'.) Check for updates

This article is in a thematic series on Microparticles, which includes the following articles:

Microparticles: Protagonists of a Novel Communication Network for Intercellular Information Exchange [Circ Res.
2010;107:1047-1057]

Microparticles in Hemostasis and Thrombosis [Circ Res. 2011;108:1284-1297]

Microparticles in Angiogenesis: Therapeutic Potential [Circ. Res. 2011;109:110-119]

Microparticles, Vascular Function and Atherothrombosis

Formation, Fate and Function of Platelet Microparticles
Leukocyte-derived Microparticles in Vascular Homeostasis
Christian Weber and Sebastian Mause, Guest Editors

Microparticles, Vascular Function, and Atherothrombosis

Pierre-Emmanuel Rautou, Anne-Clémence Vion, Nicolas Amabile, Gilles Chironi, Alain Simon,
Alain Tedgui, Chantal M. Boulanger

Abstract: Membrane-shed submicron microparticles (MPs) are released after cell activation or apoptosis. High
levels of MPs circulate in the blood of patients with atherothrombotic diseases, where they could serve as a useful
biomarker of vascular injury and a potential predictor of cardiovascular mortality and major adverse cardiovascular
events. Atherosclerotic lesions also accumulate large numbers of MPs of leukocyte, smooth muscle cell, endothelial,
and erythrocyte origin. A large body of evidence supports the role of MPs at different steps of atherosclerosis
development, progression, and complications. Circulating MPs impair the atheroprotective function of the vascular
endothelium, at least partly, by decreased nitric oxide synthesis. Plaque MPs favor local inflammation by augmenting
the expression of adhesion molecule, such as intercellular adhesion molecule-1 at the surface of endothelial cell, and
monocyte recruitment within the lesion. In addition, plaque MPs stimulate angiogenesis, a key event in the transition
from stable to unstable lesions. MPs also may promote local cell apoptosis, leading to the release and accumulation of
new MPs, and thus creating a vicious circle. Furthermore, highly thrombogenic plaque MPs could increase thrombus
formation at the time of rupture, together with circulating MPs released in this context by activated platelets and
leukocytes. Finally, MPs also could participate in repairing the consequences of arterial occlusion and tissue ischemia
by promoting postischemic neovascularization. (Circ Res. 2011;109:593-606.)
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Atherosclerosis is a pathological condition that underlies
several important adverse vascular events, including coro-
nary artery disease, stroke, and peripheral arterial disease,
responsible for most of the cardiovascular morbidity and mor-
tality in the Western world today. Epidemiological studies

indicate that the prevalence of atherosclerosis is increasing all
over the world because of the adoption of Western lifestyle and
is likely to reach epidemic proportions in the coming decades.!-?

Atherosclerosis was described as a simple proliferative
process, with passive deposition of lipid debris on the arterial
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wall.? Within the past three decades, atherosclerosis emerged
as a chronic inflammatory disease, involving increased endo-
thelial cell permeability, accumulation of low-density lipo-
proteins (LDL) in the subendothelial space, followed by the
diapedesis of leukocytes and formation of foam cells, migra-
tion and proliferation of smooth muscle cells, production of
connective tissue, and neovascularization. The culminating
point of this slowly developing disease is plaque rupture or
erosion, resulting in thrombosis and arterial occlusion.*
Microparticles (MPs) are 0.1- to 1 wm membrane vesicles
released in extracellular space after cell activation or apopto-
sis.> They harbor at their surface most of the membrane-
associated proteins of the cells they stem from and are
characterized by the loss of plasma membrane asymmetry,
resulting in the exposure of phosphatidylserine on their outer
leaflet.> A large number of studies have proposed that MPs
may contribute to atherosclerotic plaque development, pro-
gression, and complications. This review summarizes the
possible implication of MPs at different steps of atheroscle-
rosis development. Noteworthy, investigation of MP role
relies on either MPs generated in vitro from cultured cells or
MPs isolated from the blood or tissues of patients and animal
models. Although the information provided by in vitro
generated MPs brings highly valued mechanical insights, the
transfer of such results in vivo might be limited because the
biological effects and composition of MPs greatly vary
depending on the stimulus initiating MP release.’-!!

Microparticle Generation and Cardiovascular
Risk Factors

The general consensus is that most cell types, including

circulating cells and cells present in the vessel wall, are

capable to vesiculate and release membrane-shed MPs in the

extracellular medium in response to cell activation or apo-

Non-standard Abbreviations and Acronyms

HUVEGC human umbilical vein endothelial cell
ICAM intercellular adhesion molecule

IL interleukin

LDL low-density lipoproteins
MMP  matrix metalloproteinases
MP microparticle

PSGL-1 P-selectin glycoprotein ligand-1
TNF-«  tumor necrosis factor-a

ptosis. Several factors involved in the development of ath-
erosclerotic lesions, such as lipoproteins, cytokines, oxidative
stress, or shear stress level, increase in vitro the release of
MPs from vascular and/or circulating cells (Table).

Based on the knowledge gathered from experiments on
platelet, MP formation at the plasma membrane of the cell
appears to require some specific modifications. First, intra-
cellular calcium and caspase-dependent mechanisms are ma-
jor determinants of the loss of membrane asymmetry.® Dis-
ruption of phospholipid membrane asymmetry leads to
exposure of phosphatidylserine on the outer leaflet. This is a
consequence of the calcium-dependent upregulation of
scramblase and inhibition floppase/ABC1 and translocase/
flippase activities.® Second, blebbing requires cytoskeletal
reorganization. During apoptosis, bleb formation depends on
actin cytoskeleton and actin-myosin contraction, which is
regulated by caspase 3-induced Rho kinase I and II activa-
tion.!'2!13 Caspase activities have been identified in different
MPs, and thus could represent an attempt for cells to escape
cellular apoptosis.!4-16

Table. Relevant Stimuli for Atherosclerosis Leading to Microparticle Release From Circulating or Vascular Cells

Cell Type
Stimuli Endothelial Cell Platelet Smooth Muscle Cell ~ Monocyte/Macrophage
Cigarette extract Li et al?4
Modified LDL Nomura et al'73 Llorente-Cortes et al'74
HDL cholesterol Liu et al'7® Liu et al'"®

Uremic toxin Faure et al'76

Flow conditions Ramkhelawon et al'7”
Thrombin Sapet et al,’® Simoncini et al2°
Collagen
Homocysteine Sekula et al'83
Activated Protein C Pérez-Casal et al'85
PAI-1 Brodsky et al'86

Proinflammatory cytokines
(TNFa, IL1B) and CRP

Oxidative stress

Combes et al,'®” Curtis et al,®
Abid Hussein et al,’s Wang et al,2

Vince et al,'9" Szotowski et al192
Fas ligand
PDGF

Nomura et al'78

Nomura et al,'7® Piguet et al'88

Stampfuss et al'7®

Barry et al,%° Dale et al,’8 Chang et al,8!
Barry et al,%° Boilard et al,'82 Chang et al,8!
Olas et al'®4

Pérez-Casal et al'85

Schecter et al'8® Jungel et al190

Essayagh et al 200593
Schecter et al'94

CRP indicates C-reactive protein; HDL, high-density lipoprotein; IL, interleukin; LDL, low-density lipoprotein; PAI, plasminogen activator inhibitor; PDGF,

platelet-derived growth factor; TNF, tumor necrosis factor.

Only studies showing a significant increase in MPs release as compared to basal condition have been included.
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Endothelial MP formation and release have received sig-
nificant attention over the past recent years, and different
signaling pathways have been identified depending on the
stimuli (Table).!” Clearly, endothelial MP shedding can occur
independently of endothelial apoptosis.!® Curtis et al'® iden-
tified p38 mitogen-activated protein kinase as a key factor for
the shedding of endothelial cells under tumor necrosis
factor-a (TNF-a) stimulation. In opposition, thrombin stim-
ulation of endothelial cells induces a complex biphasic
release of endothelial MPs.!® Several different mechanisms
concur to vesiculation. First, thrombin binds to its protease-
activated receptor-1, followed by Rho kinase II activation.
Second, a later pathway involves TRAIL/Apo2L, a cytokine
that belongs to the TNF-« superfamily,?® followed by inter-
leukin (IL)-1 release and IL-1 receptor activation.?! The
second phase is characterized by an amplification loop based
on the release by endothelial cells stimulated by thrombin of
soluble forms of TRAIL and of IL-1 that act in an autocrine
or paracrine manner on endothelial cells and stimulate MP
shedding. Interestingly, these findings demonstrate that
thrombin-induced activation of endothelial cells leads to the
release of MPs of different composition. Endogenous nitric
oxide appears to play a protective role against endothelial MP
formation by a mechanism involving tetrahydro-biopterin, as
observed after C-reactive protein endothelial activation.?2 No
other study has addressed the potential effects of nitric oxide
on endothelial MP formation and release.

Monocyte-macrophages also release MPs on activation
(Table). In addition, endotoxin stimulates macrophage MPs
formation via a pathway requiring inducible nitric oxide
synthase activation.?* Furthermore, tobacco smoke provokes
the generation of highly procoagulant monocytic MPs in a
process requiring ERK1/2 activation and caspase
3-dependent apoptosis.>*

Although enucleated cells, such as erythrocytes and plate-
lets, cannot undergo classical apoptosis associated with nu-
clear fragmentation, MPs expressing specific markers of
platelets or red blood cells have been detected in human and
animal plasma.?> Contrary to platelet MP release, little
information is available on the molecular mechanisms lead-
ing to the phosphatidylserine exposure and MP formation in
erythrocytes. Increases in intracellular calcium and oxidative
stress promote erythrocyte MP release.?%?7 In addition, se-
nescence of erythrocyte, as well as of platelets, leads to
phosphatidylserine exposure on the cell membrane outer
leaflet and release of MPs.?® In senescent platelets, the release
of MPs depends on cytochrome c release and subsequent
activation of caspase 3 and Rho kinase .28

Lesion Initiation
A primary event in the development of atherosclerotic lesions
is the accumulation of low-density lipoprotein in the suben-
dothelial matrix.# This occurs in precise sites within the
arteries such as arterial branching or curvature where hemo-
dynamic forces and endothelial shear stress is disturbed.* In
these areas, endothelial cells are not aligned in the direction
of flow but rather have polygonal shapes and no particular
orientation.* Endothelial permeability is also increased, al-
lowing for the diffusion of macromolecules such as LDL
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through endothelial cell junctions.?®-3° Then, LDL undergoes
several modifications, including oxidation, lipolysis, proteol-
ysis, or aggregation in the subendothelial space, where they
are removed by macrophages and foam cells.* The implica-
tion, if any, of MPs in these initial stages of atherosclerosis
has never been directly assessed, but several findings indicate
it may be likely.

First, MPs, and particularly endothelial MPs, are released
and their circulating levels increase early in atherosclerotic
process. Cardiovascular risk factors may trigger endothelial
MP release, in addition to the well-known effects of cytokines
and proapoptotic and procoagulant stimuli (Table). For in-
stance, smoking, as well as second-hand smoking or enforced
physical inactivity, are associated with increases in circulat-
ing endothelial MP in healthy subjects.?!-33 Increases in
plasma endothelial MPs are also observed after high-fat
meals with augmented circulating levels of modified LDL
and triglycerides, whereas a Mediterranean regimen lowers
levels of circulating endothelial MPs.34-3¢

Second, a paracrine effect of endothelium-derived MPs in
atherosclerotic-prone areas is possible. Mechanical factors
may be involved in the regulation of endothelial MPs release.
In vitro and in vivo studies demonstrate that turbulent shear
stress is accompanied by endothelial apoptosis, whereas
laminar shear stress protects endothelial cells from apopto-
sis.37-3% Apoptosis being a well-known stimulus of MP re-
lease, endothelial MPs are likely to be released in turbulent or
low shear stress areas. This hypothesis is reinforced by the
inverse correlation observed in patients with end-stage renal
disease between endothelial MPs and basal arterial laminar
shear stress.>® Because endothelial MPs released from apo-
ptotic cultured endothelial cells harbor caspase-3 activity,
endothelial cells from low or disturbed shear stress areas may
use MP release to expel proapoptotic proteins from their cell
body in a last attempt to escape programmed cell death.!'®
This interpretation therefore would support a beneficial role
of endothelial MP by maintaining a protective endothelial
lining of the blood vessel wall. However, because shear stress
is low in atherosclerotic-prone areas, local endothelial MP
concentrations are likely to be elevated and could affect
neighboring endothelial cells.

Third, several recent findings indicate that endothelial MPs
hamper the atheroprotective function of the endothelial lining
of blood vessels. Endothelial MPs impair endothelial nitric
oxide bioavailability by either stimulating free radical gener-
ation or decreasing Ser1179- endothelial nitric oxide synthase
phosphorylation**-+3 (Figure A). Furthermore, endothelial
MPs may directly increase endothelial permeability.*! This
effect was initially reported in pulmonary capillaries of
C57BL/6 mice injected with endothelial MPs but was not
observed for MPs carrying endothelial protein C receptor-
generated after exposure of endothelial cells to exogenous
activated protein C.** The increased permeability could also
result from increased CD11b expression at the surface of
leukocytes exposed to endothelial MPs.#> Interestingly, sev-
eral findings suggest that the release of endothelial MP may
be concomitant with increased endothelial permeability.
Stimuli such as thrombin or TNF-« induce both MP genera-
tion and endothelial permeability.!”#¢-47 Stimuli inhibiting
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Figure. Implication of MPs in
the development, progres-
sion, and complications of
atherosclerotic plaques. A,
Lesion initiation. Circulating
endothelial and leukocyte
microparticles (MPs) are
increased in patients with
high atherothrombotic risk.
These MPs induce endothelial
dysfunction by decreasing
nitric oxide (NO) synthesis as
the result of an inhibition of
the endothelial nitric oxide
synthase (eNOS) function
and/or an increase in
caveolin-1, increasing oxida-
tive stress and production of
endothelial superoxide anion
(O,7). The highly unstable O,
anion can uncouple the
eNOS, thus decreasing NO
production. Some MP sub-
populations also can enhance
thromboxane A2 (TXA2) pro-
duction and thus vascular con-
traction. Opposite effects also
have been reported with MPs
derived from lymphocytes as
they increase the inducible NO
synthase (iNOS) and cyclooxy-
genase-2 (COX-2) enzymes
expression in the smooth mus-
cle cells, thus increasing vaso-
dilatory mediators concentra-
tion within the media and
decreasing contractile force.
B, Lesion progression. Human
atherosclerotic plaques contain
high levels of MPs. These MPs
are in the vicinity of the imma-
ture and leaky neovessels con-
tained in plaques. MPs harbor
intercellular adhesion molecule
(ICAM)-1 and transfer this
adhesion molecule to endothe-
lial cell membrane, thus
enhancing the recruitment of
monocytes into plaques. Once
transmigrated, monocytes dif-
ferentiate into macrophages
and foam cells, leading to
phagocytosis of modified low-
density lipoprotein (LDL, yellow
triangles). MPs could contrib-
ute to macrophages and foam
cells apoptosis, leading to the
release of MPs and creating a
vicious circle. C, Advanced
lesions. Vulnerable atheroscle-
rotic plaques prone to rupture
are characterized by an
increased number of vasa
vasorum and frequent intra-
plaque hemorrhage. Plaque
MPs express CD40 ligand
(CD40L), stimulate endothelial
cell proliferation after CD40

ligation, and promote angiogenesis. Therefore, plaque MPs likely contribute to the transition from stable to unstable plaques. D, Plaque
rupture. Plaque MPs expose at their surface phosphatidylserine (PS) and, frequently, tissue factor (TF), conferring MPs a high proco-
agulant activity. At the time of plaque rupture, locally released plaque MPs stimulate thrombus formation. Platelet MPs are shed from
activated platelets and participate in thrombus. The interactions between P-selectin glycoprotein ligand-1 (PSGL-1) carried by leuko-
cyte MPs and platelet P-selectin are necessary to concentrate TF activity at the thrombus edge. Endothelial, leukocyte, smooth muscle
cell, erythrocyte, and platelet MPs are represented by pink, green, brown, red, and blue circles, respectively.
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MP formation also decrease permeability.*4° In addition,
Rho-associated protein kinase and p38 mitogen-activated
protein kinase pathways have been implicated in both endo-
thelial MP release and endothelial hyperpermeability.!7-19-4750
Finally, MP formation and changes in endothelial permeabil-
ity require cytoskeletal protein reorganization.!”47

Fourth, MPs of non-endothelial origin also may contribute
to the loss of the vasculoprotective effect of endothelial cells.
For instance, MPs circulating in patients with coronary artery
disease impair endothelial nitric oxide-dependent relaxations
in healthy arteries, suggesting that plasma MPs may contrib-
ute to the generalization of endothelial dysfunction in this
disease.”! Similar findings were observed using MPs gener-
ated in vitro from lymphocytes? (Figure A). Furthermore,
endothelial permeability might be affected by circulating
MPs other than endothelial MPs. Dean et al>? have recently
shown that platelet MPs of large diameter impair endothelial
cell barrier integrity, whereas small platelet MPs have an
opposite effect.

Taken together, these findings suggest that circulating
endothelial MPs, as well as MPs of nonendothelial origin,
may contribute to the overall proatherogenic phenotype of
endothelial cells in atheroprone areas of the vasculature.

Plaque Progression

Endothelium and Recruitment of

Inflammatory Cells

Considerable evidence supports the early involvement of the
monocyte/macrophage, the most prominent cellular compo-
nent of the innate immune response, during atherogenesis.
Observations in human arterial specimens and many experi-
mental models of atherosclerosis have identified monocyte
recruitment as an early event in atherogenesis.>* This recruit-
ment involves attachment to activated endothelial cells by
leukocyte adhesion molecules such as intercellular adhesion
molecule (ICAM)-1, vascular adhesion molecule-1,
E-selectin, and P-selectin. Several cytokines, including
monocyte chemotactic protein-1, IL-6, and IL-8, direct cell
migration of monocytes into the intima.>> Interestingly,
monocyte entry to atherosclerotic plaques not only occurs
during the initial stages of lesion formation but also continues
even in established lesions.>*>¢

Several studies using in vitro-generated MPs of different
cellular origins support the concept that MPs increase the
synthesis and the release of proinflammatory cytokines by
endothelial cells and leukocytes.>’5° The release of IL-6 and
IL-8 could subsequently favor the recruitment of leukocytes
at the site of injury, and even monocyte chemotaxis.®®
Interestingly, high-density lipoprotein impairs MP binding to
endothelial cells, therefore limiting their proinflammatory
effect.>>-¢! This observation could contribute to the beneficial
effect of high-density lipoprotein in atherosclerosis.

In vitro-generated MPs also stimulate the expression of
adhesion molecules, particularly ICAM-1, at the surface of
endothelial cells.!®>7.02 MPs also augment the expression
of adhesion molecules counter-receptors, such as CD11a, on
monocytes.”” The mechanisms involve arachidonic acid or
oxidized phospholipids carried by MPs.1%57 The in vitro
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transfer of proatherogenic chemokine RANTES (CCL5) from
platelet-derived MPs to endothelial cells could lead to mono-
cyte attraction and activation, possibly promoting their re-
cruitment into the lesions.®3> Platelet MPs expressing
P-selectin also may contribute to monocyte infiltration by
favoring leukocyte—leukocyte interaction under unfavorable
flow conditions.®* Whether these observations occur during
the early stages of atherosclerotic plaque development re-
mains unknown.

A recent study using human MPs isolated from advanced
atherosclerotic plaques confirmed some of these results ob-
tained with in vitro-generated MPs, supporting the hypothesis
that MP proinflammatory effects may occur throughout the
development of atherosclerotic lesions.® Atherosclerotic
plaques contain large amounts of MPs, mostly originating
from leukocytes.®>%¢ Although the mechanisms leading to
MPs formation in atherosclerotic lesions are unknown, oxi-
dized or modified lipids as well as oxidative stress and
proinflammatory cytokines may locally contribute to MP
release from vascular cells or from monocytes (Table). MPs
isolated from human plaques augment endothelial expression
of ICAM-1 and subsequently enhance monocytes adhesion
and transmigration under flow conditions, whereas MPs
isolated from plasma has no such effects.” The increased
endothelial ICAM-1 induced by plaque MPs results from the
transfer of the adhesion molecule from MPs to endothelial
cells in a phosphatidylserine-dependent manner.® Contrary to
in vitro-generated MPs, MPs isolated from advanced human
plaques does not affect endothelial release of IL-6, IL-8, or
monocyte chemotactic protein-1, or endothelial expression of
vascular adhesion molecule-1 or E-selectin.® The effect of
plaque MPs on ICAM-1-dependent recruitment of inflam-
matory cells might be particularly relevant at the level of vasa
vasorum invading the advanced atherosclerotic lesions, be-
cause intimal neovessels express much greater levels of
vascular cell adhesion proteins than the luminal arterial
endothelium.®” These abnormal microvessels are character-
ized by disorganized branching and immature endothelial
tubes with leaky imperfect linings.5%-%° Therefore, MPs bear-
ing ICAM-1 present in plaques may diffuse within blood
stream and thus transfer ICAM-1 to the endothelial cell
surface in a “paracrine” manner® (Figure B). Whether plaque
MPs promote monocyte recruitment in fatty streaks at early
stages of atherosclerosis plaque development is unknown.

The lack of effect of circulating MPs on monocyte recruit-
ment may result from the concomitant proinflammatory and
antiinflammatory effects of MPs. For instance, neutrophil
MPs augment the release of the antiinflammatory cytokine
transforming growth factor-B81 from macrophages, suggesting
that MPs down-modulate cellular activation in macro-
phages.” In addition, exposure of leukocyte-derived MPs to
recipient leukocytes before flowing over endothelial cell
monolayers significantly inhibits their adhesion in an an-
nexin-1-dependent manner.”! It should be noted that plaque
MPs isolated from human plaques harbor annexin-1, but no
information is available indicating whether this protein is
bioactive or in a sufficient amount to confer plaque MP
antiinflammatory properties or phospholipase A2 inhibitory
activity.®72
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Monocytes/Macrophages

The transformation of recruited monocytes into lipid-laden
macrophages or “foam cells” by modified or oxidized LDL
trapped in the subendothelium is central to the development
of atherosclerotic lesions.”® Dysregulated uptake of modified
LDL via scavenger receptors such as CD36 determines foam
cells formation in vivo.’*75 Scavenger receptors also may be
involved in MP uptake and phagocytosis, because MP bind-
ing to platelet CD36 has been reported, leading to their
activation.”® However, there is no information regarding MP
interaction with monocytes—macrophages CD36 in athero-
sclerotic lesions and its potential functional consequences.

Recent findings demonstrate that the monocyte population
is not homogeneous with respect to its proinflammatory
properties. Besides the classical M1 activation of monocytes
responsible for a harsh proinflammatory activity, M2 alter-
native activation, associated with an antiinflammatory re-
sponse, is also implicated in atherosclerosis.”” No study has
yet evaluated the role of MPs in the regulation of monocyte/
macrophages subsets. Another area requiring further investi-
gations is the potential effect of MPs in monocyte prolifera-
tion, which would contribute to the increase in plaque
cellularity and therefore to plaque progression.>6-78-80

Macrophages and foam cells then undergo cell death
leading to the deposition of a growing mass of extracellular
lipids forming the lipid core.* Several reports have suggested
that MPs could contribute to monocyte and macrophage
apoptosis'+81-82 (Figure B). If this was demonstrated in
advanced atherosclerotic lesions, then MPs could contribute
to a characteristic of lesions prone to rupture.?* Two mecha-
nisms have been proposed for the proapoptotic effect of MPs.
The first one implicates the phagocytosis of monocyte-
derived or T-lymphocyte—derived MPs by monocytes and
macrophages, leading to an increased cellular content of
membrane phospholipids, which are likely cleaved by phos-
pholipases A2 into arachidonic acid. Arachidonic acid is a
strong activator of acid sphingomyelinase that metabolizes
sphingomyelin in proapoptotic ceramides, resultingin both
caspase-dependent and caspase-independent cell death.8!:82
The second mechanism relies on the presence in endotheli-
al-derived, erythrocyte-derived, platelet-derived, monocyte-
derived, and dendritic cell-derived MPs of caspase-3 or
caspase-1, which may induce target cells apoptosis.!4.15-84.85
MP encapsulation appears required for inducing apoptosis
because disruption of MP integrity suppresses the apoptotic
activity.®*

Increased monocyte and macrophage apoptosis is likely to
be associated with the release of MPs, further increasing
plaque MP accumulation (Figure B). This leads to a vicious
circle responsible for more monocyte recruitment and more
macrophage apoptosis. The large MP concentration in human
atherosclerotic plaque also may result from the decrease
in macrophages phagocytic activity in plaques.®¢-8¢ At least in
normal conditions, macrophages seem to play a key role in
MP clearance through lactadherin and phosphatidylserine.
These data, obtained with platelet-derived and erythrocyte-
derived MPs, need to be confirmed with other cell-derived
MPs, particularly endothelial cell and monocytes.37-8° Inter-
estingly, lactadherin-deficient apolipoprotein E~/~ mice have

more extensive atherosclerotic lesions and have greater levels
of circulating MPs.® The mechanism for this decreased
macrophages phagocytic activity in plaques could be a
competition of MPs with apoptotic bodies and oxidized
LDL.>

Dendritic Cells, Lymphocytes, and Mast Cells

In atherosclerosis, the innate response is rapidly followed by
an adaptive immune response to an array of potential antigens
presented to effector T-lymphocytes by antigen-presenting
cells, such as dendritic cells. Dendritic cells populate athero-
sclerotic plaques and regional draining lymph nodes, where
they can present antigens to T cells with costimulatory
molecules.>* Their maturation requires the coordinated action
of a number of cytokines and growth factors. Several mole-
cules, including CD40, TNF receptor, and IL-1 receptor, have
been shown to activate dendritic cells and to trigger their
transition from immature antigen-capturing cells to mature
antigen presenting cells.> Interestingly, in vitro-generated
endothelial MPs, but not platelet-derived or lymphocyte-
derived MPs, induce plasmocytoid dendritic cell maturation
with production of inflammatory cytokines (IL-6 and IL-8).%2
However, the opposite effect has been reported with
polymorphonuclear neutrophil-derived MPs.?3 The possi-
ble role of MPs in the migratory capacity of dendritic cells
is unknown.

Several studies concur in demonstrating a role of MPs in
lymphocyte proliferation. Both in vitro-generated and
human atherosclerotic plaques MPs are able to stimulate
T-lymphocyte proliferation.”>** One likely mechanism could
implicate the major histocompatibility complex class II ex-
pressed, together with potent costimulatory molecules such as
CD40 ligand, at the surface of MPs isolated from human
plaques.'’-72 Macrophages or dendritic cells must be the
source for MPs harboring major histocompatibility complex
class II, which are responsible for lymphocyte prolifera-
tion.*%> MPs could also promote the differentiation of
lymphocytes toward a proatherogenic T helper lineage. Naive
CD4" T cells primed in the presence of plasmocytoid
dendritic cell maturated with endothelial MPs produce mainly
T helper-1 cytokines (interferon-y and TNF-«).92 However,
these data need to be confirmed using human plaque MPs.
This proatherogenic response is controlled by various
T-regulatory cells and by T helper-2-related cytokines.”®
Except for studies using tumor-derived MPs, response of
T-regulatory cells to MPs has not been evaluated.®7-%

Mast cells are inflammatory cells present in the arterial
wall, where they form part of the inflammatory cell infiltrate
and may contribute to atherosclerosis.> Mast cells might be
an additional source of inflammatory cytokines within the
plaque. MPs released from activated T cells induce mast cell
activation, degranulation, and cytokine release in a mitogen-
activated protein kinase-dependent mechanism.”® Although
platelet MPs cannot be identified in atherosclerotic lesions,
platelet MPs may be taken-up by mast cells, leading to the
regulation of inflammatory cytokines.®®!%0 Regulation of
mast cells by plaque MPs is an additional area requiring
further investigations.
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Smooth Muscle Cell Migration, Proliferation,
and Phenotype
Smooth muscle cells play a key role in atherosclerosis both in
early and in late stages.'®! In early stages, smooth muscle
cells migrate from the media to the intima, where they are
trapped and proliferate to contribute to the development of
plaque. The stimuli initiating smooth muscle cell migration
and proliferation are not well-elucidated.!®’ The effects of
MPs on smooth muscle cell proliferation depend on their cell
origin. In vitro-generated platelet MPs increase smooth mus-
cle cell proliferation in a platelet-derived growth factor-
independent mechanism, but they had only minor migratory
activity.'92193 Conversely, endotoxin-stimulated monocyte
MPs contain functional caspase-1 and induce smooth muscle
cell death.8* Studies using MPs obtained from atherosclerotic
plaques would be useful to clarify this point. Given the high
proportion of tissue factor-positive MPs in human plaques,
a promigratory effect of plaque MPs would be expected.®®
Indeed, vascular smooth muscle cells express protease-ac-
tivated receptor-2 that can be activated by tissue factor-
coagulation factor Vlla, leading to vascular smooth muscle
cell migration.'04-106

In late stages, intimal smooth muscle cells differ signif-
icantly from their medial counterparts and as such have
unique atherogenic properties that make them fertile
ground for the initiation of plaques.'” Whereas human
medial smooth muscle cells predominantly express pro-
teins involved in contractile function, such as smooth
muscle myosin heavy chain or smooth muscle a-actin,
smooth muscle cells found in the intima express lower levels of
these proteins, have a higher proliferative index, and have a
greater synthetic capacity for extracellular matrix, particularly
collagen, proteases, and cytokines.'%%1% The potential role of
MPs in this transition to the “synthetic” state that facilitates
many of the pathogenic roles of vascular smooth muscle cells
has not been investigated.

Neovessel Formation
The intima of normal human arteries lack vasa vasorum,
whereas the adventitia and outer media possess a vascular
network.%® As atherosclerosis progresses, the intima thickens
and intimal neoangiogenesis increases, likely arising from the
adventitia.®-119-112 This network of leaky neovessels allows
extravasation of erythrocytes into the atherosclerotic lesion,
providing erythrocyte-derived free cholesterol within the
lipid core, favoring excessive macrophage infiltration and
therefore promoting the transition from stable to unstable
plaques.®®!13 The density of intraplaque neovessels increases
the risk of plaque rupture and is an independent predictor of
systemic cardiovascular outcome.!!#115

The molecular mechanisms responsible for neovessel for-
mation relate predominantly to hypoxia because of impaired
oxygen diffusion in the thickened plaque but could also be
driven by inflammation and Toll-like receptor activation.®®
MPs may contribute to intraplaque neovascularization at
different steps of the process: disruption of cell-cell contacts,
degradation of extracellular matrix, proliferation and migra-
tion and capillary tube formation of endothelial cells. First, as
discussed, MPs might increase endothelial permeability, al-
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though data are scarce and controversial.*!>3 Second, prote-
olysis of basement membrane matrix cellular components is
necessary to promote endothelial invasion into the surround-
ing interstitial matrix. As detailed below (see paragraph on
fibrous cap weakening), human plaque MPs harbor active
proteases!'® and MPs of different cellular origin are able to
induce the release of metalloproteases by different cell
types.!'7-120 Third, MPs regulate endothelial proliferation and
capillary tube formation. Human plaque MPs isolated from
endarterectomy specimens surgically obtained from patients
increase endothelial cell proliferation in vitro as well as in
vivo in matrigel plugs.!!-12! This effect relies on the presence
of CD40 ligand at the surface of plaque MPs, interacting with
endothelial CD40 to mediate proliferation by a vascular
endothelial growth factor receptor and PI3-kinase/Akt—de-
pendent pathway!22-124 (Figure C). Most plaque CD40 ligand-
positive MPs appear to be of macrophage origin. The prolif-
erative effect of MPs isolated from human lesions is more
potent for those obtained from symptomatic (ie, patients who
experienced stroke or transient ischemic attack) than asymp-
tomatic patients.!! Interestingly, lesions from symptomatic
patients have significantly more CD40 ligand-positive MPs
than those from asymptomatic patients.!' The effect of in
vitro-generated MPs on endothelial cells proliferation de-
pends on the type of endothelial cells used,'>> as well as the
concentration'2-12¢ and the cellular origin of MPs. Platelet
MPs stimulate angiogenesis both in vitro and in vivo through
growth factors such as vascular endothelial growth fac-
tor.'27:128 On the contrary, lymphocyte MPs inhibit endothe-
lial cell proliferation by augmenting reactive oxygen species
generation and by interfering with the vascular endothelial
growth factor signaling pathway.0>129.130 Endothelial MPs
also decrease endothelial cell proliferation by lowering endo-
thelial nitric oxide synthase activity!*! or by increasing
oxidative stress.*?> Opposite conclusions were drawn from
experiments using MPs derived from endothelial cells
overexpressing high levels of tissue factor'3? or
T-cadherin.’?3 The MP composition of human atheroscle-
rotic plaque reconciles the different results obtained from
studies using human plaque and in vitro-generated MPs.
No platelet MPs could be identified in human plaque, and
endothelial and lymphocyte MPs represent only 8% and
15% of all plaque MPs.¢ Conversely, the effect on
endothelial cell proliferation of MPs generated from eryth-
rocytes, macrophages/granulocytes, and smooth muscle
cell MPs (representing, respectively, 27%, 37%, and 13%
of all plaque MPs) has never been tested. Moreover,
circulating MPs from patients with advanced atheroscle-
rosis have no effect on endothelial cell proliferation.!'! In
these patients, the proportion of platelet, lymphocyte, and
endothelial MPs are in the same range (29%, 13%, and 9%,
respectively), suggesting a balance between proangiogenic
and antiangiogenic activities of MPs of different cellular
origin present in human plasma.°®

Complications and Repair Mechanisms
Fibrous Cap Weakening

Atherosclerotic plaques exist under two major phenotypes:
(1) stable plaques, characterized for the most part by a thick
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fibrous cap isolating a relatively small lipid core from the
lumen, which are associated with a very low risk of throm-
boembolic complications; and (2) unstable plaques, most of
which are characterized by a large lipid core covered by a thin
fibrous cap prone to rupture and thrombus formation and are
thought to be associated with a higher risk for thromboem-
bolic complications.!3*13> Weakening of the fibrous cap
presumably results from extracellular matrix proteins degra-
dation and from smooth muscle cell disappearance likely
after cell apoptosis.'3¢

Plaque MPs likely contribute to matrix degradation. Hu-
man atherosclerotic plaques carry active proteases.''® TNF-
a—converting enzyme (ADAM-17) has been identified, but
other proteases are also present on plaque MPs because these
MPs are able to cleave one peptide targeted by a large panel
of matrix metalloproteinases (MMPs), such as MMP-1,
MMP-2, MMP-7, MMP-8, MMP-9, MMP-12, MMP-13,
MMP-14, MMP-15, and MMP-16, and another one preferen-
tially cleaved by MMP-3 and MMP-10.!'¢ Proteases also
have been detected on MPs generated in vitro from various
cell types. For instance, in vitro-generated endothelial cell
MPs carry MMP-2, MMP-9, and MT1-MMP proenzyme and
also harbor proteases inhibitors (tissue inhibitor of MMPs-1
and tissue inhibitor of MMPS-2).12¢ Furthermore, adipocyte-
derived MPs carry MMP-2 and MMP-9,'37 and neutrophil
MPs expose active MMP-9.138 In addition, plaque MPs might
stimulate the release of MMPs by cells present in atheroscle-
rotic plaques as shown for other MPs. Platelet-derived MPs
stimulate the secretion of active MMP-2 by prostate cancer
cells.!'” Furthermore, T cells and monocytes MPs induce the
synthesis of MMP-1, MMP-3, MMP-9, and MMP-13 in
fibroblasts.!'® Finally, T-cell-derived MPs upregulate
MMP-1, MMP-3, MMP-9, and MMP-13 genes in hepatic
stellate cells.!!®

Whether plaque MPs also could contribute to fibrous cap
weakening through induction of smooth muscle cell apoptosis
remains to be determined. As mentioned, conflicting data
have been reported regarding the effect of MPs on smooth
muscle cell survival.

Plaque Rupture and Thrombosis

Studies in apolipoprotein E-deficient mice have shown that
activated endothelial cells, either covering the lesion or
present in neovessels, could promote thrombus formation and
fibrin deposition by shedding soluble P-selectin, which then
increases circulating levels of procoagulant tissue-factor pos-
itive MPs.'3 Physical disruption of plaques may also trigger
thrombosis and promote downstream ischemic event. Three
types of physical disruption may occur.!#° First, superficial
erosion or microscopic areas of desquamation of endothelial
cells account for approximately one-quarter of fatal coronary
thromboses. There is currently no evidence suggesting an
implication of MPs in this process except for one study
showing that MPs generated in vitro from the monocytic cells
line THP-1 induce endothelial cell apoptosis.'4! Second,
disruption of the microvessels that form in atherosclerotic
plaques furnishes another scenario for sudden plaque progres-
sion. The new blood vessels in the plaque may be particularly
fragile and prone to microhemorrhage.®® The role of plaque

MPs in intraplaque neoangiogenesis seems crucial and has
been discussed. The third and most common mechanism of
plaque disruption is a fracture of the plaque’s fibrous cap.
This allows the circulating blood contact with plaque MPs.
Human plaque MPs are particularly prothrombogenic be-
cause they generate twice as much thrombin as plasma MPs
from the same patients.® This procoagulant activity is related
to the exposure at their surface of phosphatidylserine because
components of the clotting cascade assemble on membrane
surfaces containing phosphatidylserine. Additionally, a large
number of human plaque MPs harbor tissue factor. This
transmembrane receptor for plasma coagulation factor VII/
VlIla dramatically increases their procoagulant activity. The
high concentration of highly procoagulant MPs in plaques
supports their crucial role in thrombus formation at the time
of rupture (Figure D). Circulating MPs, and particularly
tissue factor-positive MPs, also contribute to arterial throm-
bosis.'*> MP accumulation and subsequent formation of fibrin
are dependent on interaction of MPs P-selectin glycoprotein
ligand-1 with platelet P-selectin.'> MPs released by activated
platelets may also contribute to thrombus formation.!'#4 More
details on the procoagulant activity of MPs appear in the
review by Owens and Mackman.'4>

Repair Mechanisms:
Postischemic Neovascularization
Neovascularization after vascular occlusion involves vascular
progenitor cells of bone marrow and nonbone marrow ori-
gin.'46.147  After acute ischemia, such as acute coronary
syndrome>'-148-150 or acute stroke,'>' circulating levels of
platelet and endothelial MPs are increased in patients. More-
over, high amounts of MPs, mainly from endothelial cells
(70% of MPs are CD144™"), are detected in mouse hind-limb
muscle 48 hours after unilateral femoral artery ligation.!>?
These observations prompted the investigation of the role of
MPs in postnatal neovascularization. Such neovascularization
is augmented by MPs originating from platelets'>3-155 or
endothelial progenitor cells,'5® as well as by MPs isolated
from mouse plasma!>? or ischemic hind-limb muscle.!>!
However, conflicting results were obtained using MPs from
lymphocytes.!29:158

MPs act at different steps of the neovascularization pro-
cess. First, after ischemia, local tissue injury alters the
vascular endothelium to arrest progenitor cells in regions
where endothelium regeneration is needed.'>® Besides hy-
poxic gradients via hypoxia-induced factor-1a—induced ex-
pression of CXCL12,'%° platelet MPs also contribute to
chemoattract progenitor cells.!>* A recent study has demon-
strated that endothelial cell-derived apoptotic bodies can be
transferred to recipient cells to induce the expression of
CXCL12. This effect is mediated through miRNA-126,
which is enriched in the apoptotic bodies and acts by
knocking down the negative regulator RGS16 and enabling
CXCR4 to stimulate an autoregulatory feedback loop that
enhances ERK1/2 phosphorylation and further increases
CXCL12 production. Repetitive in vivo injections of endo-
thelial apoptotic bodies have an atheroprotective effect by
promoting the mobilization and incorporation of progenitor
cells to the plaque.'®® MPs also carry miRNA.> Whether
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endothelial MPs have the same effect as apoptotic bodies in
this setting remains to be determined.

Another step of the neovascularization process in which
MPs could interfere might be the adhesion of progenitor cells
to activated endothelium or subendothelial components of the
extracellular matrix exposed at sites of vascular injury.
Platelet MPs are also implicated at this level because they
enhance adhesion and migration of progenitor cells.!5+155
This effect seems to be attributable to phenotypic alterations
of progenitor cells exposed to platelet MPs with increased
expression of endothelial cell markers and transfer of the
chemokine receptor CXCR4 to progenitor cells, which en-
hances responsiveness to its ligand CXCL12.93 Several cel-
lular mechanisms could mediate progenitor cell vasoregen-
erative capacity after their adhesion. Progenitor cells may
deliver angiogenic factors to pathological tissues and contrib-
ute to neovascularization and tissue/vessel remodeling
through paracrine effects.'2-193 Progenitor cell MPs could be
one of these factors. These MPs can be incorporated in
endothelial cells by interaction with a-4 and B-1 integrins
expressed on the MP surface. These MPs promote endothelial
cell survival, proliferation, and organization in capillary-like
structures through mRNA transfer, with a critical role of
PI3K and endothelial nitric oxide synthase.!>°

Finally, progenitor cells may incorporate into blood vessels
and regenerate the vascular endothelial barrier. MPs contrib-
ute to this step by promoting the differentiation of progenitor
cells into cells with endothelial phenotype.'>> The mechanism
implicated depends on the origin of MPs: a binding of MP to
progenitor cells that changes their phenotype for platelet
MPs;!'55 reactive oxygen species for MPs isolated from
ischemic muscles;'s? or peroxisome proliferator-activated
receptor-a for plasma MPs.'57 It should be highlighted that
these positive effects of MPs on postischemic neovascular-
ization have been documented not only in vitro but also in
vivo in unilateral femoral artery ligation's2158 and arterial
wire-induced injury murine models.'>s

Microparticles: Biomarkers of Cardiovascular
Disease Progression
MPs originating from different cell types can be detected in
the plasma of healthy subjects, where they result from the
active balance between MP generation and clearance. Over
the past decade, numerous studies have shown that circulating
MPs levels increase in a wide range of cardiovascular
diseases, including uncontrolled cardiovascular risk factors,
atherosclerotic lesion progression, heart failure, thrombosis,
arrhythmias, and inflammatory vascular diseases.?> Changes
in circulating levels of MPs might provide important clinical
information in healthy subjects and in patients with cardio-
vascular disorders. Circulating levels of leukocyte-derived
MPs, possibly reflecting the increased vascular inflammation,
are independently associated with subclinical atherosclero-
sis'®* and inward carotid artery remodeling in asymptomatic
subjects.'> Several studies identify plasma levels of endothe-
lial MPs as a surrogate marker of vascular function. In
patients with established endothelial dysfunction, levels of
circulating endothelial MPs are inversely correlated with the
amplitude of flow-mediated dilatation, independently of age
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and pressure.*%-166.167 Recent findings also support the prog-
nostic value of circulating MP levels. Circulating levels of
endothelial MPs, but not MPs of other cellular origin, appear
as a robust predictor of cardiovascular mortality and major
adverse cardiovascular events in patients with coronary artery
disease, pulmonary hypertension, or end-stage renal fail-
ure.'3-171 Whether measuring MP plasma levels would be
useful to better-assess cardiovascular risk in primary preven-
tion is not known at the moment because of the lack of
evidence of its predictive value, discrimination, and reclassi-
fication power that are required to confer clinical utility to a
biomarker.!72

Conclusion

Increasing numbers of studies point out the possible contri-
bution of MPs in different stages of atherothrombotic disease,
from initiation of endothelial dysfunction to atherosclerotic
plaque rupture and thrombosis. However, the extent of their
contribution remains uncertain for the time being because
animal models of atherosclerosis with selective defect in MP
generation or uptake are unfortunately lacking. Clearly, this
will be possible once the molecular mechanisms governing
MP formation and release are dissected. Then, one could
envisage therapeutic avenues designed to either prevent their
deleterious effects or promote their repair capacity.

Sources of Funding

This work was supported by the Institut National de la Santé et de la
Recherche Médicale (INSERM), the Leducq Foundation (LINK proj-
ect), ANR-06-PHYSIO-038, and ANR-2010-EMMA-041-01 EMiRisk.
P.E.R. was supported by the poste d’accueil INSERM. A.C.V. was
suppurted by the Région Ile-de-France (CODDIM). C.M.B. and A.T.
were supported by Contrats d’Interface Assistance Publique Hopitaux
de Paris INSERM.

Disclosures
None.

References

1. Lopez AD, Murray CC. The global burden of disease, 1990-2020. Nat
Med. 1998;4:1241-1243.

2. Bonow RO. Primary prevention of cardiovascular disease: a call to
action. Circulation. 2002;106:3140-3141.

3. Ross R, Glomset JA. The pathogenesis of atherosclerosis (first of two
parts). N Engl J Med. 1976;295:369-377.

4. Lusis AJ. Atherosclerosis. Nature. 2000;407:233-241.

5. Mause SF, Weber C. Microparticles: protagonists of a novel communi-
cation network for intercellular information exchange. Circ Res. 2010;
107:1047-1057.

6. Morel O, Jesel L, Freyssinet JM, Toti F. Cellular mechanisms
underlying the formation of circulating microparticles. Arterioscler
Thromb Vasc Biol. 2011;31:15-26.

7. Bernimoulin M, Waters EK, Foy M, Steele BM, Sullivan M, Falet H,
Walsh MT, Barteneva N, Geng JG, Hartwig JH, Maguire PB, Wagner
DD. Differential stimulation of monocytic cells results in distinct pop-
ulations of microparticles. J Thromb Haemost. 2009;7:1019-1028.

8. Peterson DB, Sander T, Kaul S, Wakim BT, Halligan B, Twigger S,
Pritchard KA Jr, Oldham KT, Ou JS. Comparative proteomic analysis of
PAI-1 and TNF-alpha-derived endothelial microparticles. Proteomics.
2008;8:2430-2446.

9. Rautou PE, Leroyer AS, Ramkhelawon B, Devue C, Vion AC, Nalbone
G, Castier Y, Leseche G, Lehoux S, A. T., Boulanger CM. Micropar-
ticles from human atheroslerotic plaques promote endothelial ICAM-1-
dependent monocyte adhesion and transendothelial migration. Circ Res.
2011;108:335-343.



202 ‘9T aunr uo Aq Bio'sfeuinofeye)/:dny wolj pepeojumoq

602

10.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Circulation Research August 19, 2011

Huber J, Vales A, Mitulovic G, Blumer M, Schmid R, Witztum JL,
Binder BR, Leitinger N. Oxidized membrane vesicles and blebs from
apoptotic cells contain biologically active oxidized phospholipids that
induce monocyte-endothelial interactions. Arterioscler Thromb Vasc
Biol. 2002;22:101-107.

. Leroyer AS, Rautou PE, Silvestre JS, Castier Y, Leseche G, Devue C,

Duriez M, Brandes RP, Lutgens E, Tedgui A, Boulanger CM. CD40
ligand+ microparticles from human atherosclerotic plaques stimulate
endothelial proliferation and angiogenesis a potential mechanism for
intraplaque neovascularization. J Am Coll Cardiol. 2008;52:1302-1311.

. Coleman ML, Sahai EA, Yeo M, Bosch M, Dewar A, Olson MF.

Membrane blebbing during apoptosis results from caspase-mediated
activation of ROCK 1. Nat Cell Biol. 2001;3:339-345.

. Sebbagh M, Renvoizé C, Hamelin J, Riché N, Bertoglio J, Bréard J.

Caspase-3-mediated cleavage of ROCK I induces MLC phosphorylation
and apoptotic membrane blebbing. Nature cell biology. 2001;3:
346-352.

. Boing AN, Hau CM, Sturk A, Nieuwland R. Platelet microparticles

contain active caspase 3. Platelets. 2008;19:96-103.

. Abid Hussein MN, Nieuwland R, Hau CM, Evers LM, Meesters EW,

Sturk A. Cell-derived microparticles contain caspase 3 in vitro and in
vivo. J Thromb Haemost. 2005;3:888—896.

. Abid Hussein MN, Boing AN, Sturk A, Hau CM, Nieuwland R. Inhi-

bition of microparticle release triggers endothelial cell apoptosis and
detachment. Thromb Haemost. 2007;98:1096-1107.

. Dignat-George F, Boulanger CM. The many faces of endothelial micro-

particles. Arterioscler Thromb Vasc Biol. 2011;31:27-33.

. Sapet C, Simoncini S, Loriod B, Puthier D, Sampol J, Nguyen C,

Dignat-George F, Anfosso F. Thrombin-induced endothelial micro-
particle generation: identification of a novel pathway involving
ROCK-II activation by caspase-2. Blood. 2006;108:1868—1876.

. Curtis AM, Wilkinson PF, Gui M, Gales TL, Hu E, Edelberg JM. p38

mitogen-activated protein kinase targets the production of proinflam-
matory endothelial microparticles. J Thromb Haemost. 2009;7:701-709.
Simoncini S, Njock MS, Robert S, Camoin-Jau L, Sampol J, Harlé JR,
Nguyen C, Dignat-George F, Anfosso F. TRAIL/Apo2L. mediates the
release of procoagulant endothelial microparticles induced by thrombin
in vitro: a potential mechanism linking inflammation and coagulation.
Circ Res. 2009;104:943-951.

Leroyer AS, Anfosso F, Lacroix R, Sabatier F, Simoncini S, Njock SM,
Jourde N, Brunet P, Camoin-Jau L, Sampol J, Dignat-George F. Endo-
thelial-derived microparticles: Biological conveyors at the crossroad of
inflammation, thrombosis and angiogenesis. Thromb Haemost. 2010;
104:456-463.

Wang JM, Wang Y, Huang JY, Yang Z, Chen L, Wang LC, Tang AL,
Lou ZF, Tao J. C-Reactive protein-induced endothelial microparticle
generation in HUVECs is related to BH4-dependent NO formation.
J Vasc Res. 2007;44:241-248.

Gauley J, Pisetsky DS. The release of microparticles by RAW 264.7
macrophage cells stimulated with TLR ligands. J Leukoc Biol. 2010;87:
1115-1123.

Li M, Yu D, Williams KJ, Liu ML. Tobacco smoke induces the gen-
eration of procoagulant microvesicles from human monocytes/macro-
phages. Arterioscler Thromb Vasc Biol. 2010;30:1818-1824.

Amabile N, Rautou PE, Tedgui A, Boulanger CM. Micropatrticles in
Cardiovascular Diseases. Sem Thomb Hemost. 2010;36:907-916.
Comfurius P, Senden JM, Tilly RH, Schroit AJ, Bevers EM, Zwaal RF.
Loss of membrane phospholipid asymmetry in platelets and red cells
may be associated with calcium-induced shedding of plasma membrane
and inhibition of aminophospholipid translocase. Biochim Biophys Acta.
1990;1026:153-160.

Freikman I, Amer J, Cohen JS, Ringel I, Fibach E. Oxidative stress
causes membrane phospholipid rearrangement and shedding from RBC
membranes—an NMR study. Biochim Biophys Acta. 2008;1778:
2388-2394.

Dasgupta SK, Argaiz ER, Mercado JE, Maul HO, Garza J, Enriquez AB,
Abdel-Monem H, Prakasam A, Andreeff M, Thiagarajan P. Platelet
senescence and phosphatidylserine exposure. Transfusion. 2010;50:
2167-2175.

Gimbrone MA Jr. Vascular endothelium, hemodynamic forces, and
atherogenesis. Am J Pathol. 1999;155:1-5.

Tarbell JM. Shear stress and the endothelial transport barrier. Car-
diovasc Res. 2010;87:320-330.

Heiss C, Amabile N, Lee AC, Real WM, Schick SF, Lao D, Wong ML,
Jahn S, Angeli FS, Minasi P, Springer ML, Hammond SK, Glantz SA,

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Grossman W, Balmes JR, Yeghiazarians Y. Brief secondhand smoke
exposure depresses endothelial progenitor cells activity and endothelial
function: sustained vascular injury and blunted nitric oxide production.
J Am Coll Cardiol. 2008;51:1760-1771.

Gordon C, Gudi K, Krause A, Sackrowitz R, Harvey BG,
Strulovici-Barel Y, Mezey JG, Crystal RG. Circulating Endothelial
Microparticles as a Measure of Early Lung Destruction in Cigarette
Smokers. Am. J. Respir. Crit. Care Med. 2011;184:224-232.
Navasiolava NM, Dignat-George F, Sabatier F, Larina IM, Demiot C,
Fortrat JO, Gauquelin-Koch G, Kozlovskaya IB, Custaud MA. Enforced
physical inactivity increases endothelial microparticle levels in healthy
volunteers. Am J Physiol Heart Circ Physiol. 2010;299:H248 -H256.
Tushuizen ME, Nieuwland R, Rustemeijer C, Hensgens BE, Sturk A,
Heine RJ, Diamant M. Elevated endothelial microparticles following
consecutive meals are associated with vascular endothelial dysfunction
in type 2 diabetes. Diabetes Care. 2007;30:728-730.

Harrison M, Murphy RP, O’Connor PL, O’Gorman DJ, McCaffrey N,
Cummins PM, Moyna NM. The endothelial microparticle response to a
high fat meal is not attenuated by prior exercise. Eur J Appl Physiol.
2009;106:555-562.

Marin C, Ramirez R, Delgado-Lista J, Yubero-Serrano EM, Perez-
Martinez P, Carracedo J, Garcia-Rios A, Rodriguez F, Gutierrez-
Mariscal FM, Gomez P, Perez-Jimenez F, Lopez-Miranda J. Mediter-
ranean diet reduces endothelial damage and improves the regenerative
capacity of endothelium. Am J Clin Nutr. 2011;93:267-274.

Tricot O, Mallat Z, Heymes C, Belmin J, Leséche G, Tedgui A. Relation
between endothelial cell apoptosis and blood flow direction in human
atherosclerotic plaques. Circulation. 2000;101:2450-2453.

Dimmeler S, Haendeler J, Rippmann V, Nehls M, Zeiher AM. Shear
stress inhibits apoptosis of human endothelial cells. FEBS Lett. 1996;
399:71-74.

Boulanger CM, Amabile N, Guérin AP, Pannier B, Leroyer AS,
Mallat CN, Tedgui A, London GM. In vivo shear stress determines
circulating levels of endothelial microparticles in end-stage renal
disease. Hypertension. 2007;49:902-908.

Amabile N, Guérin AP, Leroyer A, Mallat Z, Nguyen C, Boddaert J,
London GM, Tedgui A, Boulanger CM. Circulating endothelial micro-
particles are associated with vascular dysfunction in patients with
end-stage renal failure. J Am Soc Nephrol. 2005;16:3381-3388.
Densmore JC, Signorino PR, Ou J, Hatoum OA, Rowe JJ, Shi Y, Kaul
S, Jones DW, Sabina RE, Pritchard KA Jr, Guice KS, Oldham KT.
Endothelium-derived microparticles induce endothelial dysfunction and
acute lung injury. Shock. 2006;26:464—471.

Brodsky SV, Zhang F, Nasjletti A, Goligorsky MS. Endothelium-
derived microparticles impair endothelial function in vitro. Am J Physiol
Heart Circ Physiol. 2004;286:H1910-H1915.

Agouni A, Lagrue-Lak-Hal AH, Ducluzeau PH, Mostefai HA, Draunet-
Busson C, Leftheriotis G, Heymes C, Martinez MC, Andriantsitohaina
R. Endothelial dysfunction caused by circulating microparticles from
patients with metabolic syndrome. Am J Pathol. 2008;173:1210-1219.
Pérez-Casal M, Downey C, Cutillas-Moreno B, Zuzel M, Fukudome
K, Toh CH. Microparticle-associated endothelial protein C receptor
and the induction of cytoprotective and anti-inflammatory effects.
Haematologica. 2009;94:387-394.

Jy W, Minagar A, Jimenez JJ, Sheremata WA, Mauro LM, Horstman
LL, Bidot C, Ahn YS. Endothelial microparticles (EMP) bind and
activate monocytes: elevated EMP-monocyte conjugates in multiple
sclerosis. Front Biosci. 2004;9:3137-3144.

Wassmer SC, Combes V, Candal FJ, Juhan-Vague I, Grau GE. Platelets
potentiate brain endothelial alterations induced by Plasmodium fal-
ciparum. Infect Immun. 2006;74:645-653.

Kumar P, Shen Q, Pivetti CD, Lee ES, Wu MH, Yuan SY. Molecular
mechanisms of endothelial hyperpermeability: implications in inflam-
mation. Expert Rev Mol Med. 2009;11:e19.

Penet MF, Abou-Hamdan M, Coltel N, Cornille E, Grau GE, de Reggi
M, Gharib B. Protection against cerebral malaria by the low-molecular-
weight thiol pantethine. Proc Natl Acad Sci U SA. 2008;105:
1321-1326.

Thom SR, Yang M, Bhopale VM, Huang S, Milovanova TN. Micro-
particles initiate decompression-induced neutrophil activation and sub-
sequent vascular injuries. J Appl Physiol. 2011;110:340-351.

Usatyuk PV, Vepa S, Watkins T, He D, Parinandi NL, Natarajan V.
Redox regulation of reactive oxygen species-induced p38 MAP kinase
activation and barrier dysfunction in lung microvascular endothelial
cells. Antioxid Redox Signal. 2003;5:723-730.



202 ‘9T aunr uo Aq Bio'sfeuinofeye)/:dny wolj pepeojumoq

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Rautou et al

Boulanger CM, Scoazec A, Ebrahimian T, Henry P, Mathieu E, Tedgui
A, Mallat Z. Circulating microparticles from patients with myocardial
infarction cause endothelial dysfunction. Circulation. 2001;104:
2649-2652.

Martin S, Tesse A, Hugel B, Martinez MC, Morel O, Freyssinet JM,
Andriantsitohaina R. Shed membrane particles from T lymphocytes
impair endothelial function and regulate endothelial protein expression.
Circulation. 2004;109:1653—-1659.

Dean WL, Lee MJ, Cummins TD, Schultz DJ, Powell DW. Proteomic
and functional characterisation of platelet microparticle size classes.
Thromb Haemost. 2009;102:711-718.

Libby P, Ridker PM, Hansson GK, Leducq Transatlantic Network on
Atherothrombosis. Inflammation in atherosclerosis: from pathophys-
iology to practice. J Am Coll Cardiol. 2009;54:2129-2138.

Tedgui A, Mallat Z. Cytokines in atherosclerosis: pathogenic and reg-
ulatory pathways. Physiol Rev. 2006;86:515-581.

Swirski FK, Pittet MJ, Kircher MF, Aikawa E, Jaffer FA, Libby P,
Weissleder R. Monocyte accumulation in mouse atherogenesis is pro-
gressive and proportional to extent of disease. Proc Natl Acad Sci U S A.
2006;103:10340-10345.

Barry OP, Pratico D, Savani RC, FitzGerald GA. Modulation of
monocyte-endothelial cell interactions by platelet microparticles. J Clin
Invest. 1998;102:136—144.

Mesri M, Altieri DC. Endothelial cell activation by leukocyte micropar-
ticles. J Immunol. 1998;161:4382-4387.

Scanu A, Molnarfi N, Brandt KJ, Gruaz L, Dayer JM, Burger D.
Stimulated T cells generate microparticles, which mimic cellular contact
activation of human monocytes: differential regulation of pro- and
anti-inflammatory cytokine production by high-density lipoproteins.
J Leukoc Biol. 2008:;83:921-927.

Barry OP, Pratico D, Lawson JA, FitzGerald GA. Transcellular acti-
vation of platelets and endothelial cells by bioactive lipids in platelet
microparticles. J Clin Invest. 1997;99:2118-2127.

Carpintero R, Gruaz L, Brandt KJ, Scanu A, Faille D, Combes V, Grau
GE, Burger D. HDL interfere with the binding of T cell microparticles
to human monocytes to inhibit pro-inflammatory cytokine production.
PLoS One. 2010;5:¢11869.

Soleti R, Benameur T, Porro C, Panaro MA, Andriantsitohaina R,
Martinez MC. Microparticles harboring Sonic Hedgehog promote angio-
genesis through the upregulation of adhesion proteins and proangiogenic
factors. Carcinogenesis. 2009;30:580-588.

Mause SF, von Hundelshausen P, Zernecke A, Koenen RR, Weber C.
Platelet microparticles: a transcellular delivery system for RANTES
promoting monocyte recruitment on endothelium. Arterioscler Thromb
Vasc Biol. 2005;25:1512-1518.

Forlow SB, McEver RP, Nollert MU. Leukocyte-leukocyte interactions
mediated by platelet microparticles under flow. Blood. 2000;95:
1317-1323.

Mallat Z, Hugel B, Ohan J, Leséche G, Freyssinet JM, Tedgui A. Shed
membrane microparticles with procoagulant potential in human ath-
erosclerotic plaques: a role for apoptosis in plaque thrombogenicity.
Circulation. 1999;99:348 -353.

Leroyer AS, Isobe H, Leseche G, Castier Y, Wassef M, Mallat Z, Binder
BR, Tedgui A, Boulanger CM. Cellular origins and thrombogenic
activity of microparticles isolated from human atherosclerotic plaques.
J Am Coll Cardiol. 2007;49:772-7717.

O’Brien KD, McDonald TO, Chait A, Allen MD, Alpers CE. Neo-
vascular expression of E-selectin, intercellular adhesion molecule-1, and
vascular cell adhesion molecule-1 in human atherosclerosis and their
relation to intimal leukocyte content. Circulation. 1996;93:672—682.
Virmani R, Kolodgie FD, Burke AP, Finn AV, Gold HK, Tulenko TN,
Wrenn SP, Narula J. Atherosclerotic plaque progression and vulnera-
bility to rupture: angiogenesis as a source of intraplaque hemorrhage.
Arterioscler Thromb Vasc Biol. 2005;25:2054-2061.

Moreno PR, Purushothaman KR, Sirol M, Levy AP, Fuster V. Neovas-
cularization in human atherosclerosis. Circulation. 2006;113:
2245-2252.

Gasser O, Schifferli JA. Activated polymorphonuclear neutrophils dis-
seminate anti-inflammatory microparticles by ectocytosis. Blood. 2004;
104:2543-2548.

Dalli J, Norling LV, Renshaw D, Cooper D, Leung KY, Perretti M.
Annexin 1 mediates the rapid anti-inflammatory effects of neutrophil-
derived microparticles. Blood. 2008;112:2512-2519.

Mayr M, Grainger D, Mayr U, Leroyer AS, Leseche G, Sidibe A, Herbin
0, Yin X, Gomes A, Madhu B, Griffiths JR, Xu Q, Tedgui A, Boulanger

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Microparticles in Atherothrombosis 603

CM. Proteomics, metabolomics, and immunomics on microparticles
derived from human atherosclerotic plaques. Circ Cardiovasc Genet.
2009;2:379-388.

Tabas I. Macrophage death and defective inflammation resolution in
atherosclerosis. Nat Rev Immunol. 2010;10:36-46.

Febbraio M, Podrez EA, Smith JD, Hajjar DP, Hazen SL, Hoff HF,
Sharma K, Silverstein RL. Targeted disruption of the class B scavenger
receptor CD36 protects against atherosclerotic lesion development in
mice. J Clin Invest. 2000;105:1049-1056.

Silverstein RL. Inflammation, atherosclerosis, and arterial thrombosis:
role of the scavenger receptor CD36. Cleve Clin J Med. 2009;76 Suppl
2:S27-S30.

Ghosh A, Li W, Febbraio M, Espinola RG, McCrae KR, Cockrell E,
Silverstein RL. Platelet CD36 mediates interactions with endothelial
cell-derived microparticles and contributes to thrombosis in mice. J Clin
Invest. 2008;118:1934-1943.

Woollard KJ, Geissmann F. Monocytes in atherosclerosis: subsets and
functions. Nat Rev Cardiol. 2010;7:77-86.

Pittet MJ, Swirski FK, Reynolds F, Josephson L, Weissleder R. Labeling
of immune cells for in vivo imaging using magnetofluorescent nanopar-
ticles. Nat Protoc. 2006;1:73-79.

Swirski FK, D’Sa A, Kianpour S, Inman MD, Stampfli MR. Prolonged
ovalbumin exposure attenuates airway hyperresponsiveness and T cell
function in mice. Int Arch Allergy Immunol. 2006;141:130-140.
Alvarez D, Swirski FK, Yang TC, Fattouh R, Croitoru K, Bramson JL,
Stampfli MR, Jordana M. Inhalation tolerance is induced selectively in
thoracic lymph nodes but executed pervasively at distant mucosal and
nonmucosal tissues. J Immunol. 2006;176:2568 -2580.

Huber LC, Jiingel A, Distler JH, Moritz F, Gay RE, Michel BA, Pisetsky
DS, Gay S, Distler O. The role of membrane lipids in the induction of
macrophage apoptosis by microparticles. Apoptosis. 2007;12:363-374.
Distler JH, Huber LC, Hueber AJ, Reich CF III, Gay S, Distler O,
Pisetsky DS. The release of microparticles by apoptotic cells and their
effects on macrophages. Apoptosis. 2005;10:731-741.

Kolodgie FD, Narula J, Burke AP, Haider N, Farb A, Hui-Liang Y,
Smialek J, Virmani R. Localization of apoptotic macrophages at the site
of plaque rupture in sudden coronary death. Am J Pathol. 2000;157:
1259-1268.

Sarkar A, Mitra S, Mehta S, Raices R, Wewers MD. Monocyte derived
microvesicles deliver a cell death message via encapsulated caspase-1.
PL0S One. 2009;4:€7140.

Pizzirani C, Ferrari D, Chiozzi P, Adinolfi E, Sandona D, Savaglio E, Di
Virgilio F. Stimulation of P2 receptors causes release of IL-1beta-loaded
microvesicles from human dendritic cells. Blood. 2007;109:3856-3864.
Tabas I. Consequences and therapeutic implications of macrophage
apoptosis in atherosclerosis: the importance of lesion stage and
phagocytic efficiency. Arterioscler Thromb Vasc Biol. 2005;25:
2255-2264.

Abdel-Monem H, Dasgupta SK, Le A, Prakasam A, Thiagarajan P.
Phagocytosis of platelet microvesicles and beta2- glycoprotein I.
Thromb Haemost. 2010;104:335-341.

Dasgupta SK, Abdel-Monem H, Niravath P, Le A, Bellera RV, Langlois
K, Nagata S, Rumbaut RE, Thiagarajan P. Lactadherin and clearance of
platelet-derived microvesicles. Blood. 2009;113:1332-1339.

Willekens FL, Werre JM, Kruijt JK, Roerdinkholder-Stoelwinder B,
Groenen-Dopp YA, van den Bos AG, Bosman GJ, van Berkel TJ. Liver
Kupffer cells rapidly remove red blood cell-derived vesicles from the
circulation by scavenger receptors. Blood. 2005;105:2141-2145.
Ait-Oufella H, Kinugawa K, Zoll J, Simon T, Boddaert J, Heeneman S,
Blanc-Brude O, Barateau V, Potteaux S, Merval R, Esposito B, Teissier
E, Daemen MJ, Leseéche G, Boulanger C, Tedgui A, Mallat Z. Lac-
tadherin deficiency leads to apoptotic cell accumulation and accelerated
atherosclerosis in mice. Circulation. 2007;115:2168-2177.
Antwi-Baffour S, Kholia S, Aryee YK, Ansa-Addo EA, Stratton D,
Lange S, Inal JM. Human plasma membrane-derived vesicles inhibit the
phagocytosis of apoptotic cells—possible role in SLE. Biochem Biophys
Res Commun. 2010;398:278-283.

Angelot F, Seilles E, Biichlé S, Berda Y, Gaugler B, Plumas J, Chaperot L,
Dignat-George F, Tiberghien P, Saas P, Garnache-Ottou F. Endothelial
cell-derived microparticles induce plasmacytoid dendritic cell maturation:
potential implications in inflammatory diseases. Haematologica. 2009;94:
1502-1512.

Eken C, Gasser O, Zenhaeusern G, Oehri I, Hess C, Schifferli JA.
Polymorphonuclear neutrophil-derived ectosomes interfere with the



202 ‘9T aunr uo Aq Bio'sfeuinofeye)/:dny wolj pepeojumoq

604

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Circulation Research August 19, 2011

maturation of monocyte-derived dendritic cells. J Immunol. 2008;180:
817-824.

Obregon C, Rothen-Rutishauser B, Gitahi SK, Gehr P, Nicod LP.
Exovesicles from human activated dendritic cells fuse with resting
dendritic cells, allowing them to present alloantigens. Am J Pathol.
2006;169:2127-2136.

Qu Y, Ramachandra L, Mohr S, Franchi L, Harding CV, Nunez G,
Dubyak GR. P2X7 receptor-stimulated secretion of MHC class
II-containing exosomes requires the ASC/NLRP3 inflammasome but is
independent of caspase-1. J Immunol. 2009;182:5052-5062.

Taleb S, Tedgui A, Mallat Z. Adaptive T cell immune responses and
atherogenesis. Curr Opin Pharmacol. 2010;10:197-202.

Szajnik M, Czystowska M, Szczepanski MJ, Mandapathil M, Whiteside
TL. Tumor-derived microvesicles induce, expand and up-regulate bio-
logical activities of human regulatory T cells (Treg). PLoS One. 2010;
5:e11469.

Wieckowski EU, Visus C, Szajnik M, Szczepanski MJ, Storkus WJ,
Whiteside TL. Tumor-derived microvesicles promote regulatory T cell
expansion and induce apoptosis in tumor-reactive activated CD8+ T
lymphocytes. J Immunol. 2009;183:3720-3730.

Shefler I, Salamon P, Reshef T, Mor A, Mekori YA. T cell-induced mast
cell activation: a role for microparticles released from activated T cells.
J Immunol. 2010;185:4206-4212.

Tang K, Liu J, Yang Z, Zhang B, Zhang H, Huang C, Ma J, Shen GX,
Ye D, Huang B. Microparticles mediate enzyme transfer from platelets
to mast cells: a new pathway for lipoxin A4 biosynthesis. Biochem
Biophys Res Commun. 2010;400:432—-436.

Doran AC, Meller N, McNamara CA. Role of smooth muscle cells in the
initiation and early progression of atherosclerosis. Arterioscler Thromb
Vasc Biol. 2008;28:812—819.

Pakala R. Serotonin and thromboxane A2 stimulate platelet-derived
microparticle-induced smooth muscle cell proliferation. Cardiovasc
Radiat Med. 2004;5:20-26.

Weber A, Koppen HO, Schror K. Platelet-derived microparticles
stimulate coronary artery smooth muscle cell mitogenesis by a PDGF-
independent mechanism. Thromb Res. 2000;98:461-466.

Martorell L, Martinez-Gonzdlez J, Rodriguez C, Gentile M, Calvayrac
O, Badimon L. Thrombin and protease-activated receptors (PARs) in
atherothrombosis. Thromb Haemost. 2008;99:305-315.

Sato Y, Asada Y, Marutsuka K, Hatakeyama K, Sumiyoshi A. Tissue
factor induces migration of cultured aortic smooth muscle cells. Thromb
Haemost. 1996;75:389-392.

Marutsuka K, Hatakeyama K, Sato Y, Yamashita A, Sumiyoshi A,
Asada Y. Protease-activated receptor 2 (PAR2) mediates vascular
smooth muscle cell migration induced by tissue factor/factor VIla
complex. Thromb Res. 2002;107:271-276.

Mosse PR, Campbell GR, Wang ZL, Campbell JH. Smooth muscle
phenotypic expression in human carotid arteries. I. Comparison of cells
from diffuse intimal thickenings adjacent to atheromatous plaques with
those of the media. Lab Invest. 1985;53:556-562.

Owens GK, Kumar MS, Wamhoff BR. Molecular regulation of vascular
smooth muscle cell differentiation in development and disease. Physiol
Rev. 2004;84:767-801.

Campbell JH, Campbell GR. The role of smooth muscle cells in ath-
erosclerosis. Curr Opin Lipidol. 1994;5:323-330.

O’Brien ER, Garvin MR, Dev R, Stewart DK, Hinohara T, Simpson JB,
Schwartz SM. Angiogenesis in human coronary atherosclerotic plaques.
Am J Pathol. 1994;145:883—894.

Barger AC, Beeuwkes R 111, Lainey LL, Silverman KJ. Hypothesis: vasa
vasorum and neovascularization of human coronary arteries. A possible
role in the pathophysiology of atherosclerosis. N Engl J Med. 1984;310:
175-177.

Kwon HM, Sangiorgi G, Ritman EL, McKenna C, Holmes DR Jr,
Schwartz RS, Lerman A. Enhanced coronary vasa vasorum neovascu-
larization in experimental hypercholesterolemia. J Clin Invest. 1998;
101:1551-1556.

Kolodgie FD, Gold HK, Burke AP, Fowler DR, Kruth HS, Weber DK,
Farb A, Guerrero LJ, Hayase M, Kutys R, Narula J, Finn AV, Virmani
R. Intraplaque hemorrhage and progression of coronary atheroma.
N Engl J Med. 2003;349:2316-2325.

Moreno PR, Fuster V. New aspects in the pathogenesis of diabetic
atherothrombosis. J Am Coll Cardiol. 2004;44:2293-2300.

Hellings WE, Peeters W, Moll FL, Piers SR, van Setten J, Van der Spek
PJ, de Vries JP, Seldenrijk KA, De Bruin PC, Vink A, Velema E, de
Kleijn DP, Pasterkamp G. Composition of carotid atherosclerotic plaque

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

is associated with cardiovascular outcome: a prognostic study. Circu-
lation. 2010;121:1941-1950.

Canault M, Leroyer AS, Peiretti F, Leseche G, Tedgui A, Bonardo B,
Alessi MC, Boulanger CM, Nalbone G. Microparticles of Human Ath-
erosclerotic Plaques Enhance the Shedding of the Tumor Necrosis
Factor-{alpha} Converting Enzyme/ADAMI17 Substrates, Tumor
Necrosis Factor and Tumor Necrosis Factor Receptor-1. Am J Pathol.
2007;171:1713-1723.

Dashevsky O, Varon D, Brill A. Platelet-derived microparticles promote
invasiveness of prostate cancer cells via upregulation of MMP-2 pro-
duction. Int J Cancer. 2009;124:1773-1777.

Distler JH, Jungel A, Huber LC, Seemayer CA, Reich CF, III, Gay RE,
Michel BA, Fontana A, Gay S, Pisetsky DS, Distler O. The induction of
matrix metalloproteinase and cytokine expression in synovial fibroblasts
stimulated with immune cell microparticles. Proc Natl Acad Sci U S A.
2005;102:2892-2897.

Kornek M, Popov Y, Libermann TA, Afdhal NH, Schuppan D. Human
T cell microparticles circulate in blood of hepatitis patients and induce
fibrolytic activation of hepatic stellate cells. Hepatology. 2011;53:
230-242.

Lacroix R, Sabatier F, Mialhe A, Basire A, Pannell R, Borghi H, Robert
S, Lamy E, Plawinski L, Camoin-Jau L, Gurewich V, Angles-Cano E,
Dignat-George F. Activation of plasminogen into plasmin at the surface
of endothelial microparticles: a mechanism that modulates angiogenic
properties of endothelial progenitor cells in vitro. Blood. 2007;110:
2432-2439.

Vats N, Wilhelm C, Rautou PE, Poirier-Quinot M, Pechoux C, Devue C,
Boulanger CM, Gazeau F. Magnetic tagging of cell-derived micropar-
ticles: new prospects for imaging and manipulation of these mediators of
biological information. Nanomedicine (Lond). 2010;5:727-738.

Melter M, Reinders ME, Sho M, Pal S, Geehan C, Denton MD, Muk-
hopadhyay D, Briscoe DM. Ligation of CD40 induces the expression of
vascular endothelial growth factor by endothelial cells and monocytes
and promotes angiogenesis in vivo. Blood. 2000;96:3801-3808.
Reinders ME, Sho M, Robertson SW, Geehan CS, Briscoe DM. Proan-
giogenic function of CD40 ligand-CD40 interactions. J Immunol. 2003;
171:1534-1541.

Deregibus MC, Buttiglieri S, Russo S, Bussolati B, Camussi G. CD40-
dependent activation of phosphatidylinositol 3-kinase/Akt pathway
mediates endothelial cell survival and in vitro angiogenesis. J Biol
Chem. 2003;278:18008 -18014.

Klinkner DB, Densmore JC, Kaul S, Noll L, Lim HJ, Weihrauch D,
Pritchard KA Jr, Oldham KT, Sander TL. Endothelium-derived micro-
particles inhibit human cardiac valve endothelial cell function. Shock.
2006;25:575-580.

Taraboletti G, D’Ascenzo S, Borsotti P, Giavazzi R, Pavan A, Dolo V.
Shedding of the matrix metalloproteinases MMP-2, MMP-9, and
MT1-MMP as membrane vesicle-associated components by endothelial
cells. Am J Pathol. 2002;160:673-680.

Kim HK, Song KS, Chung JH, Lee KR, Lee SN. Platelet microparticles
induce angiogenesis in vitro. Br J Haematol. 2004;124:376-384.

Brill A, Dashevsky O, Rivo J, Gozal Y, Varon D. Platelet-derived
microparticles induce angiogenesis and stimulate post-ischemic revas-
cularization. Cardiovasc Res. 2005;67:30-38.

Yang C, Mwaikambo BR, Zhu T, Gagnon C, Lafleur J, Seshadri S,
Lachapelle P, Lavoie JC, Chemtob S, Hardy P. Lymphocytic micropar-
ticles inhibit angiogenesis by stimulating oxidative stress and negatively
regulating VEGF-induced pathways. Am J Physiol Regul Integr Comp
Physiol. 2008;294:R467-R476.

Yang C, Gagnon C, Hou X, Hardy P. Low density lipoprotein receptor
mediates anti-VEGF effect of lymphocyte T-derived microparticles in
Lewis lung carcinoma cells. Cancer Biol Ther. 2010;10:448-456.

Ou ZJ, Chang FJ, Luo D, Liao XL, Wang ZP, Zhang X, Xu YQ, Ou JS.
Endothelium-derived microparticles inhibit angiogenesis in the heart
and enhance the inhibitory effects of hypercholesterolemia on angio-
genesis. Am J Physiol Endocrinol Metab. 2011;300:E611-E668.
Collier ME, Ettelaie C. Induction of endothelial cell proliferation by
recombinant and microparticle-tissue factor involves betal-integrin and
extracellular signal regulated kinase activation. Arterioscler Thromb
Vasc Biol. 2010;30:1810-1817.

Philippova M, Suter Y, Toggweiler S, Schoenenberger AW, Joshi MB,
Kyriakakis E, Erne P, Resink TJ. T-cadherin is present on endothelial
microparticles and is elevated in plasma in early atherosclerosis. Eur
Heart J. 2011;32:760-771.



202 ‘9T aunr uo Aq Bio'sfeuinofeye)/:dny wolj pepeojumoq

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

Rautou et al

Fuster V, Fayad ZA, Badimon JJ. Acute coronary syndromes: biology.
Lancet. 1999;353(Suppl 2):SII5-SII9.

Virmani R, Kolodgie FD, Burke AP, Farb A, Schwartz SM. Lessons
from sudden coronary death: a comprehensive morphological classifi-
cation scheme for atherosclerotic lesions. Arterioscler Thromb Vasc
Biol. 2000;20:1262-1275.

Casscells W, Naghavi M, Willerson JT. Vulnerable atherosclerotic
plaque: a multifocal disease. Circulation. 2003;107:2072-2075.

Aoki N, Yokoyama R, Asai N, Ohki M, Ohki Y, Kusubata K, Heissig B,
Hattori K, Nakagawa Y, Matsuda T. Adipocyte-derived microvesicles
are associated with multiple angiogenic factors and induce angiogenesis
in vivo and in vitro. Endocrinology. 2010;151:2567-2576.

Gasser O, Hess C, Miot S, Deon C, Sanchez JC, Schifferli JA. Charac-
terisation and properties of ectosomes released by human poly-
morphonuclear neutrophils. Exp Cell Res. 2003;285:243-257.

Burger PC, Wagner DD. Platelet P-selectin facilitates atherosclerotic
lesion development. Blood. 2003;101:2661-2666.

Libby P. Inflammation in atherosclerosis. Nature. 2002;420:868 —874.
Aharon A, Tamari T, Brenner B. Monocyte-derived microparticles and
exosomes induce procoagulant and apoptotic effects on endothelial cells.
Thromb Haemost. 2008;100:878 —885.

Chou J, Mackman N, Merrill-Skoloff G, Pedersen B, Furie BC, Furie B.
Hematopoietic cell-derived microparticle tissue factor contributes to
fibrin formation during thrombus propagation. Blood. 2004;104:
3190-3197.

Falati S, Liu Q, Gross P, Merrill-Skoloff G, Chou J, Vandendries E, Celi
A, Croce K, Furie BC, Furie B. Accumulation of tissue factor into
developing thrombi in vivo is dependent upon microparticle P-selectin
glycoprotein ligand 1 and platelet P-selectin. J Exp Med. 2003;197:
1585-1598.

Morel O, Toti F, Hugel B, Bakouboula B, Camoin-Jau L, Dignat-George
F, Freyssinet JM. Procoagulant microparticles: disrupting the vascular
homeostasis equation? Arterioscler Thromb Vasc Biol. 2006;26:
2594-2604.

Owens AP 3rd, Mackman N. Microparticles in hemostasis and
thrombosis. Circ Res. 2011;108:1284—-1297.

Asahara T, Murohara T, Sullivan A, Silver M, van der Zee R, Li T,
Witzenbichler B, Schatteman G, Isner JM. Isolation of putative pro-
genitor endothelial cells for angiogenesis. Science. 1997;275:964-967.
Aicher A, Rentsch M, Sasaki K, Ellwart JW, Findrich F, Siebert R,
Cooke JP, Dimmeler S, Heeschen C. Nonbone marrow-derived circu-
lating progenitor cells contribute to postnatal neovascularization fol-
lowing tissue ischemia. Circ Res. 2007;100:581-589.

Morel O, Hugel B, Jesel L, Mallat Z, Lanza F, Douchet MP, Zupan M,
Chauvin M, Cazenave JP, Tedgui A, Freyssinet JM, Toti F. Circulating
procoagulant microparticles and soluble GPV in myocardial infarction
treated by primary percutaneous transluminal coronary angioplasty. A
possible role for GPIIb-IIla antagonists. J Thromb Haemost. 2004;2:
1118-1126.

Mallat Z, Benamer H, Hugel B, Benessiano J, Steg PG, Freyssinet JM,
Tedgui A. Elevated levels of shed membrane microparticles with pro-
coagulant potential in the peripheral circulating blood of patients with
acute coronary syndromes. Circulation. 2000;101:841-843.
Bernal-Mizrachi L, Jy W, Jimenez JJ, Pastor J, Mauro LM, Horstman
LL, de Marchena E, Ahn YS. High levels of circulating endothelial
microparticles in patients with acute coronary syndromes. Am Heart J.
2003;145:962-970.

Simak J, Gelderman MP, Yu H, Wright V, Baird AE. Circulating
endothelial microparticles in acute ischemic stroke: a link to severity,
lesion volume and outcome. J Thromb Haemost. 2006;4:1296—1302.
Leroyer AS, Ebrahimian TG, Cochain C, Récalde A, Blanc-Brude O,
Mees B, Vilar J, Tedgui A, Levy BI, Chimini G, Boulanger CM,
Silvestre JS. Microparticles from ischemic muscle promotes postnatal
vasculogenesis. Circulation. 2009;119:2808-2817.
Janowska-Wieczorek A, Majka M, Kijowski J, Baj-Krzyworzeka M,
Reca R, Turner AR, Ratajczak J, Emerson SG, Kowalska MA, Ratajczak
MZ. Platelet-derived microparticles bind to hematopoietic stem/
progenitor cells and enhance their engraftment. Blood. 2001;98:
3143-3149.

Baj-Krzyworzeka M, Majka M, Pratico D, Ratajczak J, Vilaire G,
Kijowski J, Reca R, Janowska-Wieczorek A, Ratajczak MZ. Platelet-
derived microparticles stimulate proliferation, survival, adhesion, and
chemotaxis of hematopoietic cells. Exp Hematol. 2002;30:450—459.
Mause SF, Ritzel E, Liehn EA, Hristov M, Bidzhekov K, Miiller-Newen
G, Soehnlein O, Weber C. Platelet microparticles enhance the vasore-

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

Microparticles in Atherothrombosis 605

generative potential of angiogenic early outgrowth cells after vascular
injury. Circulation. 2010;122:495-506.

Deregibus MC, Cantaluppi V, Calogero R, Lo Tacono M, Tetta C,
Biancone L, Bruno S, Bussolati B, Camussi G. Endothelial progenitor
cell derived microvesicles activate an angiogenic program in endothelial
cells by a horizontal transfer of mRNA. Blood. 2007;110:2440-2448.

Benameur T, Soleti R, Porro C, Andriantsitohaina R, Martinez MC.
Microparticles carrying Sonic hedgehog favor neovascularization
through the activation of nitric oxide pathway in mice. PLoS One.
2010;5:12688.

Benameur T, Tual-Chalot S, Andriantsitohaina R, Martinez MC. PPA-
Ralpha is essential for microparticle-induced differentiation of mouse
bone marrow-derived endothelial progenitor cells and angiogenesis.
PLoS One. 2010;5:¢12392.

Aicher A, Brenner W, Zuhayra M, Badorff C, Massoudi S, Assmus B,
Eckey T, Henze E, Zeiher AM, Dimmeler S. Assessment of the tissue
distribution of transplanted human endothelial progenitor cells by radio-
active labeling. Circulation. 2003;107:2134-2139.

Ceradini DJ, Gurtner GC. Homing to hypoxia: HIF-1 as a mediator of
progenitor cell recruitment to injured tissue. Trends Cardiovasc Med.
2005;15:57-63.

Zernecke A, Bidzhekov K, Noels H, Shagdarsuren E, Gan L, Denecke
B, Hristov M, Koppel T, Jahantigh MN, Lutgens E, Wang S, Olson EN,
Schober A, Weber C. Delivery of microRNA-126 by apoptotic bodies
induces CXCL12-dependent vascular protection. Sci Signal. 2009;
2:ra81.

Rehman J, Li J, Orschell CM, March KL. Peripheral blood “endothelial
progenitor cells” are derived from monocyte/macrophages and secrete
angiogenic growth factors. Circulation. 2003;107:1164—-1169.

Urbich C, Aicher A, Heeschen C, Dernbach E, Hofmann WK, Zeiher
AM, Dimmeler S. Soluble factors released by endothelial progenitor
cells promote migration of endothelial cells and cardiac resident pro-
genitor cells. J Mol Cell Cardiol. 2005;39:733-742.

Chironi G, Simon A, Hugel B, Del Pino M, Gariepy J, Freyssinet JM,
Tedgui A. Circulating Leukocyte-Derived Microparticles Predict Sub-
clinical Atherosclerosis Burden in Asymptomatic Subjects. Arterioscler
Thromb Vasc Biol. 2006;26:2775-2780.

Chironi GN, Simon A, Boulanger CM, Dignat-George F, Hugel B,
Megnien JL, Lefort M, Freyssinet JM, Tedgui A. Circulating micropar-
ticles may influence early carotid artery remodeling. J Hypertens. 2010;
28:789-796.

Esposito K, Ciotola M, Schisano B, Gualdiero R, Sardelli L, Misso L,
Giannetti G, Giugliano D. Endothelial microparticles correlate with
endothelial dysfunction in obese women. J Clin Endocrinol Metab.
2006;91:3676-3679.

Koga H, Sugiyama S, Kugiyama K, Watanabe K, Fukushima H, Tanaka
T, Sakamoto T, Yoshimura M, Jinnouchi H, Ogawa H. Elevated levels
of VE-cadherin-positive endothelial microparticles in patients with type
2 diabetes mellitus and coronary artery disease. J Am Coll Cardiol.
2005;45:1622-1630.

Nozaki T, Sugiyama S, Koga H, Sugamura K, Ohba K, Matsuzawa Y,
Sumida H, Matsui K, Jinnouchi H, Ogawa H. Significance of a multiple
biomarkers strategy including endothelial dysfunction to improve risk
stratification for cardiovascular events in patients at high risk for
coronary heart disease. J Am Coll Cardiol. 2009;54:601-608.

Sinning JM, Losch J, Walenta K, Bohm M, Nickenig G, Werner N.
Circulating CD31+/Annexin V+ microparticles correlate with cardio-
vascular outcomes. Eur Heart J. 2011;in press.

Amabile N, Heiss C, Real WM, Minasi P, McGlothlin D, Rame EJ,
Grossman W, De Marco T, Yeghiazarians Y. Circulating endothelial
microparticle levels predict hemodynamic severity of pulmonary hyper-
tension. Am J Respir Crit Care Med. 2008;177:1268-1275.

Amabile N, Boulanger CM, Guerin A, Tedgui A, London G. Circulating
endothelial microparticles: a novel biomarker for cardiovascular death
and cadiovascular events in end-stage-renal disease. Circulation. 2009;
120:S1010-S1010.

Pletcher MJ, Pignone M. Evaluating the clinical utility of a biomarker:
a review of methods for estimating health impact. Circulation. 2011;
123:1116-1124.

Nomura S, Shouzu A, Omoto S, Nishikawa M, Iwasaka T, Fukuhara S.
Activated platelet and oxidized LDL induce endothelial membrane
vesiculation: clinical significance of endothelial cell-derived micropar-
ticles in patients with type 2 diabetes. Clin Appl Thromb Hemost.
2004;10:205-215.



202 ‘9T aunr uo Aq Bio'sfeuinofeye)/:dny wolj pepeojumoq

606

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

Circulation Research August 19, 2011

Llorente-Cortés V, Otero-Vifias M, Camino-Lépez S, Llampayas O,
Badimon L. Aggregated low-density lipoprotein uptake induces
membrane tissue factor procoagulant activity and microparticle release
in human vascular smooth muscle cells. Circulation. 2004;110:
452-459.

Liu ML, Reilly MP, Casasanto P, McKenzie SE, Williams KJ. Choles-
terol enrichment of human monocyte/macrophages induces surface
exposure of phosphatidylserine and the release of biologically-active
tissue factor-positive microvesicles. Arterioscler Thromb Vasc Biol.
2007;27:430-435.

Faure V, Dou L, Sabatier F, Cerini C, Sampol J, Berland Y, Brunet P,
Dignat-George F. Elevation of circulating endothelial microparticles in
patients with chronic renal failure. J Thromb Haemost. 2006;4:566-573.
Ramkhelawon BLS, Tedgui A, Boulanger CM. Shear Stress Modulates
Endothelial Microparticles Shedding. Circulation. 2008;118:
S403-S403.

Nomura S, Nakamura T, Cone J, Tandon NN, Kambayashi J. Cytometric
analysis of high shear-induced platelet microparticles and effect of
cytokines on microparticle generation. Cytometry. 2000;40:173-181.
Stampfuss JJ, Censarek P, Fischer JW, Schror K, Weber AA. Rapid
release of active tissue factor from human arterial smooth muscle cells
under flow conditions. Arterioscler Thromb Vasc Biol. 2006;26:
e34-e37.

Dale GL, Remenyi G, Friese P. Tetraspanin CD9 is required for micro-
particle release from coated-platelets. Platelets. 2009;20:361-366.
Chang CP, Zhao J, Wiedmer T, Sims PJ. Contribution of platelet
microparticle formation and granule secretion to the transmembrane
migration of phosphatidylserine. J Biol Chem. 1993;268:7171-7178.
Boilard E, Nigrovic PA, Larabee K, Watts GF, Coblyn JS, Weinblatt
ME, Massarotti EM, Remold-O’Donnell E, Farndale RW, Ware J, Lee
DM. Platelets amplify inflammation in arthritis via collagen-dependent
microparticle production. Science. 2010;327:580-583.

Sekula M, Janawa G, Stankiewicz E, Stepieii E. Endothelial micro-
particle formation in moderate concentrations of homocysteine and
methionine in vitro. Cell Mol Biol Lett. 2011;16:69-78.

Olas B, Malinowska J, Rywaniak J. Homocysteine and its thiolactone
may promote apoptotic events in blood platelets in vitro. Platelets.
2010;21:533-540.

185.

186.

187.

188.

189.

190.

191.

192.

194.

Pérez-Casal M, Downey C, Fukudome K, Marx G, Toh CH. Activated
protein C induces the release of microparticle-associated endothelial
protein C receptor. Blood. 2005;105:1515-1522.

Brodsky SV, Malinowski K, Golightly M, Jesty J, Goligorsky MS.
Plasminogen activator inhibitor-1 promotes formation of endothelial
microparticles with procoagulant potential. Circulation. 2002;106:
2372-2378.

Combes V, Simon AC, Grau GE, Arnoux D, Camoin L, Sabatier F,
Mutin M, Sanmarco M, Sampol J, Dignat-George F. In vitro generation
of endothelial microparticles and possible prothrombotic activity in
patients with lupus anticoagulant. J Clin Invest. 1999;104:93-102.
Piguet PF, Vesin C, Da Kan C. Activation of platelet caspases by TNF
and its consequences for kinetics. Cytokine. 2002;18:222-230.
Schecter AD, Spirn B, Rossikhina M, Giesen PL, Bogdanov V, Fallon
JT, Fisher EA, Schnapp LM, Nemerson Y, Taubman MB. Release of
active tissue factor by human arterial smooth muscle cells. Circ Res.
2000;87:126-132.

Jiingel A, Distler O, Schulze-Horsel U, Huber LC, Ha HR, Simmen B,
Kalden JR, Pisetsky DS, Gay S, Distler JH. Microparticles stimulate the
synthesis of prostaglandin E(2) via induction of cyclooxygenase 2 and
microsomal prostaglandin E synthase 1. Arthritis Rheum. 2007;56:
3564-3574.

Vince RV, Chrismas B, Midgley AW, McNaughton LR, Madden LA.
Hypoxia mediated release of endothelial microparticles and increased
association of S100A12 with circulating neutrophils. Oxid Med Cell
Longev. 2009;2:2-6.

Szotowski B, Antoniak S, Goldin-Lang P, Tran QV, Pels K, Rosenthal
P, Bogdanov VY, Borchert HH, Schultheiss HP, Rauch U. Antioxidative
treatment inhibits the release of thrombogenic tissue factor from
irradiation- and cytokine-induced endothelial cells. Cardiovasc Res.
2007;73:806-812.

3. Essayagh S, Brisset AC, Terrisse AD, Dupouy D, Tellier L, Navarro C,

Arnal JF, Sié P. Microparticles from apoptotic vascular smooth muscle
cells induce endothelial dysfunction, a phenomenon prevented by beta3-
integrin antagonists. Thromb Haemost. 2005;94:853—-858.

Schecter AD, Giesen PL, Taby O, Rosenfield CL, Rossikhina M, Fyfe
BS, Kohtz DS, Fallon JT, Nemerson Y, Taubman MB. Tissue factor
expression in human arterial smooth muscle cells. TF is present in three
cellular pools after growth factor stimulation. J Clin Invest.
1997;100:2276-2285.



