The Indonesian Biomedical Journal, Vol.3, No.1, April 2011, p.18-36

REVIEW ARTICLE

Print ISSN: 2085-3297, Online ISSN: 2355-9179

Microparticles
MNovel Mechanisms of Intracellular Communication:
Implication in Health and Disease

Anna Meiliana'<* and Andi Wijaya'**

"Pist Graduate Pregram in Clinical Biochemistry, Hasanuddin University, Makassar
“Prodia Clincal Laboratory, Jakarta
*Adtdress comespondence to thia suthor at; Prodia Chnical Laboratony, Jl. Cieenghkuy Mo.2, Bandoeng
E-mail: anna_mgdpeodia, coid, andi wilprodia.coid

Abstract

ACKGROUNI: The prevailing view that
B cukaryotic cells gre restrained from intercellular
exchange of genetic  information  has  been
challenged by recent reports on nanornhes, exosomes,
apoptotic bodies, and nucleic acid —hinding peptides that
provide novel pathways for coll—coell communication, with

implications in health and disease.

CONTENT: Microparticles {MPs) are a heterogensous
population of small plasma membrane structures that
serve 85 importane signaling smuctores between oells,
MPs are composed of a phospholipid bilayer that exposes
transmembrans proteins and receprors and encloses eytosolic
components such s enzrymes, transcription factors, and
mRMNA denved from their parent cells, Growing evidence
sugpests  that MPs  repolate  inflasmmation,  stimulare
coagulsnon, affect vasenlar functions and apoptosis, and
can alse play a role in cell proliferation or differentiation.
MPs circulate in the bloodstream, can be detected in the
peripheral blood, and may originate from different vascular
cell tvpes (ez, platelets, monocytes, endothelial cells, red
blood cells, and granulocytes).

SUMMARY: Cells of vardous types release small
membrane vesicles called MP on their activaton, as well
as during the process of apoptosis. The properties and roles
of MP generated in different contexts are diverse and are
derermined by their parent cell and the pathway of their

generation, which allfeets their content. MP are immvolved in
multiple celluler functions, ncluding immonomodulatien,
inflamination. coasulation. and intercellularcommunication.
MPs are able to deliver molecular signals in the form of
lipids, proteins, nucleic acids, or functional rans-membranc
proteins from the parent coll to distantly located targets.
From a clintcal point of view, MP may serve as biomarkers
[or disease status amd may be found useful Tor developing
novel therapeutic sirategies.

KEYWORDS: Micmparticles, Microvesicle, Membrane

Remodeling, Intercellubar communication .
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Introduction

Ceells

different mechamsms. They may commumicate by (i)

communicate and  exchange  information by
secreled growth fectors, cytokines, chemokines and small
molecular mediators (e.g., nucleotides, nitric oxide jons,
bioactive lipids), (i) cell-to-cell adhesion contacts that
are mediated by sets of specialized adhesion molecules
and (111} exchanging information by means of tunneling
nunotubules {(1-6). However, attention is now  being
focused oo cell-to-cell commaunication that involves
circular membrane frgments called microparticle (MP)
(7-12), a mechanism that or many years has been largely
overlonked,
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It is well established that virtually all eukaryvotic cells
possess the fundamental capacity to release small vesicles,
generilly referred to as MPs. Existence of MPs, which
allow 5 selective and concentrated release of the cellulur
content into the sumounding milieu, was first noticed by
Wolf in 1967 as formation of a procoagulant “dust™ around
sctivated blood platelets (13). Although MPs are present
in peripheral blood of healthy individusls, with platelet
MPs being the most abundant and representing 70% 1o
W% of all cirenlarmg MPs (14,15) marked elevations
oceur in many disease states. These conditions include
autoimmune disorders, atherosclenosis, malignancies, and
mfection among others ( (4.16-18).

Shedding of membriane-derived MPis a phvsiological
phenomenon that accompanies cell activabion and growth
(7-12,15,19, Interesting by, rapidly growing cell lines tend
tor secrete more MP than slowly growing ones. Generally,
the number of MP shed from cells increases upon (1) cell
setivation, (i) hypexia or imadiation, (1ii) oxidative injury,
[iv} exposure to proteins from an activated complement
cascade and (v) exposure to shearing stress (7-12,15,19).
MP shedding depends on an increase in cytosolic Ca™ and
degradation of the membrane skeleton,

Although a precise definition of MPs remains
elusive, they are commonly described as 4 heterogeneous
population of spherical structures with a diameter of 100
to 1000 nm, which are released by budding of the plasma
membrane (ectocytosis) as phosphalipid vesicles Known
tx express antigens specific of their parental cells. This
characterization allows differentistion from exosomes,
referring to preformed vesicles with are diameter of less
thaan 100 nim that are stored intracellularly in multivesicular
compartments and are secreted when these endosomal
compariments  fuse with the cell plasma membrang
(20217, Continuing efforts in decipherng the signame
of circulating MPs could also lead to the development of
new diagnostic strategies, with MPs emerging as unigue
potential sources of disease-related and possibly predictive
buymarkers (22).

Microparticle (MP)

In  multicellular  organizms, homeostasis  results
from a subtle balance betweén cell proliferation and
degenerescence.  Cells  differentiste, expand, fulfill
particufar functions, then undergo programmed death
and are finally cleared by phagocytosis. At each stage of
its life, the cell is subjected to a variety of stimulations
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leading to the release of submicron fragments from the
plasma membrane. wsually termed microvesicles or
microparticles (MPs). MPs hijack membrane constituents
and cytoplasmic content and survive the cell (100,

MPs are fragments shed almost spontaneously from
the plasma membrane blebs of virmally all cell types when
submitted to a number of stress condigons, including
apoptosis. MP release is an integral part of the membrane-
remoddehing process in which the asymmemic distribution
of constitutive phospholipids (PL) between the two
leatlets is lost. After having long been comsidered ‘cell
dust’, MPs have more recently been shown to reflect in
vitre cell stimulation, and testify to cellular activaton and/
or tissue degeneration occurring in vivo under a variety
of pathophysiologic circumstances, Besides their marker
characteristics, Ps have been identilied as true vectors in
the ranscellular exchange of biologic information (23).

On one hand, deleterious MP stemming from activated
cells can elicit an adverse respomse from ather cells,
themselves undergoing membrane vesiculation, lesding
o pathogenic amplilication. On the other hand, since they
are thought to reflect a balance between cell stimulation,
proliferation, and death, it is conceivable that they are
discerned as sensors for the maintenance of homeostasis in
multicellular organisms. Because vesiculation is an integral
part of the plasma-membrane rmodeling process, wath the
transverse migration of procoagulant phosphiatidylserine
froan the cytoplasmic i the exoplasmic leaflet as the central
event, the majority of released MPs are thought to fulliil a
hemostatic function under physiclogic conditions. This is
particularly true when they originate from platelets, with
possible deviation towards thrombosis when produced in
exeess (23).

It has been poswilated that the phenotype of stem cells
is reversibly changing during the cell cyvele transit until a
terminal-differentiating stirmulus 15 encounterad at a cyvele-
susceptible time, In this model the cell cyele status and the
microenvironmeantal exposaee to the prodocts of contigaous
cells may play key roles in stem cell plasticity (2%). The
same stem cell may show different phenotypes in different
functional states, depending on the cell cycle phase. This
dynamic context s regulated by the micrmenvironment
and 0 particular the MP-medisted transfer of genctic
information between cells (30).

Transfer of genetic information from injured cells
miy explain stern cell funclional and phenotypic changes
without the need for trans-differentiation into tissue cells,
On the contrary, tmnsfer of penctic information from
stem cells may redirect altered functions i farget cells
sugpesting thot stem cells may reparr damaged tissoes
without directly replacing parenchymal cells (265 MPs
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Figure 1. Cellular MP: a deseminated storage pool of bioactve effctore (Adapted with

permission from American Physiol Sociely),

can therefore be considered a disseminnted stosage pool
of bivactive effectors, the nature and proportion of the
latter accounting for duality, more particularly evidenced
in vascular disease, inflammation, and immunity (10,

Thus, MPs are vesicles that bud off from cells, lack
a nuclens, contain 4 membrane skeleton and are defined
by their size aml expression on their surface of antigens
specific of parental cells (27-29). These phospholipid
vesicles are less than 1 pm of diameter, To reliably
define MPs, the terms exosomes and ectosomes necd w
be introduced. Exosomes onginate from multivesicalar
hoadies and exocytosiz of endooytic bodies, and ectosomes
directly originate from the membrane surface (15, 16).
In this eview, we will manly use the commonly used
term “microparticles”, keeping in mind their definition as
ectosomes (30,31,

MPs dizplay a broad spectrum of binsctive substances
and receptors on their surface and harbora concentrated set
of cytokines, signaling profeins, mRENA, and microRNA.
Recent studies provided evidence for the concept of MP as
veritable vectors for the intercel luksr exchange of biological
signals and information, Indeed, MP may transfer part
of their components and content to selected twrzet cells,
this mediating cell activatiom, phenotypic modification,
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and reprogrmmuming of cell function. Becanse MP readily
circulate in the vasculature, they may serve as shuttle
misdules amd signaling transducers not only in their local
envirommeni but also at remarkable distance from their
sile of origin. Allogether, this transcellular delivery sysbém
may extend the confines of the lmited ranseriplome snd
proteome of recipient cells and establishes a commumnication
network in which specific properties and information
among cells can be efficiontly shared (22).

Circolating MPs i blood onginste from differant
cells (e, red blomd cells, grannlocytes, monocytes,
lymphocytes, plalelets and BECs) and their blood bevels
resull from the balance between their rates of releass from
cells and their clearance from the circalation. Changes
in MP levels in circulating blood may be due to some
pathological conditions. Platelet — denved MPs (PMPs)
are the most shundant, representing about T of all
circulating MPs (17).

Hence, MP could serve as potential disgnostic markers
in laboratory medicine and the development of new
diggrostic stmtegics based on the analysis of number and
makecular signature of circalating MPoan be anticipated in
the near future (32},
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Formation of MPs

Generatton and  shedding  of MPs: occurs doning
biclogical processes of considerable diversity, including
not  only cellular activation following stimulation
with proinflammatory, prothrombotic, or prospoptotic
substances, or exposure to high shear smess as present
in arerics with a severe stenosis, but also cellular
differentigtion, senescence, or apoptotic cell breakdown
(14,33.34),

The plasma membrane is a well-structured entity
chargcterized by a controlled transverse distribution of
lipids and proteins between the two leaflets but also by a
lateral organization in domains sermed “rafts.” Following
stimulation, a general redistribution ocours, leading w raft
structuration, phosphatidy lserine externalization, and MP
refease (107,

In steady-state, the cell membrane is asyvmmetric
regarding the composition and the distribution
of phospholipids i s inner and  owter layers:
phosphatidylcholine and  sphingomyelin - are  located
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in the outer layer, while phosphatidylserine (P3) and
phosphatidy|-ethanolamine (PE) are present in the inner
layer. This asymmetric distmibution of phospholipids m
the membrane is maintained by a three piece enzyme
system: Hippase, Hoppase and scramblase. Flippase
is an aminophospholipid translocase that specifically
translocates PS and PE from the outside to the inside of
the bilayer membrane. Floppase transports phospholipids
from the inmer to the outer leswflet. Floppase does not
specifically act on mmsport of aminophospholipids and
probably works together with flippase . Scramblase, whose
role is thought to be the transportation of phospholipids
between the two monolavers of the cell membrane, is
inactive in steady-state (10,23 350,

The exposure of procoagulant phospholipids and the
shedding of MPs are cellular responses that depend on
activating conditions. Notably, membrane remodeling and
PS externalization is dependent on an increase in cytosolic
calcium. Activation of human platelets by a Ca™ ionophore
results in the surface exposure of PS. Conversely, the
inhibition of Ca™ mfAux abolishes agonist-induced PS
externalization and the procoagu kint response in sctivated
platelets (30).
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Figure 2. The ﬁsma mambrans responsa to csll stimulation (Adapted with permizsion

froam Amarcan Physiol Sochety).
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Caleium insctivates lippase and activates Boppase and
seramblase, inducing the loss of phospholipids asymmetry
between the inner and the ooter leallets. Contacts between
aminophpspholipids and cytoskeleton are then disrupted.
In addition, calcium release leads o activation of two
cnzymes: calpain and gelsolin, Calpain hydrolyees actin-
binding proteins that decreases association of wetin with
membranes glycoprotems (38 39, while gelsolin (only in
platebets) s involved in the cleavage of the actin capping
prodeins (400,

Assmallincreases in Ca™ lead to platelet activation, the
maintenance of & stable Ca® 5 essential to keep platelets in
a resting state. The mechanisms [miting platelet activation
by counteracting Ca™ leakage from the intracellnlar stores
rely on sarcoplasmicfendoplasmic Ca* ATPases that pump
the calemm iens back to the stores (largeted by the inhibitor
thapsigarging and on a plasma membrane Ca® AT Pase that
pumps Ca® out of the cell (1741,

When cells underge activation or apoptosis, PS
externabization 13 one of the carbiest ohservable mdicators
of the process, I translocation to the ooter leaflet is the
imitinl event that will ultimately lead to the shedding of
procoagolant MPs that are therefore regarded a5 meliable
markers of cell stress (42). The dynamic balance of cell
stimulation, cell proliferation, and death within the vessels
is reflected by the formation and release of MPs that may
thuy mepresent a vascular storage pool of bio-efectors
{43},

MPs shed from activated, necrotic, or apoptotic cells
provide a catalytic phospholipid surface for the assembly
of hiood coagulation factors, therehy promoting the
coagulation cascade and thrombin generation (44), MPs
can harbor active tissue factor (TF), the cellular initiator
of blood coagulation in vive (45-47). Because PS and TF
are known to act synergistically as potent triggers of blood
coagulation, 1t has been suggested that TE-bearing MPs
represent the so-called blood-borme TF (48-500. These
observations suggest that MPs can be viewed as o major
therapentic target, not only in the inhibition of anerial
and venous thrombosis but also in the contaimment of the
systemic inflammatory response and atherosclerosis (31).

The mechanizm of MPs ¢learance from the circulation
15 mot known, Platelets have g life span of about 10 days,
contrasting with that of PMPs of which is about 30 minutes
in mice (32}, or even less than [0 minutes in rabbits (33).
These 8MPs could be cleared from the circulating blood
by phospholipases (54), by direct mechunisms such as
P5 exposure and subsequent phagocytosis, or by indirect
mechanisms such as opsonization by pioteins such as
growth arrest-specific gene 6 product (GASG), protein 8
and complement (35},
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A wide vanety of methods are used to measore,
guantify, and phenotype MPs Trom blood samples or cell
culiure supernatants. For this reason, critical evaluation
and standardization of the different methods used by
cach lahoratory sre necessary to relinbly compare studies
together. Most methods nse flow cytometry although the
wse of classical Row cytometer is subject o caution, as
discussed by Bruce and Barbara C. Furie (56). The small
sire of M P4 enhances the difficulies for their detection and
quantification.

MPs can be characterized by the detection of the
different cell sirface antigens (Table 1) These antigens
reflect their origin and activation method,

Daspite 8 recent proteomic characterization of fumaml
lymphocyte MPs (37), the chemical composition of MPs
remaing poorly described, MPs contain various proteins
imherited from their parental cells and a membranous
skeletom, Thereby, their ongin can be wdentified by the
presence of cell-specific surface antigens (Table 1), Cther
compoenents of MPs have been recently described, such as
mRNA (58.59), pnons (60.61), contractile proteins such as
thrombosthenin (623,

Platelet Microparticles

Blood contains MPs derived from different cell types,
including mainly platelets, but also red blood cells,
granulocytes, monocytes, ymphocytes and endothelial
cells (ECs), Overproduction of MPs has been related to
various physiological and pathophysiological conditions
such as cell adhesion, apoptosis, immune response,
vascular function, vascular remodeling and angiogenesis,
haemostasis und thrombosis, cardiovascular diseases.
cancer, infections, as well as normal and pathological
PrEsriancy.

A surface area unit of PMP has approximaiely 50- to
LO0-fold higher procoagulant properties than an identical
surface area unit of an activated platelet (63). Thus, the
wsually accepted role of MPs is 1o promete coagulation.
This is principally due to the presence of TF, the principal
imitiator of comgulation, expesed on the surface of MPs.
Regardless the stimulus, about 23% of the procoagulant
activity in blood is associated with MPs derived from
activated platelets (64).

A population of PMPs 15 generated during platelet
activation, whereas other PMFPs populabions are derived
fronn megakaryvooyles dunng megakaryopoiesis (65-67),
guizscent circulating platelets or might resuli from platelet
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Table 1. Markers for cell-derived MPs

Celiular origin of MPs

Marker

Fad bleod call
Leucoryte
Granulocyte
Monocyte

Lymphocyte

Platelet

Endothalial call

apoptosis (32, PMPs can be produced by various stimuli,
including plateletagonists calcivmionophore ,complement-
binding proteins, or high shear. After stimulation by the
thrombin-receptor agonist peptids (TRAP), MPs fiom 0.1
ot | pam and exosomes from 40 to 100 nm are released
{68 1. Stimulation of plarclets activates intracelnlar calpain,
ind calpain inhibitors impair MPs release (399,

PMPrare generated undercertain blood Aow cond itions
as well (691, High shear stress in severe atherosclerotic
arteries activates platelets, generating PMPs, whereas
normal shear stress does not (33). In addition, plaelet

CDxzi5a
CDds
CDath
CO4
CD4
cDa
CD20
D31
Cha
CDd1a
CD42a
CD4azh
CDa1
CDE2P
CD31
coad
CD54
CDEZE
CD51
CO105
CE0G
CDtd4

CD146

adhesion to unmebilized von Willebrand factor (VWE)
under fast flow conditions, engages a mechanism for
the generation of MPs. This results in the deposition of
procoagulant strectures that are not removed even under
extreme  flow  conditions, as encountered in sevenly
stenosed areries (7). This mechanical release of PMPs
is dependent on the imeraction of vWE with glvcoprotein
(GP) Ibat, and the resulting procoagulant PMPs enbance
thrmmbus formation (173

Apoptesis and vascular cell achvabion are main
contribators fo the release af procoagulant MPs, deleternoas
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partners in atherothrombosis. Elevated levels of circulating
platelet, monocyte, of endothelial-derived MPs are
associated with most of the cardiovascular risk factors and
appesr indicative of poor clinical outcome., In addition to
being a valuable hallmark of vascular cell damage, MPs are
at the crossroad of atherothrombaosis processes by exenting
direct effects on vascular or blood cells. Under pathological
circumstances, circulating MPs would support cellular
cross-talk leading to vascular inflammation and tissue
remodeling. endothelial dysfunction, leukocyte adhesion,
and stimulation. Exposed membrane phosphatidylserine
and Tuncticmal TF are 2 procoagulant entities conveyed
by circulating MPs. At sites of vascular injury, P-selectin
exposure by activated endothelial cells or platelets leads
to the rapid recruitment of MPs bearing the P-selectin
glycoprotein  ligand-1 and  blood-borne TF, thereby
triggenng coagulation (44),

Endothelial MPs

MP= released inm the bloodstream can act a5 messengers
delivering a variety of cargos, such as cell surface receptors,
proinfammatory cytokines. signaling molecules, and even
mRMNA, to distal cells (17 44). They may also contribute

Print ISSN: 2085-3297, Online ISSN: 2355-9179

to disease by transporting viruses gnd prions (17,440 In
addition, i vitre studies have shown that binding of MPs
to endothelial cells and monocytes induces the expression
of proinfiammatory and procoagulant molecules (Figure
3.

InMamuration and coagulation are linked processes
in many diseases and MPs may amplify the responses by
activating the endothelium. In addition, proinflammatory
mediators directly induce tissué facior expression in
endothelial cells, and the coagolation protease thrombin
directly  induces the expression o pronlameeatory
miediators inemdothelial cells. This results inelevated levels
of endethelial cell-derived MPs. so-called EMPs, in many
disease states. The presence of these EMPs in blood can be
used as biomarkers of endothelial cell injury (71,72).

EMP (~10) nm to | pm in diameter) result from
endothelial - plasma carry
endothelial proteing such as vascular endothelial cadberin,
plaielet endothelial cell adhesion molecule- 1. intercellular
cell adhesion molecule (ICAM)-1, endoglin, E-selecting,
S-endo or av integrin (73). Endothelial NO synthase and
vascular endothelial growth factor receptor (VEGF-R2)
have alzo been identified on EMP (74), but there s so far
ni evidence on whether or not MP endothelial niric oxide
synthase 15 capable of generating mitric oxide; furthermore,
endothelial mtric oxide syonthase may also be present on
platelet or red blood cell—derived ME (75).

mezmbrane  blebbhing  and

PMP

Monocyte — | —F
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g (37
call
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Figure 3, MPs derived from different cell lypes induce the expression of prainflammatony and
?roma;ulant malacules in endothelial cells, monocytes, and epithalial calls [Adapted with pemmission

rom Amercan Hear Asssocston).
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Figure 4, Schermatic represontation of the different agonists knawn to augment MP released fom cultured endothelial cells and
their paradoxical biciogical functions [Adapted with pemission from Amerncan Hear Association ).

Exosomes (<100 nm in diameter) are produced in
multivesicular bodies during endocytosis and they play
a role m antigen preseatation. Unlike MP, they do not
externalize PS5 and they express specilic exosonal markers
such as Lampl. CDG63, and TSGI0L; they also contain
RENA and microRNAS (21),

Apoptotic bodies are larger than MP or exosomes and
are characterised by externalized PS and, walike MP, o
penneable membrane fucilitating propidmm indide staining
of the nuclear material they contain (T6). Several reports
indicate that apoplotic bodies are passive cargos delivering
their nuclear comtent (oncogenes, DNA, mictoRNA) o
phagocytes by horizontal transfer (76.77), and thos they
share this specific property with EMP (78},

Besides THNF-, other inflammatory eytokines and
also bacterial ipepolysacchandes, reactive oxygen species
(79, plasminogen  sctivator  inhibitor (80, thrombin
(81), camptothecin (82), C-reactive protein (CRP)
(833, and wremae toxins (84 are-able o induce @ vite
EMP generation. Interesfingly, endogenous nitric oxide
dampens the release of EMP on stimulation with CRP by a
mechanism involving sefrahydrobioptenin (83),

Although MP of endothelial origin represent &
sparse population of circulating MP, changes in their
plasma levels might carry imporant clinical information
in healthy suhjeets and in patients with candiovascolar
disorders (733, In patients presenting & characterized

endothelial dysfunction, levels of circulating EMP are
inversely comelated with the amplitude of flow-mediated
dilatation, independently of age and pressure (B5-900,
Furthermore, acute endothelial injury such as that induced
by secondhand smoke rapidly impairs endothelial function
and increases circulating EMP in young healthy subjects
(91}, Therefore, EMP emerge as a new surrogate marker of
endothebial health.

So far, only a few studies have investigated the
progrostic potential of the measurement of EMP plasma
levels. In patients with acute ischeric stroke, EMP levels
are associated with lesion velume and clinical outcome,
but there was no report about clinical events during
follovw-up (92). In patients with pulmonary hypertension,
circulatmng levels of EMP expressing E-selectin predict the
l-wear outcome (93). In subjects with high risk of coronary
heart disease, baseline levels of EMP expressing vascular
endothelial cadherin predicted outcome, independently
of Framingham score and of CRP and brain natriuretic
peptide (BNP) levels (94). Similar [indings were observed
in chronic renal failure, whene high values of CD31CDg
EMFP were independent predictors of cardiovascular
ideath, whereas other MP plasma subpopuladons had no
prognostic value (93). These data suggest that EMP levels
muy be used in the future as a biomarker for sratification
of patients and identification of subjects with a high risk
of developing cardiovascular complications. Recently, an
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interest in mulimarker strategies combining EMP with
endothelial progenitor cell levels has emerged from the
fiterature as an integrative marker of vascular health, A
change in the ratio of EMP to endothelial progenitor cells
may reflect an imbalance between endothelial damage
and repair that could be useful to dentify patients with
damaged vasculature (964971,

The potential contribution of EMP in endothelial
cell survival by showing that EMP release could protect
endothelial cell wpoptosis by diminishing fevels of
caspase-3 in cultured endothelial cells resulting from
trapping caspase-3 in MP (98). Thus. endothelial-derived
MF contribute to the sorting of several proapopiotic Factors
preventing cell detachnent and apoptosis

Finally, EMP carrying endothelial protein C receptor
and activated protein C (APC) could also promote
cell survival by induction of cywprotective and anti-
inflammartory effects (99,

Taken together. the involvement of EMP in vascular
homeostasis appears to be more complex than initially
thought. EMP can play a major mle in inflammation,
throunbosis, and angiogenesis. However, depending on
the pathological context, the mechamsms and siles of
formation, EMP could have favocable effects 1o maintain
vascular homeostasis. These paradoxical functions might
result from EMP composition, as proteomic analysis has
shown that one third of the proteing found on EMP ane
specific o the stimulus initiating their release, not only
demonstrating  the plasticity of these vesicles bot alsa
revedling the complexity of the mechanising poverning
their formation {1007,

MPs in Angiogenesis

Angiogenesis iz a tightly regulated process that involves
endothelial cell  swrvival,  proliferation, migration,
differentiation, and morphological changes, such as tube
formation. It is a major process in many pathological
conditions, such as tumor growth, diabetic retinopathy,
and inflammation, as well a5 in embryonic development
and wound healing (99).

Muost of the research regarding MP has been focused
on MP from blood cell origin and on their angiogenic
activity, mainly in the tumor microenvironment. However,
MPF derived from varous types of cells, related to other
angiogenesis-associated disorders, were found to have
angiogenic properties, Submicron menibrane vesicles
shed from retinal. vascular, and circulating cells were
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significanty increased in vitreous Huid of patients with
profiferative diabetic retinopithy, These MP, isolazed from
human vitreous sample of patients, were found to stimulate
endothelial cell profiferation and formation of new vessels
(RLLUR

MP. derived from human circulating endothelial
progenitor cells, was shown to activate an angiogenic
program in mature guiescent endothelial cells. Endothelial
progenitor cell derived MP expressed several adhesion
molecules that were instrumental in MP internalization
o endothelial cells and required for their biological
activity. The MP-induced antiapoptotic effect organization
in capillary-like stroctures was dependent on mRNA
wansfer. Also, microarray analysis was pre-tormed on MP
derived from endothelial progenitor cells, and transcripts
associated  with  the phosphatidylinesitol  3-Rinase/Aka
signaling pathway and with endothelial nitric oxide
synthase (known o be involved in the angiogenc and
antiapopiotic program) were tound (75).

Platelets contain  various  angiogenesis-related
substunces that release into the environment upon platelet
activation. Moreover, it was recently demonsteated that
platelets, as a cellular system, could induce an angrogenic
response (100, 102). At the same time, platelel activation
at sites of blood Now diswrbances or endothelivm injury
resilts in formation of PMP. Since platelet sctivation
frequently oceurs at the sies where angiogenesis tnkes
place (g, in the tumor vascalsture, or in the proximity of
thromibus inan ischemic site), a possible impact of PMP in
blood vessel development would be of importance, sither
as @ part of pathogenesis of the malicious processes, or as
B conmteracting factor,

PMPtriggeredan angiogenic response, hothién vitee and
in vive. This effect is mediated by intm-particle cytokines,
i, VEGF, bFGF, and PDGFE. Separate inhibation of each
cytokine resulted na signilicant suppression of the vessel
sprouting, which suggests that a mutual action of pro-
sngingenic compounds is necded for the development of
un angiogenic response § 103)

The present study demonstrates for the first bme that
shed-membrame MPs isolated from homan atherosclerotic
lesions stimulate endothelial cefl protiferation and promote
in vive nes-vessel formation after CIMO ligation, The
endothelial proliferstive effect of plagque MPs was more
promoumced when MPs were isolated from symptomatic
patients compared with that seen in asymplomatic patients,
amd this finding was associated with an increased number of
CD40L* MPs in these patients, Therefore, scoumulation of
MPs inatherosclerotic lesions may represent an endog enous
signal for atherosclentic plaque neovascularization and
vl nerability (104},
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MPs in Cardiovascular Disease

There are substantial differences between the fractions of
MP= or subpopulations in the blood of healthy subjects
and those present in patients suffenng from diseases with
increased thromboembolic risk ot vascular damage, such as
atherosclerotic vascular disease, sepsis, diabetes, chronic
severe hypertension, and preeclampsia (18,105,106).
Agcordingly, in patients with acute myocardial infarction,
elevated numbers of MPs are present compared with
healthy conmols (105,106,107). Moreover, subtypes of
MPs differ berwean patients with stable anging and those
with acute coronary syndromes or myocardial infarction
(108,109,

The clinical relevance of the presence of MPs in the
blood of healthy subjects is unclear but cin be regarded
as a rellsction of the dynamics of thelr production by
resting, activated, and apoptoic cells and their clearance.
In vascular disease states. it remains to be elucidated
whether MPs are a cause or a consequence of the condition
because disease-related factors, such as mfectious agents,
cytokines, and metabolic disturbances, are all Known o
affect the refease of MPs (18 105 106),

In cardiovascular disorders, two distinct pools of
MPs appear of imterest: (1) crculating MPs released from
vascular and peripheral blood cells; and (2) MPs shed
by spoptotic cells sequesterad within the atheroselerotic
plague and eventually exposed to Dowing blood after
rupture § 11,1115

I acute coronary symdvomes, TF triggars the fonmation
of intracoronary thromid follewing endothelial injury.
The acellular lipid-rich core of an athemscleratic plagque
represents it most thrombogenic part (112), with enbanced
TF activity being directly supported by TF-MP exposing
PhtdSer. Apoptotic macrophages constitute the main source
of membrane-bound TF (LLOL13). Smoodh muoscle cells
{SMCs) may also contribute oy TF-MPs accumulation in
the lipid come. Several mechanisms involving MPs from
the plague could account for instability, as sugpested
by i vigre data, MP would medsate the recrntment of
inflammatory cells within the plagoe. Endothelial-derived
MPs released on VEGF or FGE?  stimulation  harbor
functional matrix metalloproteinases possibly  favoring
[ibrous cap proteolysis. In the course of plague remodeling,
WPs of various ongin could modulate ingiogencsas, a key
determinant of plague velnerability (114).

MPs may not ooly have delsterions effects by

promuoting coagulation and mlammation or by modifying

Indones Biomed ].2011; 3(1): 18-36

endothelial function, which all contribu e to thedevelopment
of Cardiovascular Disease (CVD): but may also have
beneficial effects. First, recent studies have shown that MPs
are efficient vectors that exchange biological information
betwesn cells {intercellular communication) (18,105, 106).
Second, the release of MPs prodects cells aganst the
consequences of external stmoli or stress. Endothelial
cells escape from complemant-indoced lvsis by releasing
MPs camying the lyvtic complement C3b-9 complex
{115). Similardy, the release of MPs protects cells against
an overshoot in (intemal) cellular reactions riggered by
extemal siressors. Regarding the latter, MPs play a role
i Meellular waste management” because they conlain
increased (compared with parent cell) concentrations of
chemotherapeutics, oxidized phospholipids, or caspase 3
(18,105,106).

In patents  with  subelincal or less  occlosive
atherosclerpsis, more endothelial MPs ane present when
compared with petients with established or symplomatic
atherosclerosis (109,116), sugzesting that the ability of the
endothelivm o release MPs depends on its integnty and
viahility, In other words, if the ability of the endothelium
to release MPs becomes impaired or inhibited , the integrity
and viability of the cells may deteriorag:.

I vitre, MPs Troun various cellular or diseass origing
or both induce endothelial dysfunction, especially by
altering the balunce between MO and reactive oxygen
species (ROS) production and melease (117-119).

Evidently, MPs are able to restore endothelial injury
through their dunl ability to imerease MO and redoce ROS.
In swmmary, MPs can hove both detrimental and beneficial
effects on endothelial functions, especially by altering the
balance bhetween NO and ROS prduction and release.
It seems that these effects are dependent on the specific
asimulug underlying the release of MPs by ther panent
cells.

In the light of the previously described procoagulant
and proinflammatory properties of MPs, together with the
association between elevated numbers of MPs and clinical
CNI, the prevailing view 15 thar circalating MPs ane
harmiful , contributing to OV and risk of CVIT), However,
as previously outlimed, in addition to their potentially
harmiful effects, cell-derived MPs may also be beneficial
and protect against cellular and vascular damage . Therefore,
it 1% not surprising that both elevated and lower levels of
circulating MPs have been gssociated with (risk factors of)
CVD (120).

Interestingly, elevated platelet MPs were described in
patients with both type 1 and 2 diabetes, hyperlipidemia,
obesity/metabolic syndrome, and hyperensien (18,105).
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Thus, in plasma samples from patients with chronic
severe hypertension compared with patients with mild
hypertension and controls, more MPs exposing platelet
endothelial cell adhesion molecole-1 (PECAM-1) (1331 ),
bat not glycoprotein T (CT42) (b, MPs presumably
of endothelial or platelet origin or both), were found
(121,122). In these patients. elevated numbers of MPs are
likely to reflect the cellular stress of endothelial cells and
platebers,

Preliminary data indicate that plasma levels of
MPs could be of prognostic value for the occurmence of
cardiovascular diseases. In g G-month follow-up smdy,
circulating annexin ¥*MPs appeared as a robust predictor
of the occurmence of secondary myocardial infarction or
death im 500 patients with acute comnary syndromes (123).
Furthermore, cinculating lenkocyte-derived MPs, unbike
platelet-derived MPs, predict subclinical atherosclerosis
burden appreciated by plague numbers In carotid
arteries, abdominal aorta, and femoral arteries in > 200
asymptomatic subjects (124).

Although the prognostic potential of circulating MPs
15 atill in its infancy, the different studies mentioned above
clearly demonsirate that their detection and guantification
is an interesting and potentially valuable tool to appreciate
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MPs in Cancer

WMPs have been widely detected in various biclogical
Auids including peripheral blood, urine and ascitic fuidy,
and their function amd composition depend on the cells
from which they originate. By facilitating the horzontal
transfer of biodctive molecules such as proteins, RNAs
and microRNAs, they are now thought to have vital
roles in tumor invasion and metastases, mffammation.
coagulaton, snd stem-cell renewal and expansion (125).

MP-mediated cargo transfer to adpgcent or mmote
cells has been shown to affect many stages of tumor
progression {126), including sngiogenesis, escape from
immune surveillance, BECM degradiation and metastasis
(Fiz. 5). MPs zhed from temor cells fucilitate transfer of
sofuble proteins (127}, nucleic acids (128), functional
trans-membrane  proteins (129), chemokine  receptors
(1307, tissue factor (129) and receptor tyrosine Kinases such
as epidermal growth factor receptor (EGFR) and human
epidermal growth factor receptor 2 (HER2) (131,132).

A recent report showed that the oncogenic receptor
EGFEvII, which i5 found exclusively in a subset of

Tumor microenvironment
Modubation of the
MCToensRanmEl 1o suppart
tumar gnowdh mnd suryial,
Multi-drug Anglogenesis
resistance Harizorilal bansfer of VEGF
and mifNAs thal impsEcts
Dirug elfiue from cels, Nl el
Tumor-derived
microvesicles
Acguisition of aggressive Evasion of immune
phenotype surveillance
Hodizanial arsder ol ancogenic Frsioay will irnmmiuns calls alers
recaphors tod other ihe immurie responsa.
£e e Invasion and metastasis
Prataase cano faslftates
mairo: degpmdation.
Depositan of parscring signals.

Figure 5. Tumor — derved MPs influance many aspects of cancer progression (Adapted with

permission fem The Company of Biologists Lid.).
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dggressive glioma tumors, was transferred to & non-
aggressive populaton of tumer cells through MPs (131).As
a comsequence, the recipient cells exhibited the activation
of two signaling pathways [mitogen-sctivated protein
kinase (MAPK) and Akt] and changes in the expression
of EGFRvIll-regulated genes | vascular endothelial growth
factor (VEGE), Bel-Xt, p27|, leading to morphological
transformation and an increase in anchorage-independent
growth.

Thus, MPs secreted by tumor cefls induce endothelizl
cells to release MPs that contain VEGF and sphingomyelin
i order to promote angiogenesis. It is interesting that in
lung cancer models, hypoxia indoces an increased release
of MPs (133). Thus, the adverse mmor microsnvironment
somehow triggers tumor cells to release MPs, which in tum
facilitates angiogenesis by bringing nutrients and oxyvzen
0 the rescue of cancer cells.

A range of bematological complications broadly
categorized as ‘“thromboembolism”™ is associated with
cancer-related mortality (134). A recent stady showed that
most of the TF-bearing MPs were wmor derived (135).
The group Turther confinined the association between the
presence of TF-bearing MPs and an increased nsk of
thromnboembolic disease in malignancy | [35). Additionally,
activation of the coagulation system and TF signaling has
also been suggested to deliver groswth-promoting stimuoli o
dormant cancer stem cells (136).

Hypothetically, cancer cells can fuse with MPs devived
from non-Cancer cells o camoulage behond the lipuads and
membrane-specific proteing of non-transformed cells. A
stsdy by Tessalaar and colleagues identilied a low number
of circulating MPs from cancer patients that stamed for
haoth MLUICT, & cancer-cell marker, sl glycoprotein 111a,
a protein that i exclosively present on plaelets (137).
It comld be srgeed that sech MPs are released by tumor
cells after they have Tused with MPs released by platelets,
All of the above suggest that the boeizontal transfer of
MP cargo can successfully divert immune cells to alterd
phenotypes, thereby facilitating cancer-cell evasion of the
UG TESPOnsS,

Muatrix degradation 15 essentinl for promoting (umor
srowth and metastasis (138) As imdicated above, MPs
that are shed by tumor cells are losded with protoases
anel provide an additional means of matric degradation,
creating a path of least resistance for invading tumor
cells, Accordingly, studies report the presence of Matrix
Metaloproeinase (MMP)2, MMPY, MT1-MMP and their
zgymogens urckinase-type plasminogen activator (uPA)
amd EMMPRIN, within tomor-derived MPs (139-142),
Ciiven the importance of matrix degmdation in tomor
metastases, it is logical to hypothesize that there is a dinect
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correlation between the number of invasive MPs and mmor
progression,

An example for the direct invelvement of MPs
in facilitating  twnor-cell  survival comes from  the
demonstrated expulsion of therapeutic drugs from tumor
cells through MPs. Tumor cells treated with doxyrubicin
accumulated and released the drug in shed MDPs, implying
MP shedding as a dnig-efflux mechanism involved in drog
resistance (143} Another study documented that MPs of
cisplatin-imsensitive cancer cells contained 2.6- fold mone
cisplatin than cisplatin-sensitive cells that release MPs
{44). Theretore, by virtue of their ability to harness select
bioactive molecules and propagate the horizontal transfer
of these cargoes, shed MPs can heve an enormous impact
et tumor growth, survival and spread, Molecules tha
regulate MP shedding and poodeins on circulating MPs that
are responsible for mor growth, progression and swevival
will be effective targets for anti-cancer therapeutics.
Tumor-specific markers that are exposed on circolating
MPs might be particulady useful as potential biomarkers.
The prodein composition of MPs might reflect molecualar
changes in tumor cells oo which they are derived aml,
therefore, can potentially serve as a progoostic mdicator of
disease stage and cfficacy of treatment.

MPs in Hypertension, Diabetes, and
Chronie Renal Failure

Severe, uncontrolled hy pertension is ussociated with high
rates of turget organ complications (145-150), but the
minlecular mechanisms by which extreme blood pressure
elevation leads to vascular injury are not well defined.
Increasing evidence suggests thut hypertension confers
a prothrombic state, characterized by abnormalities of
endothelial function and plateler activation (151-168).
Consequently, investgative interest has recently focused
on endothelial ind platelet activation as important
mediators of hy pertensive vascular injury (121).

Endothelial Cells Microparticles (EMP) release can
be caused by a number of cytokmes such as interdeukin-1
and tumer necrosis Tactor and by elevated shear pressune
(169-174). Assays for circulating EMP have recently been
developed (169.170) as potential means of guantifying
endothelial cell injury.

Platelet derived Micmoparticles (PMP) concentration
is a marker of platelet activation (14,175-176). PMP ane
formed by platelet membrane vesicle fonmation and
shedding (14). PMP are known o possess procoagulant
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activity and are elevated in severe thrombotic states such as
acute myocardial infarction and steoke (14,177-181), EMP
amd PMP have diverse effects on coagulation, leukooytes,
platelets, amd endothelivm that could ultimately contribuote
to the pathogenssis of the acute vascithar injury observied in
patients with uncontrolled severe hyperension. EMP and
PP may therefore be medistors of as well as markers for
endothelial and platelet activation and hypertensive target
orgun imjury {121).

Pulmonary arterial hypertension (PAH) &5 o severe
disease of the small pulmonary arenes chamctercoed by
vascular namewing and raised pulmonary anery pressure
leading to the development of nght-sided heart failune
and desth, In PAH, vasoconstriction, remodeling of the
pulmonary vessel wall, endothelial and vascular smooth
muscle cell profiferation and dysfunction, and thrombasis
confribute to increased pulmonary vascular resistance
(PYVIR), right ventricle overtoad, and stretch (182},

Circulating EMPs are increased in chronic renal failure
(CRF) and hemodiaky zed (HD) patients and represent & new
marker of endathelial dysfunction in uremia. In addition,
the ability of p-cresol and indoxyl sulfate to increase an
EMP release in vitro suggests that the specific-uremic
fictors could be involved in an EMP elevation in patients
(84.86),

Type 2 diabetes is associated with accelerated
atherosclerosis (183 184), which is evidenced already early
im the course of the disease. Recently, increased numbers
of PMP were reported in type 2 diabetic patients with
poor metabolic control and microvascular complications
{185). TF, possibly of granulocytic origin, is exposed on
MP subpopulations in asvmptomatic patients with well-
regulated type 2 diabetes. TF-positive MPs are associated
with components of the metabolic syndrome but not with
coagulation. Thus, TFon MPs may be involved in processes
other than coagulation. including transcellular signaling or
angingenesis (186),

Compared with age-matched control subjects, type 1
diabetic patients presented signilicantly higher numbers
of platelet and endothelial MPs (PMP and EMFP), total
annexin Y —positive blood cell MI's (TMP), and increased
levels of TMP- associated procoagulant activity. In type
2 diabetie patients, only TMP levels were sigmlicantly
higher without concomitant increase of their procoagulant
activity. Interestingly, in type | diabetic patients, TMP
procoagulant  activity was  correlated with HbaAlce,
suggesting that procoagulant activity is associated with
rlocose imbalance. Thus, disbenc patients differ by the
procosgulant activity and the cellular origin of MPs (187).

Endothelial cell dysfunction may contribute w the
pathogenssis of multiple sclerosis (MS). Elevations
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of soluble adhesion molecules intracellular - adhesion
maolecule, vascular cell adhesion molecule, and plateles-
endothelial cell adhesion molecule-1 (CD31) have been
reported a5 markers of blood - brain barrier (BBB) damage
in MS, but direct assay of endothelium has been difficult.
Endothehal dysfunction 15 evident during exacerbation of
WS, evidenced by shedding of EMP expressing PECAM-1
(310, The in vitre data indicste contribution of one or
more plasma factors in endothelial dysfunction of MS
(173,

MPs in Stem/Progenitor Cells

Experimental studies have suggested that transplantation
of stem and progenitor cells may have a beneficial effect
on functional and structural recovery in several organs,
including heart, liver, and kidney. The mechanisms
inmderlining stem-cell therapy are stll imtensely debated,
Some studieshave suggested anengrafrment of stemeellsby
transdifferentiation or fusion in targeted organs, Howewver,
i growing number of evidences indicate that transient
cell localization in the injured tssue may be sufficient
to favor functional and regemerative events, suggesting
the release of paracrine mediators (15%-190). Several
mechanisms involved in cell-to-cell communication have
been identified. including secretion of growth factors,
eytokines, surface receptors. and nucleotides (191-194). It
has been suggested that MPs actively released from cells
may play an imporant role in cell-to-cell communication
(659 195 1946).

Embryonic stem cells were recently shown to
represent an abundant source of MPs, and it was suggested
that MPs derived from these cells may represent one of
the critical compoments supporting self-reneéwal and
expansion of stem Cells (32,197). In addition. Ratajczak e
al. (197} demonsirated that embryonic stem cell-derived
MPs are able to reprogram hematopoletic progenitors by a
horizental transfer of mBNA and protein delivery.

It has been suggested that transdifferentiation or
Masticity of stem cells may af least mo part depend on
horizental transfer of mBNAproteins Trom the damaged
tissue (197). Conversely, MVanediated wansfer of
mPNA/proteins derived from stere cells may indoce
dedifterentiation of mstare cells, trigaering » proliferative
program that may contribute o the repair of tssee njury
(52). MP-mediated transfer of mBMNA proteimns decaved
from stem cells may indoce dedifferentiation of mature
cells, wigeering a proliferative program that may contribute
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to the repair of tissue injury (78). The mechanism by
which embryonic stem cell MPs (ESMPs) may mediate
intercellular signaling could mvolve the activation of
meeptors on the recipient cell by ligandsin the ESMP. In this
manner, ESMPs would be able to carry membrane hound
ligands considerable distances from their stem cell origin.
Adwernatively. ESMPs may be able to mediate signaling by
the direct transfer of proteins, RNA, or bicactive lipids o
the recipient cell, serving as “physiological liposomes”
(193, 194), 1If ESMPs can indeed serve as “physiologicsl
lposomes,” mansferning RNA and proteins to cells, they
can perhaps be used to deliver exogenously expressed
genes for therapeutic purpoeses (32,197,198},

E5MPs are capable of transfeming a subset of miEM As
to mouse embrvonic fibroblasts (MEFs), suggesting a
tightly regulsted transfer process, Transfer of miBNAs
by MPs represents a novel method of paracrine signaling,
potentially making MPs imporint components of stem
cell niches. It also opens up the possibility of transferring
siRNAs via MPs {198).

Recently, it has been proposed that a dynumic stem
cell regulation may occur as result of differentiated cell-
stem cell interaction via a MP — based genetic information
ransfer (23). Progenitorstem cells may re-direct the
behavior of differentiated cells by a horizontal transfer
of mENA shuttled by MPs (28.197) and conversely
differentiatad cells may influence the steon cell phenotype
(25).

Deregibus  demonsirated that MPs derived from
endothelial progenitor cells may activate an angiogenic
program in mature quiescent endothelial cells (78) and
that mRMNA shuitled by MPs derived from mesenchymal
stean cells may mduce repair of acate Kidoey injury (199).
Recently, Kostin and Popescu (200) demonstrated that the
interstitial cajal-like cells that have besn desceibed to be
present in the heart (201), communicate with neighbouring
cells via shedding of MPs.

Hermeri ef ad, found thar MPs derived from B
liver stem cells (HLSC) induced in vitro proliferation and
apoptosis resistance of human and at bepatocyes. These
effects mequired internalization of MPs in the hepatocyies
by an ad-integrin-dependent mechanism, suggest tat MEPs
derved from HLSC may activate a proliferative program
i remnant hepatooytes after hepatectamy by o horaontal
transfer of specific mRMNA subsets (2021,

The ability of MPs to transfer RNA and protein, and
o act a5 pamcrine factors mises very exciting possibilities
for therapeutic pses. Cells engineered to expross mRENA,
siIRMNA, or protein may be capable of delivering these
macromcdecules w local cellular environments via MPs.
These engineered cells can be encapsulated 1o provide
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sustained local delivery. Since current techniques for gene
transfer use viral or synthetic agents as delivery agents,
their replacement by MPs released from autologous
transplants of engineered cells will offer the advantage
of @ virus-free approach and make the prospects of gene
therapy safer { 198).

Conclusion

In conclusion, the scientific  community  has  macde

considerable progress o date i recognizing MP as
important mediators of intercellular commumication rather
than irrelevant cell debrs, We have already learned much
about the biological effects of MP. Future steps would be
to {iyexplore their full potential disgnostic application, (i)
develop efficient strategies that will allow s to modulate
their secretion in variows clincal situations and finally (ii1)
employ MP as toels to modify the biological responses of
cells, A new et of investigation and opportunity for drug
development has begun!
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