Spectra FluoPlus reader (Tecan).

Cytokine production was measured from THP-1 
cells (3 × 105 cells/ml) or primary monocytes (1 
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× 106/ml), allowed to adhere to fibronectin-
coated well plates. The cells were kept in RPMI-
1640 medium containing L-glutamine and 10% 
foetal calf serum (37°C) for 24 and 44 hours, 
respectively. Supernatants were collected and 
analysed with ELISA kits for complement factor 
C5a (R&D Systems) and tumour necrosis 
factor-α (TNFα, eBioscience), according to the 
companies’ instructions.

Apoptosis assays

Apoptotic responses were measured in THP-1 
cells (1 × 106/ml) incubated with indicated con-
centrations of PM or resting platelets for 3 
hours (37°C). A centrifugation step was 
performed to remove unbound PM or platelets. 
Cellular apoptosis was induced with PMA (0.5 
μg/ml) or with the Bcl-2 inhibitor, ABT737 (10 
µM), for indicated times (37°C) [21]. Apoptosis 
was verified by measuring the execution prote-
ase, caspase-3, with a commercial fluorometric 
assay (R&D Systems). Control measurements 
were carried out with only PM or platelets in the 
absence of THP-1 cells. Because PM can be 
annexin A5-positive, apoptosis could not be 
assessed with this probe [22].

Measurement of Ca2+ fluxes in monocytes

Primary monocytes (2 × 106/ml) in RPMI-1640 
medium supplemented with 5% foetal calf 
serum were loaded with the Ca2+ indicator, 
Fluo-4 acetoxymethyl ester (2 µM), for 30 min-
utes at room temperature [23]. Fluo-4-loaded 
cells were left to adhere on polylysine-coated 
coverslips for 15 minutes in RPMI-1640 medi-
um with 5% foetal calf serum. Coverslips with 
adhered cells were mounted into an open incu-
bation chamber, and placed onto the stage of 
an inverted fluorescence microscope (Diaphot, 
Nikon). Rises in cytosolic Ca2+ were monitored 
in single, adhered monocytes by high-frequen-
cy recording of fluorescence images using a 
shutter-controlled fluorescence microscope 
system, connected to a sensitive EM-CCD cam-
era [20]. Fluorescence changes were measured 
upon addition of platelets (1.5 × 106/ml), PM 
types (4-7 × 108/ml) or ATP (10 µM) as a posi-
tive control stimulus. Series of images were 
analysed off-line, as described before [24]. 
Single cell cytosolic Ca2+ rises are expressed as 
changes in fluorescence (F) relative to the 
basal fluorescence per cell (F0). Normalised F/
F0 levels higher than 1.2 were considered as 
relevant Ca2+ rises.

Statistical analysis

Data are presented as means ± SEM. 
Differences between groups were statistically 
analysed by the Student’s t-test (GraphPad).

Results

Apoptosis-, agonist- and sonication-induced 
PM

Based on earlier data that PMap derived from 
aging platelets can regulate the differentiation 
of THP-1 cells at longer time points [15], we now 
investigated the shorter-term, direct effects of 
various types of PM on monocytic cells, i.e. 
PMap produced by platelet aging, by platelet 
activation with collagen (PMcoll), thrombin 
(PMthr) or Ca2+ ionophore A23187 (PMiono), or by 
platelet ultrasonication (PMsonic). The PM 
formed in these ways were identified by flow 
cytometry, according to their small size (low for-
ward scatter) and positive staining with FITC-
labelled anti-CD61 mAb (detecting integrin 
αIIbβ3). Analysis of dot plots indicated that the 
formation rates of PM differed per condition 
(Figure 1A). In non-stimulated platelets stored 
at room temperature and neutral pH, PMap 
formed relatively slowly due to aging, being 
detectable after 24 hours but not after 1 hour 
(Figure 1B). Interestingly, the extent of forma-
tion of PMap was reduced, when the tempera-
ture was increased to 37°C or the pH was 
decreased to 6.6. On the other hand, platelet 
stimulation with thrombin, thrombin/collagen 
or A23187 at physiological pH gave consider-
able amounts of PM at shorter time periods. 
Stimulation with collagen alone resulted in no 
more than small numbers of PM.

Further experiments were conducted to com-
pare the effects of plasma presence and tem-
perature on the formation of PMap (Figure 1C). 
The accumulation rate of these PM in general 
was lower with plasma present, but still - inde-
pendently of the presence of plasma appeared 
to reduce when raising the storage tempera-
ture from 22 to 37°C.

Characterisation of different PM types

The PM generated from the stored or activated 
platelets were isolated from the parent platelet 
suspension by a two-step centrifugation proce-
dure, firstly removing all platelets by slow cen-
trifugation, then spinning down the PM by ultra-
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speed centrifugation. By filtration of the 
resuspended pellet through a 0.8 µm diameter 
pore filter, residual platelets and larger platelet 
fragments were removed. The resulting filtered 
PM suspensions were characterised by flow 
cytometry, again detecting events staining for 
integrin αIIbβ3 (CD61). Interestingly, several of 
the PM types distributed over two subpopula-
tions, i.e. smaller events being single micropar-
ticles, and larger size events with high integrin 
levels, which were considered to be PM aggre-
gates (Figure 2A). Quantification of the two 
populations indicated that especially the PMap 
and PMsonic preparations were rich in larger size 
events, whereas the PMthr and PMiono (derived 
from activated platelets) mostly consisted of 
smaller events (Figure 2B).

In each preparation of PM types, concentra-
tions were at first determined by calibrated flow 
cytometry, i.e. by counting the detectable mic-
roparticle events in comparison to the events 
from added fluorescently-labelled beads 
(Figure 2A). Because conventional flow cytom-
etry is notoriously insensitive in detecting the 
smallest size microparticles, we also quantified 
the PM in a different way. The method relied on 
measurement of the concentration of procoag-
ulant membrane phospholipids present in the 
PM preparations, using an in-house developed 
thrombin generation assay. All preparations 
were first pre-sonicated to achieve full phos-
pholipid scrambling and, hence, full exposure 
of procoagulant phosphatidylserine. For the dif-
ferent types of PM preparations, adjusted to a 

Figure 1. Formation of PM from stimulated and aging platelets. Suspensions of human platelets were unstimulated 
or stimulated with thrombin (thr, 1 U/ml) and/or collagen (col, 5 µg/ml), or A23187 (15 µM), as indicated. Platelets 
were also sonicated by ultrasound. After indicated times, formation of PM was determined by flow cytometry and 
staining with fluorescently-labelled anti-CD61 mAb. For calibration, fixed amounts of 1 and 6 µm beads were added 
to all samples. A: Representative dot plots of (activated) platelet suspensions after 1 hour. Gated regions represent 
PM. B: Quantification of PM formed after 1-24 hours of stimulation at 22°C, or 1 hour at 37°C. C: Quantification of 
PM formed in washed platelets or in PRP after indicated time points. Mean ± SEM (n = 3); *p < 0.05 vs. control at 
37°C; ●p < 0.05 vs. control at 22°C.
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count of 3,300/µl (assessed by flow cytometry), 
we obtained nanomolar concentrations of 
phospholipids of 451 (PMap), 459 (PMthr), 229 
(PMiono) and 433 (PMsonic) with a variation of 
~15%. Hence, we concluded that the flow cyto-
metric test gave a reasonable estimate of the 
total membrane content of most of the PM 
types. Only the preparations of PMiono were 
somewhat lower in phospholipid content.

Scanning electron microscopy was used to 
check the ability of PM types to form aggre-
gates. Electro-micrographs indicated that all 

preparations consisted of identifiable features 
smaller than 1 µm, as expected from the filtra-
tion procedure (Figure 2C). In agreement with 
the flow-cytometric data, a proportion of the 
PM prepared from stored platelets (PMap) and 
sonicated platelets (PMsonic) appeared as aggre-
gated features, which could be up to 6 µm in 
size. Few aggregates were also observed in PM 
from thrombin-activated platelets (PMthr), while 
the PMiono did only appear as single features. 
Hence, we concluded that the different prepa-
ration methods resulted in PM types with a dif-
ferent tendency to aggregation.

Figure 2. Morphological characterisation of different PM types. A: Flow-cytometry dot plots of PM types, obtained after 
ultracentrifuge isolation and filtering. Gated regions indicate aggregated (AG) and non-aggregated microparticles. 
B: Quantitative analysis of the extent of PM aggregation, determined by flow cytometry. Mean ± SEM (n = 4-6); °p < 
0.05 vs. PMap. C: Scanning electron microscopic images of preparations of different PM types. Centrifuged PM types 
were fixed and immobilised on polylysine for electron microscopy. Shown are representative electron micrographs. 
Arrows indicate PM aggregates (bars = 1 µm).
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Surface receptor properties of different PM 
types

The most abundantly formed types of micropar-
ticles (PMap, PMthr, PMiono and PMsonic) were char-

acterised for the expression of platelet mem-
brane glycoproteins (Figure 3A). Most PM types 
showed similar levels of the glycoproteins 
CD61/CD41 (integrin αIIbβ3), CD31 (PECAM-1), 
CD36 (thrombospondin-1 receptor), and CD40 

Figure 3. Surface characteristics of PM types and ability to bind to monocytic cells. A: Flow cytometric staining of 
PM types and platelets (plts) for different glycoprotein markers. Platelets were resting or stimulated with thrombin 
(thr, 1 U/ml). Data represent geometric means of fluorescence intensity, after correction for staining with control 
IgG. B: Flow cytometry detection of PM binding to monocytic THP-1 cells, treated with indicated PM for 30 minutes 
in the presence or absence of either: neutralising antibodies (20 µg/ml), EDTA (5 mM), eptifibatide (50 µg/ml), or 
CX3CR1 inhibitor F1 (0.5 µg/ml). PM complexes with THP-1 cells were detected as THP-1 gated events staining for 
FITC anti-CD61 mAb. Blank represents control with unstained cells. Means ± SEM (n = 3-5); *p < 0.05 vs. PMap; °p 
< 0.05 vs. Plts.
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(TNFα receptor superfamily), but PMsonic dis-
played relatively high expression levels of 
CD61/CD41. Levels of CD62P (P-selectin, 
marker of α-granule secretion) were increased 
in all PM in comparison to (larger size) resting 
platelets. However, the various PM types dif-
fered considerably in the presence of the acti-
vated αIIbβ3 integrin conformation (detected 
with PAC-1 mAb). PMsonic followed by PMap were 
highest in PAC-1 mAb binding, which is in agree-
ment with the tendency of these PM types to 
form aggregates. In contrast, PM formed by 
platelet activation with thrombin (PMthr) or Ca2+ 

ionophore (PMiono) were low in activated αIIbβ3, 
while these types displayed increased CD63 
expression (marker of dense-granule and lyso-
some secretion). In marked contrast to PMap, 
the types PMthr, PMiono and PMsonic showed high 
levels of phosphatidylserine at their surface 
(detected with annexin A5). In comparison to 
PMthr, the PMiono showed low expression levels 
of CD31, CD40L, CD61 and CD62P. On the 
other hand, only PMsonic were high in the signal-
ling receptors CD40L and CX3CR1 (fractalkine 
receptor). Overall, this pointed to strikingly dif-
ferent profiles of platelet surface activation 

Figure 4. Binding and uptake of PM types by monocytic cells. A: Flow cytometric detection of FITC-labelled 
carboxylated beads coated with PMap or PMthr. Beads were incubated with 3 × 107 PM/ml, or otherwise as indicated. 
PM coating was verified by co-labelling with APC anti-CD61 mAb. B: Interaction of PM-coated beads with THP-1 cells, 
determined by flow cytometry. Cells were incubated with beads for 40 minutes at 22°C. Note abolished binding in 
the presence of EDTA (5 mM), but not with annexin A5 (1 µg/ml). C: Numbers of bound and internalised PM-coated 
beads per THP-1 cell, determined by confocal microscopy. D: Confocal microscopy of PM-coated beads (FITC label, 
green) bound and internalised into TPH-1 cells (APC anti-CD45 mAb, red). Shown are representative 3-dimensional 
reconstructions of recorded z-stacks (bars, 10 µm). Means ± SEM (n = 3-4); *p < 0.05 vs. control; °p < 0.05 vs. no 
inhibitor.
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markers for the PM types. The PMap from aging 
platelets characteristically were high in the 
activated αIIbβ3 conformation, while PMthr and 
PMiono from activated platelets were typically 
high in surface exposure of CD63 and 
phosphatidylserine.

Binding of PM types to monocytic cells and cell 
stimulation

We subsequently determined the capability of 
these PM types to interact with monocytic cells. 
Flow cytometry demonstrated that, in spite of 
the differences in receptor expression profile, 
all PM types stably bound to THP-1 cells (Figure 
3B). Using a panel of receptor antagonists, we 
examined the PMap binding in more detail. It 
was greatly diminished by Mg2+/Ca2+ chelation 
with EDTA as well as with a blocking mAb 
against P-selectin (20 µg/ml), which suggested 
a key role of the latter receptor in the interac-
tion with PM. Other blocking agents were with-
out effect. For instance, blockage of integrin 
αIIbβ3 with eptifibatide (50 µg/ml) or of phos-
phatidylserine with annexin A5 (1 µg/ml) did 
not impair PM binding to monocytic cells. 
Similarly, blocking antibodies against CD14, 
CD36 or inhibition of CX3CR1 with the blocking 
compound F1 were ineffective. Concerning 
PMthr, as the most physiological type of platelet 
activation-induced PM form, EDTA and 
P-selectin blocking diminished the binding to 
THP-1 cells (data not shown).

For more detailed study of the consequences 
of PM-monocytic cell interaction, we used FITC-

labelled carboxylated polystyrene beads that 
were coated with the different microparticles. 
Incubation of the beads with increasing con-
centrations of PMap or PMthr (0.3-3 × 108/ml ) 
resulted in a gradually increasing but saturated 
staining with APC-labelled anti-CD61 mAb 
(Figure 4A). This indicated that the FITC-
labelled beads were able to bind saturating 
numbers of αIIbβ3-expressing PM. Similar resu- 
lts were obtained with beads incubated with 
either PMiono or PMsonic (data not shown). Given 
the comparable APC labelling of beads with all 
PM types (Figure 4A), it was concluded that all 
of these coated the beads at similar amounts.

The PM-coated FITC-labelled beads were then 
co-incubated with THP-1 cells, and binding to 
the cells was examined by flow cytometry. As 
indicated in Figure 4B, the THP-1 cells readily 
interacted with beads coated with any type of 
PM. For beads coated with PMap or PMthr, the 
binding properties were characterised in more 
detail. In either case, binding was reversed in 
the presence of EDTA or by blocking P-selectin 
with a mAb, but not with annexin A5. More 
detailed examination by confocal microscopy 
showed that, after 2 hours of incubation, part 
of the beads (~35%) was internalised into the 
cells, regardless of the type of PM present on 
the beads (Figure 4C, 4D). Control beads, not 
coated with PM, hardly bound to THP-1 cells 
and were not internalised.

Secretion of reactive oxygen species like hydro-
gen peroxide is an established activation mark-
er of monocytes, e.g. in response to chemo-

Figure 5. Effects of PM types on peroxide secretion and actin cytoskeleton rearrangement in monocytic cells. THP-1 
cells (2.5 × 106/ml) were treated with vehicle (ctrl), PMap, PMthr, PMiono or PMsonic (2.5 × 107/ml) for 2-24 hours. A: 
Hydrogen peroxide secretion measured after indicated treatment times. B: Filamentous actin (F-actin) formation 
after 24 hours, as assessed by staining with FITC-phalloidin and flow cytometry. Means ± SEM (n = 3-5); *p < 0.05 
vs. control.
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kines or when interacting with platelets [25, 
26]. We therefore examined the capability of 
PM to stimulate hydrogen peroxide production 
after interaction with THP-1 cells. After an incu-
bation period of 24 hours, all PM types pro-
voked significant release of peroxide (Figure 
5A). At this time point, the cells had undergone 
major changes in actin cytoskeleton structure, 
as apparent from a marked increase in F-actin 
content in the presence of PMap, PMthr or PMsonic 
(Figure 5B). With PMiono, a smaller increase in 
F-actin was observed, but the difference was 
not statistically significant. In agreement with 
earlier results using PMap [15], we found that 
longer-term 48-hour incubations with both PMap 
and PMthr provoked adhesion of the THP-1 cells 
(1.5 × 105/ml) to a fibronectin surface, an 
effect that was maximal at ≥ 3 × 105 PM/ml 
(data not shown). Collectively, these results 
indicated that the various PM types are capa-
ble of binding and becoming internalised into 
monocytic cells, while causing major changes 
in cell activation properties.

Anti-apoptotic effects of PM types on mono-
cytic cells

Our recent findings of PMap-induced monocytic 
cell activation and differentiation [15], may also 
point to pro-survival effects of PM on these 
cells. A possible mechanism to stimulate sur-
vival is by inhibiting the apoptotic program. We 
therefore checked the ability of aging- and acti-
vation-induced PM to influence apoptosis in 
THP-1 cells, induced by the commonly used 
agonist, PMA. Activity of the executioner cas-
pase-3 was determined as a marker of apopto-
sis. Strikingly, PMap, PMiono, PMsonic and to a 
lesser extent PMthr were found to greatly sup-
press the PMA-induced caspase-3 activity 
(Figure 6A, left panel). In addition, cells were 
treated with the compound ABT737 (a specific 
antagonist of the anti-apoptotic Bcl-family pro-
teins), which induces apoptosis via a mitochon-
drial pathway with massive caspase activation 
[27, 28]. Again, all types of PM suppressed 
ABT737-induced caspase-3 activation in THP-1 
cells (Figure 6A, right panel). Supernatants 
from MP preparations were ineffective, while 
also resting platelets did not influence the cas-
pase-3 activation in monocytic cells. Control 
experiments showed that PM or platelets alone 
had no more than negligible caspase-3 activity 
(not shown). These data thus indicated that the 

different types of PM have a significant anti-
apoptotic potential on monocytic cells.

In a previous study, it was shown that PM in 
endothelial progenitor cells can trigger the sig-
nalling pathway of phosphoinositide 3-kinase 
(PI3K) and protein kinase Akt [10]. In various 
cell types, this pathway is considered to be 
antagonistic to apoptosis [29]. The proposed 
molecular mechanism is that PI3K/Akt activa-
tion suppresses the pro-apoptotic proteins 
Bak/Bax [30]. To investigate a role of this path-
way in PM-mediated inhibition of apoptosis in 
THP-1 cells, we determined whether the vari-
ous PM types can stimulate phosphorylation of 
the Ser473 site of Akt, as an established down-
stream effect of PI3K [31]. We indeed detected 
marked phosphorylation of Akt in response to 
both PMap and PMthr already after 1 hour of 
incubation, which persisted for up to 6 hours 
(Figure 6B, 6C). Blocking of the interaction of 
PMap with THP-1 cells with an anti-P-selectin 
mAb abolished the Akt phosphorylation (Figure 
6C), indicating that PM-cell contact is required 
for this signalling event. Subsequent measure-
ments of caspase-3 activity showed that the 
inhibitory effect of PM on ABT737-induced cas-
pase was fully antagonised in the presence of 
the specific Akt inhibitor, AKT124005 (Figure 
7D). Taken together, these data indicate that 
both aging- and activation-induced PM sup-
press Bak/Bax-dependent apoptosis, likely via 
activation of the PI3K/Akt pathway.

Mediator release induced by PM types in 
monocytes

To determine the functional consequences of 
PM interactions with THP-1 cells, we assessed 
the release of chemotactic, inflammatory medi-
ators, known to be produced by monocytes in 
contact with platelets. Interestingly, only PMap 
stimulated the release of complement factor 
C5a, while PMthr and PMsonic preferentially stim-
ulated release of the systemic inflammatory 
cytokine TNFα (Figure 7A). Dose-response 
studies confirmed that the differential release 
of C5a and TNFα with PMap and PMthr, respec-
tively, was maintained at high PM concentra-
tions (Figure 7B).

Given the physiological consequences of 
release of these immune and inflammatory 
mediators, similar experiments were performed 
with primary monocytes isolated from periph-
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eral human blood. Dual-labelling flow cytometry 
indicated that all types of PM interacted with 
monocytes, thus confirming the data for mono-
cytic THP-1 cells (not shown). Treatment of the 
monocytes with PMap resulted in considerable 
release of complement factor C5a, while other 
PM types or resting platelets caused only mini-

mal C5a release (Figure 7C). Also in monocytes, 
PMthr and PMsonic most strongly stimulated the 
release of TNFα, with the other PM types being 
less active.

To explain the differential effects of PM types, 
Ca2+ responses were measured as an initial sig-

Figure 6. Anti-apoptotic effect of PM types on monocytic cells. THP-1 cells (1.25 × 106/ml) were treated with 
vehicle (control), resting platelets or PM types (each 1.25 × 107/ml) for 1-6 hours. The Akt inhibitor, AKT124005 
(10 µM), was present as indicated. Cells were then stimulated with PMA (0.5 µg/ml) or ABT737 (10 µM) for 1 hour 
to start apoptosis. A: PM effect on PMA- or ABT737-induced caspase-3 activation. Caspase-3 activity is expressed 
as increased fluorescence compared to non-stimulated control cells. B, C: PM effect on Akt phosphorylation. B: 
Representative western blots of phosphorylated (P)-Akt or total Akt from cells incubated with PMap or PMthr for 
1-6 hours. C: Densitometric analysis of P-Akt bands, normalised to Akt staining. D: Effect of Akt inhibitor on PM-
regulated caspase-3 activity. Means ± SEM (n = 3-7); *p < 0.05 vs. vehicle control; °p < 0.05 vs. PMA or ABT737.
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nalling event. In Fluo-4-loaded monocytes 
adhered to coverslips, single-cell rises in cyto-
solic Ca2+ were determined by microscopic fluo-
rescence imaging. Monocytes remained low in 

cytosolic Ca2+ in the absence of stimuli, but 
responded by a prolonged Ca2+ rise when treat-
ed with ATP as a control agonist (Figure 8A). 
When comparing the effects of various types of 

Figure 7. Different effects of PM types on cytokine release by monocytic cells and monocytes. THP-1 cells (3 × 105/
ml) or monocytes (1 × 106/ml) were treated with vehicle solution (ctrl), indicated PM types, or platelets for 24-44 
hours at 37°C. A: Levels of complement factor C5a and TNFα, measured in supernatants after 24-hours treatment 
of THP-1 cells with PM (3 × 106/ml). B: Dose effect of PM types (0.6-30 × 106/ml) on C5a and TNFα release by THP-
1 cells. C: Cytokine levels in supernatants after treatment of monocytes (44 hours) with PM types (1 × 107/ml) or 
resting platelets (1 × 107/ml). Means ± SEM (n = 3-4); *p < 0.05 vs. control; °p < 0.05 vs. PMap.
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PM, it appeared that only addition of PMap 
evoked repetitive and transient Ca2+ spikes in 
the majority of the cells, with an averaged spik-
ing frequency of 0.26/minute (Figure 8A, 8B). 
Addition of PMthr resulted in only low-amplitude 
spikes with a frequency of 0.13/minute. 
Addition of PMiono or platelets did not result in 
Ca2+ signalling events. Taken together, these 
results indicated that aging- and activation-
induced PM markedly differed in inducing early 
signalling events in monocytes.

Discussion

Characterisation experiments demonstrated 
that the PM produced from platelets in various 
ways, i.e. from aging platelets (PMap), from ago-

nist-stimulated platelets (PMthr, PMiono) or by 
platelet sonication (PMsonic), strikingly differ in 
surface receptor expression levels. Flow cytom-
etry showed that all PM types expressed 
P-selectin, but varied in the expression of other 
platelet activation markers. The activated con-
formation of integrin αIIbβ3 was highly present 
on PMap and PMsonic, which PM types also tend 
to cluster into aggregates. Activation-induced 
PM types, i.e. PMthr and PMiono, were low in the 
activated conformation of αIIbβ3, but displayed 
high expression of CD63 along with phosphati-
dylserine. The aging produced PMap character-
istically were high in integrin αIIbβ activation, 
but low in phosphatidylserine exposure. 
Especially PMsonic were enriched in the signal-
ling receptors, CD40L and CX3CR1. Accordingly, 

Figure 8. Different effects of PM types on Ca2+ responses in monocytic cells. Fluo-4-loaded CD14-positive monocytes 
on coverslips were left untreated (control) or treated with indicated types of PM or resting platelets (each 2 × 108/
ml). The agonist ATP (10 µM) was used as a positive control. Rises in Ca2+ in single cells were monitored by high-
frequency fluorescence image recording. A: Time traces of pseudo-ratio Ca2+ responses (F/Fo) from 3 representative 
cells per condition. B: Average Ca2+ responses from > 25 cells. Means ± SEM; *p < 0.05 vs. control.
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the circumstance of PM shedding from plate-
lets - aging or activation - seems to result in 
microparticles with a different capacity to inter-
act with blood cells and plasma (coagulation) 
factors.

In studying the functional and signalling effects 
of PM on monocytes, we in particular concen-
trated on PMap and PMthr as the most prominent 
types likely to be formed under (patho)physio-
logical conditions in vivo. Using flow cytometry 
and electron microscopy, we found that, unlike 
resting platelets, these two PM types interact-
ed with monocytic cells, despite the differenc-
es in surface properties. In agreement with the 
expression of P-selectin on these two PM types, 
blocking antibodies against this receptor 
impaired this interaction. This finding is in line 
with the established role of P-selectin in plate-
let-leukocyte interaction [32]. Furthermore, the 
interaction of these PM types with monocytic 
cells was dependent on divalent cations, i.e. 
blocked with EDTA. The same interactions - via 
divalent cations and P-selectin - were also 
required for the binding of fluorescent beads 
coated with PMap or PMthr to monocytic cells. In 
this respect, others have previously indicated 
that interaction of activated platelets with 
monocytes via P-selectin prepares for cell acti-
vation via RANTES [33].

Experiments with the PM-coated fluorescently-
labelled beads furthermore showed that vari-
ous types of PM (PMap, PMthr, PMiono and PMsonic) 
are taken up by the cells via a phagocytosis 
process. Remarkably, inhibitor studies indicat-
ed that CD14, CD36 or phosphatidylserine 
were not involved in PMap binding (and uptake), 
in spite of the established role of these mem-
brane components in apoptotic body clearance 
[34, 35]. Uptake of PM has also been described 
for other cells, in particular (progenitor) endo-
thelial cells [26, 36]. Surface-expressed 
P-selectin - a feature shown by all PM types - 
may directly or indirectly be involved in the 
uptake mechanism. Interestingly, the phago-
cytic response with all PM types was accompa-
nied by cytoskeleton changes and production 
of the reactive oxygen species H2O2. How PM 
binding and uptake causes these monocytic 
responses is still unclear.

Another key finding was that the various types 
of PM (PMap, PMthr, PMiono and PMsonic) had a 
clear anti-apoptotic effect on THP-1 cells, 

regardless of the apoptotic trigger, i.e. PMA 
causing continuous protein kinase C stimula-
tion, or ABT737 inhibiting the Bcl-family pro-
teins. Thus, these PM types stimulated cas-
pase-3 activity induced by these stimuli. For 
PMap, it could be demonstrated that this stimu-
lating effect was antagonised by inhibition of 
the protein kinase Akt. Furthermore, both PMap 
and PMthr were able to activate the PI3K/Akt 
pathway, as was apparent from the PI3K-
dependent phosphorylation of Akt at Ser473. At 
least in case of PMap, the Akt activation relied 
on P-selectin-dependent interaction with the 
monocytic cells. These data are in good agree-
ment with published findings that platelet-
derived microparticles stimulate Akt phosphor-
ylation and activation in endothelial and 
neuronal progenitor cells [36, 37]. 
Mechanistically, this feeds well into the known 
anti-apoptotic role of PI3K/Akt stimulation, like-
ly acting through Akt-dependent inactivation of 
the pro-apoptotic Bad proteins [29, 38].

Elevated cytosolic Ca2+ is a common initial sig-
nal for many blood cell responses, including 
phagocytosis, oxidative burst and paracrine 
mediator release [39-42]. We demonstrate for 
the first time that particularly platelet-derived 
microparticles evoke Ca2+ rises when interact-
ing with monocytes. Interestingly, PMap were 
most efficient in this response, with PMthr trig-
gering only minor Ca2+ transients, and PMiono or 
intact platelets not having any effect. Similarly, 
PMap and PMthr were most effective in increas-
ing levels of filamentous actin, which is a Ca2+-
dependent event. The precise downstream 
effector pathways of the Ca2+ rises need to be 
explored further, but in general may include 
Ca2+-dependent operation of transcription fac-
tors such as NFAT [43] and the release of cer-
tain mediators. In this context, it should be 
noted that monocytes, in contrast to other leu-
kocytes, are cells poor in secretion granules, 
showing no or limited exocytosis.

A typical and likely relevant difference between 
aging- (PMap) and activation- (PMthr) induced 
microparticles was their diverse ability to stimu-
late the formation of bioactive mediators in 
THP-1 cells and monocytes, with only the for-
mer causing release of complement factor C5a, 
and only the latter releasing proinflammatory 
TNFα. A recent study with macrophages also 
indicates that microparticles from platelets 
influence the release of TNFα [44]. Our previ-
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ous data indicated that PMap stimulate mono-
cyte differentiation into a resident macrophage 
phenotype [15]. It now appears that rather PM 
from activated platelets stimulate the develop-
ment to a more inflammatory type of mono-
cytes, producing the reactive cytokine TNFα. 
The latter PM types also have a high procoagu-
lant potential because of the increased surface 
exposure of phosphatidylserine.

The activation-induced PMiono differed in vari-
ous aspects from PMthr in triggering responses 
in monocytic cells, i.e. they were unable to trig-
ger Ca2+ responses and TNFα release. 
Interestingly, most likely due to their exposure 
to prolonged elevation in Ca2+ in response to 
A23187, the PMiono showed low expression lev-
els of several surface receptors known to be 
substrates of ADAM proteases (i.e. CD31, 
CD40L, CD61, CD62P) [45]. Hence, we may 
speculate that surface shedding of these or 
other receptors explains the lack of PMiono to 
evoke TNFα release in THP-1 cells and 
monocytes.

Taken together, our results suggest that in vivo 
not only the amount but also the type of PM 
produced can be important for the fate and the 
responsiveness of circulating monocytes for 
instance in inflammation. Stated otherwise, 
aging or activated platelets seem to be able to 
disseminate and extend their roles in the stimu-
lation of leukocytes [46] in different ways via 
the production of different types of PM. The 
type of circulating PM under pathological condi-
tions of thrombosis thus may direct the differ-
entiation program and repertoire of released 
mediators by patients’ monocytes.
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