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This book stems from the first international meeting on 
“Microvesicles and Nanovesicles in Health and Disease” held at 
Magdalen College, Oxford, on the September 23–24, 2010. Interest 
in the role of cellular microvesicles and nanovesicles (exosomes) 
is expanding rapidly. It is now apparent that far from being merely 
cellular debris, these vesicles play a key role in cell-to-cell commu-
nication and signaling. Moreover, they are significantly elevated in 
a number of diseases. This raises the question of their direct role in 
pathogenesis as well as their possible use as biomarkers. The pur-
pose of the meeting was to bring together, for the first time, a range 
of experts from around the world to discuss the latest advances 
in this field. Key to the study of these vesicles is the availability of 
methodologies for their measurement in biological fluids. We there-
fore also invited a number of companies to present a range of ex-
citing new technologies for this purpose. The presentations at this 
meeting form the basis of this book.
	 Since the Oxford meeting, the field has moved forward at a 
tremendous pace. A second meeting was organized in Paris by 
Professor Clotilde Thery in early 2011, which led to the founding of 
the International Society for Extracellular Vesicles (ISEV) (www.isev.
org). The society’s first scientific meeting was organized by Professor 
Jan Lotvall in Gothenburg, Sweden, in April 2012 and attracted over 
400 delegates. The second meeting was organised in Boston, USA, in 
April 2013 by Professor Fred Hochberg with over 700 delegates, and 
the third meeting is being organised in April 2014 in Rotterdam, The 
Netherlands, by Professor Marca Wauben, with over 800 delegates 
expected. The society has also set up its own open access journal, 
The Journal of Extracellular Vesicles. Similar activity in the United 
States has seen two international meetings held in Orlando by 
Professor Doug Taylor and the formation of the American Society for 
Exosomes and Microvesicles (www.asemv.org). These meetings have 
provided a forum where scientists from many different disciplines 
with a common interest in extracellular vesicles can meet, and we 
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look forward to many exciting new developments in this field in the 
future.

Paul Harrison
Christopher Gardiner

Ian L. Sargent 
Oxford

Winter 2013



1.1  Introduction

1.1.1  Extracellular Vesicles

Extracellular vesicles (EVs) are spherical particles enclosed by a 
phospholipid bilayer and have a diameter ranging from 30 nm up 
to 5 µm.1 Vesicles are present in body fluids and fractions thereof, 
such as serum and a conditioned medium of cultured cells. The 
concentration of EVs in human body fluids may be over 1010/mL 
under normal, physiological conditions.2,3 The classification of 
EVs is not straightforward, with substantial confusion throughout 
the literature, mainly because detection of single vesicles is 
cumbersome.4,5 However, major improvements in the detection 
of EVs have been made recently. Because EVs contribute to health 
and disease, the clinical interest in EVs as noninvasive biomarkers 
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2 Overview of Extracellular Vesicles in Health and Disease

for diagnosis or prognosis is emerging. Also, EVs may have several 
potential therapeutic applications, which are currently being 
explored.

1.1.2  History

In the 1940s it was shown that the clotting time of human cell-free 
plasma is prolonged after high-speed centrifugation. The pellet 
was shown to contain “the clotting factor of which the plasma is 
deprived,” and reconstitution of the pellet in plasma again shortened 
the clotting time. These initial findings showed that plasma contains 
a subcellular factor that promotes the clotting of blood.6 Wolf 
showed that the subcellular factor consists of vesicles of platelet 
origin (“platelet dust”).7 In parallel, exosomes were discovered 
when vesicles were isolated from sheep reticulocytes. These vesicles 
contain the plasma membrane receptor transferrin, which is absent 
on mature erythrocytes, suggesting that “vesicle externalization 
could be a mechanism for shedding of specific membrane 
functions, which are known to diminish during maturation of 
reticulocytes to erythrocytes.”8 Because the release of transferrin 
receptor–containing exosomes is not restricted to mammalian 
reticulocytes, this was postulated as a common pathway to remove 
redundant receptors.9,10 Exosomes are thought to be formed within 
multivesicular endosomes (MVEs), also known as multivesicular 
bodies, and are released when membranes of MVEs fuse with the 
plasma membrane. This pathway of protein sorting is highly selective 
because the anion transporter, another common transmembrane 
protein, is absent in exosomes and fully retained during erythrocyte 
maturation.11 Thus, exosomes contribute to the specific removal of 
redundant receptors.

1.1.3  Nomenclature

Cell-derived vesicles are called often after the cells or tissues from 
which they originate, for example, dexosomes (dendritic cell [DC]–
derived exosomes),12 prostasomes (prostate-derived vesicles),13 
matrix vesicles (vesicles in bone, cartilage, and atherosclerotic 
plaques),14 and synaptic vesicles (vesicles from neurons).15 However, 
these names do not provide any information with regard to the type 
of vesicles that are involved. 
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1.1.3.1  Recent classification of eukaryotic vesicles

In recent reviews, two to six different types of eukaryotic EVs have 
been distinguished.16–19 Exosomes and microvesicles (also called 
shedding vesicles, shedding microvesicles, or microparticles) were 
acknowledged unanimous, and apoptotic vesicles (also called 
apoptotic blebs or apoptotic bodies) were acknowledged in three 
reviews.17–19 In one review “ectosomes,” “membrane particles,” and 
“exosome-like vesicles” were also distinguished.17 

1.1.3.2  Revised classification of eukaryotic vesicles

We propose to distinguish four different types of eukaryotic EVs, 
(1) exosomes, (2) microvesicles, (3) membrane particles, and (4) 
apoptotic vesicles, thereby omitting “ectosomes” and “exosome-
like vesicles,” because in our view there is insufficient evidence to 
support the existence of these types of vesicles. “Ectosomes” are 
omitted because their estimated diameter is based on the direct 
comparison of light scattered from beads, with light scattered from 
vesicles using flow cytometry, leading to an underestimation of the 
vesicle diameter.4,5,20 Furthermore, “ectosomes” were observed 
only in vitro, and the cells initially reported to release “ectosomes” 
also release microvesicles, which were unknown when the term 
“ectosomes” was introduced.21 The “exosome-like vesicles” are 
omitted because they are indistinguishable from exosomes, with 
electron microscopy pictures showing damaged and disrupted 
vesicles.22–25

1.2  Properties of Cell-Derived Vesicles

1.2.1  Exosomes

Exosomes are present in many and perhaps all biological fluids, 
including urine, blood, ascites, and cerebrospinal fluid,26–29 but also, 
for example, in a conditioned medium of cell cultures. The reported 
diameter of exosomes is between 30 nm and 100 nm, the density 
ranges between 1.13 g/mL and 1.19 g/mL, they are usually isolated by 
ultracentrifugation, and their morphology is often described as “cup 
shaped” after negative staining and visualization by transmission 
electron microscopy (TEM). Figure 1.1A shows exosomes from 
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human plasma isolated by differential centrifugation and imaged 
by TEM. Exosomes are surrounded by a phospholipid bilayer 
containing relatively high levels of cholesterol, sphingomyelin, and 
ceramide and containing detergent-resistant membrane domains 
(lipid rafts).17,19,30,31 The transmembrane proteins of exosomes 
have the same outward orientation as the cell, and they have many 
characteristic proteins, including proteins involved in membrane 
transport and fusion; components of the endosomal sorting 
complex required for transport (ESCRT) complex such as Alix; 
TSG101; heat shock proteins; and tetraspanins, including CD63 
and CD81.16–19,30,32–34 Unfortunately, none of the before-mentioned 
properties is sufficient for specific exosome identification. Because 
the described properties of exosomes and other types of vesicles 
overlap considerably, there may be a sort of continuum of vesicles 
and vesicle types rather than clearly different archetypical types of 
vesicles, complicating the classification. 

1.2.1.1  Classical formation

The “classical pathway” of exosome formation involves the gener-
ation of intraluminal vesicles within MVEs. In turn, MVEs fuse with 
either the plasma membrane to secrete the intraluminal vesicles, 
which after secretion into the cells’ environment are then called ex-
osomes, or lysosomes for degradation. There are distinct intracellu-
lar sorting pathways to direct proteins toward intraluminal vesicles 
predestined for either secretion or degradation35–37 (see Chapter 2).
	 Ubiquitination of transmembrane receptors by the ESCRT 
complex directs receptors to intraluminal vesicles predestined for 
lysosomal degradation.38,39 Sorting of proteins into intraluminal 
vesicles predestined for secretion is independent from ESCRT but 
is induced by ceramide, a sphingolipid.40,41 In addition, cytosolic 
domains of proteins,42 or lipid domains enriched in tetraspanins 
proteins CD9 or CD63, are thought to play a role in the sorting of 
transmembrane proteins toward intraluminal vesicles.33,43 Finally, 
several small guanosine-5¢-triphosphatases (GTPases) from the Rab 
family are involved in the sorting of MVEs toward either the plasma 
membrane44–46 or lysosomes.47

1.2.1.2  Direct formation

T-cell and erythroleukemia cell lines release vesicles directly from 
their plasma membrane, both spontaneously as well as upon 
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expression of the human immunodeficiency virus (HIV) antigens 
Gag or Nef or after cross-linking of surface receptors.48–50 Because 
these vesicles are enriched in classical exosome markers and have a 
similar size and density as exosomes, they are indistinguishable from 
“endosomal” exosomes. To what extent this pathway contributes to 
the formation of exosomes by other types of cells, and whether or 
not such vesicles occur in vivo, has to be investigated.

1.2.2  Microvesicles

“Microvesicles,” frequently also called microparticles to add to the 
confusion of nomenclature, is a term used for vesicles released from 
the plasma membrane during cell stress. The term “microvesicles” is 
also often used to describe total populations of vesicles isolated from 
biological fluids.18,51,52 Microvesicles in the specific context of release 
from the plasma membrane are present in most if not all biological 
fluids, atherosclerotic plaques, and conditioned culture media.53–57 
Distinction between microvesicles and exosomes, especially when 
vesicles are isolated from biological fluids, is cumbersome. The size 
ranges of microvesicles and exosomes may overlap, for example, the 
reported size range of microvesicles from human plasma ranges 
from 20 nm to 800 nm.3,7,58,59 The density of microvesicles is 
unknown. Microvesicles are usually isolated at 10,000–20,000 × g 
by centrifugation,17 although the term “microvesicles” has also been 
used to describe the total population of vesicles isolated at 100,000 
× g.60 Vesicles larger than exosomes also often have a cup shape, as 
exemplified by Fig. 1.1B, showing microvesicles from human urine 
imaged by TEM. The usefulness of phosphatidylserine (PS) exposure 
to distinguish microvesicles from exosomes is unclear.17,18,61,62 The 
mechanisms underlying the release of microvesicles are summarized 
elsewhere.57 Taken together, distinguishing microvesicles from 
exosomes is difficult at present, especially when mixed populations 
of vesicles are studied in biological fluids. 

1.2.3  Membrane Particles

Vesicles called “membrane particles” or prominosomes expose 
prominin-1 (CD133) and are present in, for example, the ventricular 
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fluid of the embryonic mouse brain and human saliva.17,63 Most of 
these epithelial cell–derived vesicles are small (diameter 50–80 nm) 
and thus are in the size range of exosomes, but large vesicles of 600 nm 
 are also present. Figure 1.1C shows a TEM image of epithelial cell–
derived vesicles, which also appear with a cup-shaped morphology. 
Because the smaller membrane particles have a slightly lower 
density than exosomes, do not expose the typical exosome marker 
CD63, coexist with vesicles that do expose that marker and are thus 
most likely exosomes, and are present in human body fluids such as 
as saliva and seminal fluid,55,63 we assume that membrane particles 
are a distinct type of vesicle. Whether or not membrane particles are 
similar to exosomes released directly from the plasma membrane, 
and to what extent the larger type of membrane particles differ from 
microvesicles, will need additional studies.

1.2.4  Apoptotic Vesicles

Cells undergoing apoptosis release PS-exposing vesicles, often 
called apoptotic bodies or apoptotic vesicles. Because the diameter 
of apoptotic vesicles ranges between 1 mm and 5 mm,58,64–66 they 
are relatively easy to distinguish from exosomes, microvesicles, 
and membrane particles but not from small cells such as platelets. 
Figure 1.1D shows a scanning electron microscopy (SEM) image of 
apoptotic vesicles being formed on an endothelial cell predestined 
to undergo anoikis. The density ranges between 1.16 g/mL and 
1.28 g/mL, and their morphology is more heterogeneous than other 
cell-derived vesicles. Some but not all apoptotic vesicles contain 
deoxyribonucleic acid (DNA) and histones.67 

1.3  Functions of Cell-Derived Vesicles

1.3.1  Intercellular Signaling

Because in many studies the type of vesicles being studied is unclear, 
the term as mentioned in the original work will be used as much 
as possible. These terms do not necessarily correspond to the 
attempted definitions of the various types of EVs mentioned so far.
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Figure 1.1	 Different types of eukaryotic cell–derived vesicles. (A) 
Exosomes isolated from human plasma, (B) microvesicles from 
human urine, and (C) exosomes or membrane particles from 
human saliva imaged by TEM. (D) Apoptotic vesicles being 
formed on an endothelial cell predestined to undergo anoikis, 
imaged by SEM.

1.3.1.1  Immune suppression

Vesicles modulate the immune response. For example, activated 
T-cells and peripheral blood mononuclear cells release vesicles 
exposing the Fas ligand (FasL), a death receptor ligand (Fig. 1.2).68 
Intraperitoneal injection of FasL-exposing exosomes induces 
apoptosis of macrophages in vivo.69 The ability of vesicles to induce 
apoptosis may play a role in growth and development. During 
normal pregnancy, trophoblast cells escape from the maternal 
immune system by releasing exosomes exposing FasL, thereby 
killing activated T-cells sensitized to paternal alloantigens,70–72 and 
exposing ligands of the natural killer (NK) cell receptor NKG2D. 
The latter ligands downregulate the NKG2D receptor on NK cells, 
CD8+ cells, and γd T-cells, thereby also contributing to fetal immune 
escape.73 
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Figure 1.2	 Schematic overview of the functions of vesicles from normal 
healthy cells. Abbreviations: C5b-9, complement complex 5b-9; 
IL-1b, interleukin-1b; MHC, major histocompatibility complex; 
NKG2D: natural killer receptor G2D; PAF, platelet-activating 
factor; TF, tissue factor.

	 Tumor cells use vesicles to escape from the immune system. 
Several types of cancer cells release FasL-exposing vesicles 
capable of inducing T-cell apoptosis,74–77 and similarly, FasL-
exposing microvesicles from sera of patients with oral squamous 
cell carcinoma induce T-cell apoptosis (Fig. 1.3). Because the 
tumor burden in these patients correlates with the microvesicle-
associated levels of FasL, immune suppression by tumor-derived 
vesicles may contribute to tumor growth and development in vivo.78 
Exosomes from human tumor cell lines and mouse mammary tumor 
cells inhibit the cytotoxic response to tumor cells by blocking the 
interleukin-2-induced proliferation of NK cells,79 by downregulating 
the expression of NKG2D,80,81 by inducing differentiation of myeloid 
cells into myeloid-derived suppressor cells,82,83 and by exposing 
adenosine triphosphate (ATP)- and 5¢-adenosine monophosphate 
(5¢-AMP)-phosphohydrolytic activity.84

	 Also viruses and parasites use vesicles to escape from the im-
mune system. Vesicles from cells infected with the Epstein–Barr vi-
rus (EBV) expose latent membrane protein-1 (LMP-1), which inhibits 
proliferation of peripheral blood mononuclear cells and contributes 
to development of EBV-associated tumors (Fig. 1.4).85 Furthermore, 
exosomes secreted by cells infected with the intracellular parasite 
Leishmania donovani suppress the immune response by preventing 
the activation of human monocytes.86,87
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Figure 1.3	 Schematic overview of the functions of vesicles from tumor 
cells. Abbreviations: Dll4, delta-like 4; EGFR, epidermal 
growth factor receptor; FADD, Fas-associated protein with 
death domain; MMP, matrix metalloprotease; VEGF, vascular 
endothelial growth factor.
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Figure 1.4	 Schematic overview of the functions of vesicles from virus-
infected cells. Nef: a viral protein expressed by HIV.

	 Vesicles can also activate the immune system. For example, 
exosomes from synovial fibroblasts delay T-cell activation–induced 
cell death, thereby contributing to apoptosis resistance.88 Thus, the 
precise role(s) of EVs to affect the activity of the immune system 
depends on the models studied and is highly diverse and complex in 
vivo. 
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1.3.1.2  Antigen presentation

Vesicles often expose major histocompatibility complexes 
(MHCs) to present antigens (Fig. 1.2). For example, mice develop 
hypersensitivity reactions when exposed to certain antigens, but 
these reactions are suppressed when the mice receive serum from 
antigen-fed mice before exposure to the antigen. In other words, 
induction of “oral tolerance” seems possible by antigen processing 
in the gut. Although it has been hypothesized that exosomes from 
intestinal epithelial cells may play a role in the transcellular transport 
of antigens from the lumen of the gut to immune cells,89,90 exosomes 
from intestinal epithelial cells pre-exposed to pepsin/trypsin 
ovalbumin hydrolysate did not induce an atolerogenic immune 
response in mice but triggered a humoral immune response.90 In 
several other models, such as allergic asthma, birch pollen allergy, 
and olive pollen allergy, exosomes either induce immune tolerance 
or enhance allergic immune responses.23,91,92 
	 The initiation of T-cell-mediated antitumor immune responses 
requires uptake, processing, and presentation of tumor antigens 
by DCs (Fig. 1.3). Exosomes from mouse tumor cells bind to DCs to 
transfer tumor antigens in vitro.93 In turn, these DCs induce CD8+ 
T-cell-mediated antitumor effects to established mouse tumors, 
illustrating that exosomes can trigger an antitumor immune 
response in vivo.94 After uptake of antigens, DCs secrete exosomes 
exposing MHCs and T-cell costimulatory molecules, but efficient 
priming of cytotoxic T-cells by DC-derived exosomes requires the 
presence of mature DCs.95

	 Exosomes may also present antigens from microorganisms and 
allergens and can be used for immunoprophylaxis. For instance, 
exosomes from a mouse DC line pulsed with Toxoplasma gondii–
derived antigens induce a systemic humoral immune response and 
protect against infection.96–98 Similarly, exosomes from DCs infected 
with antigens from Leishmania major, Mycobacterium tuberculosis, 
or Eimeriatenella (avian cocciciosis) all induce protective immunity 
and immune tolerance.99–102 Thus, the immune response can be 
modulated by exosome-mediated antigen presentation. 

1.3.1.3  Intercellular communication

EVs may exchange signaling components between cells (Figs. 1.2–
1.5). Microvesicles treated with secretory phospholipase A2 contain 
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lysophosphatidic acid and arachidonic acid. Lysophosphatidic 
acid induces platelet aggregation,103 whereas arachidonic acid 
can be transferred to either platelets, where it is metabolized to 
thromboxane A2, or endothelial cells, where it is metabolized to 
prostacylin.104 Because the synovial fluid of inflamed joints contains 
high levels of secretory phospholipase A2 as well as lysophosphatidic 
acid–containing microvesicles, such processes are likely to occur 
in vivo.103 Taken together, vesicles can facilitate the intercellular 
exchange of lipids between cells. After exchange, these lipids can be 
metabolized, and this exchange may play a role in atherosclerosis 
and inflammation. Other examples are the transfer of Ca2+-signaling 
tools from prostasomes to sperm cells, thereby increasing sperm 
motility and the fertilization rate;105,106 suppression of the Wnt-
signaling pathway by secretion of exosomes containing β-catenin;107 
and secretion of survivin, a caspase inhibitor that promotes 
proliferation, survival, and tumor cell invasion.108 Thus, cells can 
exchange functional signaling elements via vesicles.

homeostasis, drug removal
antibiotic resistance

bacterium

communicationsignalling molecules
gene transfer

bacterium prokaryotic cell death
gentamycin

eukaryotic cell death
virulence factors

vesicle secretion

immune response

Figure 1.5	 Schematic overview of the functions of bacterial (outer-
membrane) vesicles.

1.3.1.4  Inflammation

EVs can modulate the inflammatory response (Fig. 1.2). For 
example, vesicles can stimulate cells to produce proinflammatory 
mediators. Blood from pre-eclamptic women contains increased 
concentrations of placenta-derived (syncytiotrophoblast) vesicles 
compared to normal pregnancy. Because these vesicles bind to 
monocytes and endothelial cells and thereby induce the production 
of proinflammatory mediators by these cells, these vesicles are 
thought to contribute to the increased systemic inflammatory 
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responsiveness observed in pre-eclampsia.109–111 In addition, 
vesicles from synovial fluid and microvesicles from leukocytes 
and platelets stimulate the production and release of interleukins, 
matrix metalloproteases, monocyte-chemotactic proteins, vascular 
endothelial growth factor (VEGF), and intercellular adhesion 
molecule-1 (ICAM-1) by synovial fibroblasts, indicating that 
these vesicles may enhance the destructive activity of synovial 
fibroblasts in rheumatoid arthritis.18,112–115 Similarly, microvesicles 
from human airway epithelial cells stimulate the production and 
release of proinflammatory mediators, thereby enhancing the 
inflammatory airway response,116 and microvesicles from human 
atherosclerotic plaques promote adhesion and transendothelial 
migration of monocytes by transferring ICAM-1 to endothelial cells, 
suggesting that such microvesicles facilitate atherosclerotic plaque 
progression.117 
	 EVs are a major pathway for secretion of interleukin-1b,118–120 
and interleukin-1b within microvesicles from monocytes is one 
of the main components present in these vesicles that activates 
endothelial cells.121 Not only proteins but also the lipids and 
enzymes involved in lipid synthesis present in microvesicles 
may play a role in the inflammatory response. Activation of the 
macrophage Toll-like receptor 4 by microvesicles is inhibited by a 
phospholipase D inhibitor,122 and exosomes can contain functional 
enzymes for synthesis of leukotrienes, which themselves are potent 
lipid inflammatory mediators.123

	 Exosomes can also affect the inflammatory response more 
indirectly. For example, intravenous injection of exosome-like 
vesicles from adipose tissue induces the differentiation of monocytes 
into macrophages, which in turn produce and release tumor necrosis 
factor-a and interleukin-6.124 Taken together, EVs can modulate the 
inflammatory response in various ways.

1.3.1.5  Tumor growth, metastasis, and angiogenesis

EVs can modulate tumor growth in numerous manners (Fig. 
1.3). Vesicles can transfer oncogenic activity from one cell to the 
other by transferring oncogenic growth factor receptors such as 
the truncated epidermal growth factor receptor (EGFR) vIII or 
growth factor receptor ligands.125,126 In addition, many cancer 
cells release vesicles containing the Fas-associated death domain 
(FADD), a key adaptor protein that transmits apoptotic signals and 
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that becomes lost in many cancer cells.127 Another mechanism 
involves the protection of tumor cells against entry or intracellular 
accumulation of antitumor drugs. Exosomes from breast cancer 
cell lines or breast cancer patients capture the humanized antibody 
Trastuzumab, thereby reducing the effective concentration of this 
anticancer drug,128 and vesicles can exchange drug transporters 
such as P-glycoprotein between cells.129 Because overexpression of 
P-glycoprotein by cancer cells correlates with anticancer drug failure 
in many types of cancer, the exchange of drug transporters by EVs is 
likely to contribute to drug resistance. Certain anticancer drugs can 
also be selectively removed from cells by secretion of exosomes, for 
example, cisplatin in drug-resistant ovarian carcinoma cells.130

	 EVs can promote tumor growth by facilitating vascular 
development, for example, by transferring the Notch ligand delta-
like 4 (Dll4), from tumor cells to endothelial cells, thereby inducing 
a “tip cell phenotype” and increasing vessel branch formation.131 
Furthermore, tumor-derived vesicles can contain matrix-degrading 
enzymes such as matrix metalloproteases,132 induce angiogenesis 
via VEGF,133 or expose PS and TF,134 mechanisms that have been 
excellently summarized elsewhere.135–137 In summary, there are 
many different manners in which tumor-derived vesicles can 
promote tumor growth and development. 

1.3.1.6  Morphogens

Microvesicles from T-cells or human blood induce differentiation 
of pluripotent erythroleukemic cells because these vesicles contain 
functional Hedgehog proteins.138 

1.3.1.7  Genetic information

Bacteria and eukaryotic cells exchange genetic information via 
vesicles.139,140 Exosomes from mast cells contain messenger 
ribonucleic acid (mRNA) and micro-RNA (miRNA)140 (Fig. 1.2). 
Transfer of mouse exosomal mRNA to human mast cells induced 
expression of mouse proteins. Exosomes from T-cells and DCs 
transfer functional miRNA.141,142 Exosomes from glioblastoma cells 
stimulate endothelial tubule formation and proliferation of glioma 
cells by transfer of mRNA, miRNA, and angiogenic proteins, and 
microvesicles from a colorectal cancer cell line contain mRNAs 
encoding cell cycle–related proteins, which induce proliferation 
of endothelial cells. Thus, vesicles can affect angiogenesis, tumor 
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growth, and metastasis.143,144 In addition, exosomes from brain 
tumor cells contain also mitochondrial DNA,145 and microvesicles 
from several tumors and tumor cell lines contain coding as well 
as noncoding RNA and DNA, mutated and amplified oncogene 
sequences, and transposable elements (Fig. 1.3).146 Most and 
perhaps all vesicles, including vesicles in biological fluids, will prove 
to contain genetic information, and exosomes from human saliva, 
plasma, and milk were shown already to contain detectable levels 
of mRNA.147 
	 Pathogens have “hijacked” EVs to exchange genetic information 
between cells. Exosomes from nasopharyngeal carcinoma cells, 
harboring latent EBV, are enriched in several viral miRNAs when 
compared to the intracellular levels (Fig. 1.4). In turn, these viral 
miRNAs can manipulate the microenvironment of the tumor to 
modulate the growth of neighboring cells by downregulating target 
gene expression in recipient cells.148–150 
	 Taken together, the role of vesicles to facilitate the exchange of 
functional genetic information between cells is likely to contribute 
to physiological and pathological processes in eukaryotes. 

1.3.1.8  Prions

Exosomes contain functional, infectious prion proteins thought 
to contribute to the spreading of prions.151,152 Also, b-amyloid 
peptides are associated with exosomes in Alzheimer disease. 
Because exosomal proteins accumulate in plaques of patient brains, 
exosomes are thought to play a role in the pathogenesis of Alzheimer 
disease.153

1.3.1.9  Viruses

Viruses utilize EVs for infection and cell survival (Fig. 1.4). Receptors 
essential for cell entry of HIV can be transferred to cells lacking such 
receptors.154,155 Viral particles produced and released from infected 
cells expose exosomal (glyco)proteins, which helps viral particles to 
avoid recognition by the host immune system.156,157 
	 One of the hallmarks of the acquired immunodeficiency 
syndrome is the deficiency of CD4+ T-cells. Apoptosis of these cells 
is induced by binding of a viral protein, Nef, to the T-cell CXCR4 
receptor. Nef is exposed on leukocyte-derived exosomes.49,158,159 
LMP-1, the major oncogene of EBV, is also exposed on exosomes 
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and inhibits T-cell proliferation, NK cytotoxicity, and proliferation 
of peripheral blood mononuclear cells.160 Viruses can escape from 
detection by the immune system by inducing the release of empty 
viral particles exposing viral glycoproteins, which act as decoys to 
distract the immune system.160 Moreover, the uptake of exosomes 
from EBV-infected cells by epithelial cells triggers the activation of 
growth-stimulating signaling pathways, showing that transfer of 
LMP-1, other signaling molecules, and growth factors is capable of 
manipulating the growth characteristics of neighboring cells.160

	 Because retroviruses and exosomes show many similarities, 
retroviruses were proposed to have adopted the pathways of 
exosome biogenesis to escape from immune detection, the so-called 
trojan exosome hypothesis.161 Although this hypothesis is supported 
by the finding that an inhibitory domain of the HIV Gag protein 
interferes with the sorting of both viral and exosomal proteins,162 
inhibition of ceramide synthesis blocks the release of exosomes 
but not the release of HIV, suggesting that separate routes exist for 
exosome secretion and viral particle release.160,163–166 
	 Exosomes also have antiviral activities. Exosomes from HIV-1-
infected cells contain cytidine deaminase, which modifies the DNA 
sequences of the cells and may thus makes them less likely to grow 
properly,167–169 and vesicles from virus-infected cells can present 
antigens to activate the immune system.22,160 Thus, exosomes from 
virus-infected cells can have opposite effects on virus spreading.

1.3.2  Cell Adhesion

Microvesicles from platelets are thought to facilitate thrombus 
formation at the site of vascular injury, because these microvesicles 
facilitate adhesion of platelets to the endothelial cell matrix at sites 
of vascular injury.170

1.3.3  Waste Management and Protection against Stress

Although it is unknown to what extent vesicles contribute to cellular 
homeostasis and survival by waste management, such a general 
function would explain why most cells, including prokaryotes, 
release vesicles into their environment.171,172 The classic example of 
waste management by microvesicles is the removal of the redundant 
transferrin receptor by exosomes from the surface of maturing 
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reticulocytes.8–11,173 Another well-known example is the incubation 
of platelets with the complement C5b-9 complex (Fig. 1.2). To escape 
from complement-induced lysis, platelets release vesicles enriched 
in the C5b-9 complex.174 Exosomes and microvesicles from various 
types of viable and healthy cells contain active caspase 3, which is 
not detectable in the releasing cells, suggesting that caspase 3 is 
removed to ensure cellular survival,175,176 and cancer cells release 
microvesicles enriched in anticancer drugs (Fig. 1.3).130,177 In sum, 
the release of vesicles from cells is likely to contribute to cellular 
homeostasis and survival.

1.3.4  Coagulation

Microvesicles have been associated with the consolidation of the 
coagulation process (Fig. 1.2) because they can expose PS, which is 
an essential cofactor for coagulation, by providing the phospholipid 
surface to form necessary complexes of coagulation factors.6,7 
In the 1980s tumor-derived vesicles were shown to trigger the 
coagulation process by exposing TF.178,179 Because tumor-derived 
vesicles exposing TF (Fig. 1.3) can be present within the blood of 
cancer patients, and because cancer patients have an increased risk 
of developing venous thromboembolism (VTE), these vesicles have 
been associated with the increased risk of developing VTE in these 
patients (Fig. 1.3).180,181 The link between vesicles and coagulation is 
strengthened by earlier observations that increased concentrations 
of circulating microvesicles are associated with a hypercoagulable 
phenotype,56,182–184 whereas decreased concentrations of vesicles 
have been associated with a bleeding tendency.185 TF-exposing 
vesicles are also present in, for example, wound blood, the blood 
of patients with meningococcal septic shock, and disseminated 
intravascular coagulation;51,186 joint fluid from inflamed joints of 
arthritic patients;54 and saliva and urine.55 TF-exposing vesicles 
trigger thrombus formation in vivo,187 are present in human 
atherosclerotic plaques,188 and are deposited at the site of vascular 
injury.189–191 Vesicles present in blood collected from healthy human 
subjects do not expose detectable levels of TF, and these vesicles have 
been associated with an anticoagulant rather than a procoagulant 
phenotype.192–194

	 At present, there is no consensus as to whether exosomes 
support coagulation by exposing PS,17,52,195 but human urine and 
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saliva contain vesicles smaller than 100 nm that expose coagulant 
TF.55 Taken together, although vesicles contribute to coagulation, 
the precise contribution of the various types of vesicles has to be 
unraveled. 

1.3.5  Vascular Function and Integrity

Microvesicles isolated from plasma of pre-eclamptic women, 
endothelial cells, lymphocytes of diabetic or HIV patients, or T-cells, 
all inhibit endothelium-dependent vasorelaxation, suggesting that 
such microvesicles may affect vascular function in vivo.196,197 

1.4  Clinical Applications

1.4.1  Therapy

1.4.1.1  Cancer

Exosomes are being tested as vaccines to suppress tumor growth, 
because exosomes from tumor-peptide-pulsed antigen-presenting 
cells (DCs) expose MHC class I and II molecules, as well as T-cell 
costimulatory molecules. These exosomes prime cytotoxic T-cells 
in vivo, thereby eradicating or suppressing growth of established 
tumors.198,199 These exosomes also expose lactadherin, which 
targets exosomes to macrophages and DCs, and heat shock cognate 
protein 73, which triggers antitumor immune responses in vivo.200 
	 Production and isolation protocols of DC-derived exosomes 
for clinical use have been optimized,12,201–203 and several 
“loading strategies” have been tested to enhance the ability of 
exosomes as antitumor agents.204,205 When DCs are exposed to 
exosomes from heat-stress-exposed tumor cells, the DCs will 
produce exosomes with increased immunogenicity.206–208 Other 
protocols include administration of exosomes after pretreatment 
with cyclophosphamide,209 priming of DCs with exosomes from 
genetically modified tumor cells,210,211 or overexpression of fusion 
proteins consisting of tumor-associated antigens and the C1C2 
domain of lactadherin.212,213 Also, vaccination with exosomes has 
been tested for its efficacy to prevent tumor growth.214 
	 The efficacy of autologous exosome immunotherapy has been 
tested in several clinical trials. In two phase I studies, advanced non–
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small cell lung carcinoma (NSCLC) patients or melanoma patients 
underwent leukopheresis to produce autologous DCs from the 
isolated monocyte fraction. Subsequently, exosomes produced by 
the DCs were isolated and administered to the patient. The adjuvant 
administration of exosomes, however, was of limited therapeutic 
relevance,215,216 which may have been due to the use of exosomes 
from immature (monocyte-derived) DCs. Treatment of immature 
DCs with interferon-γ has proven to be a suitable maturation agent 
for DCs, and this treatment produces exosomes that evoke a much 
stronger priming of the immune response in vivo. At present the 
ability of exosomes from mature DCs is tested in a phase II trial in 
patients with advanced NSCLC.32 
	 Alternatively, tumor-derived exosomes can raise an antitumor 
immune response. In a phase I trial, exosomes were isolated from 
ascites of colorectal cancer patients. Patients received exosomes 
plus the granulocyte-macrophage colony-stimulating factor or 
exosomes only. Patients treated with the combination therapy 
showed a beneficial and specific antitumor cytotoxic T-lymphocyte 
response.217 All patients included in aforementioned studies 
suffered from advanced cancers, and the patients did not respond 
well to prior treatments. Therefore, the aim of these studies was not 
primarily to cure the patients but to prolong their survival and to 
stabilize disease after chemotherapy or radiation therapy.17

1.4.1.2  Passing the blood–brain barrier

RNA drugs require efficient, tissue-specific, and nonimmunogenic 
delivery. Delivery of RNA to tissues at therapeutic effective doses 
has proven difficult thus far.218 Recently, DC-derived exosomes were 
shown to be capable of delivering short interfering RNA (siRNA) in 
the brain of mice in vivo after intravenous administration, and this 
delivery inhibits expression and production of BACE1, a therapeutic 
target in Alzheimer disease.219 This delivery of siRNA shows that 
exosome-mediated drug delivery can overcome the blood–brain 
barrier for local drug delivery.220 In sum, the use of autologous 
exosomes for drug delivery is promising.

1.4.1.3  Inflammation and immune response

Exosomes can efficiently suppress inflammatory and autoimmune 
responses in vivo. For example, exosomes from genetically modified 
mouse DCs have immunosuppressive and anti-inflammatory 
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properties in mouse models of experimental arthritis upon systemic 
or intra-articular administration.221–224 In addition, exosomes 
attenuate the acute systemic inflammatory response in sepsis by 
facilitating the clearance of apoptotic cells and perhaps apoptotic 
vesicles in a lactadherin-dependent mechanism.225

1.4.1.4  Neovascularization

Exosomes from CD34+ stem cells improve the viability of endothelial 
cells and induce endothelial proliferation and tube formation in 
vitro, as well as angiogenesis in various in vivo models, showing that 
exosomes promote angiogenesis in vitro and in vivo.226,227 

1.4.2  Prognosis

The increased risk of cancer patients to develop VTE is probably 
explained by their increased extrinsic (TF-initiated) coagulation 
activation.228 Many tumors express and produce TF. Part of 
this TF is released on vesicles present in the blood of cancer 
patients,134,178,181,229 and tumor-derived vesicles exposing coagulant 
TF are associated with cancer patients who present with VTE.180 
Because the bleeding risk is too high when all cancer patients are 
treated prophylactically with anticoagulant therapy before the onset 
of VTE, a study has been initiated by our institute to predict the 
development of VTE in cancer patients. In this study, the ability of 
blood-borne and thus in part tumor-derived vesicles to trigger TF-
dependent coagulation is measured in plasma from a blood sample 
that is collected when patients enter the hospital for a new gift of 
chemotherapy. On the basis of our vesicle-dependent TF-dependent 
plasma-clotting assay, earlier described as the fibrin generation 
test,55 patients are classified as high risk or low risk for developing 
VTE. Patients have a 6 month follow-up for developing VTE, with 
at present 8 European hospitals involved and over 400 patients 
included. Depending on the outcome of this pilot study, the efficacy 
of prophylactic treatment of cancer patients identified by the vesicle-
based clotting test as having a high risk for developing VTE will be 
studied in a large multicenter trial. 

1.4.3  Biomarkers

Cell-derived vesicles are a promising source of novel clinical 
biomarkers. There are many examples. Exosomes in cerebrospinal 
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fluid of Alzheimer patients contain an established biomarker of this 
disease, a phosphorylated form of Tau.230 Exosomes in the urine 
of prostate cancer patients are associated with prostate-specific 
antigen and prostate-specific membrane antigen,231 claudin-
containing exosomes in peripheral blood are associated with ovarian 
cancer,232 and prostasomes can be detected in the blood of prostate 
cancer patients.233 To what extent these biomarkers are of clinical 
relevance needs further investigation.

1.4.4  Cell-Derived Vesicles In Vivo

There are still many unanswered questions with regard to the 
relevance of vesicles in vivo. We still do not know why cells release 
vesicles; their true biological relevance in vivo is to be determined. 
The biological relevance of vesicles will, at least in part, depend on 
the production and clearance of vesicles. Obviously, such a delicate 
balance is disturbed in, for example, cell cultures. In this part, we 
will briefly discuss clearance, and we will compare eukaryotic and 
bacterial vesicles to emphasize that vesicles and their functions may 
be conserved throughout evolution and therefore are certainly not 
unique for eukaryotic cells.

1.4.4.1  Clearance

Exosomes were shown to be internalized via phagocytosis by 
binding to the PS receptor TIM-4 (T-cell immunoglobulin and 
mucin-domain-containing molecule),234 although it is unclear to 
what extent exosomes expose PS in vivo.52,62,195 Phagocytosis of PS-
exposing vesicles may be mediated by lactadherin because splenic 
macrophages in lactadherin-deficient mice have a decreased capacity 
to phagocytose microvesicles, resulting in increased concentrations 
of microvesicles and a hypercoagulable state.235 
	 Injection of cancer patients with radiolabeled liposomes results 
in half-life times of vesicle clearance of 6 min and 5 h, suggesting a 
two-compartment model of distribution.236 In other studies, half-life 
times of either minutes or hours were reported.237–240 Clearly, more 
detailed studies will be essential to provide more insight into the 
clearance of vesicles and into the underlying mechanisms, especially 
the variation in clearance to be anticipated with vesicles of various 
composition.
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1.4.4.2  Intercellular signaling by vesicles: An evolutionary 
conserved mechanism

Bacteria release vesicles (50–250 nm; Fig. 1.5), which are often called 
outer-membrane vesicles (OMVs) and consist of phospholipids, 
proteins, DNA, RNA, and lipopolysaccharides.139,241–243 OMVs from 
the gram-negative bacterium Pseudomomas aeruginosa contain 
signaling molecules, which coordinate the group behavior of this 
bacterium.244,245 OMVs also exchange information with eukaryotic 
cells and as such can be a cause of disease. OMVs of Pseudomomas 
aeruginosa contain virulence factors that kill eukarotic cells 
when delivered into the cytoplasm after fusion.241,246 OMVs from 
Escherichia coli transfer heat-labile enterotoxin to recipient cells 
via endocytosis, thereby triggering interleukin-6 production.247,248 
Delivery of peptidoglycans of Helicobacter pylori, Pseudomonas 
aeruginosa, or Neisseria gonorrhoea by OMVs into the cytosol of 
host cells results in recognition by Nod1 in epithelial cells, thereby 
inducing both innate and adaptive immune responses.249 
	 OMVs also contain death messages to kill other species of 
bacteria.250,251 Gentamycin, an antibiotic used to treat infections of 
Pseudonomas aeruginosa, increases the release of OMVs. Because 
these OMVs contain gentamycin, the “predatory activity” of these 
OMVs on other bacteria becomes increased, whereas at the same 
time the release contributes to drug removal and homeostasis of the 
releasing bacterium.171,172 In addition, OMVs can be used to deliver 
antimicrobials to the cytoplasm of infected host cells,171,172 and 
OMVs can transfer functional genes to other bacteria, showing that 
OMVs are also capable of exchanging functional genetic information 
between cells.139 
	 OMV-based vaccines have been used in vaccination protocols 
against meningococcal disease.252–255 The underlying molecular 
mechanisms by which OMVs activate the immune system are not 
well known, but OMVs can offer protection against a subsequent 
challenge with bacteria.242,256 Thus, OMVs and vesicles from 
eukaryotic cells share many common functions. 

1.5  Conclusion

The research on eukaryotic vesicles is a relatively new field. Despite 
important developments that have been made recently, there are 
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still many questions remaining. The mechanisms underlying the 
release of vesicles and the sorting of compounds into vesicles are 
incompletely understood, the classification of vesicles needs to 
be further improved, and the relevance of vesicles in vivo is still 
obscure. Nevertheless, a further understanding of the biology of 
vesicles will improve our understanding of health and disease and 
offer promising tools for monitoring and even treating disease. 
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2.1  Exosome Biogenesis and Physiological 
Function(s)

2.1.1  A Historical Perspective 

Exosomes as secreted vesicles were first reported in 1983 by 
Johnstone et al. While studying maturing reticulocytes (immature 
erythrocytes) by electron microscopy (EM), small 100 nm vesicles 
were observed on the outside of the cells. Immature erythrocytes are 
the precursors of red blood cells and contain cytoplasmic ribosomes 
and remnants of organelles such as mitochondria, the endoplasmic 
reticulum (ER), the Golgi apparatus, and an intact endosomal system.1 
During their differentiation into mature erythrocytes, the ribosomes 
and other organelles are lost and several plasma membrane proteins 
are cleared, resulting in a decrease in size and loss of some specific 
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plasma membrane activities. The secretion of these vesicles termed 
“exosomes” was conceived as an unconventional mechanism to 
eliminate unwanted materials like proteins and lipids that facilitated 
maturation and loss in size. While the maturing reticulocytes clearly 
seem to benefit from exosome secretion, the exact role and fate of 
the expelled exosomes remained unknown.2–4 Similarly, the non-
nucleated platelets (thrombocytes) also secrete large amounts 
of extracellular vesicles (EVs), including exosomes,5 as do their 
immature progenitors, the megakaryocytes.6 
	 In the last decade it has become clear that most, if not all, 
cell types have the ability to secrete exosome-like vesicles in 
vitro,7 and widespread dispersal of exosomes in vivo has been 
established.8 Importantly, more recent, detailed molecular and cell 
biological studies yielded important new clues into the molecular 
mechanism(s) behind their biogenesis, sorting, secretion,8–14 
and the finding that exosomes can transfer active signaling 
molecules to recipient cells.15,16 The interest became even higher 
as exosomes from mammalian cells also seem to influence cell–
cell communication rather unexpectedly through their ability to 
carry and transfer functional genetic material.17–22 These findings 
are supported by findings that human (tumor) viruses exploit this 
pathway for their benefit21–23 and that micro–ribonucleic acids 
(miRNAs) can cross a functional immunological synapse in vitro24 
and possibly in vivo,25,26 but for the most part, physiological evidence 
for the role of exosome secretion in vivo has not been established. 
An exception to this rule are immune cell–derived exosomes that 
have recognized physiological properties in mice and humans.8 
This may be partly for historic reasons since functional exosomes 
were shown to be secreted by immune cells first, but also due to 
the detailed understanding of the molecular mechanisms behind 
antigen processing, loading, and sorting in the endocytic pathway. 

2.1.2  Physiological Function of Exosomes 

The clearest physiological evidence for exosomes as an intracellular 
signaling device arose from studies looking into the mechanisms of 
antigen loading and trafficking of class II major histocompatibility 
complex (MHC) molecules in immune cells. The role of the endocytic 
pathway and in particular multivesicular bodies (MVBs), which 
are abundant in activated antigen-presenting cells (APCs) and 
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T-cells, led to the discovery that exosomes contain functional MHC 
II molecules,27 reviewed by Denser et al. in 2001.3 In particular 
activated B-cell blasts as well as (mature) dendritic cells (DCs) 
seem to secrete large amounts of MHC-carrying exosomes upon 
physiological stimuli.28–31 The exosomes secreted are rich in 
peptide-MHC II and can thus in principle be considered as an 
extracellular source of antigen for activation of naive T-cells by DCs 
in vivo.19,32–36 Interestingly, MHC II–bearing exosomes have also 
been identified on the surface of follicular DCs (fDCs) in human 
tonsils,37 and the immune-stimulatory capacity of exosomes is being 
exploited for use in cell-free antitumor vaccines.38–40 While these 
studies indirectly suggested that exosomes have a function in vivo, 
the precise physiological role of APC-derived exosomes in immunity 
and the mechanisms that regulate their release from APCs are 
elusive. Nevertheless it has been calculated that over 12% of MHC II 
complexes are secreted by activated B-cells via exosomes per day.31 
This secretory pathway is probably activated through nuclear factor 
kappa B (NFκB) activation as proteins that stimulate NFκB signaling, 
such as the constitutively active Epstein–Barr virus latent membrane 
protein 1 (LMP1), dramatically affect the endo-exosomal pathway.12 
	 Raposo et al. were the first to show clear physiological relevance 
for MVB-engineered exosomes outside the cells in which they were 
produced.27 A subsequent in vivo study showed that even though 
fDCs themselves do not express MHC II on their surface they can 
be decorated with MHC II–positive exosomes in vivo.37 This may 
have physiological relevance as fDCs have an important role in Ag 
presentation and B-cell development in germinal centers.41 These 
studies raised many fundamental questions that, for a large part, 
have remained unanswered. It is still not clear what specialized 
endosomal (sub) compartments (if any) produce MHC II–containing 
exosomes and what makes these distinct from the MVBs that fuse 
with lysosomes. Secondly the kinetics of exosome secretion remains 
ill-described; estimates have been made that some cells secrete up to 
~10,000 exosomes a day,42 but this still needs further confirmation. 
Moreover the exact contribution of exosomes to immune responses in 
vivo has not been determined, and finally the molecular mechanisms 
controlling their release and subsequent fate in vivo are far from 
clear. 
	 What is clear, however, is that APCs, and in particular DCs and 
activated B-cell blasts, contain MHC II–rich storage compartments 
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known as MIICs.43,44 Early cell biological studies showed that these 
compartments contain both endocytosed and endogenous antigens 
(Ag), which are loaded into MHC II complexes, a process aided by 
HLA-DM, as shown by fluorescence resonance energy transfer 
(FRET) studies.45 Although MIICs have endosomal characteristics 
they seem to share the ability with secretory lysosomes (SLs) to fuse 
with the plasma membrane—a phenomenon first proposed in other 
cell types in particular cytotoxic T-cells (CTLs).46 MIICs in B-cell 
blasts contain the invariant chain (li) and CLIP,47 and more details 
of this process are reviewed elsewhere.48 We found by quantitative 
proteomic analysis that these molecules are present in sucrose-
purified exosomes (Pegtel et al. unpublished data), supporting 
the idea that MIICs or closely related intracellular compartments 
seem responsible for exosome production. Despite this, MIIC 
fusion with the plasma membrane has not unequivocally been 
demonstrated such that exosome budding directly from the plasma 
membrane cannot be ruled out completely in having a contribution 
to exosome secretion. Indeed a proportion of the invariant chain 
(Ii) is transported to the plasma membrane, but since Ii is rapidly 
internalized (with an estimated half-life of 3–4 min at the surface)49 
it is more reasonable to presume that the major pool of li found in 
exosomes is, in fact, derived from intracellular compartments such 
as MIICs and not derived from the plasma membrane. 
	 Recent data from Buschow et al. confirm that recycling of MHC 
II molecules via specialized endocytic compartments is relevant for 
secretion via exosomes. Whether peptide-loaded MHC II (pMHC II) is 
stably expressed at the plasma membrane or degraded in lysosomes 
is in fact determined by the activation status of the APC.10 Immature 
DCs have low cell surface levels of pMHCII because these molecules 
are ubiquitinated, endocytosed, and sorted into the interior of MVBs 
destined to fuse with lysosomes, thus leading to their degradation. In 
activated DCs, however, pMHCII molecules are preferentially sorted 
into MVBs that produce exosomes independently of ubiquitilation.10 
Thus lysosomal targeting of MHC II is dependent on ubiquitination, 
while exosomal targeting seems dependent on the association 
within incorporation into tetraspanin (CD9)-enriched domains. 
These findings are in agreement with other studies in nonimmune 
cell types, demonstrating that ubiquitination does not affect MHC II 
secretion via exosomes.50
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	 Despite the large body of evidence that exosomes derived from 
immune cells originate from intracellular endocytic compartments, 
it must be noted that although many subtypes of MVBs exist, in 
particular in APCs, such as activated blasts and DCs,43 only few of 
these compartments are likely to produce exosomes. In fact some 
MVBs with clearly alternate physical forms such as multilaminar 
bodies (MLBs) that do not contain intraluminal vesicles (ILVs) 
may have similar functions in Ag loading as classic MVBs but are 
unlikely to produce exosomes and may be resistant to fusion with 
the plasma membrane. It would be of importance to identify in these 
cell types what molecular requirements favor exosome production 
and secretion. Since Raposo et al. proposed a first clear purpose for 
exosomes, these initial observations in activated B-cells culminated 
into the current defining pathway for exosome biogenesis.33,36,51 On 
a cautionary note, alternative pathways for exosome biogenesis—
besides the one described here—may exist. 
	 Recent elegant studies focusing on enterocytes (small-intestinal 
epithelial cells) indicate that microvilli (specialized membrane 
protrusions on the apical side of these cells) are vesicle-producing 
organelles that resemble exosomes.52 In the gut lumen, the microvilli 
continuously “pinch off” nanometer-size vesicles that are present 
in large numbers. These vesicles function by detoxifying bacterial 
products, thus controlling the epithelial–microbial interactions.53 In 
addition to surface-produced exosome-like vesicles, exosomes may 
also be produced in endosome-like compartments that also lack the 
requirement for MVB fusion with the plasma membrane for their 
secretion. It appears that exosomes from macrophages can derive 
from particular endosomal compartments that are in direct contact 
with the exterior via deep-membrane invaginations.54 Although 
it is unclear whether these observations in macrophages can be 
translated into a more general phenomenon, these observations 
highlight the notion that not all cell types generate exosomes via the 
“classic” model as described by Johnstone et al. in reticulocytes and 
by Raposo et al. in activated B-cells. Despite these important nuances, 
a large body of evidence derived from proteomic, cell biological, and 
functional genetic studies indicates that exosome biogenesis and 
secretion are strongly correlated with the endosomal pathway and 
in particular MVB and ILV formation. 
	 The examples from enterocytes and immune cells underscore 
the broadly accepted assumption that the mechanisms underlying 
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exosome biogenesis are related to the cellular background, activation, 
and differentiation state, as well as to the local microenvironment. 
Autophagy, for instance, could also play a significant role in the 
exosomes’ composition, as discussed recently.55 Despite the recent 
advances into exosome biogenesis and physiology, crucial molecular 
details, as pointed out previously by van Niel et al.,7 need to be 
addressed. Although progress has been made into a more universal 
understanding of exosome biogenesis within the last decade8,32 
some long-term lingering questions remain. A particular concern 
is how to prove the physiological function of exosomes in vivo, 
be it derived from neuronal, epithelial, and endothelial origin or 
from stem cells. The reason why this is such a difficult task lies in 
the incomplete knowledge on their biogenesis and secretion, thus 
precluding specific blockage or induction of exosome secretion in 
specific cell types or conditions in vivo. 

2.1.3  Exosomes as an Alternative End of the Endosomal 
Pathway 

Exosomes are classically defined as vesicles that are derived 
from late endosomes (LEs). LEs are recognized as highly dynamic 
and heterogeneous structural compartments in eukaryotic cells. 
The endosomal membranes serve as major sorting platforms for 
molecules that have been taken up and internalized by invaginations 
at the plasma membrane. Collectively this process is known as 
endocytosis, and the endosomal system thus represents a key direct 
contact of the cell with its exterior apart from the plasma membrane. 
	 Endocytosis starts with the internalization of fluid, solutes, mac-
romolecules, plasma membrane components, and particles through 
various pathways of endocytic trafficking.56 Not surprisingly, the en-
docytic pathway is heavily exploited by viruses and other intracellu-
lar parasites that wish to gain entry into specific host cells to support 
their life cycle. A functioning endosomal system is essential for nor-
mal development and physiology, and impaired endosomal function 
contributes to many human diseases, including cancer,57 neurologi-
cal diseases, and immune disorders.58–61 Endocytosed material from 
the plasma membrane is deposited via small transport vesicles into 
the early endosomes, also known as sorting endosomes. The early 
endosomes receive their cargo via multiple mechanisms, the clath-
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rin- or non-clathrin-mediated pathways. The non-clathrin-depend-
ent pathways are caveolar, GEEC- (GPI-enriched endocytic compart-
ments) and ARF6-mediated.62 
	 Genetic studies in yeast identified a crucial, evolutionary, 
conserved molecular constituent of the endosomal compartments, 
most notably, the endosomal sorting complex required for transport 
(ESCRT) machinery.63 The ESCRT complexes (0, I, II, and III) 
contain multiple conserved proteins (typically named “Vps” for 
vacuolar protein sorting–associated protein) that act similarly in 
yeast as in mammalian cells. Nevertheless in mammalian ESCRT 
proteins also have other functions, besides protein recycling and 
endocytosis, such as controlling cytokinesis and maintaining cell 
polarity.64 Detailed biochemical analysis and in vitro reconstitution 
experiments have elucidated and confirmed the important aspects 
of molecular trafficking through this compartment in many cell 
types and mammalian animal models.65 
	 Directly after internalization from the plasma membrane, trans-
port vesicles fuse with each other or with an existing sorting endo-
some. These fusion events are the main driving force behind the 
formation of larger sorting endosomes with tubular structures66 
that are typically identified by the early endosomal marker early 
endosome antigen 1 (EEA1). Sorting endosomes select the proteins 
for recycling back to the plasma membrane or direct those that are 
subject to degradation to lysosomes, a process that relies heavily on 
ubiquitination and the formation of ILVs.63 The current dogma in 
metazoan cells dictates, however, that proteins selected for secre-
tion via exosomes not require ubiquitination67 and that the ESCRT 
machinery be not required for MVB biogenesis and ILV production. 
Although sorting of molecules into ILVs appears affected in ESCRT-
depleted cells, the effect on exosomes was not reported.68 In agree-
ment with this, results of our own studies and those by several other 
groups show no evidence for preferential sorting of proteins into 
exosomes upon ubiquitination.10,12,50,69 The structure of the sorting 
endosome is composed of both vacuolar and tubular domains, which 
are considered functionally important. Tubular membranes are in-
volved in sorting of cargo targeted for recycling, whereas cargo sort-
ed into the vacuolar domains is typically intended for degradation.66 
Broadly put, the endocytic system recycles proteins, lipids, and, as it 
seems, even genetic material,70 and while some of this cargo will re-
main at the limiting membranes (LMs) and/or in the cytoplasm, oth-
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er molecules are selectively sorted into the interior for degradation 
in lysosomes by acidic hydrolases.71 An exception to this are mol-
ecules that are neither recycled nor degraded but instead sorted for 
secretion into specialized LEs/MVBs10 or lysosomes.72 These MVBs 
are suspected to preferentially fuse with the plasma membrane, as 
proposed by Simons and Raposo,73 possibly by analogy with SLs, but 
whether this occurs and how this is regulated are just a few of the 
major outstanding questions that need to be addressed. 

2.2  ESCRT Machinery in ILV Formation 

Arguably the most crucial part of exosome physiology is ILV forma-
tion and the mechanisms that control the selective incorporation 
of cargo. ILV biogenesis starts by deformation of the LM of MVBs 
through budding away from the cytoplasm and their subsequent 
detachment in single vesicular entities. Multiple conflicting models 
have been proposed on the basis of contradictory observations, pos-
sibly because these models are cell-type and organism dependent. 
	 A generalized model predicts that the ESCRT pathway represents 
the major protein-sorting and membrane fission events required for 
release of cargo-selected vesicles but also viruses. The presumed 
molecular mechanism of ILV formation during MVB biogenesis has 
been extensively reviewed elsewhere and can be summed as follows: 
ESCRT-0 consisting of Hrs (hepatocyte growth factor [HGF]-regulated 
tyrosine kinase substrate) (Vps27 in yeast) and signal-transducing 
adaptor molecule (STAM) are recruited to the endosomal membrane 
by the interaction with phosphatidylinositol-3-phosphate (PI3P), a 
phosphoinositide enriched in endosomal membranes. Both subunits 
of ESCRT-0 bind ubiquitin moieties on their cargo clustered in 
clathrin-coated pits. In addition to the interaction with PI3P and 
ubiquitin, HRS also recruits and interacts with tumor susceptibility 
gene 101 (Tsg101) in mammalian cells (Vps23 in yeast) of ESCRT-I, 
starting a cascade of multiple ESCRT complex interactions. ESCRT-I 
interacts with ESCRT-II, which recruits charged multivesicular body 
protein 6 (CHMP6) (Vps20) to the neck and binds Snf7 (VpsS32) 
to form the main engine for neck scission that promotes cargo 
internalization into ILVs. ESCRT-III will remain largely on the outside 
of the endosomal LM and is recycled by mammalian Vps4.74–78
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	 What can we learn from this molecular network, and how 
does this relate to exosomes? Firstly, extensive proteomic analyses 
by multiple independent groups have indicated that several key 
endosomal proteins are prominent constituents of exosomes and 
thus indicative of their endocytic origin.79 The dominant endosomal 
proteins present in exosomes that are associated with ESCRT-
mediated ILV biogenesis and sorting are TSG101 and ALIX. TSG101 
functions as a subunit of the heterotetrameric ESCRT-I complex, 
together with several other MVB-related proteins, including VPS28, 
VPS37, and MVB12,80–84 but these are less frequently described in 
exosomes. ALIX or PDCD6IP also functions in the MVB pathway, 
where it interacts with multiple endosomal proteins, including 
TSG101 or ESCRT-I.85–88 Despite this, depletion of Tsg101 and/
or ALIX at least in mammalian cells does not seem to impair 
MVB biogenesis68 and certainly does not seem to control protein 
sorting,10,12 casting doubt on the relevance of these proteins for 
exosome physiology. These molecules have one thing in common 
that they bind ubiquitinated cargo for selection into ILVs, yet current 
studies in mammalian systems find little evidence that ubiquitin 
has a role in sorting of proteins into exosomes. Interestingly, 
however, both TSG101 and ALIX bind directly to retroviral Gag 
proteins, including human immunodeficiency virus-1 (HIV-1) Gag, 
facilitating late stages of virus budding.89–91 This highlights the 
striking similarities between virus budding and exosome biogenesis 
and may be more related to the overall physiology of exosomes 
rather than having a role in exosomal sorting. Intriguing similarities 
between exosomes and several types of viruses have been found92,93 
and are reviewed elsewhere.94 Alternatively it is possible that 
ESCRT-dependent budding events at the plasma membrane may 
contaminate endosome-derived exosomal preparations.95

	 Many in vivo observations related to changes in membrane 
morphology, including tubulation, vesiculation, fusion, and fission, 
can be mimicked in vitro in the complete absence of proteins 
using liposomes with the appropriate lipid composition.96 In such 
a reductionist approach proteins appear inessential in inducing 
membrane topology changes. It is thus impossible to fully discern 
the contributions of a multitude of proteins in membrane-based 
cellular functions in such in vitro models. Nevertheless these model 
systems are in line with in vivo studies, indicating that ESCRT, at least 
in metazoan cells, does not drive MVB vesicle formation but rather 
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is involved in cargo sorting, in addition to coordinating the overall 
maturation of endosomes. In support of this model, in Drosophila 
the absence of the entire ESCRT machinery did not seem to block 
the formation of MVB vesicles but resulted in impaired cargo sorting 
into ILVs and variations in the ILV number and size.68,97 Moreover 
protein modifications that do not seem to be associated with ESCRT 
function may be responsible for sorting into exosomes, besides their 
lipid domain affiliation.98

2.3  MVB and ILV Biogenesis Multiple Pathways 
for Differential Sorting

The earliest models of ESCRT function are primarily based on pio-
neering studies in yeast, where these complexes were first discov-
ered and since yeast ESCRT complexes have been analyzed exten-
sively. However, the straightforward paradigm from yeast—in which 
each component of the Hrs-STAM and ESCRTI, ESCRT-II, ESCRT-III 
complexes acts primarily in MVB sorting and biogenesis—has been 
challenged by evidence from studies in Drosophila, pointing to more 
diversified roles, for instance, by genetic screens in metazoans.97 In 
addition mammalian HEP-2 cells depleted for individual members 
of all ESCRT components by short interfering RNAs (siRNAs) still 
maintained the ability to form MVBs and ILVs. Although morphology 
was altered and the sorting of the (ubiquitinated) epidermal growth 
factor (EGF) receptor impaired,68 these studies indicate that other 
mechanisms for exosome biogenesis and sorting exist. 
	 Seemingly unrelated observations over the years appear rel-
evant for the mechanisms behind exosomal sorting. Indeed specific 
exosomal proteins that have been studied extensively indicate that 
ubiquitination is not a requirement for their selective sorting into 
exosomes (PMEL, HLA, LMP1, CD63), confirming the idea that “clas-
sic ESCRT function,” as defined in yeast,63 does not play an essen-
tial role in exosome sorting and biogenesis. The question emerging 
is, What are the molecular differences that distinguish the primor-
dial MVBs in yeast from “sophisticated” exosome-producing MVBs 
described in metazoans? On the basis of the assumption that such 
differences indeed exist one could hypothesize that the ESCRT sys-
tem in yeast is essential for MVB biogenesis and sorting, while dur-
ing evolution, additional ESCRT-independent pathways may have 
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evolved to form ILVs that specifically regulate sorting into exosomes 
as observed in multicellular organisms. Besides eukaryotes gram-
negative bacteria also produce outer membrane vesicles (OMVs) 
that play a role in the delivery of virulence factors to host cells, and 
comparisons with the molecular machineries that regulate OMV bio-
genesis in bacteria (or plants) may be of use.99 In fact, the human 
oral pathogen Porphyromonas gingivalis selectively sorts virulence 
factors into OMVs, while abundant outer-membrane proteins were 
excluded from the protein cargo.100

	 The most studied example on an ESCRT-independent mecha-
nism is the recently identified “ceramide pathway,” which is based 
on the synthesis of sphingolipid ceramide, which is produced by 
neutral sphingomyelinase-1 (nSMase1).67 nSMase1 hydrolyzes the 
membrane lipid sphingomyelin into ceramide, and Trajkovic et al.9 
measured a major reduction in exosome production by Oli-neu cells 
when nSMase1 was chemically inhibited or depleted by RNA inter-
ference. Importantly in this respect they also observed impaired ILV 
formation in vivo and in vitro, suggesting that in wt Oli-neu cell mem-
brane invagination could be spontaneously triggered through local 
enrichment of ceramide, possibly due to its “cone shaped” structure. 
Exosomal cargo, in this case proteolipid protein (PLP), was abrogat-
ed from sorting into ILVs and exosomes upon nSnMase1 inhibition, 
leading to PLP accumulation in the cell. It is tempting to speculate 
that ESCRT-independent ILV production pathways evolved specifi-
cally to promote vesicle-mediated intercellular communication by 
promoting exosome biogenesis. 
	 In conclusion, “unconventional” ILV pathways seem to be driven 
largely by the presence of lipids, including lysobisphosphatidic 
acid (LBPA) and ceramides, although tetraspanins may be an 
exception.12,69 These molecules have one thing in common that 
they are able to organize into specialized membrane domains 
simply because a local lipid composition promotes inward budding 
to form vesicles. Indeed observations in vitro using so-called giant 
unilamellar vesicles (GUVs) confirm the idea that lipids alone 
are sufficient for ILV budding and that proteins seem to facilitate 
this lipid-driven process. Thus the contribution of ESCRT to MVB 
biogenesis and ILV formation may be restricted to the actual sorting 
of ubiquitinated proteins for lysosomal degradation and seems 
irrelevant for sorting of proteins into exosomes. 

MVB and ILV Biogenesis Multiple Pathways for Differential Sorting
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2.3.1  Tetraspanins

ILVs and exosomes are enriched in multiple tetraspanins: CD9, CD37, 
CD53, CD63, CD81, and CD82.101,102 Duffield et al. show that CD63 in-
teracts with the β-subunit of hydrogen/potassium (HK)–adenosine 
triphosphatase (ATPase) in gastric parietal cells, resulting in the 
internalization of HKβ into ILVs.103 They indicate that CD63 might 
be involved in chaperoning its interaction partners to the machin-
ery of the endosomal system. Another study performed by Källquist 
et al.104 determined an interaction between CD63 and neutrophil 
elastase (NE). Coexpression of proNE and CD63 in COS cells leads 
to an interaction resulting in internalization of NE. Overall, tetraspa-
nin CD63 is probably involved in sorting of specific cargo into ILVs 
of MVB-related organelles such as melanosomes. The importance of 
CD63 is further illustrated by our own studies showing that the viral 
protein LMP1 recruits CD63 in low-cholesterol MVBs to escape deg-
radation from lysosomes. Indeed LMP1 is abundantly and rapidly 
secreted via exosomes, which seems to attenuate downstream NFκB 
signaling by this molecule.12

2.4  MVB Formation, Maturation, and Cellular 
Movement

The crucial compartments for exosome biogenesis and secretion 
are MVBs, sometimes also referred to as multivesicular endosomes 
(MVEs). MVBs were first observed in EM studies decades ago as 
membrane-enclosed structures with ILVs. Subsequently the “inward” 
invagination of the LM of MVBs was noticed, indicating that these 
structures might mediate some form of autophagy.105 Indeed it was 
proposed that MVBs are in fact part of the endocytic pathway and are 
crucially involved in internalization and recycling of the EGF receptor 
(reviewed by Katzmann and Emr). In fact it was recently suggested 
that the MVB pathway is closely associated with autophagy.106 In 
exosome-producing B-cells that we have studied we found by EM 
hybrid structures, presumably endo-lysosomes that appear to have 
incorporated vesicles with features of autophagosomes. 
	 MVBs are part of the complex and highly dynamic maturation 
program of endosomes. One could wonder why such an elaborate 
network is required. It has been proposed that the heterogeneity 
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in endosomal structures is needed to separate endosomes 
that have “closed down” their sorting machinery from those 
endosomes that are primed for fusion with the lysosomes where 
the degradative program is active and irreversible.56 One could 
speculate that in between the sorting and degradation programs 
MVB subtypes originate and are triggered to fuse with the plasma 
membrane. In fact, a gene network was recently indentified that 
regulates lysosomal biogenesis107 that increases the pool of SLs in 
the proximity of the plasma membrane, promoting fusion by the 
simultaneous elevation of intracellular calcium levels.108 In addition, 
some but not all endosome populations are able to acquire secretory 
properties by fusing with the plasma membrane, a process that is in 
part mediated by Rab27.109 These findings are in agreement with 
the notion that secretion of the MHC II molecules via exosomes is 
controlled by Rab27110 but raises the question whether SLs and 
exosomes produced in the MVB are in fact the same phenomenon.111 
From these studies it seems clear that distinctions, if possible, 
should be made between exosome-producing MVBs and SLs. While 
SLs have functions such as controlling membrane repair, exosomes 
from MVBs are more likely to have specific effects on recipient cells. 
What is currently lacking is unequivocal experimental evidence that 
MVBs or specialized subsets preferentially move to and fuse with 
the plasma membrane, leading to exosome secretion. Even though 
Rab27 is a likely candidate regulating exosome secretion,110,111 

the involvement of this molecule in exocytosis from lysosomal 
compartments reduces its attractiveness as a selective Rab required 
for exosome secretion. Additional molecules on the LM of MVBs 
are likely to provide such selectivity and may include soluble 
N-ethylmaleimide-sensitive factor attachment protein receptors 
(SNAREs). 
	 Before docking with the plasma membrane and releasing 
their content as exosomes, the MVBs must move to the cellular 
periphery. This direction is diametrically opposite the movement 
of maturing MVBs that have a tendency to move to the perinuclear 
region (Woodman–Futter). Early endosomes that have initiated ILV 
formation mature via homotypic fusion into LEs by Rab conversion 
via the exchange of Rab5 for Rab7, also known as the “Rab switch.”112 
Endocytic vesicles undergo active movement that is mediated by 
microtubule (MT)- or actin-dependent motors.113 Early endosomes 
containing the protein marker EEA1 tend to distribute peripherally 
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compared to late endocytic organelles (i.e., LEs and lysosomes) that 
contain the lysosome-associated membrane protein 1 (LAMP1). 
Indeed lysosomes and MVBs normally accumulate in a juxtanuclear 
region around the MT-organizing center (MTOC).114 
	 An understudied aspect of exosome secretion is the involve-
ment of molecular motors that are required to direct the MVBs to 
their presumed docking sites at the plasma membrane. These mo-
tors include dynein and the dynactin-associated complex, both of 
which regulate movement toward the minus end of MTs (toward 
the nucleus), whereas the kinesin superfamily members KIF2β and 
KIF1Bβ3 orchestrate MT-dependent movement toward the cell pe-
riphery. Myosin Iα and other members of the myosin family are in-
volved in endosomal movement via actin fibers.115 The physiological 
significance of the movement and steady-state localization of LEs 
and MVBs in relationship to exosomes is unknown, although their 
positioning clearly affects the overall efficacy of the processes of 
organelle biogenesis and protein sorting. It is plausible that move-
ments of MVBs toward the cellular periphery will positively affect 
exosome secretion, while stimulating their repositioning toward 
the perinuclear region would lead to a decrease in exosome secre-
tion. One important factor in endosomal positioning within the cell 
is the level of cholesterol. Indeed, blocking cholesterol efflux from 
endosomes leads to cholesterol accumulation in LEs, which in turn 
restricts their movement to the cellular periphery.116,117 However, 
not all endosomes are rich in cholesterol118,119, and those that ex-
clude cholesterol are resistant to the cholesterol-sequestering drug 
U18666A and may still move to the cell’s periphery.12 It thus ap-
pears that multiple subtypes of MVBs exist that correspond with 
their movement within the cell. This preferential movement will ul-
timately affect their ability to dock and fuse with the plasma mem-
brane. Indeed the cholesterol sensor ORP1L is critically involved in 
LE positioning. Rocha et al. proposed a model in which cholesterol 
depletion causes LE scattering and high cholesterol levels induce LE 
clustering, as observed in Niemann–Pick type C disease.120 
	 Besides the role of cholesterol in endosome positioning, 
cholesterol is also a major constituent of exosomes themselves. 
Indeed, Mobius showed clear cholesterol presence in the ILVs of 
some MVB subtypes, corresponding to the presence of cholesterol 
in exosomes.119 Although I mentioned earlier that both lipids and 
ESCRT proteins have been implicated in ILV formation, since most 
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budding mechanisms rely on membrane microdomains, it seems 
plausible that the ESCRT-mediated budding involves lipid-enriched 
domains that initiate the budding.78 However, limited knowledge 
is available on how ESCRT may regulate the formation of such 
microdomains and whether these microdomains indeed form 
spontaneously, as expected, and if cholesterol is involved.121 Recent 
studies, however, indicated that Hrs/Vps27 has a crucial role in 
intracellular (endosomal) cholesterol transport*. Hrs may be able 
to initiate the ESCRT pathway by orchestrating the formation of 
putative cholesterol-rich microdomains that help drive the budding 
away from cytosol. The authors hypothesize that Hrs may selectively 
remove cholesterol from specific regions of the LM of MVBs, thereby 
generating cholesterol-rich neighboring regions that could form 
the basis of membrane deformation, which in turn initiates the 
ESCRT pathway. Thus in mammalian cells, different subcellular 
organelles have distinct cholesterol concentrations, which is 
thought to be critical for biological functions. Oxysterol-binding 
protein-related proteins (ORPs) have been assumed to mediate 
nonvesicular cholesterol trafficking in cells; however, their in vivo 
functions and therefore the biological significance of cholesterol 
in each organelle were not fully understood. Kobuna et al. studied 
cholesterol restriction in Caenorhabditis elegans (C. elegans) and 
found that this induced the formation of enlarged LEs/lysosomes 
that increased embryonic lethality similarly to knockdown of MVB-
related genes.122 This study showed that knockdown of ORP1L, a 
mammalian ORP family member, induces the formation of enlarged 
MVBs in mammalian (HeLa) cells. In vivo findings suggest that the 
proper cholesterol level of LEs/lysosomes generated by ORPs is 
required for normal MVB formation and MVB-mediated membrane 
protein degradation.122

	 The above implication that cholesterol is important for 
membrane domain formation is related to the idea that the local 
enrichment of cone-shaped ceramide leads to microdomains in the 
LM of MVBs that promote deformation, budding, and ultimately 
scission into ILVs.9 Moreover, ceramide has been shown to induce 
local loss of cholesterol in caveolin-enriched membranes (CEMs), 
suggesting ceramide and cholesterol compete for microdomain 
formation.123 How the distinct roles of cholesterol in ILV budding, 

*Du et al. (2012) Dev. Cell, in press.
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MVB biogenesis, and endosome movement can be reconciled must 
be further investigated. 

2.5  Exosome Secretion: Rabs and SNAREs

It is presumed that the final step of exosome biogenesis is secretion 
upon fusion of the MVB with the plasma membrane, releasing 
the ILVs as “exosomes.” Ostrowski et al. (2010) were first to show 
the involvement of Rab27a and Rab27b in the movement of the 
MVB toward the plasma membrane, which is important for the 
subsequent fusion step.110 First the authors identified five Rab 
proteins (Rab2b, Rab9a, Rab5a, Rab27a, and Rab27b) that appeared 
to be involved in exosome secretion as measured by a bead-capture 
technique coupled to fluorescence-activated cell sorting (FACS) 
analysis. A decrease in the level of exosome secretion, without major 
alterations in the regular secretory pathway, was seen when Rab27 
proteins were silenced using short hairpin RNA. Silencing of Rab27a 
and Rab27b lead to an overall decrease in exosome secretion, but 
no major changes in protein content were observed, thus suggesting 
that Rab27a and Rab27b do not participate in the sorting of cargo 
into exosomes. Further investigation led to the discovery of three 
Rab27 effectors: Slac2b, Slp4, and possibly Munc 13-4. Silencing 
of the associated genes, EXPH5, SYTL4, and UNC13D, respectively, 
induced decreased exosome secretion. Silencing of Slp4 induced a 
similar phenotype as with silencing Rab27a, and a similar phenotype 
was also observed when silencing both together, thus indicating that 
Slp4 mediates the function of Rab27a.
	 These findings raise multiple questions: for instance, is the 
RAB27-mediated secretion pathway of exosomes ESCRT- or cera-
mide dependent? Since sorting was not effected one may presume 
that the ceramide pathway functions through Rab27. Although the 
secretion of exosomes was uncoupled from classic protein secre-
tion, it is unclear if inhibition of SLs was measured. As mentioned 
previously, discriminating between MVB fusion and lysosome fusion 
with the plasma membrane may be difficult. In fact it has long been 
recognized that SLs rely on Rab27 for their movement to the plasma 
membrane.124 One way to exclude lysosome involvement would be 
to measure the secretion of lysosomal enzymes (hydrolases) in the 
conditioned media. Despite these open questions it is safe to con-
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clude that Rab27a and Rab27b are clearly involved in the movement 
of endosomal and/or lysosomal subpopulations to the plasma mem-
brane, which is in agreement with recent studies by Laulagnier and 
Gruenberg.109 Knockdown of Rab27a or Rab27b also resulted in a 
decreased number of endosomes and may reduce docking and fu-
sion with the plasma membrane. Nevertheless, Rab27 is not likely to 
have a role in the membrane fusion process itself, as it seems to act 
more as a bridge between vesicles and the cytoskeleton controlling 
movement and perhaps docking rather than fusion.125 The finding 
of Rab27 to have a role in exosome secretion is in line with previous 
findings that this molecule is important for secretion of compounds 
in other cell types but raises the question how molecules and MVBs 
are selected for secretion instead of degradation. Indeed molecules 
that can specifically be targeted to reduce exosome secretion alone, 
while leaving other secretory mechanisms intact, still need to be dis-
covered.126

	 In a separate study performed by Hsu et al.14 Rab35 was 
identified as one of the most prevalent Rab proteins in exosomes 
secreted by an oligodendrocyte cell line. Additionally, they 
discovered that the Rab guanosine-5¢-triphosphatase (GTPase)-
activating protein TBC1D10C controls PLP release via exosomes. 
TBC1D10C interacts with Rab35, and knockdown of Rab35 by siRNA 
reduces PLP secretion through exosomes. Furthermore, Rab35 and 
its Rab GTPase-activating protein TBC1D10C were shown to localize 
to the plasma membrane, suggesting Rab35 may be involved in the 
docking and fusion process. Indeed, no decrease in motility was 
measured introducing an inactive mutant of Rab35, compared to an 
active mutant, indicating that Rab35 is in fact likely to be involved 
in fusion with the plasma membrane rather than regulating the 
transport to the plasma membrane.14 Savina et al., on the other 
hand, identified a high amount of the Rab11 protein in exosomes 
secreted by K562 cells (erythroleukemic cells). These exosomes 
were considered similar to reticulocyte exosomes, and decreased 
levels of secreted exosomes were observed using a Rab11 mutant. 
Moreover Rab11 overexpressing K562 cells leads to an enlargement 
of MVBs and localization of these MVBs near the plasma membrane, 
where upon the addition of calcium fusion takes place.127,128 In turn, 
the involvement of a specific combination of SNARE proteins in the 
fusion of MVBs with the plasma membrane has been proposed by 
Bobrie et al. (2011).129 For a schematic overview of the molecules 
involved in exosome biogenesis and secretion see Fig. 2.1.

Exosome Secretion: Rabs and SNAREs
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Micro-domain

SNARE fusion-complex

Early endosome

Recyling endosome

Multi-vesicular body

Lysosome

Secretory lysosome

Figure 2.1	 Exosomes are tightly linked with the endosomal pathway. 
The endosomes and MVBs regulate sorting, processing, 
recycling, storing, activating, silencing, and degradation of 
external material as well as surface receptors. By doing so, 
endosomes are responsible for regulation and fine-tuning 
of several key pathways in the cell.56 Res, also called sorting 
endosomes, receive material in the cellular periphery from 
early endosomes that originate at the plasma membrane. 
In addition, material can be delivered directly via the 
biosynthetic/secretory transport pathway from the ER and 
Golgi apparatus. The REs mature into LEs such as MVBs where 
the rate of inward budding of the LM is increased. Under 
“normal conditions,” the maturing endosomes are coupled 
to motor proteins (kinesin) and moved along MTs toward 
the perinuclear region—a process controlled at least in part 
by cholesterol. However, under polarizing conditions, SLs 
move into the opposite direction (dynein) toward the plasma 
membrane, where docking and fusion of the SL are mediated 
by specific Rabs (Rab27) and SNAREs.141 Exosome secretion 
from MVBs may follow a similar path, and although Rab27 (as 
well as Rab35 depending on the cell type) seems to have an 
important role in the movement of MVBs to and docking at the 
plasma membrane, specific SNAREs that mediate fusion have 
yet to be determined. Abbreviation: RE, recycling endosome.
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	 SNAREs are evolutionary conserved membrane proteins 
involved in all fusion events of the secretory pathway and are 
characterized by a conserved coiled-coil segment termed as the 
“SNARE motif.” During fusion, the SNARE motifs of interacting 
SNARE proteins assemble into a parallel four-helix bundle that is 
initiated by the N-terminal tips and zips up toward the C-terminal 
membrane anchors. As a result, the membranes are pulled into close 
apposition and fusion is initiated. On the basis of a highly conserved 
set of amino acid side chains, SNARE motifs are classified into 
Qa-, Qb-, Qc-, and R-SNAREs, and every functional SNARE complex 
contains one SNARE motif of each subfamily.130 The lysosome-to-
plasma membrane transport pathway is proposed to play a role 
in plasma membrane repair, entry of parasites, and tumor cell 
invasiveness.131–135 In addition, at least some cell types, MVEs—or 
some specialized subpopulation—may acquire the capacity to fuse 
with plasma membrane and thereby release their intralumenal 
vesicles in the extracellular milieu as exosomes. Although SNARE 
involvement in exosome secretion has not been identified, some 
clues can be obtained from nonspecialized fibroblast-like cells where 
a transient rise in intracellular calcium is believed to initiate the 
fusion of lysosomes with the plasma membrane.72,131 This process 
is regulated by synaptotagmin VII136 and is dependent on SNAREs 
(soluble N-ethylmaleimide-sensitive  factor [NSF] attachment 
protein [SNAP] receptor) VAMP7, syntaxin 4, and SNAP23.137 
Inhibition of the formation of this complex induced inhibition of 
lysosome exocytosis. Interestingly SytVII associates directly with 
CD63138, a well-established component of the endosomal–exosomal 
pathway.12,69,101 Moreover, TI-VAMP/VAMP7 is the vesicle SNARE 
that mediates the lysosome exocytosis of ATP and cathepsin B in 
glia cells in a calcium-dependent manner.139 In immune cells other 
SNARE molecules appear to have a role in SLs.140 With total internal 
reflection fluorescence (TIRF) imaging Elstak et al. showed that 
munc13-4 Rab27(a) restricts the motility of SLs in the cytoplasm 
and proposed that Rab27 and munc13-4 tether lysosomes to the 
plasma membrane, which is a requirement for the formation of a 
cognate SNARE complex for fusion.141 When compared to the results 
by Ostrowski et al. it is clear that the mechanisms for the secretion 
for exosomes share many similarities.110

Exosome Secretion: Rabs and SNAREs
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2.6  Conclusions and Perspectives 

An overwhelming body of evidence indicates that most cell types are 
able to secrete exosomes, either constitutively or upon activation, 
and thus it may not be surprising that these nanometer-size vesicles 
are present in virtually all body fluids examined. Despite this we 
have only just begun to understand the complex physiological 
properties of these vesicles. Unfortunately in many published 
reports clear evidence is lacking that the extracellular vesicles (EVs) 
studied are indeed produced by MVBs and hold typical exosomal 
characteristics such as a defined density, a size, and the presence of 
exosomal markers, including tetraspanins such as CD63, members 
of the ESCRT pathway (Alix), annexins (annexin II and VI), and 
heat shock proteins (HSP70). In fact, exosome-sized vesicles and 
larger microvesicles can also be generated by many cell types at 
the plasma membrane by activation of specific pathways such as 
ARF6.142 Although the role of such microvesicles in vivo is less well 
understood and more difficult to distinguish from cellular debris,8 
they could also impact the physiology of target cells, in particular 
in cancer.15 To make things even more complex, microvesicles 
derived from the plasma membrane often share biochemical and 
biological characteristics with exosomes, including ESCRT complex 
involvement for their budding95, although, as discussed previously, 
not all “exosomes” seem to require ESCRT.9,68 These complicating 
factors must be resolved before exosome research will reach full 
maturity, which may only happen when the molecular details that 
control EV biogenesis are fully elucidated and confirmed using in 
vivo models. Despite this, exosome secretion by immune cells has 
proven its physiological relevance for the immune response in vivo,8 
and similar physiological evidence for plasma membrane-derived 
vesicles may be provided soon, considering the rising interest in this 
field. 
	 What should be the focus of future exosome research? One of 
the most intriguing and still outstanding questions is which MVBs 
are able to escape fusion with lysosomes and show that this may 
be regulated.111 Multiple studies have now clearly showed that 
subtypes of MVBs exist and that some but not all have the capability 
of producing exosomes.73 Studies by Mobius et al. clearly showed 
distinct MVBs at the lipid level, whereas subsequently functional 
evidence was provided that two distinct MVB pathways, one for 
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lysosomal targeting and the other for exosome secretion, exist.10 
Indeed detailed cell biological studies by Ostrowski showed that 
only a small proportion of MVEs dock at the plasma membrane.110 
Moreover studies in our own laboratory point to a diversification of 
exosome-producing MVBs within one cell type,12 as hypothesized 
previously.73 Future detailed cell biological studies such as these 
should be able to characterize the possible molecular distinctions 
between subpopulations of MVBs in order to identify the presumed 
exosome donor population. Such a finding would also be highly 
relevant for the identification of the molecular mechanisms by 
which luminal cargo, be it protein, lipids, or RNA molecules, is sorted 
into exosome-producing MVBs. It is clear that besides heterogeneity 
in MVBs, the individual ILVs within MVBs are often heterogeneous 
not only in size and shape but also in composition. For instance, the 
unusual lipid bis(monoacylglycero)phosphate (lysobisphosphatidic 
acid) is present in some MVBs, yet exosomes seem to lack this lipid.96 
Besides the sorting of proteins and lipids into exosomes an exciting 
study by Ratajczak et al. discovered that embryonic stem cell–
derived EVs reprogram hematopoietic progenitors through transfer 
of messenger RNA (mRNA) and protein delivery.19 Subsequent 
studies indicated that mast cell exosomes contain functional mRNA 
and a class of miRNAs.17 Importantly EVs secreted by tumor cells are 
present in biofluids and can be used for diagnostic purposes.18 How 
such nucleic acids are loaded into exosomes remains unclear and their 
potential role in vivo unsubstantiated. On the basis of findings using 
virus-infected B-cell blasts we proposed that exosomes derived from 
MVBs are likely to contain the class of small RNAs,22 in part because 
exosomes are physically incapable of carrying (many) large mRNAs. 
Indeed bioanalyzer studies on exosomal RNA usually indicate that 
small RNAs are abundantly present compared to larger-size RNAs 21 

which agrees with studies in Drosophila and mammalian cells that 
MVBs are closely linked with miRNA function.70,143 Some of these 
nucleic acids, in particular the class of miRNAs, can be delivered 
in a functional manner to recipient cells, and evidence of transfer 
has been provided in humans with exploiting viral miRNAs.21 Not 
surprisingly, the findings mentioned here stirred the interest in 
exosomes and secreted membrane vesicles even more because of 
their biological, diagnostic, and therapeutic implications. The role of 
nucleic acids in the biogenesis of exosomes is still a “black box.” It is 
presumed that miRNAs from intracellular granules can be delivered 

Conclusions and Perspectives
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into ILVs of MVBs, possibly via a process of autophagy,30,144 although 
mechanistic studies have not yet been performed. Undoubtedly, with 
the rapid progression of this field, the answer may come sooner as 
expected. In fact, a link between autophagy and exosomes may have 
been provided in yeast.145 
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3.1  Introduction

The cell differentiation fate and phenotype are tightly controlled by 
transcription factors that operate in a defined microenvironment. 
Within this microenvironment the exchange of information 
between cells is critical and influences the final cell phenotype. 
Cells may communicate with each other, not only through soluble 
factors such as cytokines, chemokines, and hormones,1 but also by 
direct cell-to-cell contact through cytonemes that connect adjacent 
cells, allowing transfer of surface-associated molecules, as well as 
tunneling nanotubules, which also enable transfer of cytoplasmic 
components.2 Moreover, cells secrete vesicles into the extracellular 
space membrane that act as carriers for exchange of information 
between cells. The extracellular vesicles (EVs) released from cells 
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both in vitro and in vivo are a mix of different vesicles with a spherical 
shape constituted of a lipid bilayer and hydrophilic proteins. 
Extracellular membrane vesicles include shedding vesicles, also 
known as ectosomes, microparticles, exovesicles, or microvesicles 
(MVs), formed by budding of the cell plasma membrane, along with 
exosomes derived from the endosomal membrane compartment by 
exocytosis.3,4 Shedding vesicles include a heterogeneous population 
with sizes ranging from 100 nm to 1,000 nm, whereas exosomes are 
a more homogeneous population of vesicles with sizes ranging from 
30 nm to 120 nm. 
	 Formation of shedding vesicles involves calcium influx and cy-
toskeleton reorganization with redistribution of membrane compo-
nents, leading to formation of membrane nanodomains5 (Fig. 3.1a). 
These vesicles express high levels of cholesterol and phosphatidyl-
serine (PS),4 as well as other molecules generally ascribed to lipid 
rafts, including tissue factor (TF) and flotillin-1.6 Plasma membrane 
budding is associated with changes in membrane lipid asymmetry 
with exposure of PS by a process that involves the increase of cy-
tosolic Ca2+, leading to alteration of the transmembrane enzymatic 
balance of several enzymes such as calpain, scramblase, floppase, 
flippase, and gelsolin.7 Vesicle shedding from the cell surface then 
follows after Ca2+-dependent proteolysis.8 Therefore, the release 
of shedding vesicles can be triggered by all stimuli that increase 
intracellular Ca2+ levels. During formation, shedding vesicles col-
lect specific transmembrane and cytosolic proteins4 and therefore 
carry specific molecules of the cell of origin. For instance, shedding 
vesicles may contain cytokines and chemokines (e.g., interleukin-1β 
and interleukin-8), vascular endothelial growth factor (VEGF), and 
fibroblast growth factor 2 (FGF2) produced by the cell of origin9 or 
oncogenic growth factor receptors (e.g., epidermal growth factor 
receptor variant III [EGFRvIII]) as in the case of shedding vesicles 
derived from gliomas.10 Different groups have observed the instru-
mental role of sphingomyelinases (SMases) in the mechanism of EV 
release. Bianco et al. recently demonstrated a causal relationship be-
tween acidic SMase (A-SMase) activity and MV shedding and showed 
that A-SMase is both sufficient and necessary for the MV-shedding 
process in glial cells.11

	 The biogenesis of exosomes and the precise intracellular 
compartment from which they derive is still unidentified. Exosomes 
are thought to originate from the endosomal compartment following 
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inward invaginations of the cell membrane under the control of the 
endosomal sorting complex required for transport (ESCRT) (Fig. 
3.1b). The involvement of the ESCRT has been suggested by the 
presence of Alix, a component of the ESCRT, within exosomes.12 
After compartmentalization into late endosome/multivesicular 
bodies (MVBs), exosomes may be released from the cell after fusion 
with the cell membrane.13 Other studies suggest a critical role for 
ceramide, which induces exosome release after invagination of the 
cell membrane.14 This mechanism is catalyzed by neutral SMAse 
(N-SMAse),14 rather than A-SMAse,11 and exosome release is 
reduced following inhibition of neutral sphingomyelinases. This and 
other studies indicate that different members of the SMase family 
specifically control the budding and release of distinct populations 
of EVs.11,14,15

	 Exosomes, unlike shedding vesicles, express molecules such as 
TSG101, Alix, HSC70, CD81, CD63, CD9, and a low content of PS.16 
Other classes of vesicles include gesicles with a size of 100 nm 
and exosome-like vesicles with sizes ranging from 20 nm to 50nm, 
expressing the full-length 55 kDa tumor necrosis factor (TNF) 
receptor-1.17

	 Cells simultaneously produce several types of EVs bearing 
a specific cargo and potentially capable of different biological 
activities.13 Moreover, membrane composition and also the size of 
vesicles may differ depending on the cell of origin; it is therefore 
difficult to exactly categorize different EVs. Irrespectively of their 
origin, EVs contain cytosol delimited by a plasma membrane 
expressing proteins and receptors from the cell of origin; nucleic 
acids are also present in both exosomes and shedding vesicles. 
	 Even though the exact physiological role of EVs remains to be 
elucidated, it is becoming clear that they may transfer proteins, 
receptors, bioactive lipids, messenger ribonucleic acid (mRNA), 
and micro-RNA (miRNA) from the cell of origin to the recipient cell, 
which may modify their phenotype and functions.18,19 Interestingly, 
high-density lipoprotein (HDL) and low-density lipoprotein (LDL), 
which are the other major lipid-based particles in the plasma, also 
contain miRNAs. Highly pure HDL fractions were found to contain 
distinct miRNA signatures, which are altered in cardiovascular 
diseases. Furthermore, HDL was demonstrated to deliver miRNAs to 
Huh7 hepatocellular carcinoma cells.20

Introduction
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Figure 3.1	 Biogenesis of extracellular vesicles. (a) Changes in membrane 
lipid asymmetry induces blebbing of the cell plasma membrane 
with generation of shedding vesicles. Formation of shedding 
vesicles is dependent on the increase of the intracellular 
calcium concentration that leads to (i) inactivation of ATP-
dependent aminophospholipid translocase (flippase) with 
consequent translocation of PS to the external leaflet of the 
cell membrane bilayer; (ii) inactivation of floppase, an ATP-
dependent enzyme that induces the transfer of lipids from 
the inner leaflet of the cell membrane to the outer together 
with flippase; (iii) activation of scramblase, which determines 
back-and-forth movements of phospholipids between the 
two leaflets of the cell membrane; and (iv) activated calpain, 
which cleaves the long actin filaments of the cytoskeleton, 
allowing membrane budding and shedding of vesicles. (b) 
Exosomes derive from the endosomal compartment as a result 
of maturation of early endosomes that progress into MVBs 
under the control of the ESCRT. Exosomes are released into the 
extracellular space after fusion of MVBs with the cell plasma 
membrane.

	 Increasing evidence indicates that exosome-/MV-dependent 
transfer of transcriptional regulators may induce epigenetic and 
functional changes that at least under certain conditions can be 
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stable. Therefore the intercellular communication mediated by EVs 
uncovers an unexpected high plasticity of the cellular system.

3.2  Microvesicles and Exosomes as Haulers of 
Information

It has been suggested that EVs represent a very early and evolution-
ary conserved mechanism of cell-to-cell communication that served 
as a template for the development of subsequent, more sophisti-
cated mechanisms of cell communication.18 EVs can bind selectively 
and be incorporated by specific recipient cells;21 they therefore only 
interact with target cells that can recognize them, as opposed to just 
any cell present in the microenvironment.22 Binding to the recipi-
ent cell through ligand–receptor interactions or surface-expressed 
lipids is followed by internalization of EVs into endocytic compart-
ments or direct fusion with the plasma membrane, leading to trans-
fer of membrane components and delivery of exosome/MV contents 
to the cytoplasm of the recipient cell.23 Alternatively, they may re-
main segregated within endosomes and be subsequently dismissed 
by the cells following fusion with the plasma membrane, thus lead-
ing to the process of transcytosis.23 As the molecular composition of 
EVs released from diverse cell types is different, functional conse-
quences to recipient cells also vary. Therefore, surface and intrave-
sicular molecules are the determinant of functional and phenotype 
changes occurring in cells that interact with EVs.

3.2.1  Receptor–Ligand Signaling Complexes

EVs may influence the behavior of target cells in a variety of ways.
	 EVs may act as signaling complexes and directly stimulate tar-
get cells. This is the case with monocyte-derived MVs that express 
P-selectin glycoprotein ligand-1, instrumental in the monocytes’ 
binding to platelets or MV release from platelets that are enriched 
with integrins and P-selectin.18,23 Through these surface molecules 
they may directly activate endothelial, inflammatory, and malignant 
human hematopoietic cells.22 MVs expressing TF in their membrane, 
such as those derived from platelets, monocytes, or tumor cells, also 
act by direct surface interaction. In addition, MVs released from neu-

Microvesicles and Exosomes as Haulers of Information



84 Extracellular Vesicle–Mediated Epigenetic Reprogramming of Cells

trophils that express activated Mac-1 are able to induce platelet ac-
tivation.22 Moreover, the anionic aminophospholipid PS present on 
the MV surface may act as a platform for the assembly of coagulation 
factors.

3.2.2  Shedding Vesicles as Protein Carriers

3.2.2.1  Transfer of functional receptors

Another mechanism of action of EVs is related to fusion with the 
plasma membrane of the recipient cell with the transfer of receptors 
that are expressed by EVs. This mechanism has been shown for 
bystander B-cells that may acquire antigen receptors from activated 
B-cells by membrane transfer,24 leading to expansion of cells able to 
present a specific antigen to CD4 T-cells. Other receptors known to 
be transferred by MVs include the Fas ligand that, once transferred 
from tumor cells, induces apoptosis of activated T-cells, promoting 
tumor immune escape.25 In addition, there is the adhesion molecule 
CD41 that, once transferred via MVs from platelets to endothelial 
cells26 or tumor cells,18 induces proadhesive properties to these 
cells. The MV transfer of CXCR4 and CCR5 chemokine coreceptors 
for the human immunodeficiency virus-1 (HIV-1) virus to non-
lympho-hemopoietic cells may favor the entry of the virus into these 
cells.27,28 Another example of surface protein delivery by EVs is 
the transfer of TF and certain oncogenic receptors (i.e., EGFRvIII) 
from tumor cells to adjacent endothelial cells, a process that could 
clearly influence tumor angiogenesis.29,30 Interestingly, it has been 
described that MV production can be triggered by the activity of 
some of the same oncogenic receptors that subsequently become 
incorporated into the MV cargo.22

3.2.2.2  Transfer of signaling proteins

EVs may also deliver proteins within the cytoplasm of target cells, 
as seen for MVs derived from endotoxin-stimulated monocytes, 
which are able to transfer a cell death message via encapsulated 
caspase-1.31 Sheldon et al. demonstrated that tumor- and endothelial 
cell–derived exosomes can transfer Delta-like 4 (Dll4), an important 
regulator of the Notch pathway, in recipient cells, both in vitro 
and in vivo. Exososomal Dll4, may affect target endothelial cells 
through the inhibition of Notch signaling, loss of Notch receptors, 
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and change of the endothelial phenotype toward tip cells.32 It has 
been also suggested that MVs may contribute to propagation of 
several infective agents, such as prions or HIV.22 The so called “trojan 
exosome hypothesis” contemplates the direct delivery of HIV-1 by 
MVs.33

3.2.3  Extracellular Vesicles as Carriers of Genetic 
Information

The discovery that exosomes and MVs also contain nucleic acids 
makes them an attractive vehicle for intercellular trafficking of 
RNA. The presence of extracellular RNA described by Stroun et al. in 
1978 suggests that, in addition to proteins, secretory RNA may also 
participate in cell-to-cell communication.34 However, the presence 
of RNA-degradative enzymes in the extracellular space rendered it 
difficult to fully comprehend the biological relevance of secretory 
RNA. A breakthrough in extracellular RNA biology followed the 
revelation that EVs derived from different cell sources contain 
mRNA and miRNA. Indeed the encapsulated RNA within EVs is 
protected from extracellular ribonuclease (RNase), facilitating the 
extracellular transport of RNA. Ratajczak et al.35 demonstrated that 
MVs derived from murine embryonic stem (ES) cells carry specific 
mRNA. Baj-Krzyworzeka et al.36 demonstrated that MVs derived 
from tumor cells carried mRNA for growth factors that could be 
transferred to monocytes. In addition, Valadi et al.37 demonstrated 
that the exosome-transferred RNA was also translated into proteins 
in the recipient cells. We found that MVs derived from human 
endothelial progenitor cells (EPCs) contained selected patterns of 
mRNA that, once transferred into quiescent endothelial cells, activate 
an angiogenic program.38 Moreover, recipient cells incubated with 
MVs derived from green fluorescent protein (GFP)-transfected 
EPCs start to express GFP, demonstrating the transfer of functional 
mRNA. MV-mediated delivery of human mRNA to mouse cells and 
its translation into proteins has not only been shown in vitro37,38 
but also in vivo.39,40 Aliotta et al.41 recently showed that MV-treated 
bone marrow cells may undergo phenotypic changes due to MV 
delivery of mRNA or indirect translation of tissue-specific mRNA. 
Besides mRNA, Valadi et al. demonstrated that exosomes released 
from mouse and human mast cells contain and transfer miRNAs,37 a 
class of post-transcriptional gene expression regulators, suggesting 
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that they can alter gene expression in recipient cells. The miRNAs 
seem to be compartmentalized within EVs as their concentration 
is relatively more abundant than within the whole cell. Evidence of 
in vitro transfer of specific subsets of miRNAs to mouse embryonic 
fibroblasts has been also provided by Yuan et al.42 We also found that 
miRNAs are enriched in MVs released by adult human mesenchymal 
stem cells (MSCs). Interestingly, the miRNA profile of cell-secreted 
MVs reflects those of the donor cells, but some miRNAs are selectively 
accumulated within MVs, suggesting a regulated process of RNA 
compartmentalization.43 The gene ontology analysis of the miRNAs 
targets, highly expressed inside MVs, suggests that they may be 
involved in immune system regulation, cell survival, differentiation, 
and multiorgan development. The observation that target proteins of 
miRNA in recipient cells are affected by MV administration suggests 
that the transferred miRNAs are indeed functional.43

	 Several other studies have reported the transfer of secretory 
miRNAs through EVs. Zhang et al.44 demonstrated the presence of 
miR-150 in exosomes secreted from cultured human monocyte/
macrophage cell lines and its subsequent transfer to endothelial 
cells. The increased concentration of miR-150 into endothelial 
cells resulted in functional alterations, including c-Myb expression 
and enhanced migration. Kosaka et al. demonstrated the transfer 
via exosomes of the tumor-suppressive miR-143 from normal to 
cancerous prostate cells, resulting in the suppression of its target 
gene and inhibition of tumor cell growth.45 Pegtel et al. showed 
that exosomes released from Epstein–Barr virus (EBV)-infected 
cells contain mature EBV-encoded miRNAs.46 Recently, miRNAs 
have been also detected in body fluids such as blood plasma, urine, 
saliva, and sperm. The generation of miRNA profiles in biological 
fluids has supported the role of extracellular miRNAs as putative 
biomarkers of pathological states. The relatively high stability of 
circulatory miRNAs in physiological fluids has been attributed to 
their associations with RNA-binding proteins or their encapsulation 
within EVs.17 The miRNAs contained in EVs may function both as 
passive indicators of disease and as real effectors of EV function.
	 Some reports have recently described the possible shuttle 
by EVs of parental deoxyribonucleic acid (DNA). Waldenstrom 
et al. identified the presence of 343 different chromosomal DNA 
sequences in EVs from mouse cardiomyocytes. DNA shuttled by EVs 
can be incorporated and localized both in the cytoplasm and in the 
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nuclei of recipient cells.47 This is in line with previous studies that 
identified the presence of chromosomal DNA in human prostasomes 
isolated from PC-3-cells.48 Experiments with both nuclease 
treatment and different DNA staining indicated an internal location 
of the prostasomal DNA. Other studies have also suggested that 
mitochondrial DNA is present in exosomes isolated from astrocytes 
and glioblastoma cells, suggesting that MVs released from cancer 
cells may contain traces of mitochondrial DNA.49

	 The mechanism of accumulation and compartmentalization of 
ribonucleoproteins within EVs still remains to be defined. However, 
recent studies suggest a selective mechanism of RNA packaging.50 
Some information on the mechanisms of RNA accumulation within 
EVs may derive from studies on the ribonucleoproteins involved 
in the intracellular trafficking of RNAs and on the comparison of 
the miRNA species contained in EVs and in the cells of origin. We 
found that MVs released from stem cells contained stress granule–
specific proteins, including ribonucleoproteins involved in RNA 
storage. Among these proteins TIA, TIAR, and HuR, together with 
Stau 1 and 2 proteins expressed in nuclei and stress granules but 
not in P-bodies, have been detected within MVs.43 The absence of 
P-body-specific proteins and the presence of proteins involved in 
miRNA organization, such as Ago2 and GW182, were also observed 
in exosomes released from cultured monocytes.50 We observed 
the presence of Ago2,43 a protein of the argonaute family, which is 
involved in miRNA transport and processing, in MVs derived from 
human MSCs. These studies suggest a role of ribonucleoproteins in 
RNA transport, storage, and stability within EVs.43

	 The important role of lipids in the selective release of miRNAs 
inside exosomes has recently been unveiled.20 Ceramide has been 
shown to play a role in intraluminal vesicle formation as well as in 
their sorting into lysosomes for cargo degradation or into exosomes 
for secretion into the extracellular space.14 Accordingly, experiments 
of the knockdown of neutral nSMase2, the key enzyme in ceramide 
synthesis, induced a relevant decrease in the cellular export of miR-
16 and miR-146a.51 Furthermore, chemical inhibition of nSMase2 
attenuated the release of exosomes and in turn miR-16 shuttled by 
exosomes.20 Other groups observed that inhibition of nSMase2 with 
GW4869 resulted in a significant increase of miRNA release and 
transport through the HDL.20

Microvesicles and Exosomes as Haulers of Information
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3.3  Modulation of Extracellular Composition and 
Secretion of Vesicles by Different Stimuli

EVs contain RNA and proteins that reflect those of donor cells. 
Their content may vary depending on cell stimulation. It has been 
suggested that EVs protect target cells from cellular stress via 
transfer of RNA and proteins. De Jong et al. recently demonstrated 
that endothelial cell–derived exosomes mediate communication of 
stress-related signals.52 They observed that exposure of endothelial 
cells to hypoxia or TNF-a modulates both protein and mRNA 
content of exosomes derived from these cells. In pathological states 
such as cancer, the microenvironmental stimuli not only affect 
the quantity of EVs released but also affect their composition.13 
Recently, Hedlund et al. demonstrated that leukemia/lymphoma 
T- and B-cell lines, subjected to thermal and oxidative stress, 
enhance the release of immunosuppressive exosomes in models 
of hematopoietic malignancies.53 They demonstrated that cellular 
stress significantly enhances the secretion of NKG2D-ligand-
carrying exosomes by tumor cells. Functional studies demonstrated 
that NKG2DL transferred by exosomes abrogates NKG2D-mediated 
NK cell cytotoxicity, and therefore it might contribute to the immune 
evasion of leukemia cells.53

	 In addition, Lv et al. showed that treatment with a chemothera-
peutic agent enhances immunogenicity of exosomes released from 
cells resistant to anticancer drugs. The mechanism is related to the 
induction of HSP-specific NK cell responses, ascribed to an enhance-
ment of exosome-carried HSPs (HSP60, HSP70, and HSP90).54

	 In agreement with these findings, Chen et al.55 previously found 
that exosomes derived from heat-stressed tumor cells (HS-TEX) 
could also chemo-attract and activate dendritic cells (DCs) and 
T-cells more potently than activation by conventional tumor-derived 
exosomes. Accordingly, intratumoral injection of HS-TEX enhances 
the antitumor immune response, inhibiting tumor growth.55

3.4  Extracellular Vesicle–Induced Changes in 
the Cellular Phenotype

Epigenetic changes induced by EVs have been particularly studied in 
the context of immunology and cancer and stem cell biology.
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3.4.1  Role in Immune Response

Numerous recent studies have focused on the role of EVs as regula-
tors of immune responses.17 Firstly, the role of EVs in immune system 
cell cross-talk was discovered by studies demonstrating that EBV-
transformed B-lymphocytes were able to secrete exosomes through 
the fusion of MVBs with the plasma membrane.56 Lymphocyte B–re-
leased exosomes were able to express major histocompatibility com-
plex (MHC) class II dimers bound to antigenic peptides on their sur-
face, presentable to specific T-cells, supporting the active function of 
exosomes in adaptive immune responses.57 Subsequently, different 
groups described that DCs may also secrete exosomes expressing 
functional MHC class I–peptide complexes. DC exosomes have been 
described as being able to induce CD8+ T-lymphocyte-dependent 
immune responses, resulting in the regression of established tumors 
in immune-competent mice.58

	 Interestingly, exosomes released by immune cells at different 
differentiation stages showed diverse immunogenic properties. 
Segura et al.59 demonstrated that both immature and mature murine 
DCs secrete morphologically similar exosomes. Proteomic analysis of 
the two populations showed equal overall protein composition but 
quantitative differences in protein levels. Moreover, functional T-cell 
stimulation assays demonstrated that exosomes secreted by mature 
DCs were more potent than those derived from immature DCs both 
in vitro and in vivo.59 Exosomes derived from mature DCs have 
been also described to support anticancer therapies.60 By contrast, 
exosomes secreted by immature DCs or by DCs overexpressing 
anti-inflammatory cytokines61,62 promote the suppression of 
inflammation and autoimmune responses and may represent a 
novel therapy for the treatment of autoimmune diseases.57

	 Recent studies have established that miRNAs show a 
distinctive profile in cells of the immune system and play pivotal 
roles in the regulation of both cell development and function. In 
addition, the aberrant expression of miRNAs may contribute to 
pathological states involving the immune system, such as cancer 
and autoimmunity.63 The role of miRNAs, shuttled by EVs, in 
immune system regulation has only been recently described.57 
The exchange of miRNAs, via exosomes, between T-cells and 
antigen presenting cells (APCs) has been demonstrated at the site 
of immune synapse. Inhibition of exosome production by targeting 
N-SMase reduces the transfer of miRNAs to APCs.64 On the other 
hand, the cognate DC–T-cell interaction induced exosome release by  
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DCs,65 supporting the idea of a dynamic exchange of information via 
exosomes between DCs and T-cells.57

3.4.2  Role in Tumor Cell Biology

Several studies indicate that tumor-derived EVs profoundly influence 
the cancer microenvironment by changing the phenotype of stroma 
cells and favoring tumor cell escape from immune surveillance.66 
Castellana et al.67 demonstrated that tumor and normal stroma 
cells communicate through the mutual shedding of MVs, increasing 
tumorigenicity (Fig. 3.2). This reciprocal communication allows the 
exchange of receptors, active proteins, lipids, or genetic information 
via EVs.

Figure 3.2	 Extracellular vesicles mediate tumor–stromal cell interaction. 
EVs may reprogram the phenotype of stromal and immune 
cells within the tumor microenvironment. The reciprocal 
exchange of information between tumor and stromal/
immune cells is mediated by the delivery of transcription 
factors, mRNA, and miRNA that may favor the formation of a 
favourable microenvironment for tumor development. Tumor-
derived EVs stimulate angiogenesis and extracellular matrix 
remodeling and escape from immune surveillance. 
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	 An example of receptor-mediated transfer of information is the 
phenotypic change induced by the transfer of the membrane-bound 
CX3CL1/fractalkine ligand for the chemokine receptor CX3CR1 by 
MVs derived from fibroblasts of highly metastatic prostate carcinoma 
cells ensuing in increased migration and invasion.67

	 The delivery of biologically active proteins has been shown in 
several experimental conditions. For instance, tumor-derived MVs 
may deliver interleukin-8 and chemokines,68 thus mimicking the 
effect of tumor cells on monocytes.68 MVs from a prostate carcinoma 
may enhance tumor invasion by delivering matrix metalloproteinases 
(MMPs) and extracellular MMP inducers.67 Another example of 
protein delivery by EVs is the transfer of oncogene products to 
neighboring cells. Al Nedawi et al.10 demonstrated that MVs may 
transfer the oncogenic form of EGFRvIII to nonaggressive tumor 
cells; EGFRvIII is expressed in a subset of aggressive gliomas. The 
horizontal propagation of this oncogene product determines the 
activation of signaling pathways, such as mitogen-activated protein 
kinase (MAPK) and Akt, and changes the expression of genes 
modulated by EGFRvIII, such as P27, Bcl-XL, and VEGF. The outcome is 
a morphological and functional transformation of the recipient cells 
that acquire anchorage-independent growth properties.10 Antonyak 
et al. recently showed that breast carcinoma and glioma cells may 
release MVs capable of transforming fibroblast and epithelial 
cells by transference of tissue transglutaminase and fibronectin.70 
Delivery of proangiogenic factors such as CD147/extracellular MMP 
inducers, tetraspanins, and sphingomyelins by tumor-derived EVs 
may stimulate an altered phenotype of tumor endothelial cells, 
promoting angiogenesis, tumor growth, and invasion.71 The MV-
mediated transfer of the oncogenic EGFR from tumor to endothelial 
cells activates an angiogenic program by inducing an autocrine 
expression of VEGF.30 Exosomes derived from tumor endothelial 
cells may transfer DII4 to the normal endothelium, thus transmitting 
the angiogenic signal.32 Changes induced by EVs may not only 
occur within the tumor microenvironment, but by entering the 
circulation they may also contribute to the formation of the so-called 
“premetastatic niche,” to enhance the recruitment and engraftment 
of tumor cells ensuing in the development of metastasis (Fig. 3.3). 
Hood et al. demonstrated that melanoma exosomes can induce 
remodeling of tissue matrices and prepare sentinel lymph nodes 
for tumor metastasis.72 In fact, they observed selective homing of 
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melanoma cells to melanoma-derived exosome-rich premetastatic 
sites. Jung et al. reported that exosomes released from rat pancreatic 
adenocarcinoma cells, in cooperation with soluble matrix 
components, modify the lung microenvironment, thus favoring the 
development of lung metastases.73 It has been also described that 
exosomes isolated from highly metastatic melanoma BL6-10 cells 
may modify poorly metastatic F1 melanoma cells, transferring 
molecules responsible for the BL6-10 metastatic phenotype.74 
These data further highlight the role of exosomes in reprogramming 
recipient cells to acquire a more aggressive phenotype.

Figure 3.3	 EVs favor premetastatic niche formation. EVs released from 
tumor cells may enter the blood or lymphatic circulation 
and reach distant sites, favoring the development of a 
microenvironment (premetastatic niche) that allows tumor 
cell diffusion and metastasis.

	 An increasing number of studies have reported that cancer cells 
have employed exosomes to evade the immune system by inducing 
apoptosis in immune effectors such as NK cells and cytotoxic 
T-lymphocytes (CTLs). Human prostate cancer cell line–derived 
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exosomes have been shown to carry the Fas ligand, which may be 
shuttled to CTLs, mediating target cell apoptosis and promoting 
tumor immune evasion.25 Interestingly exosomes released by 
cancer cells have also evolved mechanisms for transferring their 
drug resistance phenotype to target cells. Ciravolo et al.75 found that 
carcinoma cells that overexpressed the human epidermal growth 
factor receptor 2 (HER2) release exosomes that affect the sensitivity 
of cells to HER2-targeted therapy: trastuzumab. HER2-positive 
exosomes have the unique ability to neutralize the cytotoxic efficacy 
of trastuzumab on SKBR3 cells.75

	 Only a few studies have described the active role of lipids in MV-
mediated intercellular communication. Sphingomyelin expressed 
on the surface of tumor-derived MVs stimulates endothelial cell 
migration, invasion, and in vitro and in vivo angiogenesis.76

	 More recently, the transfer of genetic information by EVs has 
emerged as an important mechanism of epigenetic changes. By 
transferring mRNA and miRNAs to recipient cells, EVs may induce 
changes in the cancer microenvironment, leading to reprogramming 
of normal stromal and endothelial cells. Transfer of tumor mRNA 
to monocytes enhances their survival by inhibition of apoptotic 
pathways.36

	 Skog et al. showed that MVs released transport-specific and 
functional mRNA and miRNAs from a glioblastoma that are 
taken up by normal host cells, such as brain microvascular cells, 
with consequent activation of cell migration, angiogenesis, and 
proliferation.77 Similarly, MVs produced by colorectal tumor 
cells contain several cell cycle–related mRNAs able to activate 
endothelial cell proliferation.78 It has been recently shown by the 
group of Quesenberry that MVs derived from lung79 and prostate 
cancer cells80 may alter the genetic phenotype of normal cells by 
transferring a specific subset of mRNA and that in turn the tissue 
microenvironment may modify cancer cell gene expression.
	 In addition to mRNA, tumor-derived MVs shuttle retrotransposon 
elements and amplified oncogene sequences81 that, once 
incorporated into stromal and endothelial cells, may support the 
development of a microenvironment that is favorable for cancer 
growth and progression.
	 Despite the fact that all cell types within the tumor mass have 
the potential to release EVs, we recently found that in renal cancer 
the MVs that contain proangiogenic properties, and that are able to 
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induce a premetastatic niche in the lungs, were those derived from 
cancer stem cells.82 MVs derived from renal cancer stem cells differ 
in their content of mRNA and miRNAs with respect to other renal 
cancer cells. In fact, they contained several proangiogenic mRNAs 
such as those for VEGF, FGF, angiopoietin 1, ephrin A3, MMP2, and 
MMP9. Besides the differences in mRNA, MVs from cancer stem cells 
were enriched for, and showed a differential pattern of, miRNAs with 
respect to the non-stem-cancer cell populations. These miRNAs are 
involved in several biological functions relevant for cell growth, reg-
ulation of transcription, cell matrix adhesion, and synthesis of mac-
romolecules. Among the miRNAs we detected miR-200c, miR-92, 
and miR-141 that were described as being significantly up-regulated 
in patients with different types of cancers.82 Moreover, MVs derived 
from cancer stem cells contained several miRNAs such as miR-29a, 
miR-650, and miR-151, known to be associated with tumor invasion 
and metastases or, as in the case of miR-19b, miR-29c, and miR-151, 
specifically up-regulated in patients with renal carcinomas.
	 Taken together, these data indicate that EVs derived from tumor 
cells may be instrumental in transferring genetic information to 
bystander cells, inducing epigenetic changes in their phenotype that 
may sustain an unfavorable outcome of the tumor.

3.4.3  Role in Stem Cell Biology

Ratajczak et al.35 firstly hypothesized that the maintenance of pluri-
potency and undifferentiated propagation of stem cells in vitro may 
require effective intercellular signaling, mediated by MVs. MVs de-
rived from ES cells were shown to express stem cell–specific mol-
ecules that may also support self-renewal and expansion of adult 
stem cells. ES-MVs express the Wnt-3 protein and are selectively 
highly enriched in mRNA for several pluripotent transcription fac-
tors when compared to parental ES cells. It has been shown that this 
mRNA can be delivered by ES-MVs to target cells and can be trans-
lated into the corresponding proteins. The authors demonstrated 
that mRNA transferred by murine ES-MVs may reprogram murine 
hematopoietic progenitors by enhancing survival and improving ex-
pansion, by inducing expression of early pluripotent (Oct-4, Nanog, 
and Rex-1) and early hematopoietic stem cell (Scl, HoxB4, and GATA 
2) markers, and by inducing phosphorylation of mitogen-activated 
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protein kinase (MAPK) p42/44 and serine-threonine kinase AKT.35 
Inactivation, by RNase, of MV-shuttled RNA inhibited these biologi-
cal effects, indicating the involvement of horizontal transfer of mRNA 
in the observed phenomena. Murine ES-MVs also contain abundant 
amounts of miRNAs that can be transferred to mouse embryonic 
fibroblasts in vitro.42 The ability of EVs to convey genetic informa-
tion is also shared by adult stem/progenitor cells. MVs released 
from EPCs tend to shuttle a specific subset of cellular mRNA, such as 
mRNA associated with the PI3K/AKT signaling pathway.38 Protein 
expression and functional studies have shown that PI3K and eNOS 
play a critical role in the angiogenic effect of MVs. These results sug-
gest that EPCs may activate angiogenesis in endothelial cells by re-
leasing MVs that are able to trigger an angiogenic program.38

	 Recently, Quesenberry and Aliotta suggested that MVs are an 
integral component in the exchange of information involved in the 
continuum model of stem cell biology.83 In this context, exosome-/
MV-dependent exchange of genetic information plays a critical role 
in modulating the plasticity of stem cells, as well as the response 
of differentiated cells to injury. The exchange of genetic information 
between stem and injured cells is bidirectional, with a reciprocal 
influence on cell phenotype. 

3.4.3.1  EVs released from injured tissue inducing changes in 
the phenotype of bone marrow stem cells

Despite it being suggested that, following engraftment, bone marrow 
cells may give origin to nonmarrow cells in many injured tissues, 
the underlying mechanism is still debated. Transdifferentiation and 
cell fusion do not exhaustively explain stem cell plasticity. Aliotta et 
al.41 demonstrated that murine bone marrow cells cocultured with 
injured lung cells expressed genes for lung-specific proteins such as 
Clara cell–specific protein, surfactant B, and surfactant C. Moreover, 
they found that the released MVs were responsible for such a 
phenomenon.41 In this case, MVs were shown to contain high levels 
of lung-specific mRNA and to deliver this to bone marrow cells. This 
observation may explain bone marrow stem cell plasticity involved 
in physiologic tissue repair in the absence of transdifferentiation or 
fusion.83
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3.4.3.2  MVs released from stem cells reprogramming injured 
cells to repair damaged tissues

A major contribution of tissue-resident cells rather than marrow-
derived cells has been reported in the repair of many organs. 
Repopulation of the tubules during recovery from acute kidney inju-
ry has been shown to depend mainly on proliferation of tubular cells 
that have survived after an injury.84 This process involves the de-dif-
ferentiation of tubular cells to a mesenchymal phenotype, migration 
to the site of injury, re-entry into the cell cycle with proliferation, 
and finally redifferentiation into functional epithelial cells. Similarly 
liver regeneration mainly depends on the proliferation of resident 
cells. On the other hand, experiments based on the administration of 
exogenous MSCs demonstrate functional and morphologic recovery 
from renal, liver, or heart injury,85 dependent on paracrine/endo-
crine mechanisms. In fact, MSCs only transiently accumulated within 
the injured tissues.22 Bi et al. showed that an MSC-conditioned me-
dium mimics the beneficial effects of the cells of origin, diminishing 
tubular cell apoptosis, increasing tubular cell survival, and limiting 
renal injury in cisplatin-induced acute kidney injury.86 This was also 
observed in other organs such as the heart and liver.85 In this con-
text, MVs released from stem cells may play a critical role in repro-
gramming injured cells. MV accumulation at the site of tissue injury 
and their subsequent incorporation into resident tissue cells may 
induce their de-differentiation to a stem cell–like phenotype, with 
the resulting activation of tissue regenerative programs. We recently 
showed that MVs released from human MSCs stimulate in vivo pro-
liferation and apoptosis resistance of renal tubular epithelial cells. 
When administered in SCID mice with acute kidney injury, MVs mim-
icked the functional and morphological recovery induced by MSCs.39 
RNA inactivation in MVs inhibited both in vitro and in vivo biological 
effects, suggesting a major role of RNA in microvesicle function. MVs 
released from MSCs also enhanced survival in SCID mice with cispl-
atin-induced lethal acute kidney injury.87 Whereas the single admin-
istration of MVs improved survival and ameliorated renal function 
and morphology, but did not prevent chronic tubular injury, multiple 
injections of MVs led to complete restoration of normal morphology 
and function.87 The mechanism of protection was mainly ascribed to 
changes in gene expression of the recipient cells that up-regulated 
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antiapoptotic genes, such as Bcl-xL, Bcl2, and BIRC8, and down-regu-
lated genes with a central role in the execution phase of cell apopto-
sis, such as Casp1, Casp8, and LTA. The change in the cell phenotype 
and the activation of regenerative programs have been also shown 
in other experimental models, including a model of renal ischemia/
reperfusion injury88 and a model of 70% hepatectomy in rats.40 In 
the heart, Timmers et al. demonstrated a significant reduction of in-
farct size in pig and mouse models of ischemia/reperfusion injury by 
MSC-derived exosomes.89 Evidence of a role of MV-mediated transfer 
of miRNAs in the renal-protective and proangiogenic effect of MVs 
derived from EPCs has been recently suggested by unspecific miRNA 
depletion of MVs derived from Dicer knockdown in EPCs and by MV 
depletion of the proangiogenic miRNAs miR-126 and miR-296 by 
EPC transfection with specific antagomiRs.90 Because miRNAs are 
multifunctional molecules that regulate post-transcriptional gene 
expression, they are one of the major candidates for exosome-/MV-
mediated epigenetic changes. Therefore, clarifying the role of miR-
NAs and other noncoding RNAs shuttled by EVs may be relevant for 
several physiological and pathological conditions.

3.5  Conclusions

EVs released from a given cell type may not only modify the phenotype 
of neighboring cells but also behave as hormones by acting at a 
distance from the site of secretion by entering the circulation and 
other biological fluids. These “messengers” deliver multiple and 
complex information that influences the behavior of recipient cells. 
In particular, the horizontal transfer of gene products emerges as a 
potential mechanism of epigenetic alterations with physiological and 
pathological relevance. Multiple actors are involved in the pleiotropic 
activity of EVs. Besides proteins and bioactive lipids, the nucleic acid 
transferred between cells may induce transient or stable phenotypic 
changes in recipient cells. In the context of cancer, tumor-derived 
EVs may influence the tumor microenvironment by reprogramming 
the phenotype and functions of stromal and immune cells, favoring 
tumor growth and diffusion. Thus, an understanding of signals that 
EVs deliver might be relevant not only for comprehending tumor 
biology but also for designing new therapeutic strategies. 

Conclusions
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	 In the context of stem cell biology, epigenetic changes induced 
by the signals of EVs may explain stem cell plasticity, especially in 
response to injury. Moreover, EVs released from stem cells may 
reprogram cells that have survived after an injury and thus favor 
tissue regeneration. Finally, since EVs retain several biological 
properties of the stem cell of origin, development of therapeutic 
strategies that avoid the administration of viable replicating cells 
can be envisaged.
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Although the biological and clinical relevance of extracellular vesicles 
(EVs) is increasingly recognized, their isolation and detection 
have proven to be extremely difficult. On the one hand, due to the 
biological complexity of body fluids, physical separation of vesicles 
from similar-size particles and cells is complicated. Consequently, it 
is probable that in many studies not only vesicles were detected.1 
On the other hand, since the diameter of vesicles is typically ranging 
from 30 nm to 1 µm, vesicles are below the detection range of many 
currently used techniques.2 As a result, after isolation the recovery 
and contamination cannot be reliably quantified, and isolation 
protocols have not been standardized (Chapter 5). The interrelated 
difficulties of the detection and isolation of EVs clearly expose one of 
the main issues to be solved by the research field. To fully understand 
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and appreciate the content of this book, it is essential to point out the 
capabilities and limitations of methods to isolate and detect EVs. This 
chapter provides an overview of novel and conventional methods to 
detect EVs. For each technique, we will discuss its capability to assess 
relevant properties of vesicles, whether the information is obtained 
from individual or multiple vesicles and whether the technique can 
be applied directly in suspension. In addition, we will contemplate 
the applicability of each method in terms of measurement time, 
assuming the detection of 10,000 vesicles, a number that is 
common in flow cytometry. All findings are summarized in Table 
4.1. The methods listed in Table 4.1 can often provide more detailed 
information than mentioned here if the instrument is operated by a 
specialist with foreknowledge of the sample.

4.1  Vesicle Isolation

Ideally, vesicles are detected directly in body fluids, but due to, 
for instance, the viscosity of body fluids, the presence of cells 
that dominate detection signals, the presence of enzymes causing 
vesicle degradation, the presence of particles within the size range 
of vesicles, and the presence of high-molecular-weight proteins, 
vesicles often need to be isolated before they can be reliably 
detected. The isolation of vesicles is complicated and depends not 
only on body fluids but also on preanalytical variables (Chapter 5) 
and the applied isolation method. In this section we will discuss 
three isolation methods because this knowledge is essential to 
understand the rest of this chapter.

4.1.1  Differential Centrifugation

The most common method to isolate vesicles is differential 
centrifugation. With centrifugation, a centrifugal force is induced 
by the spinning of the centrifuge rotor to sediment particulate 
matter, for instance, vesicles in suspension. Isolation of vesicles 
is based on differences in size and density, with smaller and less 
dense components migrating toward the axis of the centrifuge and 
larger and denser components migrating away from the axis. With 
differential centrifugation, multiple sequential centrifugation steps 
are applied, each step removing particulate matter such as cells and 
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increasing the centrifugal force to separate less dense components 
than the previous step. Typically applied centrifugal accelerations 
range between 200 and 1,500 × g to remove cells, 1,500 and 3,000 × 
g to remove cellular debris, 10,000 and 20,000 × g to pellet vesicles 
with a diameter that is on average larger than 100 nm, and 100,000 
and 200,000 × g to pellet vesicles with a diameter that is on average 
smaller than 100 nm. Because all physical properties of vesicles 
that are involved in differential centrifugation are heterogeneous, 
complete isolation of vesicles with a certain diameter or density 
remains unfeasible. In addition, centrifugation may also induce the 
release of vesicles or fragmentation from cells due to the applied 
mechanical forces.3

4.1.2  Filtration

With filtration, the isolation of vesicles is based on differences in 
size, shape, and deformability between types of vesicles and other 
particles. Although most filters have a well-defined pore size, the 
filtrate may contain larger vesicles than the pore size due to the de-
formation of vesicles. In addition, filters may bind subpopulations 
of vesicles, and increasing forces have to be applied with decreasing 
pore size. One recent advance is the availability of nanofabricated 
filtration sieves, which have pores with well-defined diameters as 
small as 100 nm.4–6 Figure 4.1a shows a scanning electron micro-
graph of a filtration sieve containing pores with a diameter of 900 
nm. Nanofabricated filters have the capability to separate plasma 
from whole blood by capillary forces only, as was recently demon-
strated using a planar filter with a thickness of 500 nm.7 However, 
the total obtained volume of plasma from 5 µL blood was merely 
45 nL. Further investigation is necessary to employ nanofabricated 
filters for the isolation of EVs.

4.1.3  Flow-Field Flow Fractionation

Alternatively, vesicles can be isolated and fractionated by size using 
flow-field flow fractionation (FFFF). Figure 4.1b shows a schematic 
of the underlying principle of FFFF. In an open flow channel a 
laminar flow with a parabolic stream profile is formed. This main 
flow transports the sample through the channel to which a cross 
flow is applied perpendicularly. The cross flow is directed through 
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a semipermeable membrane that is located at the bottom wall. The 
membrane allows the fluid to exit the channel but prevents the 
vesicles to pass through. Vesicles in the fluid continuously move in 
random directions due to collisions with solvent molecules, which 
is called Brownian motion. The mean squared displacement of the 
Brownian motion is given by the translational diffusion coefficient D

D
k T
d

= B

3ph

where kB is Boltzmann’s constant, T the absolute temperature, η 
the viscosity, and d the hydrodynamic vesicles’ diameter. Thus, the 
smaller the particle, the larger the mean squared displacement. 
Consequently, under the influence of the Brownian motion of 
vesicles and the counteracting cross flow, different equilibrium layer 
heights are formed by different size fractions. Small vesicles with 
high diffusion coefficients are on average located more centrally in 
the flow channel in fast stream lines and elute first. Larger vesicles 
with lower diffusion coefficients are on average located in slow 
stream lines and elute later. This results in size-based fractionation 
with a resolution of up to 10 nm without exposing the vesicles to 
high shear stress.8 

A B

1 µm

Cross flow

Main flow Small vesicles
Large vesicles
Semi-permeable 
membrane 

Figure 4.1	 Advanced methods to isolate vesicles. (A) Scanning electron 
micrograph of a filtration sieve containing pores with a 
diameter of 900 nm. Image courtesy of C. J. M. van Rijn. (B) 
Schematic of the underlying principle of FFFF. Since relatively 
small vesicles (purple) have a large diffusion coefficient 
compared to relatively large vesicles (green), small vesicles 
are on average located more centrally in the flow channel than 
larger vesicles. Consequently, due to the parabolic flow profile 
of the channel flow, small vesicles elute faster than larger 
vesicles.
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	 FFFF has been successfully applied to isolate exosomes from 
human neural stem cells,9 but FFFF is not widely applied, because it 
requires extensive optimization of the instrument settings and it is 
relatively expensive. The total elution time is typically ranging from 
30 min to 1 h.
	 In sum, vesicles require isolation before detection due to the 
high complexity of body fluids, in particular blood. Although many 
techniques are available to isolate vesicles, it is unknown what the 
most effective method will be.

4.2  Properties of Vesicles

After vesicles have been isolated, relevant properties are preferably 
assessed from single vesicles. Relevant properties of vesicles are size, 
density, morphology, biochemical composition, and zeta potential.2,10 
From the size information a differential size distribution can be 
obtained, providing insight into the number of vesicles of one 
particular size relative to another size. We define concentration 
as the number of vesicles per unit volume. If both the differential 
size distribution and the concentration are known, an absolute size 
distribution can be obtained, which gives the number of vesicles 
of one particular size per unit volume. Morphology refers to shape 
and ultrastructure, which are best illustrated in Fig. 4.2b, where 
vesicles differ in shape, contrast, and surface pattern. Biochemical 
composition points to the building blocks whereof vesicles consist, 
for example, lipids, proteins, deoxyribonucleic acid (DNA), and 
ribonucleic acid (RNA). Since the outer surface of the phospholipid 
membrane of a vesicle can be negatively charged, it is important 
to realize that this negative charge is counterbalanced by ions of 
opposite charge that are present in the surrounding solution. These 
counterions are spread in a diffuse layer of thicknesses of several 
nanometers surrounding the phospholipid membrane of the vesicle. 
The zeta potential is the electric potential difference between the 
stationary layer of ions that is bound to the vesicles and the medium.

4.2.1  Vesicle Properties Revealing the Origin of a Vesicle

When vesicles of one particular type have unique (combinations 
of) properties, their cellular and subcellular origin may be deduced. 

Properties of Vesicles



112 An Overview of Novel and Conventional Methods to Detect Extracellular Vesicles

The cellular origin refers to the cell type from which vesicles 
originate. Since vesicles originate from their parent cell, we expect 
that vesicles will have at least some properties resembling their 
parent cell, for instance, the presence of characteristic membrane 
proteins. Furthermore, these features may reflect the status of the 
parent cell, for instance, whether the parent cell was undergoing 
programmed cell death or was activated when releasing the vesicles. 
The subcellular origin indicates whether a vesicle originates from an 
intracellular compartment or the plasma membrane.

4.2.2  Information from Multiple Vesicles

Useful information on vesicles can also be obtained by studying 
total populations of vesicles. This includes functional as well as 
antigenic assays (Chapters 6 and 7). An example of a functional 
assay is an assay used to study the coagulant properties of vesicles 
in human body fluids. In such assays, the coagulant properties of the 
total population of vesicles are measured (Chapter 6). Well-known 
examples of assays to detect a particular or multiple proteins in 
total populations of vesicles are Western blot or mass spectroscopy, 
respectively. A limitation of these methods is, however, that 
contaminants may be present that affect the information obtained 
from such assays.

4.3  Optical Detection Methods

Optical methods have the potential to obtain properties of single 
vesicles in solution with high throughput. Two important parameters 
in optics are the wavelength λ of light and the refractive index n of 
particles relative to the suspending medium. The refractive index is 
defined as the ratio of the speed of light in vacuum to that in the 
material. Optical phenomena depend on the refractive index of 
the material, which in turn depends on the wavelength of light. In 
practice, the higher the difference is between the refractive index 
of a vesicle and the surrounding medium, the more light will be 
scattered by the vesicle. In this chapter we have selected the optical 
methods that are most applicable for detection of vesicles. We have 
made a distinction between optical detection methods based on light 
scattering, fluorescence, or both light scattering and fluorescence.
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4.3.1  Light Scattering

Light that illuminates a vesicle is partly scattered and partly ab-
sorbed. It is useful to know how much light is scattered by a single 
vesicle, because many optical setups are based on the detection of 
scattered light. The quantity of light scattered by a single vesicle is 
proportional to the scattering cross section σ and can be calculated 
by Mie theory, which involves the diameter and refractive index of 
the particle, the refractive index of the surrounding medium, and the 
wavelength and polarization of light.11 In contrast to Fraunhofer dif-
fraction and Rayleigh scattering, Mie theory applies to any ratio of 
the diameter of the particle to the wavelength. Figure 4.2a, in a semi-
log representation, shows the scattering cross section versus the di-
ameter of a polystyrene bead, a silica bead, and a vesicle at a wave-
length of 488 nm, which is commonly used in flow cytometers. The 
scattering cross section decreases tremendously with decreasing di-
ameter for all particles. For example, the scattering cross section and 
thus the scattered amount of light of a single polystyrene bead with 
a diameter of 60 nm are 64,000-fold lower than the scattering cross 
section of a 600 nm polystyrene bead. From Fig. 4.2a it becomes also 
clear that the scattering cross section strongly depends on the re-
fractive index, n, of the material. For instance, a 300 nm polystyrene 
bead (n = 1.605) in water (n = 1.33) scatters seven times more light 
than a silica bead (n = 1.445) of similar size, which in turn scatters 
four times more light than a vesicle, again due to differences in the 
refractive index. Since the refractive index of vesicles is not exactly 
known, and may also differ between different types of vesicles or 
between vesicles of different cellular origin, the light green area in 
Fig. 4.2a represents an estimated confidence interval, which is based 
on the assumption that vesicles are spherical and have a refractive 
index of 1.38 ± 0.02 inside and 1.48 at the 10 nm thick phospho-
lipid membrane.12–15 This estimation of the inner refractive index of 
vesicles is based on the measured inner refractive index of cells and 
bacteria.12 Since vesicles originate from their parent cell, we expect 
that vesicles have an inner refractive index that should be equivalent 
to their parent cell.
	 To study light scattered from all vesicles of a population, we 
isolated a population of vesicles from human urine. Urine can be 
used to prepare a relatively high concentration of vesicles without 
substantial contamination.2 Vesicles from fresh cell-free urine of 
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five overnight-fasting healthy male subjects were isolated by high-
speed centrifugation (Fig. 4.2b; 30 min at 18,890 g), followed by 
ultracentrifugation of the supernatant (Fig. 4.2c; 1 h at 154,000 g). 
We imaged vesicles by transmission electron microscopy (TEM) 
and measured the diameter of 1,000 vesicles in each fraction. The 
combined size distributions are shown in Fig. 4.2d. According to 
recent estimates with a novel detection method, the concentration 
of vesicles and other particles in plasma ranges between 7.0 × 108 
mL–1 and 1.2 × 1010 mL–1.16,17 As our next calculation demands an 
absolute size distribution as input, we arbitrarily multiplied our 
relative vesicle size distribution by 5 × 106 mL–1 to obtain a realistic 
vesicle concentration of 1010 mL–1.
	 Although one has to bear in mind that the obtained absolute size 
distribution can be affected by isolation procedures, it is very useful 
to provide insight into the complex mechanisms underlying light 
scattering from multiple vesicles. If we multiply the concentration 
of the vesicles obtained from the size distribution (Fig. 4.2d) by the 
scattering cross section (Fig. 4.2a), the scattering coefficient per 
vesicle diameter is obtained (Fig. 4.2e). The scattering coefficient, 
depicting the average number of scattering events of light per unit 
length, is a measure of the quantity of light scattered by all vesicles 
per diameter. Please note that the contribution of light scattered by 
vesicles smaller than 100 nm is surprisingly small (Fig. 4.2e), given 
their high concentration (Fig. 4.2d). Consequently, smaller vesicles 
require far more sensitive optical detection than larger vesicles, 
and light scattering of small vesicles can easily be overwhelmed by 
scattering of large vesicles.

4.3.1.1  Dynamic light scattering

Dynamic light scattering (DLS), also known as quasi elastic 
light scattering or photon correlation spectroscopy (Chapter 
10), determines the differential size distribution of multiple 
particles in suspension, ranging in diameter from 1 nm to 6 μm, 
by measuring the intensity fluctuations of scattered light caused 
by vesicles undergoing Brownian motion.18,19 The differential size 
distribution is obtained from the intensity fluctuations by applying 
a mathematical algorithm following from diffusion and light-
scattering theory. DLS performs well on the size determination of 
monodisperse samples, that is, samples containing particles of 
one particular size.20–22 However, as scattering is detected from 
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Figure 4.2	 Light-scattering properties of vesicles. (A) Scattering cross sec-
tion vs. diameter (logarithmic scale) at a wavelength of 488 nm 
 for a polystyrene bead (n = 1.605), a silica bead (n = 1.448), and a 
vesicle calculated using Mie theory. The refractive index for vesicles 
is assumed to be 1.38 ± 0.02 inside and 1.48 at the 10 nm thick phos-
pholipid membrane. The scattering cross section, and thus the quan-
tity of light scattered by a particle, strongly decreases with decreas-
ing diameter and decreasing refractive index. (B) Vesicles isolated 
from cell-free human urine by centrifugation (30 min at 18,900 × g). 
(C) Vesicles isolated from EV-depleted urine by ultracentrifugation 
(1 h at 154,000 × g). (D) Size distribution of vesicles measured by 
TEM. The size distribution is arbitrarily multiplied by 5 ¥ 106 mL–1 

to obtain a realistic vesicle concentration of 1010 mL–1. The plot 
shows that most vesicles are smaller than 100 nm. (E) Scattering co-
efficient vs. diameter (logarithmic scale). The scattering coefficient, 
which depicts the mean number of scattering events that light en-
counters per unit length, is given by the product of the concentration 
of the standard population (D) and the scattering cross-section (A). 
The scattering coefficient strongly increases with increasing diam-
eter, indicating that the contribution of light scattered by vesicles 
smaller than 100 nm is relatively small.
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multiple particles simultaneously, size distributions of polydisperse 
samples, that is, samples containing different-size particles, are 
less accurate and require foreknowledge of the sample to apply 
the most suitable mathematical algorithm.20,21 For example, size 
distributions of polydisperse samples are likely to be biased toward 
small numbers of larger particles such as platelets,21,22 which scatter 
light more efficiently than small vesicles, as shown in Fig. 4.2e. Two 
populations can be resolved only if the particle diameter differs at 
least twofold.20–23 The typical measurement time ranges from 30 s 
to 1 min.
	 Many commercial DLS instruments can also determine the zeta 
potential, which is measured by applying an electric field across 
the suspension. Consequently, charged vesicles will migrate toward 
the electrode of opposite charge with a velocity proportional to the 
magnitude of their zeta potential. The mean velocity of vesicles is 
measured using laser Doppler velocimetry, whereupon the zeta 
potential of vesicles can be determined by taking the Smoluchowski 
approximation of the Henry equation.

4.3.1.2  Raman spectroscopy

Raman spectroscopy is based on the detection of inelastic light 
scattering and is used to study the chemical composition and 
structure of macromolecules inside single living cells.24 The sample 
is illuminated by monochromatic laser light. When the light is 
scattered by the sample, the wavelength may change due to an 
energy loss or gain, which is caused by vibrations of molecules in 
the sample. This wavelength shift is molecule specific and can be 
detected by sensitive spectrometers. Since vesicles contain many 
different biomolecules, which all have unique Raman spectra, the 
chemical composition can be investigated without labeling.
	 Figure 4.3 shows the Raman spectrum of a single vesicle isolated 
from platelet concentrates by differential centrifugation. This 
spectrum was obtained using a confocal Raman microspectrometer, 
in which a krypton ion laser operating at a wavelength of 647 nm 
was focused to a probe volume of 0.3 µm3.25 Due to the high 
illumination intensity, the vesicle was trapped in the laser beam. 
The peaks in the spectrum are specific to the chemical bonds and 
symmetry of the molecules. For instance, the pronounced peak at 
2,947 cm–1 is characteristic of hydrocarbon stretching. Since the 
signal amplitude is linearly proportional to the number of molecules, 
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Raman microspectroscopy is a quantitative technique. For a vesicle 
that fits within the probe volume, the magnitude of the Raman 
signal strength is proportional to the volume of a single vesicle and 
therefore the relative size can be estimated, which is a method that 
warrants further investigation. The concentration of vesicles can 
be determined if the probe volume is known. Since the intensity of 
Raman scattering is weak in comparison to Rayleigh scattering, most 
detectors require acquisition times in the order of seconds. Thus, 
with the current state of the art, obtaining Raman spectra from 
10,000 vesicles would take at least several hours.
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Figure 4.3	 Raman spectrum of a single vesicle from platelet concentrates 
after subtraction of the background spectrum of the medium. 
The peaks reveal specific chemical bonds that are present in this 
vesicle. For instance, the peak at 2,947 cm–1 is characteristic of 
hydrocarbon (C–H) stretching, and the peak at 1,660 cm–1 is 
characteristic of amide I.

4.3.2  Fluorescence

Fluorescence is the emission of light by a material that has absorbed 
light at a usually shorter wavelength. Since most vesicles exhibit no 
intrinsic fluorescence, they are usually labeled using conjugates of 
antibodies or proteins with fluorophores.26 Common fluorophores 
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are quantum dots (QDs) and organic dye molecules. QDs can be seen 
as artificial atoms that are generally stabler and brighter than organic 
dye molecules or fluorescent proteins. The emission wavelength 
of QDs can be controlled precisely, because this depends on their 
size, which can be regulated during fabrication. QDs have a typical 
diameter of 2–20 nm, and they have been successfully used to label 
vesicles.17,27 Since vesicles usually expose antigens from the parental 
cells, all methods based on fluorescence detection potentially 
provide information on the biochemical composition and origin of 
vesicles. Fluorescence also offers opportunities to acquire additional 
chemical information, since the fluorescence wavelength, intensity, 
and fluorescence lifetime depend on the molecular environment.12,28 
Nevertheless, fluorescent multilabeling is not easy to perform and 
involves several practical problems, including nonspecific binding 
and aggregate formation of labeled antibodies.2,29,30

4.3.2.1  Fluorescence correlation spectroscopy

Fluorescence correlation spectroscopy (F-CS) was originally 
developed to study molecular diffusion.31 The absolute size 
distribution can be obtained from fluorescence intensity fluctuations 
caused by one or more particles moving by Brownian motion 
through a well-characterized illuminated volume,32 which may 
take several minutes to 1 h, depending on the sample. As the probe 
volume is typically only 1 µm3, F-CS is a very sensitive technique, 
capable of detecting single fluorescent molecules. In terms of vesicle 
detection, potentially even the smallest vesicle can be detected as 
long as it is labeled. Although a small numbers of larger vesicles may 
influence the size distribution substantially, it is expected that this 
effect is smaller in comparison to DLS because the probe volume is 
much smaller.

4.3.2.2  Stimulated emission depletion microscopy

In practice, stimulated emission depletion microscopy (STED) is 
fluorescence microscopy with a spatial resolution of up to 6 nm, 
which is sufficiently small to size vesicles.33–35 In addition, the high 
resolution may be used to gain information on morphology and to 
determine the distribution of labeled receptors at the surface of 
larger vesicles. The concentration can be determined if the detection 
area and binding efficiency of vesicles to the surface are known. The 
measurement time is in the order of hours.
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4.3.3  Light Scattering and Fluorescence

4.3.3.1  Flow cytometry

Flow cytometry is probably the most commonly applied optical 
method to detect vesicles in clinical samples.36 A flow cytometer 
guides cells and vesicles through one or more laser beams in a 
hydrodynamically focused fluid stream (Chapter 8). One detector 
is placed in line with the laser beam and measures the forward-
scattered light (FSC). Other detectors measure the side-scattered 
light (SSC) and fluorescence intensity perpendicular to the beam. 
The ability to simultaneously detect light scattering and fluorescence 
at multiple channels from single particles makes flow cytometry a 
powerful detection method, especially for the characterization of 
single cells in suspension.
	 The applicability of flow cytometry to detect single vesicles, 
however, is still limited.37 In an effort to standardize vesicle detection, 
the Scientific Standardization Committee of the International 
Society on Thrombosis and Haemostasis proposed a protocol that 
used 500 nm and 900 nm polystyrene beads from Megamix to 
define a vesicle size gate.36 However, a difficulty with flow cytometry 
is that the relation between the measured light scattering and 
the diameter of vesicles is unknown, resulting in a still ongoing 
discussion about the standardization of vesicle detection.38–40 From 
Fig. 4.2a it is clear that the use of 500 nm and 900 nm polystyrene 
beads results in the gating of vesicles that are significantly larger 
due to differences in the refractive index of beads and vesicles. 
Furthermore, the exact relation between the applied gating and the 
selected vesicle diameter is instrument specific and depends on the 
illumination wavelength and collection angle. Nevertheless, FSC 
and SSC detectors can be calibrated by combining Mie calculations 
with measurements on polystyrene beads and silica beads of known 
diameter, concentration, and refractive index, so the measured light-
scattering power can be related to the diameter of single vesicles.41

	 The same study showed that vesicle detection by flow cytometry 
is attributed not only to large single vesicles but also to swarm 
detection of smaller vesicles, that is, multiple vesicles that are 
illuminated simultaneously by the laser beam and that are being 
counted as a single event signal. Like any detector, the FSC and SSC 
detectors of a flow cytometer have a lower detection limit, which is 
the minimum amount of light that is scattered by a single particle 
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to generate an event signal. We define a particle scattering more 
or less light than this detection limit as a large or a small particle, 
respectively. Figure 4.4a shows the SSC histogram of large 610 
nm silica beads at a concentration of 107 mL–1 as measured with 
a FACSCalibur (Becton Dickinson, Franklin Lakes, NJ, USA) flow 
cytometer at a high flow rate (60 µL min–1). At this concentration, 
on average a single bead is illuminated by the laser beam at a time, 
and since 610 nm silica beads scatter more light than the detection 
limit of the flow cytometer, every single bead passing the laser beam 
is detected. For this flow cytometer, the smallest detectable silica 
beads are 204 nm in diameter,41 so it is expected that smaller beads 
cannot be detected as a single event. However, Fig. 4.4b shows that 
silica beads with a diameter of 89 nm can be successfully detected 
when the vesicles are present at a sufficiently high concentration, in 
this particular experiment 1011 mL–1. At such a high concentration, 
multiple 89 nm silica beads are simultaneously present within the 
laser beam, and because the total amount of light that is scattered 
simultaneously by these vesicles exceeds the detection limit, the 
vesicles will be counted by the flow cytometer as a single event 
signal.
	 To create a sample with physical properties resembling vesicles 
in plasma,16,17 a mixture of 89 nm and 610 nm silica beads was 
prepared. Figure 4.4c shows the SSC histogram of a mixture of large 
610 nm silica beads at a concentration of 107 mL–1 and small 89 nm 
beads at a concentration of 1011 mL–1. The two peaks confirm that 
the presence of a single large or multiple small particles in the laser 
beam both contribute to the count rate. In this particular case, the 
count rate was close to the maximum acquisition rate such that the 
counts corresponding to 89 nm or 610 nm beads are lower than 
expected depending on their individual histograms. 
	 Taking into account the geometry of the FACSCalibur flow cy-
tometer and a realistic concentration of vesicles, it is obvious that 
swarm detection also plays a role in vesicle detection. Since the sam-
ple core diameter is 56 µm at a high flow rates and the laser beam 
is elliptically focused to a cross-sectional area of 22 ¥ 66 µm2,42 
 the effective beam volume is 22 ¥ π ¥ 282 = 5.4 ¥ 104 µm3, or 54 pL.
	 Assuming a realistic vesicle concentration of 1010 mL–1 16,17, the 
mean amount of vesicles that are simultaneously present in the laser 
beam will be approximately 540.
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Figure 4.4	 Relative contributions of mechanisms underlying vesicle 
detection by flow cytometry. SSC histogram (logarithmic 
horizontal scale) for (A) 610 nm silica beads at a concentration 
of 1 × 107 mL–1, (B) 89 nm silica beads at a concentration of 
1 × 1011 mL–1, and (C) a mixture of 89 nm and 610 nm silica 
beads at concentrations of 1 × 1010 mL–1 and 1 × 107 mL–1, 
respectively.

	 Although swarm detection allows the detection of smaller vesi-
cles than previously thought possible and explains why flow cytom-
etry underestimates the concentration of vesicles, the simultaneous 
presence of multiple vesicles of various sizes in the laser beam is a 
very complex process. For example, to what extent swarm detection 
plays a role in the detection of fluorescence signals from vesicles is 
unknown. Preferably, vesicles are detected by an instrument with a 
sample core diameter of ~2 µm and an effective beam volume of ~10 
fL, which is over 5,000-fold smaller than FACSCalibur and technical-
ly feasible. Novel flow cytometers have higher sensitivity than the 
FACSCalibur, and the smallest detectable single polystyrene bead by 
a commercial instrument is currently 100 nm,40,43,44 corresponding 
to a single vesicle with a diameter of at least 150 nm, depending on 
the optical configuration and the exact refractive index of the vesicle. 
Nevertheless, the illumination geometry of these “new generation” 
flow cytometers does not show much improvement. For example, 
the new Beckman Coulter Gallios flow cytometer has a rectangular 
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flow channel of 150 ¥ 460 µm, and the violet laser beam is elliptically 
focused to a cross-sectional area of 9 ¥ 70 µm2. These large dimen-
sions may still warrant swarm detection and will potentially compli-
cate the detection of single vesicles with diameters below 100 nm.

4.3.3.2  Nanoparticle tracking analysis

Nanoparticle tracking analysis (NTA), also known as single-particle 
tracking, measures the absolute size distribution of vesicles with 
a diameter ranging from 50 nm to 1 μm (Chapter 11). Vesicles in 
suspension are illuminated by a laser beam and therefore scatter 
light or exhibit fluorescence in case the vesicles are fluorescently 
labeled. The light is collected by a dark-field microscope, thereby 
revealing the position of the vesicles, which are continuously moving 
due to Brownian motion (Eq. 4.1). For each vesicle in the field of 
view of the microscope, the movements are tracked during one to 
several minutes and the mean squared displacement is calculated 
by digital image processing. Since the mean squared displacement 
of the Brownian motion depends on the viscosity, temperature, and 
(hydrodynamic) particle diameter, an absolute size distribution of 
vesicles in suspension can be obtained after the system has been 
calibrated with beads of known size and concentration.17

	 An advantage of NTA is that samples are visualized, providing 
real-time feedback on sample aggregation and monitoring the 
possible presence of cells after vesicle isolation. Furthermore, 
since the fluorescence from individual QDs can be detected, NTA is 
an extremely sensitive method capable of detecting single vesicles 
with a diameter of 50 nm.17 A limitation of NTA is that the moderate 
sensitivity to size differences, due to the uncertainty in the measured 
diffusion coefficient, leads to broadening of the obtained size 
distribution. Consequently, two populations can only be resolved if 
the particle diameter differs at least 1.5-fold. In addition, especially 
for polydisperse samples the obtained concentration of vesicles 
is influenced by the size and refractive index of the vesicles.45 For 
example, at the less intense edge of the laser beam large vesicles 
may remain visible, whereas the intensity of light scattered by the 
smaller vesicles may be below the detection threshold. However, this 
issue may be solved by selecting a proper particle concentration and 
optimizing the camera gain.46

	 Like DLS, NTA can also determine the zeta potential by applying 
an electric field across the suspension. The velocity of vesicles due to 
electrophoresis can be measured by tracking the individual vesicles, 
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and after correction for electro-osmosis, the zeta potential can be 
determined.

4.4  Nonoptical Methods

4.4.1  Atomic Force Microscopy 

Atomic force microscopy (AFM) was developed in 1986 and pro-
vides subnanometer-resolution topography imaging.47An atomic 
force microscope consists of a cantilever with a sharp tip at its end 
that scans a sample surface without physical contact (Chapter 9). 
Movements of the tip are measured, and a three-dimensional image 
is created by software. Owing to a lateral resolution of 3 nm and a 
vertical resolution of less than 0.1 nm,47 AFM can measure the rela-
tive size distribution of vesicles in their physiological state16,48 and 
performs better than DLS on polydisperse samples.49 Due to the 
high resolution of AFM, vesicles must be bound to an extremely flat 
surface, such as mica. Antibodies can be used to bind vesicles to the 
surface, so biochemical information can also be obtained.16 Because 
the efficiency of vesicle binding to a surface using antibodies is un-
known, the concentration of vesicles cannot be determined accu-
rately. Furthermore, the surface binding may affect the morphology 
of vesicles, which may hamper the determination of the real diam-
eter. Due to extensive sample preparation and scanning speed, the 
measurement time is in the order of hours.

4.4.2  Electron Microscopy

With electron microscopy, electrons are used to create an image. 
Since the de Broglie wavelength of electrons is more than three 
orders of magnitude shorter than the wavelength of visible light, 
the imaging resolution can be subnamometer, depending on the 
spatial stability of the electron beam and the chemical stability of 
the sample. Due to this high resolution, it is possible to determine 
the size and morphology of single vesicles. The measurement time is 
in the order of hours.
	 With TEM, the electron beam is interacting with a thin (typically 
<500 nm) specimen as it passes through. The resulting image 
is magnified and focused onto an imaging device. Since TEM is 

Nonoptical Methods
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performed in vacuum, vesicles require fixation and dehydration, 
followed by adhesion to a surface and negative staining to enhance 
the imaging contrast. After visualization by TEM, vesicles typically 
appear as cup shaped.50–52 Using immunogold labeling, it is also 
possible to provide biochemical information.53 However, the 
concentration of vesicles cannot be reliably determined due to the 
unknown binding efficiency of vesicles to the surface.
	 To exploit TEM to study vesicles in their native environment, 
vesicles are rapidly frozen in liquid nitrogen or ethane, followed by 
fracturing of the specimen.54 Then, a replica of the frozen fractured 
surface is made by vacuum deposition of platinum and carbon. 
After cleaning, the replica is imaged by TEM. This procedure of 
sample preparation and imaging is called freeze-fracture electron 
microscopy (FEM). Alternatively, ultrathin (<200 nm) sections of 
specimens can be directly imaged at –80°C using cryo–electron 
microscopy (cryo-EM).55 Both FEM and cryo-EM can reveal the 
size, morphology, and distribution and organization of integral 
membrane proteins. However, the concentration of vesicles in most 
biological samples needs to be increased before freezing, and both 
techniques require considerable know-how and expertise.
	 Unlike aforementioned techniques, scanning electron micros-
copy (SEM) can be exploited to study relatively thick samples, such 
as cells undergoing apoptosis.56 With SEM, the electron beam is 
scanned in a raster pattern to image the sample. Cells and vesicles 
require fixation before analysis by SEM, but in addition they are coat-
ed with gold to enhance contrast and prevent the buildup of charge. 
SEM was successfully combined with Raman microspectroscopy to 
correlate morphology with the composition of dehydrated biological 
materials57 and polystyrene beads at cryogenic temperatures.58

4.4.3  Resistive Pulse Sensing 

Resistive pulse sensing (RPS), also known as scanning ion occlusion 
sensing, is based on the Coulter principle and determines the 
absolute size distribution of vesicles in suspension ranging in 
diameter from 70 nm to 10 μm.59 Figure 4.5a shows a schematic 
representation of the instrument, which consists of two fluid cells 
divided by an insulating membrane containing a single pore. In each 
fluid cell, an electrode is immersed to drive an ionic current through 
the pore, which is typically less than 1 µm in diameter. Figure 4.5b 
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shows the current versus time for cell-free urine diluted 1:10 with 
phosphate buffered saline (PBS) as measured by RPS (Izon Ltd, 
qNano,, Christchurch, New Zealand). When a single vesicle passes 
through the pore, it causes a reduction in current, which appears as 
a downward spike in the graph. Since the relative change in current, 
ΔI/I, is approximately proportional to the volume of the vesicle, RPS 
is very sensitive to changes in the diameter of vesicles. Beads of 
known size are used to relate ΔI/I to the real diameter of vesicles, 
a procedure that has been verified using liposomes of known size 
(personal communication with Izon). 
	 Four mechanisms cause the vesicles to pass through the pore: 
pressure-driven flow, electrophoresis, electro-osmosis, and diffusion. 
Because these mechanisms are interdependent, a pressure of 7 cm 
H2O was applied on fluid cell 2 (Fig. 4.5a) to dominate the transport 
by pressure-driven flow, resulting in a linear relationship between 
the concentration of vesicles and the blockade frequency. Since the 
flow is mainly pressure driven, determination of the concentration 
is independent of the size and zeta potential of the vesicles. Figure 
4.5c shows the cumulative counts versus time for vesicles from cell-
free urine diluted 1:10 with PBS, as well as polystyrene beads with 
a diameter of 203 nm and a concentration of 109 mL–1. After 242 s,  
1,000 polystyrene beads were counted, whereas it took 658 s to 
count 1,000 vesicles. Consequently, the concentration of vesicles 
was 109/658 × 242 × 10 = 3.7 × 109 mL–1. Now that the differential 
size distribution and concentration are derived, an absolute size 
distribution can be composed, as shown in Fig. 4.5d.
	 Besides size and concentration, RPS is also capable of assessing 
the zeta potential. Figure 4.5e shows the cumulative counts versus 
time for polystyrene beads with a diameter of 206 nm and a 
concentration of 2.2 × 109 mL–1. During the measurement, a pressure 
was applied on fluid cell 2 (Fig. 4.5a) ranging from –6 cm H2O to 
5.7 cm H2O, as indicated by the top axis. At –0.5 cm H2O, the count 
rate reaches a minimum, indicating that the forces acting upon the 
vesicles are in equilibrium. The pressure applied at this minimum 
count rate can be used to calculate the zeta potential of vesicles if the 
dimensions of the pore are well known.60

	 Although the Coulter principle has been used for detection 
of cells since the 1950s, the application of RPS to detect vesicles 
is new and has some drawbacks. For example, the sensitivity to 
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changes in the diameter of vesicles is limited by the dynamic size 
range, as clearly visible in Fig. 4.5d, revealing a cutoff at 100 nm due 
to the lower detection limit. Obviously, the upper detection limit is 
defined by the pore size, which is estimated at ~500 nm for this pore 
(personal communication with Izon). To increase the dynamic range 
of a pore, flexible pores or pores with different diameters can be 
used. A second disadvantage of measuring biological samples with 
RPS is pore clogging. Due to the presence of high-molecular-weight 
proteins such as von Willebrand factor or fibrinogen, or particles 
larger than the pore, for example, vesicles, small cells, or aggregates 
thereof, the pore may get clogged. Consequently, the measurement 
has to be paused and the pore needs to be unclogged. Sample 
preparation is therefore critical. Particles larger than the pore can be 
removed by filtration or centrifugation, whereas the concentration 
of proteins can be reduced by washing or dilution. However, all these 
preanalytical steps will affect the presence of vesicles within the 
sample (Chapter 5) and will increase the measurement time.

4.5  Isolation Methods Combined with Optical 
Detection Methods

The size distribution of polydisperse samples as determined 
by optical detection methods is often broadened (e.g., NTA) or 
dominated by the presence of a low concentration of relatively large 
particles (e.g., DLS). Since vesicle populations are polydisperse, it 
may be beneficial to fractionate the vesicles on the basis of their size 
before detection. Two methods that perform size-based fractionation 
before analysis are analytical ultracentrifugation (A-UC) and FFFF.

4.5.1  Analytical Ultracentrifugation

With A-UC, the size distribution of particles in suspension ranging 
from 1 nm to 10 µm in diameter can be determined.61,62 Similar to 
centrifugation, dispersed particles are exposed to centrifugal forces 
with the advantage that the particles are followed in real time. 
There are several variants of A-UC, and many different experiment 
types exist. Therefore, we selected the disk centrifuge, also known 
as centrifugal liquid sedimentation or differential centrifugal 
sedimentation, as the most intuitive method to explain the operation 
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Figure 4.5	 Schematic representation of RPS. The instrument consists of 
two fluid cells divided by an insulating membrane containing a 
single pore. In each fluid cell, an electrode is immersed to drive 
an ionic current through the pore. (B) Current I vs. time for 
vesicles from cell-free urine diluted 1:10 with PBS as measured 
by RPS. The downward spikes ΔI are due to single vesicles 
passing through the pore. (C) Cumulative counts vs. time for 
vesicles from cell-free urine diluted 1:10 with PBS (black 
squares), as well as polystyrene beads with a diameter of 203 
nm and a concentration of 109 mL–1 (red circles). (D) Absolute 
size distribution of vesicles from cell-free urine by RPS. 
(E) Cumulative counts vs. time and pressure for polystyrene 
beads with a diameter of 206 nm and a concentration of 2.2 × 
109 mL–1 to determine the zeta potential.
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principle of A-UC. With disk centrifugation, vesicles are injected into 
the hollow center of a spinning disk containing a fluid through which 
the vesicles sediment to the outer edge. According to Stokes’s law, 
larger vesicles have a higher sedimentation velocity than smaller 
vesicles. The diameter d of vesicles located at a distance Rd from the 
center of the disk is therefore time dependent and can be described 
as follows:

d
R R

t
=

◊ ◊
- ◊ ◊

18

2

h
r r w

ln( / )

( )

d i

v f

where η is the viscosity of the fluid, Ri the distance between 
the injected sample and the center of rotation, ρv the density of 
vesicles, ρf the density of the fluid, ω the angular velocity, and t the 
sedimentation time.62 Beads of known size and density are used to 
determine the numerator of Eq. 4.2. Then, under the assumption 
that the density of the vesicles is known, it is known at what time 
vesicles with a certain diameter pass an optical detector, which is 
placed near the outer edge of the disk. The optical detector monitors 
the concentration of vesicles, N, by measuring the attenuation of 
light, which can be quantitatively described by the Lambert–Beer 
law:

I
I

e N d h

0

= - s( )

where I0 is the intensity of incident light, I the intensity of light after 
passing through the sample with thickness h, and σ the scattering 
cross section.11,63 For spherical particles, such as vesicles, the 
scattering cross section can be calculated by Mie theory and involves 
the diameter and refractive index of vesicles. Since the refractive 
index of vesicles is not exactly known, the determination of the 
number concentration of vesicles warrants further investigation.
	 Due to the size-based fractionation, A-UC can accurately 
determine the size and concentration of a mixture of nine different 
polystyrene beads ranging from 94 µm to 4.9 µm in diameter using 
interference optics.64 The technique is also successfully applied to 
study the size of vesicles from breast cancer cells.65 An advantage 
of A-UC is that multiple samples can be measured simultaneously if 
the instrument is computer controlled and equipped with multiple 
tubes. In addition, the technique can be expanded with other optical 
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techniques, for example, fluorescence and Raman detection, to 
obtain biochemical information.61 A drawback of A-UC is that the 
technique cannot assess information from single vesicles and that 
relatively high expertise is needed to run the apparatus and analyze 
the data.61 The measurement time depends on the sedimentation 
time and is comparable to the centrifugation time required to isolate 
the vesicles of interest.62

4.5.2  FFFF, DLS, and Multiangle Light Scattering

FFFF can separate vesicles on the basis of their size (section 4.1.3). 
Since size-based fractions are monodisperse, the size of vesicles 
can be determined with DLS or multiangle light scattering (MALS).9 
MALS is based on angle-resolved light scattering and is used for 
mean particle size and molar mass determination. Combined with 
an optical detector that measures the attenuation of light, the 
concentration of vesicles can also be estimated using the Beer–
Lambert law (Eq. 4.3) under the assumption that the refractive index 
of vesicles is known. An advantage of FFFF above A-UC is that the 
size-based fractions can be used for further analysis. A drawback 
of FFFF combined with DLS or MALS is that no information from 
single vesicles can be obtained and that relatively high expertise is 
needed to optimize the flow conditions and analyze the data. The 
measurement time is typically ranging from 30 min to 1 h.

4.6  Discussion and Conclusion

This chapter gives an overview of novel and conventional methods 
to detect and characterize extracellular vesicles. Table 4.1 lists the 
assessed possibilities and limitations of each method, depending on 
the underlying physical parameters of each method.
	 Since physical separation of vesicles from similar-size particles 
and cells (section 4.1) is complicated and since vesicles are below 
the detection range of many currently used techniques, the criteria 
to identify different types of vesicles have only been partially 
elucidated so far.66 Therefore, a detection method is required capable 
of measuring the size, concentration, morphology, composition, 
and zeta potential of single vesicles in their native environment 
within a reasonable time (section 4.2). Despite rapid technological 
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developments, there is currently no such technique available, 
according to Table 4.1. However, by combining multiple detection 
methods and improving techniques, all relevant properties of single 
vesicles may become assessable in the future. An improvement may 
be to isolate and analyze vesicles on disposable microfluidic chips, 
on which small volumes (~pL) of fluids can be controlled to allow 
faster reaction times, increased sensitivity, and reduced costs.67

	 At present, diameter criteria are often used to distinguish 
between vesicles originating from multivesicular endosomes and 
vesicles originating directly from the plasma membrane.66 However, 
the size of a vesicle can also be expressed in terms of surface area 
or volume. We speculate that the number of receptors exposed on 
a vesicle is proportional to the surface area, whereas the amount of 
cargo a vesicle can transport is related to the volume of the vesicle. 
Figure 4.6 shows that vesicles with a diameter smaller than 100 
nm have a relatively large contribution to the transport of surface 
receptors (Fig. 4.6a) but hardly contribute to cargo transport (Fig. 
4.6b). This finding may have major implications. For example, many 
properties currently attributed to transport of cargo by vesicles 
smaller than 100 nm, such as the presence of micro-RNA (miRNA), 
cannot be justified as long as samples may also contain larger 
vesicles. However, to provide definite answers the assessment of 
relevant properties from single vesicles is essential.
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Figure 4.6	 (a) Surface area and (b) volume distribution (black bars) 
of the size distribution (blue bars) shown in Fig. 4.2d. The 
concentration of the full population is 1010 vesicles mL–1, 
the total surface area (100%) is 257 mm2 mL–1, and the total 
volume (100%) is 6 nL mL–1. The surface area distribution is 
shifted to the right in comparison to the diameter distribution, 
and the volume distribution is shifted to the right in comparison 
to the surface area distribution.
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5.1  Introduction 

Microvesicles (MVs) are submicron-size vesicles released from cell 
membranes in response to activation or apoptosis.1 They are gener-
ally defined as 0.1–1 µm membrane fragments resulting from the re-
modeling of membrane phospholipids in response to cell activation 
or apoptosis. As a result, blood MVs generally express the anionic 
phospholipid phosphatidylserine (PS) and bear membrane antigens 
representative of their parental cells so that their origin can be de-
termined by using the specific antibodies against these antigens.2,3 
The majority of MVs detected in the blood originate from platelets 
and erythrocytes, but other blood cells such as leucocytes, endothe-
lial cells, and even malignant cells may also shed MVs.4 MVs differ 
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from other types of extracellular vesicles (EVs), including apoptotic 
bodies and exosomes. These different vesicles are distinguished one 
from another on the basis of their subcellular origin, their size, their 
content, the mechanisms leading to their formation, and, from a 
practical point of view, their mode of obtention. Exosomes (less than 
100 nm in diameter) are produced in multivesicular bodies during 
endocytosis, and they play a role in antigen presentation. Unlike MVs 
they do not externalize PS, and they express specific exosomal mark-
ers such as lysosome-associated membrane protein 1 (LAMP1), 
CD63, and TSG101; they also contain messenger ribonucleic acid 
(mRNA) and micro-RNAs.5,6 Apoptotic bodies are larger than MVs or 
exosomes and are characterized by externalized PS, and unlike MVs, 
they may also contain a permeable membrane facilitating propidium 
iodide staining of the nuclear material. Several reports indicate that 
apoptotic bodies are passive cargos delivering their nuclear content 
(oncogenes, deoxyribonucleic acid [DNA], micro-RNA) to phago-
cytes by horizontal transfer.7 However, there is no consensus on the 
phenotypic features and precise size distribution of these different 
types of EVs, and in reality there is probably significant overlap be-
tween the three different populations in size, content, and function. 
This is not only due to limitations of the methods used for their char-
acterization but also due to preanalytical variables.
	 It is now well recognized that EVs behave as conveyors of bio-
active molecules, playing a key role in the exchange of cellular in-
formation. They are considered as messengers and mediators in 
coagulation, inflammation, angiogenesis, immune response, and 
cancer spreading8–12 but also as emergent biomarkers that may be 
useful in clinical practice. Indeed, an overview of the literature from 
the last 10 years evidences that circulating MVs originating from 
blood and vascular cells are elevated in a variety of prothrombotic 
and inflammatory disorders, cardiovascular diseases, autoimmune, 
infectious diseases, and cancer.13–15 In these clinical settings, MV 
counts may be useful for identifying patients at risk for vascular 
disorders and for monitoring response to treatment.16,17 The ac-
curate measurement of any circulating EVs is therefore of poten-
tial major importance. However, among the issues limiting the full 
definition of the clinical relevance of EVs, preanalytical conditions 
represent an important source of variability and may contribute to 
significant potential artifacts in their analysis. Accordingly, the first 
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methodological studies and reviews published on EV determination 
have stressed the major impact on preanalytical parameters for the 
standardization of EV determination3,18–21 and the need to establish 
recommendations.
	 The objective of this chapter is to review the different 
preanalytical parameters influencing EV measurement in plasma 
samples, including phlebotomy, collection tubes, transportation, 
plasma centrifugation, and storage. Issues of EV purification won’t 
be addressed. In 2003, the Vascular Biology Group of the Scientific 
and Standardization Committee (SSC-VB) of the International 
Society of Thrombosis and Haemostasis (ISTH) decided to address 
issues related to the measurement of MVs. Accordingly, we will make 
some general recommendations on preanalytical conditions in MV 
assays and will discuss some aspects related to standardization. 
	 Provided that cells can be easily activated during sample 
processing and that storage is generally needed, the aim of the 
optimal preanalytical protocol for measurement of circulating MVs 
would be to avoid ex vivo MV generation during all steps and to 
obtain complete removal of cells, including platelets, without loss of 
MVs.

5.2  Blood Collection 

In hemostasis laboratories, needles ranging from 19 gauge (G) 
to 22 G are commonly used for venepuncture.22 Theoretically, 
when a small-diameter needle (high G number) is connected to an 
evacuated tube, shear stress and excessive pressure on the vein 
during blood withdrawal might cause in vitro hemolysis23 with 
possible formation of erythrocyte microparticles (EryMPs).24 It is 
recommended that we avoid prolonged placement of a tourniquet 
during venepuncture.25 However, a system using a small-diameter 
butterfly needle is commonly used on small children and patients 
with difficult venous access.26 This system reduces the blood 
flow and consequently increases the risk of platelet activation.22 
To sum up, the different studies analyzing the impact of routine 
hemostasis testing have shown that blood collection performed 
with a large-size, 21-gauge needle avoids in vitro hemolysis, EryMP 
generation, and platelet activation.3,14,22,27 The first 2–3 mL of 

Blood Collection
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blood is discarded as already recommended to limit the effects of 
the vascular damage caused by venepuncture.26,28,29 To compare 
the influence of tourniquet and needle type during venepuncture, 
a recent study measured MVs in healthy volunteers when blood 
was collected successively from both arms of the same donor.28 
Interestingly, application of a light (20 mmHg) compared to a strong 
(80 mmHg) tourniquet did not significantly differ in terms of MV 
counts and procoagulant activity. Moreover, evaluating preanalytical 
conditions for routine hemostasis analysis did not show a significant 
difference between a straight needle or a butterfly device for blood 
collection.28,30 In conclusion, provided blood collection is performed 
by an experienced phlebotomist with a standardized protocol and 
conditions, this step should not impact extensively MV analysis. 

5.3  Collection Tubes 

Several anticoagulants are used to collect blood for MV analysis 
(Table 5.1, adapted from Ref. 20). These anticoagulants should limit 
platelet activation during blood collection and plasma preparation, 
and artifactual release of platelet-derived MVs (PMVs).31–33 Sodium 
citrate (concentration of 0.105 M or 0.129 M) is the most commonly 
used anticoagulant in hemostasis laboratories and for MV analysis.2 
It acts by chelation of free calcium ions, thus making the ex vivo cal-
cium unavailable to the coagulation system,23,34 and prevents leuko-
cytes and platelets from significant activation and degranulation.35 
Because calcium is a key player in membrane phospholipid remod-
eling, citrate is believed to prevent, at least partially, the vesiculation 
process.36 In the literature, other anticoagulants have been used for 
MV determination, including acid-citrate-dextrose (ACD),37–39 ethyl-
enediaminetetraacetic acid (EDTA),40–42 a strong chelator of calcium 
ions, and heparin,43,44 which will preserve extracellular calcium. 
Even if platelet reactivity may vary among different tube brands,45 
citrated anticoagulant generated less artifactual MVs as compared to 
heparin or EDTA. A comparison between blood collection in heparin 
by reference to sodium citrate demonstrated that the levels of an-
nexin V–positive MVs were significantly higher.46 One study simulta-
neously compared the effects of citrate, heparin, and EDTA on plas-
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Table 5.1	 Representative panel of the heterogeneity in preanalytical 
parameters used in the recent literature for microparticles 
analysis

Blood collection Plasma preparation Storage Thawing Ref.

Needle 
(G)

Anti-
coagulant Type Speed (g)

Time 
(min) T (°C) T (°C) T (°C)

19 EDTA PFP 1st: 1,200
2nd: 12,000

15
12

20 
20

–70 n.s 39

21 Citrate PPP 2,600 15 4 – n.s 38

n.s Citrate PPP 1,550 20 20 –80 4 72

21 Citrate PFP 1st: 1,200
2nd: 13,000

15
2

20
20 

–80 37 73

19 
(butterfly 
needle)

Citrate PPP 3,000 15 n.s –40 n.s 74

n.s Citrate PPP 2,000 15 8 –80 n.s 75

21 Citrate PFP 1st: 200
2nd: 20,000

15
15

20 
20

–80 n.s 76

n.s Citrate PFP 1st: 1,500
2nd: 13,400

15
2

n.s –80 n.s 77

21 EDTA-ACD PPP 8,000 5 20 -40 n.s 36

21 ACD aPPP 
bPFP

a2 × 1,550
b1st: 2 × 1,550
2nd: 10,000

20
20
10

n.s –80 n.s 26

n.s Citrate PPP 2 × 2,100 20 n.s –80 n.s 17

21 Citrate PPP 2 × 2,000 10 20 – n.s 78

21 Citrate PPP a: 2 × 5,000
b: 5,000
c: 1,500

5
15
15

20
–
–

–80 n.s 79

21 Citrate PFP 2 × 2,500 15 20 –80 37 28

21 Citrate PFP 1st: 1,500
2nd: 13,000

15
2

20 
4

–80 n.s 80

19 
(butterfly 
needle)

EDTA, 
CTAD, 
heparin, 
hirudin

PFP 2 × 3,000 15 – – n.s 81

n.s Citrate PPP 2 × 3,000 2 × 15 20 –80 37 82

19 Citrate PPP 1,550 20 20 –80 4 23

Source: Adapted from Ref. 20
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ma MV determination measured on the same healthy donors.28 Total 
MV counts measured by flow cytometry (FCM) were dramatically 
increased in EDTA and heparin as compared to the citrated tube. 
Consistently, EDTA is known to induce a P-selectin-dependent plate-
let activation process18 that may also result in pseudo-thrombocy-
topenia and platelet aggregates on blood smears. Moreover, EDTA 
tubes contain extremely high concentrations of potassium,47 with 
an unknown impact on vesiculation. However, contradictory results 
have been published in the literature on the relative impact of these 
three anticoagulants.48 The use of citrate-theophylline-adenosine-
dipyridamole (CTAD) has also been recommended because CTAD 
inhibits platelet activation in vitro by increasing the cytosolic cyclic 
adenosine monophosphate (cAMP) concentration without affecting 
platelet function.19,39,49 Therefore, the platelet activation inhibitors 
contained in CTAD tubes may be more effective in inhibiting ex vivo 
PMV formation.50–52 Accordingly, PMV counts were reported to in-
crease twofold in plasma from citrated blood but to remain relative-
ly stable in plasma isolated from CTAD blood,44 during a period of  
3 h after blood collection. However, experimental data on a series of 
healthy donors did not demonstrate any significant difference in MV 
counts or MV-dependent procoagulant activity between citrate and 
CTAD tubes.28 As a whole, although additional experiments need to 
be performed on the other 109 mM citrate tubes and also on patho-
logical samples, comparison of the most commonly used anticoagu-
lants identifies citrate or CTAD as most appropriate for MV analysis. 

5.4  Transportation 

Conditions of routine blood tube transportation may significantly 
vary in terms of generated agitation. One recent study investigated 
the impact of gentle and strong agitation by comparison with com-
plete absence of any agitation.28 There was no evidence of a signifi-
cant impact of gentle agitation on MV counts and procoagulant ac-
tivity. In contrast, strong agitation induces a critical, although highly 
variable, increase in MV counts and procoagulant potential. To bet-
ter mimic the real situation in hospitals, blood tubes transported ei-
ther unsupported as usual in double plastic bags or purposely kept 
immobile using transportation boxes were compared to reference 
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tubes that remained motionless in the lab (in both horizontal or 
vertical positions). In contrast to what is observed when red blood 
cells are vortexed,53 results of this study based on high-sensitivity 
FCM did not demonstrate a significant impact on the generation of 
EryMVs by gentle agitation. Importantly, the impact of agitation in-
duced by a common hospital transportation system was similar to 
the effect of strong agitation. Interestingly, transporting blood tubes 
in a vertical rather than a horizontal position, via the use of special 
transportation boxes, also limited the extent of in vitro MV genera-
tion.28 The data identify agitation during transportion as a crucial 
step and suggest that such transportation boxes should be used for 
MV studies when patients’ samples are not directly collected in the 
local environment. 
	 In this study, as blood samples were collected from healthy 
volunteers directly in the laboratory, it was also possible to study the 
impact of delay between blood sampling and the first centrifugation 
step with a short delay of 5 min serving as the reference control 
sample. In such conditions, results showed that a 1 h time delay 
before the first centrifugation influences total and PMV counts 
as well as procoagulant activity, consistent with a PMV increase 
already described in other studies.50,52,54 However, the increase 
during the two first hours remains moderate in comparison to other 
preanalytical parameters such as centrigution speed or agitation 
during transportation, suggesting that a short delay, which remains 
compatible with current laboratory practice, may be acceptable, 
provided control and test samples are handled in an identical 
manner. Noteworthy, we did not evidence a significant change on 
EryMVs with such a short time delay, contrary to what may happen 
during storage of blood units for several days.53

5. 5  Plasma Processsing and Microvesicle 
Preparation 

An appropriate centrifugal speed should be applied for plasma 
preparation in order to eliminate cells, including platelets, to freeze the 
samples regardless of the potential of cellular fragmentation during 
thawing and consequent artifactual formation of MVs. According to 
the Clinical and Laboratory Standards Institute (CLSI), plasma with a 
platelet count less than 10 × 109/L is obtained by centrifuging blood 

Plasma Processsing and Microvesicle Preparation
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at 1,500 g for 15 min at room temperature (RT).55 To obtain platelet-
poor plasma (PPP), the CLSI also recommends recentrifuging the 
plasma for another 10 min at 1,500 g. However, platelet-free plasma 
(PFP) obtained by performing two-step centrifugation, each at 2,000 
g for 10 min, can also significantly reduce the level of any residual 
platelets.20 Some studies indicate that MV counts measured by 
conventional FCM are lower in PFP than in PPP, suggesting that a 
percentage of MVs could also be lost during this step.29,56 However, 
careful removal of the majority of platelets is also required prior to 
freezing the samples. The ideal equilibrium remains to be found. The 
literature indicates that centrifugation conditions, speed, and time 
all vary widely among different studies and laboratories (see Table 
5.1, adapted from Ref. 20). The initial centrifugation intended to 
generate cell-free plasma is 1,500–2,500 ¥ g for 15–20 min in most 
studies. However, a significant number of platelets also persist after 
a single centrifugation step.18 An additional centrifugation step of 
13,000 ¥ g for 2 min ensures the generation of PFP.2,57,58 Following 
this second centrifugation, the plasma should be carefully aspirated 
but leaving the bottom 1 cm undisturbed.59 
	 Because this high-speed centrifugation is not always easily 
available in some laboratories, a recent study compared the currently 
recommended protocol of 1,500 g 15 min + 13,000 g 2 min57,60 to 
a more routine laboratory-adapted protocol, that is, 2 ¥ 2,500 g  
15 min.61 The effect of these two different centrifugation protocols, 
both intended to entirely remove platelets, was therefore compared 
on healthy donors. When fresh samples were analyzed, no significant 
difference was observed between both protocols. In contrast, after a 
freeze–thaw cycle, data showed a significant increase in MV counts 
and procoagulant activity with the protocol of 1,500 g 15 min + 
13,000 g 2 min compared to the 2 ¥ 2,500 g 15 min protocol.28 This 
was also confirmed by another team.62 Although both protocols 
create PFP with very low levels of contaminating platelets, the 
routine laboratory-adapted protocol generates less artifactual PMV 
after freezing, due to a lower level of residual platelets. The more 
complex tube handling involved in the high-speed centrifugation 
may partly explain such a difference. Altogether, these studies 
demonstrated the best efficiency of the routine laboratory-adapted 
protocol in terms of platelet removal efficiency and thus stability 
after deep-freeze storage. 
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	 To limit platelet activation, the temperature is generally kept at 
RT (20–25°C) for centrifuging citrated blood.3 However, the effect 
of centrifugation temperature on MVs has not yet been thoroughly 
investigated. Furthermore, during centrifugation the use of brakes 
should be avoided. A pertinent question about this plama prepara-
tion step using centrifugation is: does centrifugation itself generate 
artifactual MVs MV-free plasma was prepared by filtration at 0.1 µm 
of PFP from the same donor. Purified platelets and MV-free plasma 
were mixed and analyzed by impedance-based FCM for PMV and 
platelet content after annexin V–fluorescein isothiocyanate (FITC) 
and CD41-PE labeling according to Zwicker et al.17 The residual 
PMVs were very low. After centrifugation for 2 min at 13,000 g, each 
successive 100 µL layer of plasma (1 to 10) was analyzed for platelet 
and PMV content using the same protocol. As a result, after centrifu-
gation, all platelets were pelleted, but no significant PMV increase 
was observed in the plasma layers. In contrast, as expected, a large 
number of PMVs was found in the pellet indicating that platelet ac-
tivation occurs at the bottom of the tube. Altogether these results 
show that the artifactual PMV generation induced by centrifugation 
is located in the pellet area only. Thus, platelet activation during cen-
trifugation should not artificially affect PMV counts, provided that  
(i) the pellet remains undisturbed and (ii) the PFP is sampled short-
ly after centrifugation. 

5.6  Storage

The use of freshly isolated plasma is recommended for MV 
measurements to avoid changes in MV number and characteristics.59 
In particular, remaining platelets present in depleted plasma are 
fragmented during freezing and thawing, leading to an increase in the 
number of PMVs and annexin V–positive MVs. However, the logistics 
of blood sampling, transport time to the in-house laboratory, or even 
transport to laboratories elsewhere are all variables that are difficult 
to control and keep uniform across different centers. Moreover, in 
multicenter studies and large prospective trials it is often inevitable 
to freeze and store the plasma samples before performing the assay. 
	 Because samples must be stored prior to analysis, several teams 
have studied the impact of a freeze–thaw cycle on MV measure-
ments. However, freezing and thawing protocols reported in the 

Storage



148 Preanalytical Variables

literature are variable, as illustrated in Table 5.1. Studies where 
platelets were insufficiently depleted of course resulted in obvi-
ous differences in the MV counts after thawing.63 In proper condi-
tions, however, although repeated freeze–thaw cycles are known 
to significantly alter the number of PMVs54,64 no major impact of 
deep-freezing was observed, as shown in studies on PMVs28,64 and 
EryMVs.53 One study showed a decrease in MVs after long-term stor-
age.65 Results about the other MV subpopulations were often incon-
clusive because of their smaller quantity within healthy subjects. 
The literature remains contradictory on the influence of freezing on 
endothelial-derived MVs (EMVs), ranging from no variation in EMV 
counts after freezing66 to important changes.29 Analysis of the stabil-
ity of MV determination up to 12 months after storage at –80°C also 
demonstrated that MV-dependent procoagulant activity remained 
constant. Some teams advocate snap-freezing of PFP in liquid nitro-
gen before storage at –80°C to reduce ice crystal formation.59 On the 
basis of MV counts by FCM, thrombin generation, and phospholipid-
dependent coagulation time, no significant difference comparing the 
previous snap-freezing step with direct storage at –80°C has been 
reported.28 However, more subtle structural changes or modifica-
tions in the intracytoplasmic MV content cannot be excluded. 
	 Different methods regarding thawing have been described for 
thawing MV samples, including thawing slowly on ice.67 Thawing 
for several minutes at 37°C may prevent formation of ice crystals 
and cryoprecipitation.67–69 One study reported that thawing on 
ice resulted in significant artefactual generation of procoagulant 
activity.28 Therefore, when frozen-thawed plasma is used for MV 
measurements, especially PMVs and annexin V–positive MVs, 
and measured, MV-dependent procoagulant activity should be 
interpreted with caution.
	 To conclude, analysis of the relative impact of preanalytical 
parameters on circulating MVs has been performed in a study that 
demonstrates that the most critical steps are (i) the delay before the 
first centrifugation, (ii) agitation of the tubes during transportation, 
and (iii) the protocol of centrifugation.

5.7  Recommendations 

Ideally, MV measurement should be performed in fresh plasma, 
prepared directly after blood venepuncture. Nevertheless, the 
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logistics of blood sampling are difficult to control, explaining why 
frozen samples are most popular. Therefore, platelet contamination 
remains the major preanalytical issue in processing plasma for MV 
determination. During blood collection, it is necessary to prevent ex 
vivo activation of blood, leading to inadvertent production of PMVs. 
Therefore, the choice of anticoagulant, the duration and condition 
of blood transportation, and the centrifugation speeds used for 
plasma preparation are critical. Accordingly, to progress toward 
the standardization of MV determination, it is important to set up 
guidelines for preparing plasma samples for MV determination.
	 Collectively, results from the literature and our own experience 
led us to propose the following protocol for MV analysis (Table 5.2), 
including (a) the use of plastic citrated tubes, (b) a blood collection 
device with a large needle size (21 G), (c) discarding of the first 
milliliters of blood, (d) a time delay of maximum 2 h before the 
first centrifugation, (e) transportation in appropriate boxes that 
maintain tubes vertically, (e) a centrifugation protocol consisting 
of two successive centrifugations of 2,500 g 15 min at RT. And (f) 
storage of PFP at –80°C with rapid thawing in a water bath at 37°C. 
	 This protocol is currently being evaluated in a multicenter study 
between several teams belonging to the SSC-VB working group 
within the ISTH. 

5.8  Standardization of Microvesicle 
Preanalytical Variables 

Preliminary results of this multicenter study aimed to standardize 
MV preanalytical steps have been presented in the minutes of the 
SSC-VB working group that took place in Kyoto in July 2011. The 
objective of the study was to compare the interlaboratory variability 
of MV measurement using a nonstandardized protocol versus a 
standardized routine laboratory-adapted preanalytical protocol 
consisting of two successive centrifugations of 2,500 g 15 min at 
RT, as summarized in Table 5.2. Fourteen laboratories participated 
in this multicenter study. Determinations were made on 15 healthy 
male volunteers aged 20 to 40 years. In this first workshop report, 
only PMVs and related functional properties (most sensitive 
to preanalytical variables) were analyzed. Preliminary results 

Standardization of Microvesicle Preanalytical Variables
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Table 5.2	 Proposed preanalytical protocol for the analysis of circulating 
MPs

Preanalytical
parameters

Recommendations

Nature of tube Citrated tubes

Blood collection Large needle size (21G) and discarding 
of the first milliliters of blood

Time delay before first 
centrifugation

< or = 2 hr

Tubes transportation Appropriate boxes that maintain tubes 
vertically

Centrifugation
Protocol

Two successive centrifugations: 2,500 g 
15 min at RT

Storage/transportation of 
PFP

–80°C or in dry ice

Thawing Fast in water bath at 37°C

Abbreviation: MP, microparticle.

showed that (1) a standardized protocol results in a reduction 
of the interlaboratory variability for PMVs (more markedly for 
FCM analysis) and (2) centrifugation conditions are the major 
preanalytical parameter that impact MV analysis. Recommendations 
to achieve this step in a standardized way are illustrated in Fig. 5.1. 
The impact of this standardized preanalytical protocol on EryMV, 
leukocyte-derived MV, and EMV subpopulations is also being 
currently analyzed. The next steps will be to extend this multicenter 
study to larger series of patients with specific disease states.
	 In conclusion, there is a great need for internationally validated 
guidelines for the preparation and storage of plasma for MV 
measurement. This step is a prerequisite to delineate the usefulness 
of MVs as a new clinically relevant biomarker. 
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Figure 5.1	 Instructions for plasma sampling after centrifugation steps for 
MP analysis. After the first centrifugation at 2,500 g 15 min at 
RT, the PPP is gently collected using a 1,000 µL pipette with tips 
until 1 cm above the buffy coat layer. Plasma is transferred in a 
plastic tube. After the second centrifugation at 2,500 g 15 min  
at RT, the PFP is gently collected using a 200 µL pipette. PFP 
is homogenized before being aliquoted and frozen at –80°C 
(snap-freezing in nitrogen may be beneficial).
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6.1  Introduction

Extracellular vesicles (EVs) comprising both nanovesicles (or ex-
osomes) and microvesicles (MVs) (or microparticles) are found in 
plasma and other body fluids. The much smaller nanovesicles (ex-
osomes) are formed internally inside the cell and are secreted by 
all cells and were first described in hematopoietic cells.1 The larger 
MVs2 are usually derived from blebbing of the outer membrane of 
the cell.3 Although they are both derived from a number of differ-
ent cellular sources, the key difference between these EVs are their 
source and the mechanism of formation. These vesicles also have an 
important number of physiological roles that are still not fully de-
fined, and this has now become an area of active research. A proco-
agulant function has been associated with these EVs, particularly the 
larger MVs. The objective of this chapter is to describe the different 
procoagulant assays that are available to measure this activity.
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6.1.1  Nanovesicles (Exosomes)

Nanovesicles (50–90 nm)1 are created intracellularly and after 
fusion with the cell membrane are released extracellularly. Their 
functions and properties are not well defined, although they do 
occur naturally in most body fluids, including plasma, ascites, urine, 
breast milk, and saliva.3 They are released by a wide variety of cell 
types, including B-cells, macrophages, mast cells, T-cells, epithelial 
cells, platelets, reticulocytes, tumor cells, and placenta trophoblasts. 
	 Nanovesicles are thought to have a biological function in cell–cell 
communication by transferring cellular material between different 
cells/cell types. They also act as a means of removing waste materials 
from the cell, and they have been shown to play an important role in 
stimulation of the immune system.4 
	 Their molecular composition is dependent on their cellular 
origin. They differ from MVs in that they are rich in cholesterol 
and sphingomyelin.5 They can be harvested by ultracentrifugation 
(at 110,000 × g). They occur naturally in plasma, ascites, urine, 
breast milk, and saliva.3 They cannot be easily monitored without 
some prepurification. They are too small to be measured directly by 
present-day flow cytometric techniques.

6.1.2  Microvesicles 

MVs are small membrane-coated EVs derived from the outer 
membrane of their parent cells. They are heterogeneous in size 
(100–1,000 nm) and formed after cell activation or cell apoptosis.2 
They are of diverse cellular origin and lack a nucleus or any synthetic 
capability but have a membrane skeleton and may have varying 
amounts of surface-exposed phosphatidylserine (PS). They are 
released from their parent cells by a budding process in response 
to cell activation or apoptosis. For example, activation of platelets 
with collagen, thrombin, or a mix of both results in the formation 
of platelet-derived MVs. Similarly, stimulation of leukocytes or 
endothelial cells with lipopolysaccharide (LPS) or cytokines such as 
tumor necrosis factor-α (TNFα) or interleukin (IL)-1 also causes the 
release of MVs from these cells. In blood, MVs are most commonly 
derived from platelets, erythrocytes, neutrophils, endothelial cells, 
or cancer cells. In normal plasma the majority (70–90%) are platelet 
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derived.2 The integrin aIIbb3 plays a central role in the formation 
of platelet-derived MVs,6 hence in Glanzmann thrombasthenia 
platelets are unable to vesiculate in response to thrombin, adenosine 
diphosphate (ADP), or collagen.6 
	 Their composition and function depend upon their cellular 
origin. EVs are generated by all cell types, even bacteria, and released 
into most body fluids, including blood, tears, saliva, and urine. EVs 
carry markers on their external membrane surface derived from 
their parent cell type, and these can be used to capture, measure, 
and identify them—PS, tissue factor (TF), or antigens specific to the 
parent cell type, for example, endothelial cells (CD31 or CD146), 
platelets (aIIbb3, GpIb, and P-selectin), and leukocytes (CD4, CD3, or 
CD8). In a number of different disease states their levels are elevated 
and the proportion derived from the different cell types altered. 
	 EVs isolated from venous blood of healthy individuals (originating 
predominantly from platelets but also from erythrocytes, leukocytes, 
and endothelial cells) cause a low but significant in vitro activation 
of coagulation that is independent of TF/factor VII (FVII).7 EVs 
from the pericardial blood of patients undergoing cardiac surgery 
(originating mainly from erythrocytes but also from other cell types 
such as platelets and leukocytes) and those isolated from synovial 
fluid of arthritic patients (derived mainly from leukocytes and only 
to a small extent from erythrocytes and platelets), for example, 
initiate coagulation in a TF-/FVII-dependent manner.8
	 Flow cytometric techniques are the most commonly used 
methods for measurement of EVs. Most of the published literature 
is based on this technique. Flow cytometry has one major flaw in 
that it is not sensitive enough to detect smaller particles. It also gives 
no information on EV function or activity. The limit of detection of 
most flow cytometers is around 500 nm, so smaller EVs are often 
missed, although more modern instruments are beginning to push 
down this limit of detection. Modern techniques in development are 
becoming available that theoretically allow measurement of some 
of the smaller particles, for example, atomic force microscopy (see 
Chapter 9), the Izon nanopore system (see Chapter 4), dynamic light 
scattering (see Chapter 10), and nanoparticle tracking analysis (see 
Chapter 11). Functional EV assays, measuring specific functions of 
MVs and exosomes, can measure the contribution of all the different 
particles (both nano and micro) present in the sample.

Introduction
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6.1.3  History

Although not identified as such at the time, cell-derived EVs were 
observed experimentally as early as 1946. Chargaff and West9 found 
that the clotting time of plasma, obtained by centrifugation at 1,900 × 
g, is prolonged after further centrifugation at 31,000 × g and that the 
“clotting factor” removed by the high-speed centrifugation is found 
in the sedimented pellet. In 1967, Wolf10 published a study providing 
evidence for the occurrence, in normal plasma, of a coagulant 
material that was sedimented by high-speed centrifugation that 
had originated from platelets but was distinguishable from intact 
platelets. He first described these MVs as “platelet dust” as they 
were not only rich in phospholipid but demonstrated platelet factor 
3 (PF3)-like procoagulant activity.11 
	 During the last 20–30 years, extensive research has been 
performed on cell-derived EVs within the blood. We now know 
that they can be released not only from platelets but also from 
erythrocytes, leukocytes, endothelial cells, and other diverse cell 
types. 
	 Historically, most assays have been based on flow cytometry (see 
Chapter 8), and these are still regarded as the gold standard meth-
ods. More recently immunological capture assays or procoagulant 
assays have been developed. Present-day assays for procoagulant 
activity are based either on a clotting/chromogenic assay principle12 
or on a thrombin generation principle.13 Measurement makes use 
of specific properties of the different types of vesicles. Their moni-
toring is rapidly gaining importance in disease detection, disease 
progression monitoring, and treatment. All these assay types have 
advantages and disadvantages (Table 6.1). The user must choose the 
best assay to suit his or her requirements.

6.2  Procoagulant Assays

All of the procoagulant activity assays are nonspecific and give no in-
formation on the cellular origin, type, or physical properties of EVs. 
If the type and source of a procoagulant activity is required alterna-
tive techniques such as flow cytometry or electron microscopy must 
be used. As procoagulant assays are unable to discriminate the type 
or source of a procoagulant activity in the sample being tested, all 
EVs, including nanovesicles and MVs, will be measured and cannot 
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be discriminated from each other in these assays. As the majority are 
thought to be MVs this term will be used in the rest of this chapter as 
the generic name for all vesicle types in a sample.
	 MVs can expose either PS alone, thereby providing a negatively 
charged phospholipid surface for coagulation, or in combination 
with TF, which can then activate the coagulation cascade via FVIIa. 
For any significant physiological thrombin generation to occur a 
procoagulant phospholipid surface is obligatory either alone or in 
combination with TF. This provides the basis for their procoagulant 
properties. It is the procoagulant activity of either or both of these 
factors that is measured in procoagulant assays.2 
	 All cell types contain anionic phospholipids on the inner surface 
of their membranes, PS being the most important for supporting 
coagulation. These translocate to the outer membrane surface when 
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Table 6.1	 Advantages and disadvantages of different measurement 
techniques for EVs

Flow cytometry Capture assay Global assay

Pros

Can determine:
–  Cell origin and 

type
–  Count

-  Captures on 
ELISA plates

-  Functions 
with specific 
antibodies or 
ligands 

-  (Cell origin?)

-  Is a functional 
assay

-  Uses a 
procoagulant

-  Is based on 
thrombin 
generation

-  Can be automated
-  Is close to 

physiology
-  Involves no sample 

dilution or washing
-  Assays whole blood

Cons

-  Needs instrument
-  Needs skilled staff
-  Is not automated
-  Is not 

standardized
-  Can miss small 

vesicles

-  Is manual 
-  Can only measure 

captured vesicles
-  Is far from 

physiology 
-  Uses sample 

dilution, 
washing, etc.

Gives no information 
on cell origin or type



164 Procoagulant Assays

cells are activated or undergo apoptosis. During the formation of 
MVs there is loss of asymmetry in the plasma membrane, and with 
the anionic phospholipids being transferred to the outer membrane, 
the presence of PS significantly increases this procoagulant activity 
of the surface.2 In addition to these anionic phospholipids, TF may 
also be associated with MVs. Geisen et al.14 showed that blood 
contained very low levels of active TF (blood-borne TF) mainly 
associated with neutrophils and monocytes, but they also found that 
some of this activity was found in the plasma fraction. Circulating TF 
is very thrombogenic, and its presence in circulating blood remains 
controversial. Some workers consider that there are no significant 
levels of active circulating TF in the blood of healthy individuals.15,16 
Other workers have found low levels circulating in blood, but these 
levels are close to the detection limit of the assays used.17

	 The procoagulant activity of MVs can be monitored either by 
their procoagulant phospholipid activity or by measuring the TF 
activity associated with the procoagulant phospholipids on the MV 
surface (blood-borne TF). TF is generally expressed by cell types not 
exposed to blood and is strongly expressed in cells around tissues 
and blood vessels,16 such as smooth muscle cells and fibroblasts. 
Their TF is generally only exposed to the blood when injury occurs. 
Monocytes and endothelial cells can express TF16 but only when 
they are exposed to inflammatory molecules such as TNF-α or LPS. 
The other main source of TF is cancer cells.18 Platelets have also 
been shown to potentially express TF, especially after activation, but 
this remains an area of controversy.19,20 All of these cell types can 
release MVs into the circulation, giving rise to blood-borne TF.21

	 Functional TF assays must be differentiated from immunological 
assays for TF. These types of assays (unless they have an MV capture 
step) measure all types of TF, including the inactive (truncated 
forms) and alternative spliced forms of TF (asTF), which can also 
occur naturally in plasma.

6.2.1  Procoagulant Phospholipid Activity

The measurement of procoagulant activity on MVs is certainly 
not new. Over 60 years ago9 it was shown that the clotting time 
of recalcified plasma increased after ultracentrifugation. In 1955 
O’Brien found that there was a platelet-like activity in serum. It was 
this material that Wolf10 described as platelet dust in 1967.
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	 The first true assays that were in effect measuring this 
procoagulant activity were the early assays for PF3. The name 
“PF3” was first coined by van Creveld and Paulssen in 195311 and 
was defined as the phospholipid containing the coagulation factor 
derived from platelets that acts with plasma factors to convert 
prothrombin to thrombin. A variety of tests were developed in 
the laboratory to measure this PF3 activity—the prothrombin 
consumptive index, the PF3 availability assay, thrombin-based 
chromogenic assays22 based on the kaolin clotting time test,23 and 
Russell viper–based assay methods.24

	 Marie-Claire Boffa25 described the first specific assay to measure 
this procoagulant activity in plasma in 1980. In this assay she 
measured the phospholipid-related procoagulant activity in a 
simple clotting assay and could show that this type of assay may 
have some clinical relevance. This assay used phospholipase A2 
from the venom of Vipera berus to degrade phospholipids. In the 
presence of the venom the recalcification time increased and was 
inversely related to the amount of procoagulant phospholipids in the 
sample. A calibration curve was obtained using brain phospholipids 
and the concentration of phospholipids in the sample read from this 
curve. She found high levels of procoagulant activity in patients with 
cardiovascular disease and almost exclusively only in those patients 
with a recent or recurrent thromboembolism. In 1994 Wagenvoord 
et al.26 developed a chromogenic assay to measure phospholipid-
related procoagulant activity and showed that patients who had a 
thrombotic disorder had significantly higher levels than controls. 
This assay used whole blood or platelet-rich plasma (PRP) and 
measured both MV and platelet procoagulant activity. Neither of 
these assays was exploited. It was only after 2000 when interest 
really started focusing on the potential role of MVs that more 
functional assays, based on either capture or global assay principles, 
gained wider use. 

6.2.1.1  Procoagulant phospholipid activity assay

The simple clotting assay originally described by Exner in 200312 
has been developed into a commercial product. This is a simple 
clotting assay to measure procoagulant phospholipids in plasma or 
whole blood. The assay is extremely simple and easily automated 
(see Fig. 6.1): 0.025 mL of patient plasma is mixed with 0.025 mL 
of phospholipid-depleted normal plasma, incubated at 37°C for  
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2 min, and then coagulation initiated by the addition of 0.10 mL of 
a mixture containing 0.001 IU bovine factor Xa in 0.025 M calcium 
chloride and then timed to a clot endpoint. The shorter the clotting 
time obtained, the higher the procoagulant phospholipid content of 
the sample.

Sample 

Phospholipid 
depleted plasma 

 

=> replaces all 
coagulation factors 

Incubation 

Trigger reagent 
 

=> FXa and Ca2+ 
activate 

coagulation 

clotting time 

Figure 6.1	 The experimental procedure for the STA® Procoag PPL assay. 

	 The assay is now commercially available from two different 
manufacturers, STA® Procoag PPL from Diagnostica Stago (Asnieres, 
France) and XaCT from Haematex (Hornsby, Australia). These two 
assays mainly differ in their source of deficient plasma—the PPL 
assay uses human-source plasma, while XaCT uses porcine-source 
plasma.
	 The assay is extremely reproducible and readily automatable on 
coagulation analysers.27 With normal plasma samples the Procoag 
PPL assay has a clotting time of 61–83 s with an intra-assay variation 
of <1.0% and an interassay variation of <2.5%. 
	 The source of the phospholipid-depleted plasma can be either 
animal or human. The use of animal-source-deficient plasma slightly 
reduces the interference of antiphospholipid antibodies in the assay. 
Because of this interference this assay has to be used with caution in 
patients with antiphospholipid syndrome.12,28 The assay can also be 
performed on whole blood.12,29

	 Like all the other MV assays, the Achilles heel is the preanalytical 
variables, especially the collection and processing of patient 
blood.30 The Vascular Biology Scientific Subcommittee (SSC) of 
the International Society on Thrombosis and Haemostasis (ISTH) 
has a working party actively working on the standardization of the 
preanalytical steps.31 
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	 It is essential that blood be carefully collected and processed 
before analysis if meaningful and reproducible results are to be 
obtained. It is recommended that samples be centrifuged as soon as 
possible after collection, preferably within 1 h. Double centrifugation 
(2 × 15 min at 2,500 g) is recommended. Double centrifugation is 
essential if samples are to be stored frozen (see Fig. 6.2 below). 
Without the double centrifugation procedure any remaining cellular 
material will lyse on freeze/thawing, releasing MVs/phospholipids 
into the plasma, which by definition interfere with the assay. Figure 
6.2 clearly shows the effect of freeze/thawing on the assay results if 
care is not taken to ensure platelet removal by a second centrifuge 
cycle. The effect of residual platelets on the PPL assay can also 
be clearly seen in the figure if only one centrifuge cycle is used to 
prepare the sample. A single centrifugation and freeze/thawing 
causes a shortening of clotting time in the PPL assay of at least 10 s. 
	 Plasma samples prepared by the double centrifugation procedure 
are stable for at least 1 month at –20°C.
	 The recommended anticoagulant used for blood collection is 109 
mmol/L (3.2%) sodium citrate anticoagulant (9 volumes of blood 
in 1 volume of citrate anticoagulant), although 129 mmol/L sodium 
citrate or disodium ethylenediaminetetraacetatic acid (EDTA) can 
also be used. 
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Figure 6.2	 Effect on plasma, obtained from normal volunteers, of single 
or double centrifugation and freeze/thawing on procoagulant 
phospholipid activity. All assays performed using the STA® 
Procoag PPL assay on the STA-R instrument. Data generated 
internally in R&D, Diagnostica Stago, Gennevilliers, France.

	 Any hemolysis of the sample will affect the results as red 
blood cells (RBCs) produce very active MVs. This can be clearly 
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seen in patients in sickle cell crisis where much of the increase in 
procoagulant activity is due to RBC-derived MVs.32 The presence of 
RBC-derived MVs also strongly correlates with plasma markers for 
hemolysis.33

	 This assay has shown some interesting clinical results and has 
the potential to be used as a routine tool in the clinical laboratory. A 
significant inverse relation was shown by Connor et al.34 between the 
annexin V–binding count and this procoagulant phospholipid assay. 
As with the annexin V flow cytometric–based assay, it is responsive 
to the same charged surfaces, so it has the potential to be used as 
a first-line screening test to detect abnormalities that can then be 
further investigated by other techniques, if required.
	 Another commercial assay based on the same basic principle is 
the Zymuphen MP activity assay (Hyphen Biomed, Neuville-sur Oise, 
France) (see Chapter 7). This assay differs from the above method in 
that it uses a capture step first described by Aupeix et al. in 1997.35 
The PS-bearing microparticles are captured by annexin V bound to 
the walls of microplates. The captured MV activity is then measured 
by incubating with factor V (FV), factor X (FX), and factor II (FII). 
The prothrombin complex is formed resulting in the formation of 
thrombin that is then measured chromogenically.36 The system 
allows the capture of most MVs, even when the proportion of PS is 
very low.
	 A thrombin generation test (TGT) can also be used to measure 
MVs using reagents with no added or a reduced phospholipid 
concentration. The calibrated automated thrombogram (CAT) 
method (Thrombinoscope BV, Maastricht, Holland) uses a reagent 
that contains TF and a minimal amount of phospholipids (PRP 
reagent from Thrombinoscope). This can be used in PRP to measure 
platelet procoagulant activity but can also be used in platelet-poor 
plasma to detect MV procoagulant activity. Similarly the thrombin 
generation assay (TGA) using Ceveron Alpha (Technoclone Gmbh, 
Vienna, Austria) can be used with the Ceveron® TGA RC Low reagent. 
Technoclone also has a filtration method (Cevron MFU 500) that can 
be used to remove all MVs above 200 nm from a plasma sample. 
These methods are more suited to measuring TF activity and are 
described below in section 6.2.2.1.

6.2.1.2  Clinical studies with the procoagulant phospholipid 
assay

A number of results from clinical studies with this type of reagent 
are now appearing in the press. In one of the first publications using 
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this assay, Exner et al.37 showed that patients with acute coronary 
syndrome had shortened clotting times with the procoagulant 
phospholipid activity assay. It must be remembered that in this assay, 
when expressing results as clotting times, the shorter the time, the 
greater the procoagulant phospholipid activity in the sample.
	 In a study on patients who had suffered a myocardial infarction 
(MI) it was shown38 that the procoagulant phospholipid activity fell 
from 59.8 s in controls (n = 34) to 29.8 s in patients who had suffered 
an MI (n = 46). Samples were collected within 6 h of the patients’ 
arrival in the casualty department. The MI patients therefore had 
much greater procoagulant activity than the control patients. 
Interestingly if the patient groups were broken down into survivors 
and nonsurvivors the procoagulant phospholipid clotting time fell 
from 32.1 s and 21.7 s, respectively, showing much greater activity 
in the group that died (n = 10).
	 In a small study of patients with thyroid cancer27 much shorter 
clotting times were seen in patients with cancer than normal 
controls. The clotting time fell from 57.6 s (range 50.9–74.9 s) in 
control subjects (n = 30) to 47.7 s (range 34–69 s) in patients with 
cancer and no metastasis (n = 8) to 28.1 s (range 19–56 s) in patients 
with metastasis (n = 12). These differences between patients and 
controls and the two patient groups were significant (p < 0.01).
	 The assay has also shown some utility in sickle cell disease 
(SCD). In a preliminary study27 it was shown that the clotting time 
shortened slightly from 57.6 s (controls) to 52.3 s in steady-state 
SCD patients but shortened even further to 45.6 s in patients in 
SCD crisis. All of these differences were significantly different (p < 
0.05). In a subsequent study it could be shown that treatment with 
hydroxyurea, in addition to the regulation of hemolysis, also lowers 
procoagulant MVs and attenuates thrombin generation.39

	 The procoagulant phospholipid assay has also been used in a 
study of children undergoing bone marrow transplant.40 In this study 
the researchers concluded that decreased levels of procoagulant 
phospholipids correlated with poor prognosis. In a study of patients 
with essential thrombocythemia it was shown that both MV-
associated thrombin generation and PPL activity were significantly 
higher in patients than in controls.41

	 Although larger studies are needed in the disease states 
discussed it is clear that the procoagulant phospholipid assay is a 
very useful research tool and in the future will have a role in the 
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routine laboratory, perhaps as a screening test for abnormal levels 
of MVs.

6.2.2  Tissue Factor Assays

In the normal state only very low levels of TF activity are found in 
the plasma. The levels detected are very low and close or below the 
detection level of most assays. Butenas et al.15 calculated that in 
blood from normal individuals the level of TF is probably lower than 
20 fM. The assay of TF is further complicated in that TF is considered 
by some groups to exist in two forms, an encrypted (very little 
procoagulant activity) and a de-encrypted (procoagulant active) 
form. The mechanism for this conversion remains controversial. It 
is considered that TF exists primarily in the encrypted form and is 
converted to the de-encrypted form when required. Some groups 
consider that the enzyme protein disulphide isomerase (PDI) is 
involved;42,43 others consider that PDI plays no role in TF activation44 
and that activation may be due to membrane phospholipids.45 
No matter what the mechanism of action is, this issue potentially 
complicates TF assays. If an immunological-based assay is used, 
unless it uses an antibody with well-defined specificity, both forms 
of TF will be measured. To complicate the story even further the 
specificity of many antibodies used to measure blood-borne TF has 
been challenged and could explain some of the anomalies in the 
literature.21

	 For activity assays the major issue is the sensitivity of the assays. 
The levels of TF found in biological fluids of normal individuals are 
very low,15 making functional assays very difficult unless the sample 
is first ultracentrifuged to concentrate the TF-bearing MVs.2
	 As with procoagulant activity assays preanalytical variables have 
an effect on all these assay types, and all samples must be carefully 
prepared if accurate and reproducible results are to be obtained.30,46

	 A number of assays are reported in the literature and fall into 
two main classes, thrombin generation–based assays and direct 
assays to measure TF activity.

6.2.2.1  Thrombin generation–based assays

The first TGTs were described in 1953.47,48 These assays were 
complicated and difficult to perform, and it was not until 1986 
that Hemker et al.49 introduced a simpler two-stage chromogenic 
assay. The test procedure was further simplified into a single-step 
chromogenic assay by Hemker et al. in 199350 and then into the 
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fluorogenic-type assay still in use today.51 Three commercial formats 
of the TGT assay exist today: one based on use of a chromogenic 
substrate (Endogenous Thrombin Potential (ETP) Assay, Siemens 
Healthcare, Munich, Germany) and the other two based on a 
fluorogenic substrate (CAT method, Thrombinoscope BV, Maastricht, 
Holland, and the TGA, Technoclone Gmbh, Vienna, Austria). All three 
of these tests can be used to measure MVs. Thrombinoscope and 
Technoclone have commercial applications for monitoring both MV 
and TF activity.
	 None of these assays are quantitative and thus cannot measure 
the actual concentration of active TF in a sample. They all give some 
measure of the TF activity by its effect on the thrombin generation 
curve in the sample being tested. All produce thrombograms similar 
to that shown below (Fig. 6.3.). The presence of increased TF will 
cause a dose-dependent shift of the curve, shortening the lag time 
(LT) and time to peak (TTP) and increasing the ETP and peak of 
thrombin generation (PTG).52
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Figure 6.3	 Example of a normal thrombogram obtained using the CAT 
method. The four commonly measured parameters are shown: 
(1) Lag time: the time in minutes from the start of the assay to 
the initial generation of thrombin; (2) time to peak: the time 
in minutes required to reach maximum thrombin generation; 
(3) peak of thrombin generation: the maximum thrombin 
concentration expressed in nmol/L; and (4) ETP: area under 
the curve expressed in nmol/L of thrombin.
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	 One of the major issues with TGT is standardization.53,54 The 
preanalytical variables have to be carefully controlled if reproducible 
results are to be obtained. It is recommended that samples be 
prepared as was described in section 6.2.1.1 above for procoagulant 
phospholipid activity assays. Positive controls can also be used to 
induce TF activity upon cells and MVs.

6.2.2.2  Tissue factor activity assays

As described in section 6.2.2, the level of TF found in normal plasma 
is very low, which complicates assay development. Two direct 
commercial assays are on the market, Actichrome TF (American 
Diagnostica Inc., Stamford, USA) and AssaySense Human Tissue 
Factor Chromogenic Activity Assay (AssayPro, St. Charles, USA). Both 
assays are chromogenic and measure the activation of FX, via FVIIa, 
by the TF in the sample. Both assays claim that they can be used 
both with plasma and with tissue culture samples. The lower end of 
sensitivity claimed by these assays is 2 pM (85 pg/ mL) for American 
Diagnostica and <1.5 pM for the AssayPro products. However, this 
low-end sensitivity is much higher than the levels that Butenas et 
al.15 have calculated to be present in normal plasma, that is, <20 fM.
	 A third assay,55 using a capture step with an anti-TF antibody 
coated into microtitre plate wells and a subsequent chromogenic 
measurement step to measure FXa generation by the sample TF and 
FVIIa, is commercially available (Zymuphen MP-TF from Hyphen 
Biomed, Neuville-sur-Oise, France). This assay claims to have a 
lower level of sensitivity £ 1 pM of MP-TF.
	 One problem with all TF-based assays is standardization, as no 
internationally accepted TF standard exists at present. Because of 
this, the levels claimed by each procedure are dependent on the TF 
used by each manufacturer, and the values obtained by the different 
assays may not be directly comparable. There is very little data on 
the performance of these three commercial assays in the literature 
yet.
	 The specificity of the Actichrom TF assay has been challenged.56 
The generation of FXa in the assay may not be totally dependent on 
the exogenous FVIIa and the sample TF. 
	 Tesselaar et al.57 developed an assay based on the same principle 
as the Actichrom TF, but to make the assay sensitive to TF they 
performed the assay in the presence and absence of anti–human TF 
antibodies. The TF activity was calculated from the difference in FXa 
activity in the presence and absence of the anti-FXa antibodies.
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	 A number of other noncommercial assays have been described 
in the literature. The first clot-based assay for TF was published 
in 1980.58 Assays can either have a clot-based endpoint58,59 or 
use chromogenic57,60–62 or fluorogenic substrates.63 Most of these 
assays are based on the same principle—activation of FX and its 
measurement by either measuring clot formation or by using a 
chromogenic or fluorogenic substrate. Van Dreden et al.61 describe 
an assay that they have used to measure blood-borne TF in plasma 
samples. This assay is also based on the activation of FX by TF, but 
it differs from many of the other tests in that it uses FVII and not 
FVIIa in the reagents and it includes a specific antibody to block the 
inhibitory effect of tissue factor pathway inhibitor (TFPI) on the 
assay.61 
	 Many of these assays are designed for use only with MVs collected 
from a sample by ultracentrifugation or for use on cell culture 
supernatants.57,58,61 The most commonly used method to harvest 
MVs is by ultracentrifugation at 20,000 g for 150 min at 4°C and then 
washing with a 4(2-hydroxyethyl)piperazine-1-ethanesulfonic acid 
(HEPES) buffer mix.62 Using enrichment and a washing procedure 
allows basal normal levels of activity to be measured and also 
eliminates the specificity issues raised with some of these assays.

6.2.2.3  Clinical studies with tissue factor assays

The number of publications on clinical studies using either a 
TGT or a specific TF assay is growing. Raised levels have been 
reported in many different disease states64 such as cancer, diabetes, 
cardiovascular complications, and miscarriage. 
	 Geisen et al.12 presented data showing that blood-borne TF 
is inherently thrombogenic and may be involved in thrombus 
formation at the injury site. 
	 In cancer TF plays a pivotal role18,57 and is involved in tumor 
progression and cancer coagulopathies. Patients with disseminated 
breast or pancreatic cancer who had a raised level of MV-associated 
TF activity had a lower survival rate than those with lower levels.56 
In pancreatic cancer raised levels of blood-borne TF have been 
associated with an increased rate of venous thromboembolism.61,62 
Monitoring TF activity may prove to be a very useful tool in 
monitoring cancer progression and treatment. TF has been identified 
as a possible therapeutic target in cancer treatment. 
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	 Raised levels of plasma TF59 and rates of thrombin generation39 
have been reported in patients with SCD. This may play an important 
role in triggering the activation of coagulation seen in patients with 
SCD.
	 In cardiac disease, Van Dreden et al.38 reported raised levels of 
TF in patients with acute myocardial infarction (AMI). They also 
found that those patients with a poor prognosis at a 2 month follow-
up had much higher levels of TF (6.80 pmol.) than those classified 
as having a good prognosis (3.24 pmol). The TF activity/TFPI ratio 
was significantly modified in patients with AMI (no disease, 0.014; 
good prognosis, 0.119; and poor prognosis, 0.242) and could be of 
prognostic significance. 
	 In pregnancy, as is seen with many other coagulation factors, 
blood-borne TF levels increase with advancing pregnancy.65 The 
TF levels were significantly higher in patients who had either early 
or late pregnancy loss.64,65 As was seen in AMI,38 the TF activity/
TFPI ratio seems to be significantly modified in patients with early 
or late pregnancy loss and could be of prognostic significance.65 
Nonpregnancy TF activity levels were 0.24 pmol, rising to 1.68 pmol  
at >22 weeks in normal pregnancy. Patients who experienced either 
early or late pregnancy loss had TF activity levels of 3.65 pmol 
and 3.92 pmol, respectively. It has also recently been shown that 
EVs derived from pre-eclampsia placentas trigger more thrombin 
generation in a TF-dependent manner than those from normal 
placentas, which may contribute to the activation of the coagulation 
system seen in this disorder of pregnancy.66 
	 What is still lacking are good simple routine assays for measuring 
blood-borne TF activity for use in both the research and the routine 
laboratory. Much larger studies are required to prove the clinical 
utility of measuring blood-borne TF, but the preliminary data would 
indicate that there is potential clinical relevance in measuring it. 

6.3  Conclusion

This chapter has described the procoagulant phospholipid assays 
and TF activity assays that are available for use in the laboratory 
today. Only a few of these assays are commercially available at 
present. No doubt this number will increase in the next few years.
	 Although much of the clinical data are preliminary and most 
need confirmation in larger clinical studies, it is clear that these 
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assays do have some clinical relevance and appear to have a utility 
both as an aid in diagnosis and for following disease progression and 
treatment. 
	 In the future, assays in this area will become routine automated 
laboratory tests. The data available to date would indicate that they 
may give clinically relevant and useful results on the hemostatic state 
of the patient and as an aid in diagnosis and treatment, especially in 
the area of cancer and cardiac disease.
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7.1  Introduction

Activation or destruction of blood cells can generate circulating 
extracellular vesicles (EVs) comprising both microvesicles (MVs) 
and nanovesicles (exosomes). EVs therefore not only provide novel 
biomarkers of disease and its progression but also can be involved 
in pathogenesis and complications of the disease process.1–4 Figure 
7.1 shows the origin of blood cell EVs, mainly released from platelets, 
and their potential contribution to disease progression. Although 
EVs can originate from all blood cells, including endothelial cells, 
erythrocytes, monocytes, and leukocytes, the majority are platelet 
derived. Platelet-derived EVs are also highly procoagulant, although 
not all of them express phosphatidylserine (PS).5 EVs can exhibit 
either homeostatic or pathological activities,6,7 the latter being 
dependent on their mechanism of generation.8–10 EVs are very 
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heterogeneous in size (from 0.1 µm to 1.0 µm) and structure,11 with 
exposure of different cell surface proteins according to their origin 
and the type of pathology.12–14 Various assays are now available 
for their identification and measurement in blood or plasma. Flow 
cytometry allows the measurement of the number and phenotype of 
EVs, by characterizing their cellular origin using well-defined cluster 
of differentiation (CD)-specific antibodies.15–17 Use of the high-
affinity calcium-dependent annexin V (A5) and other probes can also 
characterize the exposure of PS thought to mediate procoagulant 
activity.18 

Endothelium
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Platelets and other Blood cells
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Figure 7.1	 MVs generated in blood circulation can originate from various 
blood cells, although the majority are produced by platelets; 
they can be markers of pathology, but they also contribute to 
the progression of disease.

	 Capture-based assays, as first reported by Aupeix et al.,19 also 
use surface-coated A5 for capturing these MVs in the presence of 
calcium and then simply measuring their procoagulant potential 
through thrombin generation, in the presence of factors Xa, Va, and 
prothrombin. Capture-based assays unlike flow cytometry measure 
the total procoagulant activity associated with all sizes of EVs that 
express PS. Theoretically EVs with the lowest size will also support 
a much higher procoagulant potential than larger vesicles because 
of the increase in surface area. Capture-based assays can also be 
designed for specifically measuring EVs derived from defined blood 
cells by using specific monoclonal antibodies to appropriate cell 
surface antigens (CDs). Of specific interest are EVs exposing tissue 
factor (TF), as they also associate the PS-dependent procoagulant 
activity with the blood coagulation–triggering effect of TF.20–23 
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A third class of assays has also been described for measuring the 
plasma procoagulant potential of cell-released phospholipids, 
mainly microparticles  (MPs), using homogeneous clotting assays.24 
Although these assays are nonspecific unlike capture methods 
they can still measure intrinsic phospholipid-based procoagulant 
potential in plasma. In this chapter, the generation of EVs in health 
and disease and the technical characteristics of capture-based assays 
are described, as well as the preanalytical variables required.

7.2  Occurrence of EVs in Health and Disease

Micro- and nanoparticles can be generated in many pathological 
conditions, originating from many cell types, including platelets, 
monocytes, leukocytes, erythrocytes, or endothelial cells. More par-
ticularly, EVs exposing TF have been reported in cancer patients.25 
They are also associated with the high rate of thrombotic complica-
tions observed in malignancy26 and also in infectious diseases27 or 
in sepsis.28 Many papers have been published that show the genera-
tion of various EV types in pathology and their possible contribu-
tion to disease progression and to thrombo-embolic complications. 
In physiological conditions, procoagulant activity increases with age 
(although the total number looks to remain stable). For example, in 
women, a significant change is observed at menopause, especially 
in metabolic syndrome.29,30 However, development of pathologi-
cal conditions can have important repercussions on the generation 
of various types of EVs and on their thrombogenicity.31,9 Smoking 
habits can promote their release from monocytes/macrophages.32 
Abnormal levels of procoagulant activity and cell interactions have 
been described in obesity and metabolic syndrome.33,34 As expect-
ed, these procoagulant vesicles and their thrombogenic effect are 
elevated in diabetic patients.35–37 The presence of EVs from differ-
ent cell origins can also stimulate some interactions and synergy 
between these cells.38,39 Other clinical conditions, where EVs con-
tribute to symptoms, have been reported, including Crohn disease40 
and injection of activated coagulation factors, such as factor VIIa.41 
In this latter case, the EVs can not only contribute to the hemostat-
ic efficacy of factor VIIa but also may cause thrombotic complica-
tions. Similarly, their contribution to the development of thrombosis 
in patients with heparin-induced thrombocytopenia has also been 
suggested.42 Conversely, in Scott syndrome, there is a defect in the 
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procoagulant activity of platelets with failure of PS exposure and 
EV generation, resulting in a lifelong bleeding diathesis.43 In car-
diovascular diseases (myocardial infarction, atrial fibrillation) they 
can remain a predictor of possible recurrence and of poorer prog-
nosis,44–46 and those exposing TF are associated with poorer recov-
ery.47,48 In patients with cancer, blood activation and inflammation 
are important components, which contribute to pathological com-
plications, and EVs are intimately involved in these processes. They 
can be derived from various cells and can expose TF in many cir-
cumstances.26,49,21,25 This process can be potentiated by treatments 
implemented for cancer, such as chemotherapy. Therapeutic drugs 
used can also release EVs through the destruction of malignant cells, 
or they can directly activate blood cells.50 However, the contribution 
of the membrane environment seems to be more important than TF 
expression for promoting thrombin formation.51 EVs can also par-
ticipate in a hypercoagulable state by allowing increased survival 
of the generated factor Va, as factor Va bound to EVs is protected 
from inactivation by activated protein C.52 The participation of MPs 
in disease evolution is also supported by a reduction of their con-
centration and/or activity following initiation of targeted therapies, 
which potentially improve patient outcome.53–57 This effect is also 
supported by laboratory studies that show a reduction in EVs or the 
use of PS-targeted proteins (such as A5) to reduce their hemostatic 
potential.58–60

7.3  Capture-Based Assays for Procoagulant EVs

Capture-based assays exhibit many advantages for the specific 
measurement of the procoagulant potential of EVs. The basic 
capture-based assay used for EV procoagulant activity is derived 
from the method described by Aupeix et al.19 and is reported here 
next.

7.3.1  Assay Principle

Capture-based assays are designed using a specific PS capture 
protein (e.g., A5) or a monoclonal antibody (MoAb) coated on the 
solid phase for binding EVs within the tested specimens. Initially 
an assay of general use was developed for measuring procoagulant 
EVs. Basically, A5 is coated on a solid surface, usually a micro–
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enzyme-linked immunosorbent assay (ELISA) plate (Maxisorb, 
Nunc, Roskilde, Denmark), and then stabilized. A diluted, tested 
plasma or specimen, a calibration standard of EVs, and controls 
are introduced into the A5-coated wells within a buffer diluent 
containing calcium. Any EVs within the samples therefore specifically 
bind with high affinity onto the A5 in the presence of calcium. Any 
unbound material is washed away with a washing solution also 
containing calcium in order to preserve the interaction of A5 with 
the EVs. Bound EVs are subsequently measured through thrombin 
generation. For this step, a solution containing factor Xa, factor Va, 
and calcium is added into the washed wells, and then a constant 
concentration of prothrombin is introduced. Prothrombinase 
forms on the EV surface, and its activity is dependent not only on 
the EV concentration but also on the exposure of PS. The amount of 
thrombin generated is proportional to the EV procoagulant activity, 
which is directly related to the PS concentration on the EV surface. 
The thrombin generated is measured through its activity on a specific 
chromogenic substrate. Results are expressed in nanomoles (nM) 
of PS equivalent. Calibration is performed using liposomes with a 
defined homogeneous size (e.g., 0.1 µm) and with a well-defined 
PS content (expressed in nanomoles). A direct linear relationship 
is obtained between EV concentration (expressed in nanometer 
PS) and the amount of procoagulant EVs. This assay principle and a 
typical calibration curve obtained are represented in Fig. 7.2.

Figure 7.2	 Scheme depicting an MV assay using A5 for capturing MVs 
and thrombin generation for measuring their associated 
coagulant activity, and the dose–response curve obtained 
with standardized liposome phospholipids spiked in plasma 
(concentrations expressed in nanomole of PS equivalent).
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7.3.2  Preanalytical Variables

The most important variable is that any potential artifactual 
generation of EVs during blood sampling and plasma preparation 
must be avoided. For testing EVs in plasma, blood must be collected 
within a standard citrate anticoagulant (9 parts blood per 1 part 
0.109 M citrate) and processed within 2 h at room temperature 
(18–25°C). Alternatively, a specific anticoagulant preventing 
platelet activation can also be used (citrate, adenosine, theophylline, 
dipyridamole [CTAD]), and this allows safer processing of the plasma 
preparation. Any activation during blood collection must be avoided, 
and no tourniquet must be used. Blood must be processed at room 
temperature and centrifuged at 2,500 g at room temperature, for 
15 min, and the plasma supernatant must be collected, avoiding 
pipetting platelets present at the buffy coat interface. This plasma 
must then be centrifuged again for 2 min at 13,000 g at room 
temperature (which can be easily reached using an Eppendorf-type 
bench centrifuge, or equivalent) in order to remove any residual 
platelets. This platelet-free plasma is then ready for testing EVs and 
must be used within 4 h or stored frozen at –80°C for at least 6 months 
and thawed just before use (at least 15 min incubation at 37°C). 
Adhering to these recommendations for plasma preparation is very 
important to avoid any interference from contaminating platelets 
and preventing ex vivo EV release. These recommendations remain 
valid for all the assays designed for measuring EV procoagulant 
activity or EVs released from a specific cell line or EVs exposing a 
specific protein such as TF (EV-TF).

7.4  Capture-Based Assays for EVs Exposing 
Tissue Factor

Additional capture-specific assays are available for measuring EV-
TF. These EVs potentially combine the procoagulant effect of nega-
tively charged phospholipids (PS) with that of the coagulation trig-
ger protein TF. The capture assay for EV-TF is designed using a solid 
phase, which is an ELISA microplate coated with a MoAb specific for 
the extracytoplasmic domain of TF but without inhibiting its activ-
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ity, (e.g., 10H10 MoAb). Assayed specimens are then incubated in 
the coated microwells and EV-TF are captured by the MoAb, while 
maintaining their procoagulant activity. Following a washing step, 
FVIIa (Novoseven®) and FX (highly purified from human plasma and 
containing no factor Xa) are added to the reaction mixture. On the 
immobilized phospholipid surface, TF-FVIIa complexes form and ac-
tivate FX into FXa in the presence of Ca++. FXa generation is then de-
pendent on TF and the concentration of anionic phospholipids (i.e., 
PS). Then a FXa-specific substrate is added, which reacts with the 
generated FXa, releasing pNA, and the absorbance is recorded at 405 
nm. A lyophilized calibrator, containing recombinant (human) TF, re-
lipidated with synthetic phospholipids and spiked in plasma, is used 
for calibration and standardization of the assay. The assay is highly 
sensitive and allows measurements in the very low range (pg/mL 
range). Calibration is from 0 pg/mL to 5 pg/mL of MPs exposing tis-
sue factor, or MP-TF (expressed as a tissue factor (TF) equivalent), 
and a ratio of 0.1 nM PS/1 pg TF is used for preparing EV-TF.
	 Complementary to the measurement of the procoagulant activity 
of EVs, and EV-TF, ELISAs were also designed for measuring full-
length TF (FL-TF) and total soluble TF (T-TF). FL-TF ELISA uses a 
capture murine MoAb specific for an extracellular TF epitope, 
unexposed on alternatively spliced TF (as-TF) and a second murine 
MoAb reactive with an extracytoplasmic epitope on TF, labeled with 
biotin. Streptavidin coupled to horse radish peroxidase (HRP) is 
then added and binds to biotinylated antibodies. This development 
system increases the assay sensitivity. Activity is revealed with the 
use of the tetramethyl benzindine/hydrogen peroxide (TMB/H2O2) 
peroxidase substrate. Tested specimens are assayed in a diluent, 
which enhances the assay reactivity and suppresses nonspecific 
interactions (heterophilic antibodies). T-TF ELISA is designed 
with a similar approach, but the capture MoAb is targeted to an 
extracytoplasmic epitope available on all TF forms, and a second 
biotinylated MoAb, reacting with the whole of TF, is used for detecting 
captured TF material. The T-TF assay is only reactive with truncated 
forms of TF (1-219). In both cases, assays range from 0 pg/mL to 
500 pg/mL TF (for FL-TF or T-TF) in plasma or in the assayed milieu. 
A highly purified human TF is used for calibrating both assays. The 
assay principles for MP-TF, FL-TF, and T-TF are shown in Fig. 7.3.
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Figure 7.3	 Principle of the various assays designed for measuring MVs 
exposing TF (MV-TF), full-length TF (FL-TF), or total TF (T-TF) 
and using a micro-ELISA plate. MV-TF is measured through 
factor Xa generation, whilst FL-TF and T-TF are measured 
through an amplified ELISA technique and tagged with specific 
antibodies.

7.5  Laboratory Results with Capture-Based 
Assays for EVs and EV-TF

7.5.1  MP Activity

For the EV activity assay (Zymuphen MP Activity, Hyphen Biomed, 
France), plasmas are assayed at 1:20 dilution in the assay diluent 
with calcium. The assay range in the tested dilution is from about 
0.1 nM to about 2.5 nM PS equivalent, that is, from 2.0 nM to about 
50.0 nM in the assayed plasma. The assay has good reproducibility 
and repeatability (interassay coefficient of variation [cv] of 5–10% 
and intraassay cv of 3–8%) and good recovery of synthetic MVs and 
liposomes exposing PS spiked in plasma. The total assay time is less 
than 90 min. When normal plasmas were tested, EV activity ranged 
from <1.0 nM to 9.6 nM. The normal range is then established for 
EV activity <10 nM. Forty-six pathological plasmas with various 
pathologies were tested, and the mean EV activity and ranges are 
reported in Table 7.1. Results obtained with the assay here reported 
were compared with the original Freyssinet method published in 
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1997 (Aupeix et al.19), used for the same specimens. Results obtained 
with both methods are very similar. Increased concentrations of EV 
activity are associated with a higher risk of thrombotic diseases. 
This assay can offer utility not only for diagnosing patients at risk for 
developing thrombotic diseases but also for following the efficacy of 
the antithrombotic therapies used.

Table 7.1	 Microparticle activity in normals and various diseases 
associated with blood activation, as measured with the 
Zymuphen MP Activity assay or the original method reported 
by Aupeix et al. in 1997

  

Number 
of 

patients 

nM of MPs 
(mean of 
two lots) 

Zymuphen MP 
Activity 

nM of MPs 
 with 

Freyssinet’s 
method19 

Normals (<10 nM) 8 4.3 6.0 

Patients with a 
cardiologic risk factor 
in primary prevention 

6 20.5 23.53 

Cardiac patients 
transplanted in 
suspicion of acute or 
chronic rejection 

12 16.2 14.9 

Patients treated for 
auricular fibrillation 13 6.7 6.0 

Transplanted 
patients: receivers 
of small islets of 
Langerhans (unstable 
diabetes) 

4 6.7 5.2 

Patient in brain death 1 10.3 6.2 

Indetermined 
patients 2 6.2 8.7 

Total mean (nM) 46 11.22 10.7 

SD (nM) 46 10.9 10.7 

Source: Adapted from Ref. 19
Note: Very similar results are obtained with both methods.
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7.5.2  EV-TF and TF

The specific assay for EV-TF needs to be sensitive enough for 
measuring the very low concentrations expected. It is sensitized 
by using an overnight incubation of the assayed plasma in the 
ELISA microwell coated with the MoAb specific for TF and by 
using the amplification system through factor Xa generation. EV-TF 
concentrations in normals are very low and usually <0.2 pg/mL, 
while two pathological plasmas with high EV activity concentrations 
(9.8 and >63 nM PS equivalent), as measured with Zymuphen 
MP Activity, were found at 0.95 pg/mL and >5 pg/mL for MP-TF 
concentration using Zymuphen MP-TF (expressed as TF equivalent). 
EV-TF can also be generated from normal blood by stimulating blood 
cells with lipopolysaccharide (LPS) as a positive control. Plasmas 
from LPS-stimulated whole blood following 6 h incubation at 37°C 
had significantly higher EV-TF concentrations than baseline values 
with EV-TF generation increasing from <1 ng/mL to values in the 
range of 10 pg/mL to 22 pg/mL. Further incubation of LPS-stimulated 
whole blood with polyclonal antibodies specific for human TF also 
suppressed the increased values measured. Conversely, spiking 
whole blood with synthetic phospholipid liposomes did not increase 
the concentration of EV-TF, demonstrating the specificity of the assay 
for EV-TF. Results are presented in Fig. 7.4. Recombinant truncated 
TF (1-219), even though mixed at 100 pg/mL with synthetic 
saturating phospholipids (870 nM PS), was measured at <0.2 pg/
mL, confirming the specificity for EV-TF and the absence of reactivity 
with truncated forms of human TF (1-219).
	 ELISAs for TF, in its different possible presentations, have also 
been used for generating specific biological data. Measurement 
of the concentrations of the different TF forms, FL-TF and T-TF, in 
normal plasmas were as follows: FL-TF is below the detection limit 
of the Zymutest FL-TF assay (<10 pg/mL); when assayed with the 
Zymutest Total TF assay, this analyte is at a mean concentration of 
about 50 pg/mL in normal plasmas. These data show that no free 
FL-TF is measured, at least in normal plasmas, or that it is below the 
detection limit. This is consistent with the very low concentration 
of EV-TF measured in these normal plasmas. Stimulation with LPS 
of whole blood induced an increase of EV-TF but with only a minor 
increase in FL-TF. When truncated recombinant human TF (1-219) 
is spiked in normal plasma at 100 pg/mL, it has only 1 % reactivity 
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in the FL-TF (1-263) ELISA and 60 % reactivity in the T-TF ELISA. 
Incubation of human blood with LPS increased MP-TF significantly 
but FL-TF and T-TF only slightly. Results are presented in Fig. 7.5, 
which reports the various TF-associated activities (MP-TF, FL-TF, 
and T-TF) measured in normal and one pathological plasma with 
the various TF assays described above. Stimulation with LPS slightly 
increases T-TF but induces a very significant increase of EV-TF in 
normal blood, and concentrations then become similar to those 
measured in pathological plasmas.

7.6  Discussion and Conclusions

These studies show the potential utility of measuring EVs as a biolog-
ical marker or a prognostic indicator in various diseases associated 
with blood activation and increased risk of thromboembolic events. 
Approaches with flow cytometry (see Chapter 8) also allow meas-

Discussion and Conclusions

Figure 7.4	 Specificity of a MV-TF assay. Incubation of whole blood with 
LPS induces an important increase of MV-TF concentration, 
and this elevation is totally abolished if blood is incubated 
with a polyclonal antibody specific for TF. Conversely, addition 
of a phospholipid in liposomes to blood has no effect on MV-TF 
measurements.
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urement of the level and cellular origin of EVs. However, they only 
focus on those with a larger size (>0.5 µm or >0.25 µm, depending 
upon the type and generation of instrument). Limited information on 
their potential procoagulant activity is also available through their 
binding of A5. However, a better correlation with clinical conditions 
is obtained with capture-based assays, which do not discriminate on 
EV size and measure the whole of procoagulant potential by com-
bining A5 capture with the generation of thrombin. A subpopulation 
of vesicles exposing TF is of special relevance, especially in throm-
botic complications associated with infectious diseases, sepsis, and 
cancer. Although they only represent a very low proportion of the 
total EVs, they can have a highly significant pathological implication 
for and contribution to disease evolution. Technology now allows 
measuring all these different species in a reliable and reproducible 
method. Many studies and publications will hopefully become avail-
able for reporting the high value of these specific determinations. 

Figure 7.5	 Measurement of the various TF activities, MV-TF, FL-TF, and 
T-TF in normal individuals, in normal blood stimulated with 
polysaccharides (LPS), and in pathological plasma. Only T-TF 
is measurable in normal individuals, and MV-TF becomes 
detectable only following LPS stimulation. In pathological 
plasma both T-TF and MV-TF are present.
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There is still a lack of standardization for these methodologies, as 
each laboratory is developing its own calibration and quality con-
trol material. Use of phospholipid liposomes or of relipidated TF is a 
convenient approach, but it needs to be validated and documented 
for each assay and each application. Therefore the normal ranges 
and pathological cutoff values are assay specific at this time. No 
doubt that scientific committees and standardization organizations 
will eventually propose materials that contribute toward improved 
standardization of procoagulant and EV measurement. This should 
then contribute to extending the possible applications of these as-
says and perhaps to their introduction in routine practice. EVs and 
their subpopulations are good candidates for large-scale evaluation 
analytes as they offer all the expected requirements: long half-life 
with little variations with time, values associated with diagnostic 
and prognostic value, variations reflecting the efficacy of antithrom-
botic therapies in diseases, and good correlation with pathological 
diagnosis and disease progression. Simplification and automation of 
laboratory assays for capture-based EV assays can also be a key fac-
tor for extending their applications.
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Microvesicles (MVs) are submicron-size vesicles released from 
cell membranes in response to activation or apoptosis.1 They are 
generally defined as 0.1 μm to 1 μm membrane fragments exposing 
the anionic phospholipid phosphatidylserine (PS) and membrane 
antigens representative of their cellular origin. MVs originating 
from several cell sources have been described in human plasma. 
Among them, platelet-derived MVs (PMVs) are believed to account 
for the majority of circulating MVs in healthy subjects, followed by 
erythrocyte-derived MVs (Ery-MVs).2–4 It is now well recognized 
that MVs behave as vectors of bioactive molecules, playing a role 
in blood coagulation, inflammation, cell activation, and cancer 
spreading.5–7 In clinical practice, circulating MVs originating from 
blood and vascular cells are elevated in a variety of prothrombotic 
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and inflammatory disorders; cardiovascular diseases; autoimmune, 
infectious diseases; and cancers.8–10 In these clinical settings, 
MVs may give information about nonaccessible tissues (tumors, 
endothelium, placenta, etc.), correlate with disease activity, have a 
prognostic value to identify patients with thrombotic or vascular 
risk, and help in treatment monitoring.11–14 Among the different 
methodologies available to measure MVs in biological samples, 
flow cytometry (FCM) is the most commonly used technique.15 
The goal of this chapter is to review the recent progress in terms 
of standardization, size resolution, and probing to overcome the 
current limitations of this methodology. 

8.1  Advantages and Limitations of FCM

8.1.1  Advantages

Flow cytometry (FCM) analyzes cells and particles by suspending 
them in a stream of fluid and passing them by a flow cell interacting 
with a laser beam. Scattering of light and fluorescence emissions’ 
detection allow simultaneous multiparametric analysis of the 
physical and multiple antigen characteristics of up to thousands of 
particles per second. Thus, microvesicle (MV) measurement by FCM 
relies mainly on the combination of their scatter light properties 
and the expression of phosphatidylserine (PS) and specific antigens 
detected by fluorescence. FCM features give a high potential for 
MV analysis; indeed, FCM has the major advantage to identify and 
quantify MV subpopulations, because each particle is interrogated 
individually. The multiparameter analysis improves the specificity 
of MV detection. The speed of this technique contrasts with the 
sensitive but time-consuming microscopy techniques. Absolute 
counting is also possible in a wide dynamic range using generally 
counting beads of a known concentration.16 Finally, this technique is 
available in many research and clinical laboratories.

8.1.2  Limitations

Most FCM limitations are due to the fact that MVs are very small and 
heterogeneous in size, ranging from 0.1 μm to 1 μm according to 
electron microscopy. Currently available flow cytometers (FCMrs) 
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are unable to count all MVs except the larger ones.17 However, the 
size of the smallest MV an FCMr can detect is a difficult question to 
answer. As discussed later in this chapter, sizes of calibration beads 
are not perfectly equivalent to the size of MVs, meaning that if an 
FCMr can resolve two small latex beads, this does not imply that it can 
resolve two MVs of the same size range. In addition, performances 
of the instruments vary between various types of cytometers and 
even among individual instruments of the same type and also evolve 
with time on the same apparatus.18 However, we can estimate that 
the smallest detected MV is around 400 nm for a standard FCMr 
(sd-FCMr) and 200 nm for a high-sensitivity FCMr (hs-FCMr) using 
scatter light parameters. Depending on the antigen density on the 
MVs and the signal/noise ratio of the probe, events smaller than 200 
nm can also sometimes be detected by fluorescence.19 
	 Limitations to count all MVs are technologically driven, being 
dependent both on the fluorescence sensitivity of the instrument and 
on the intrinsic resolution limit of instruments for the size-related 
parameter used for the initial discrimination of interesting events 
from background noise. It is often quoted that the most commonly 
used laser wavelength (488 nm) is a major determinant of the 
limit of detection,20,21 but despite its impact in the physics of light 
scattering, numerous experiments have proven this statement is not 
entirely accurate.22,23 Among potential sources of instrument noise 
that impede MV detection, optical noise has generally the greatest 
impact over electronic and fluidic noise. Thus, optimizing settings 
can greatly improve results in MV enumeration.17 Because forward 
scatter (FS/FSC) has to be measured in a narrow scattering angle 
range close to a very intense light source (the laser beam itself), 
more precise alignment is required than for wide-angle scattering or 
fluorescence measurements.24–26 The position of the obscuration bar, 
which blocks direct laser light, is also critical. Therefore, fine optical 
alignment by an experienced technician may be highly beneficial 
for MV analysis, more than for any other normal FCM application. 
This optical noise can also come from dust particles and/or optical 
coupling gel stuck on the side of the flow cell. This noise increases 
slowly with time. It may be prevented by a protected atmosphere in 
the cytometer’s lab or reduced by cleaning the external side of the 
flow cell with optical grade alcohol (e.g., isopropanol) during regular 
technical service.27 In conclusion, laser alignment and careful optical 
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cleaning by service technicians are critically needed to improve MV 
detection by an FCMr.
	 To overcome these limitations, two main strategies have been 
developed: (a) standardization of the MV window of analysis in a 
defined but reduced size range in order to try and obtain reproducible 
results in clinical studies and (b) improvement of the detection of 
small-size MVs with the introduction of the hs-FCMr.

8.2  Standardization of the MV Gate

8.2.1  Gating Strategies

To measure MVs by FCM, two main strategies have been proposed. 
The first selects MVs according to their size, using scatter parameters 
(scatter-based threshold or discriminator) or impedance, and then 
analyzes fluorescent signals only on the populations preselected on 
size. The second preselects MVs on the basis of fluorescence staining 
first (using a fluorescence threshold or discriminator) and then 
eventually restricts the population(s) of interest via scatter gating 
on size. Each option has advantages and drawbacks. Fluorescence 
triggering may offer the greatest sensitivity for MV detection but 
at the expense of specificity.28 Because the event analysis is not 
restricted to any size region, all kinds of elements (specific MVs, free 
dyes, antibody aggregates, etc.), giving a fluorescence signal above a 
limit usually defined by an isotype control, will be counted as events 
of interest. This methodology is therefore more sensitive than the 
scatter strategy to small differences between isotype controls and 
specific antibodies. Other limitations in the fluorescence strategy 
are mainly the low signal-to-background ratio and variability in 
staining intensity. Moreover, standardized strategies to reproducibly 
position the fluorescence threshold are in their infancy. In the 
scatter-gating strategy, strongly labeled, small events can be missed 
but standardization of the MV measurement is also possible. 
Interestingly with the recent improvement of the scatter resolution 
on modern instruments, setting of the fluorescence detection limit 
is becoming more critical and standardization of fluorescence now 
also seems to be required with this strategy. 
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8.2.2  Calibration Beads

MV populations are generally defined by using size calibration 
beads. Beads of 1 μm diameter were first used to draw the upper 
limit of the MV population and to discriminate the MV population 
from larger events such as platelets.29,30 However, although this 
facilitated detection of MVs below 1 μm, the lower limit was not well 
defined as a consequence of being present within a moving zone 
of the instrument noise. A few years ago, a blend of commercial 
fluorescent beads, called Megamix, was developed by Biocytex 
(Marseille, France) in an attempt to better standardize both upper 
and lower limits of detection. It provides size-calibrated fluorescent 
beads of, respectively, 0.5 μm and 0.9 μm purposely formulated with 
a 2:1 numerical ratio. The 0.9 μm beads help to place the upper 
limit of the MV-gated region; the 0.5 μm beads help to set up the 
FS threshold/discriminator and lower MV limit at a standardized 
level corresponding to its median value. This is easily achieved on 
the basis of the intrinsic 2:1 ratio of 0.5 μm to 0.9 μm beads in order 
to always include the same percentage of the 0.5 μm beads in the 
analysis.16,31 This calibrated-bead strategy allowed full, long-term 
control of the FCM-based protocol and reproducible PMV counts 
over time on a Cytomics FC500 (Beckman Coulter [BC]). Optimal 
settings were easily transferred between three instruments of the 
same type using Megamix as a stable template. Similar PMV counts 
were therefore obtained using the three instruments.16

	 Three International Society on Thrombosis and Haemostasis 
(ISTH) scientific and standardization subcommittees (SSC Vascular 
Biology, Disseminated Intravascular Coagulation [DIC], and 
Haemostasis and Malignancy) have initiated a project aimed at 
standardizing the enumeration of cellular MVs by FCM. Using the 
Megamix beads strategy, a first collaborative workshop was set up 
to, first, establish the resolution and level of background noise of the 
FCMrs currently used in laboratories with respect to the strategy 
requirements, and, second, define the interinstrument reproducibility 
of PMV enumeration in human plasma. The study included 40 
laboratories and a total of 59 FCMrs.17 As a result, Megamix beads 
proved to be a useful standard that allows reliable assessment of an 
instrument’s ability to detect MVs within this standardized region. 
However, they do not constitute a universal biological standard for 
PMV enumeration. Indeed, PMV concentrations appeared consistent 
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among instruments that measure the FS parameter with a relatively 
wide solid angle (1–19°, BC). However, this strategy was inapplicable 
without substantial modifications among instruments with FS 
measured with a lower solid angle (1–8° Becton–Dickinson [BD]).17 
Thus, this study indicates that standardization of PMV enumeration 
by FCM was feasible but was dependent on intrinsic characteristics 
of both the FCMr and the calibration strategy. 

8.2.3  Value of Calibration Beads for MV Sizing

Light scattered at low solid angles along the axis of the laser beam 
(FS/FSC) tends to be more related to the size of the particles than 
light scattered at large solid angles (side scatter [SS/SSC]), which 
is highly influenced by the cells’ internal structure (granularity and 
nucleocytoplasmic ratio).25 This is why FS/FSC is generally used to 
define the analysis gate for MVs. Despite the fact that Megamix beads 
were not intended to be used as a size calibrator but rather as a tool 
to monitor MV enumeration in a standardized manner, a debate 
began on the value of calibrated polystyrene beads for sizing MVs 
by FCM. The use of polystyrene beads remains an imperfect model 
for general size calibration in FCM. Indeed, many factors other than 
event size influence FS/FSC, among which are the refractive index, 
surface roughness, and the presence of any absorptive material.25 
The FS/FSC signal is also strongly affected by the laser wavelength 
and by the range of solid angles over which scattered light is collected. 
Consequently, it was showed on Apogee A40 (Apogee system) 
that the difference in refractive index between polystyrene beads 
(Megamix) and biological MVs is so drastic that the MV gate, defined 
between the 0.5 μm and the 0.9 μm Megamix beads, includes, in fact, 
a large proportion of the platelet population.32 Accordingly, it was 
deduced by theoretical calculations and experiments with Apogee 
A40 that setting the gate with 0.5 μm and 0.9 μm Megamix beads 
results in the measurement of equivalent biological vesicles between 
the diameters of 1.4 μm and 2.7 μm, respectively. These size values 
were far outside the expected size range for MVs and suggested that 
all previously published PMV counts, using this methodology, were 
in fact counts of remaining platelets. However, several laboratories 
did not reproduce such overlap between the relative positions of 
beads and the platelet population on other instruments.33,34 We also 
did not find a dramatic difference between the nominal diameter 
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of the beads and the size of giant viruses on the Gallios instrument 
(BC), demonstrating that the difference in refractive index between 
beads and biological particles does not seem to impact extensively 
on FS-/FSC-based sizing on this cytometer.34 However, an important 
difference was observed when using a large angle (closer than SS/
SSC) between beads and the MV population.33 
	 As a potential explanation, the FS/FSC signal is strongly affected 
by the range of solid angles over which scattered light is collected. 
Because manufacturers of FCMrs do not use the same optical design 
for FS/FSC measurement, it is unlikely that exactly the same results 
could be obtained by measuring the same events within different 
instruments.17 The surprising results found on Apogee A40/A50 
are explained by the fact that a larger angle than on usual FS/FSC 
was used to collect scattered light. Polystyrene beads therefore still 
behave as potential suitable tools with which to define windows for 
MV analysis, provided that the intrinsic technical characteristics of 
each FCMr are understood and taken into account.

8.2.4  Standardization Perspectives

Different behaviors of biological MVs and beads on different FCMrs 
show that the current ISTH protocol developed on BC instruments 
is not fully transposable to all types and brands of FCMrs. Moreover, 
beads or microorganisms from a nominal diameter close to the 
wavelength of the laser also highly scatter light at large angles (SS/
SSC). In some cases, the resolution obtained is even better than 
when FS/FSC is used, especially on BD instruments.35 Thus, some 
instruments can easily discriminate two beads from 100 nm and 
300 nm using SS/SSC. Therefore, taking into account the impact 
of the large angle on the differential sizing of beads and MVs as 
discussed in the previous paragraph, the SS/SSC parameter can 
be also be chosen to alternatively act as a trigger for measuring 
MV populations.36 Philippe Poncelet (BioCytex, France) therefore 
recently proposed a comparison of forward- versus side-scatter 
strategies to standardize MV counts by FCM.37 This strategy aimed 
to provide scatter‐based reference levels for threshold and/or 
gating, permitting general standardization of MV counts across 
platforms. Comparisons of PMV counts were therefore measured on 
the same plasma samples on an FCMr of each group (FS/FSC  and 
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SS/SSC optimized). Delineation of small PMVs was made in FS on 
Gallios (BC) using 0.3 µm and 0.5 µm beads; large PMVs were found 
between 0.5 µm and 0.9 µm beads. The boundaries of the same two 
subsets were found on the SSC scale of a BD FCMr to between 0.17 
µm and 0.22 µm bead equivalents (small PMVs) and between 0.22 
µm and over 0.5 µm bead equivalents (large PMVs). Similar counts 
were obtained on these size‐defined PMV subsets using different 
platforms, demonstrating the ability of this standardization strategy 
to monitor interinstrument reproducibility. This strategy is going to 
be evaluated in a future ISTH SSC international workshop. 
	 In the near future, biological standards such as homogeneous 
suspensions of lipid vesicles, bacteria, or giant viruses may be very 
helpful to qualify homogeneous preparations of polystyrene beads 
and could be circulated as standards within the scientific community.

8.3  Small-Size MV Detection by FCM

Recently a new generation of instruments became available with 
technical characteristics in the fluidic or optical system theoretically 
more suitable for MV detection. Indeed, these hs-FCMrs show 
greatly improved scatter performance in terms of resolution and 
background. Improvement of FS resolution on Gallios is illustrated 
on Fig. 8.1 using a blend of fluorescent beads of 0.1, 0.3, 0.5, and 
0.9 μm. This is also the case, for example, with instruments such 
as LSRII Fortessa, the BD Influx,19,23 and Apogee A40/50.32,33 More 
progress may rely on specific optical designs or amplification 
strategies to detect smaller vesicles. Most of these instruments 
are fitted with a high-performance photomultiplier instead of a 
photodiode for detection of FS/FSC signals. Gallios takes advantage 
of a differential amplification of signal between internal (1–8°) and 
external (8–19°) angles measured by the FS detector (W2 strategy) 
(Fig. 8.1).22 The Influx cell sorter uses also wide-angle FSC instead 
of conventional FSC to improve small-particle detection. It is also 
optionally equipped with a pinhole system for detection of small-
size particles. Remarkably, the optimized BD Influx FCMr can detect 
particles with sizes as small as 100 nm and with sufficient resolution 
to easily distinguish between 100 nm and 200 nm particles on the 
basis of light scatter.19,23
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Figure 8.1	 FS resolution according to the collection angle option on 
Gallios. FS resolution was tested on a mix of four beads (0.9, 
0.5, 0.3, and 0.1 μm beads). Their distributions are shown as 
monoparametric FS histograms. Configurations shown in A, B, 
and C show acquisition with an FS normal collection angle N 
(1–8°), with an FS wide angle W (1–19°) and with an FS wide 
angle plus a scatter signal treatment amplifying the signal at 
the external angle W2 (8–19°), respectively. 

	 Consequently, a clear improvement in MV counting was 
observed. When PMV profiles between the sd-FCMr and the hs-
FCMr were compared at their respective optimal cutoff, a new 
but unknown subset of less intense, smaller PMVs appeared in 
the analysis, coupled with a marked increase in PMV counts. A 
new standardization protocol was then proposed using calibrated 
beads to reproducibly measure both large and small MVs using 
Megamix plus beads (BioCytex) (Fig. 8.2).22 On Apogee A50, PMV 
quantification in plasma from a healthy subject sampled in ideal 
preanalytical conditions increase the annexin V–positive PMV count 
from 100 μl to 1,370 μl.33 This improvement is also observed for 
other MV subpopulations, including Ery-MVs, leukocyte-derived 
MVs (LMVs), and endothelial-derived MVs (EMVs).22,38 With the 
defined adaptations of BD Influx and an optimized protocol for 
vesicle labeling and measurement using a fluorescent threshold, 
this method is also superior in the detection and characterization of 
nanosized cell-derived vesicles from in vitro cultures.19



210 Flow Cytometry

Figure 8.2	 Standardized flow cytometry protocol for MV subpopulation 
analysis on representative samples from a healthy donor. (A) A 
standardized MV gate is defined by Megamix plus beads. Beads 
were first analyzed using a fluorescence threshold. Each subset 
is characterized by colored dots: 3 μm (pink), 0.9 μm (blue), 0.5 
μm (red), 0.3 μm (green), and 0.1 μm (violet) (left panel). Then, 
to move to MV analysis conditions, the threshold was switched 
to FS, leading to the appearance of a background (gray dots) 
and the disappearance of all 0.1 μm beads as well as 50% of 0.3 
μm beads (right panel). A reproducible FS threshold can be set 
up by adjusting the FS discriminator value and the PMT voltage 
to move from a 0.3 μm/0.5 μm bead ratio of 2 (66% vs. 34%) 
originally to a ratio of 1 (50% of each) at the requested 0.3 
μm bead equivalent. (B) On a representative plasma sample, 
events included in the previously defined MV gate are selected. 
(C) Among MV gate events, MV subpopulations are defined as 
PMVs (annexin V/CD41), Ery-MVs (annexin V/CD235a), EMVs 
(annexin V/CD31+/CD41–), and LMVs (annexin V/CD11b). 
(D) Absolute enumeration of MV subpopulations is performed 
using fluorescent counting beads.

	 Interestingly, access to the measurement of the MV subset of a 
small size gives access to new information: applied to coronary pa-
tient samples, resulting in 8- to 20-fold increases in MV counts as 
compared with an sd-FCMr. Interestingly, the ratio between small 
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and large MVs varied according to clinical status but also depended 
on the MV subset.22 Moreover, significant differences in LMVs be-
tween patients with stable and unstable atherosclerotic plaques 
were only detected using the new standardized protocol (unpub-
lished data). Little is known so far about the differential nature 
and properties of the large and small MVs detected by FCM. Several 
hypotheses have been formulated for large PMVs, including small 
platelets, aggregates, or even swarm detection of small MVs simulta-
neously illuminated by the laser beam and counted as a single event 
signal.39 There are several arguments against the swarm hypothesis, 
including (1) filtration experiments can remove all large MVs, (2) 
analysis of a mixed population of PMVs labeled with different fluo-
rochromes does not result in the detection of double-labeled events, 
and (3) design of a separate population by simultaneous detection 
of small events has poor probability. In any case, the recent detec-
tion of small MVs by FCM results in many new questions. Among the 
new technical issues is the poor fluorescence intensity of the small-
est MV events, suggesting our current labeling strategies need to be 
improved and optimized.

8.4  Labeling Strategies

MVs are usually identified and enumerated by measuring specific 
antigens at their surface. Because of the MV size, however, the 
amount of any surface marker is drastically reduced in comparison to 
intact cells. It is therefore possible that some smaller MVs expressing 
specific antigens could remain below the limit of detection even if 
labeling is optimally performed. This is suggested by the lack of 
true separation between events considered as positive and the 
fluorescent noise. This stresses the relevance of calibrating the 
fluorescence axis in addition to the scatter axis by developing new 
reference standards such as fluorescent liposomes.40

8.4.1  Labeling Controls

Better controls in MV measurement are needed to differentiate 
true MVs from other cell debris and especially those generated 
during preanalytical steps. To further improve specificity in PMV 
measurement, Mobarrez et al. have proposed the use of phalloidin.41 
Phalloidin is a cyclic peptide that binds to f-actin with high affinity. 

Labeling Strategies
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Intact platelets do not have exposed f-actin, but if the cell membrane 
becomes disrupted, for example, by freezing, phalloidin will bind to 
exposed f-actin. Thus, phalloidin binding may indicate the presence 
of platelet fragments, which otherwise may falsely be counted as 
PMVs. Calcein AM, a nonfluorescent marker that becomes fluorescent 
upon cleavage by cytosolic esterases only stains intact MVs/cells and 
is not reactive with cellular fragments.42,43 The use of detergents has 
also been suggested by Gyorgy et al. to help differentiate MVs from 
potential immune complexes.44 
	 In the absence of consensus and standardized recommended 
antibodies and fluorochrome panel, the quality of obtained results 
may be improved by following simple rules.27 High-g centrifugation 
of antibodies before use may help to reduce interference with 
aggregates. Titration of antibodies must be performed on appropriate 
MV samples before use to avoid use of excess free antibody and 
improve resolution of specific events compared to the noise.45 More 
recently, Orozco et al. have stressed the need to study and quantify 
the analyzed population before any antibody labeling.46 
	 Currently most groups quantifying MVs by FCM are using 
commercially available isotypic controls to set limits for the 
discrimination of antigen-positive and antigen-negative events. 
Due to low fluorescence intensity, small variations in determining 
the antibody background binding by isotypic controls may have 
significant consequences on the quantification of antigen-positive 
MVs. Variation in staining of the same MV population by different 
isotypic controls has been well demonstrated by Trummer et al.47 
As described, their variability regarding the background level can 
be mainly attributed to (1) noncompliance of isotype with antibody 
subgroup, (2) conjugation variation resulting in differences in the 
fluorochrome-to-protein ratio (F:P ratio), and (3) isotypic control 
concentration not exactly matching antibody concentration. In 
our hands, a useful strategy consists of checking the overlapping 
of histograms between a conjugated specific antibody and its 
paired isotypic control on MV populations definitely known to be 
nonreactive with the specific antibody or by use of an MV-free plasma. 
Alternatively, the use of antigen-negative MVs to adjust instrument 
settings has been suggested with the use of an Fc receptor (FcR)-
blocking reagent prior to antibody labeling.47 When identifying a 
new antigen on MVs by FCM, it is recommended to remove the signal 
using a high concentration of an unlabeled specific antibody to 
saturate the antigen in order to prove the specificity of the detection 
signal.
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8.4.2  Fluorescent Probes

8.4.2.1  General probes

Annexin V binding has been extensively used as evidence of the PS-
rich surface.48 This placental protein with high affinity and a strict 
specificity for aminophospholipids, however, requires the presence 
of physiologic calcium concentrations.49 A negative control is 
provided by annexin V in a buffer that lacks bivalent cations or use 
of ethylenediaminetetraacetic acid (EDTA) to prevent any specific 
binding. The addition of calcium to diluted plasma samples may 
also cause problems with fibrin formation and subsequent analysis 
depending upon the final dilution factors utilized. This can be 
controlled by using agents that inhibit thrombin generation of fibrin 
cross-linking. It is controversial whether staining for phospholipids 
with annexin V should be performed. Some groups define MVs only 
by size and surface antigen staining without testing for annexin V 
positivity.8,50 In addition, the existence of an annexin V–negative 
MV population has also been suggested. It has been reported that 
the concentration of MVs (without the use of annexin staining) is 
30 times higher than the concentration of MVs that are detected by 
annexin V.51 However, it has been demonstrated that simply analyzing 
unfiltered buffers results in a significant amount of background 
noise, cell debris, and precipitates, which often have the same size 
range as MVs.52 This could influence and disturb the analysis and 
quantify false-positive MVs. Therefore, it seems preferable that 
positive staining for annexin V be applied to be able to distinguish 
true events from cell debris or precipitates. The binding of annexin V 
to MVs is influenced by the calcium concentration and the membrane 
PS content. Consequently, the concentration of calcium in the buffer 
should be titrated for optimal staining of MVs. 
	 Alternatively to annexin V, other probes were proposed to 
detect whole circulating MVs. Lactadherin is an opsonin released by 
stimulated macrophages and characterized by a PS-bonding motif 
and an integrin-binding motif. Lactadherin bridges PS-exposing 
apoptotic cells to macrophages, facilitating their engulfment.53,54 
This protein has demonstrated higher affinity than annexin V for PS 
and has the potential advantage of non-calcium-dependent binding 
to PS.55 It is also more expensive. BODIPY-maleimide has been 
identified as a potential generic stain for detection and quantification 
of MVs because of its property to attach to biological membranes via 
cysteine residues and thiol groups in proteins.56–58

Labeling Strategies
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	 On the basis of recent findings that MVs may also contains 
nucleic acids, nucleic acid–staining dyes have also been tested in 
the detection of MVs generated in vitro from cell lines.59 Ullal et al. 
utilized the cell-permeant dye SYTO 13, which binds ribonucleic 
acid (RNA) to detect MVs.60 For all these potential generic markers 
for total enumeration of MVs, the determination of a limit between 
positive and negative events is often hazardous due to a poor signal/
noise ratio, high fluorescent noise in plasma, and the lack of an 
appropriate negative control. Their practical advantages need to be 
evaluated further in terms of specificity and performance in plasma 
samples.

8.4.2.2  Specific probes

FCM uses fluorescently labeled specific antibodies to identify the 
cellular origin of MVs. MVs have an antigenic composition originat-
ing, in theory, from their parent cells; however, they also differ re-
garding some crucial characteristics important for their detection, 
such as antigenic density, loss of antigen by shedding or during 
formation, size, and membrane curvature. Because of these differ-
ences, we cannot predict the ability of an antibody to efficiently de-
tect specific MVs by FCM only on the basis of cellular models. Over 
the past years, some antibodies have been selected to distinguish 
MVs derived from platelets, leucocytes, erythrocytes, and endothe-
lial cells (Table 8.1).58,61 In addition, antibodies have been used for 
the detection of MVs derived from malignant cells, such as MUC1 
for breast and pancreatic cancer cells, Fas ligand (FasL) for mela-
noma cells, epidermal growth factor receptor variant III (EGFRvIII) 
for glioblastoma cells, and CXCR-4 for leukemic cells.62 Table 8.1 
summarizes the most widely used specificities with regard to their 
recognition of MV subsets and to the relative intensity of the fluo-
rescent signal obtained with in vitro or in vivo MVs. Depending on 
the population studied and its relative abundance in human plasma, 
the difficulties to identify them can vary. Platelet- and erythrocyte-
derived MVs are the most abundant populations and benefit from 
specific antigens well represented at their surface, such as CD41 and 
CD42 for PMVs and CD235a for Ery-MVs. LMVs are physiologically 
less represented. CD45 is present on all leukocytes and is often used 
to identify LMVs. For leukocyte subsets, the following antibodies are 
used: CD14/CD11b (monocytes) and CD66b (granulocytes). Most of 
the leukocyte antigens are weakly expressed, and it is possible that 
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a large fraction of these MVs may be also lost during analysis. The 
challenge of rare event detection is even more difficult when this is 
associated with the measurement of only weakly expressed antigens 
as is the case with EMVs. CD105 (endoglin) is not only expressed on 
endothelial cells but also weakly expressed on leukocytes. EMVs are 
therefore CD105+ and CD45−. CD144 (VE-cadherin) is also used as 
a marker for EMVs, but its expression is very weak. CD54 (ICAM1), 
CD62E (E-selectin), CD62P (P-selectin), and CD106 (VCAM1) can be 
markedly up-regulated on endothelial cells by various agonists and 
therefore may provide a measure of whether subsets of EMVs are 
derived from activated endothelial cells.27,63

Table 8.1	 Main antigens used in measuring cell-derived MV subpopu-
lations

Antigens Specificity

Sensitivity
(fluorescence intensity 

in vitro)

Pan-MV PS ++ +++
PMV CD41 +++ +++

CD42 (a or b) +++ +++
CD61 ++ ++

Ery-MV CD235a +++ +++
LMV CD45 +++ +

CD11ba +++ ++
CD14b +++ +
CD66bc +++ +
CD15c +++ ++

EMV CD144 +++ +/–
CD146 ++ +++
CD105-LMV ++ ++
CD31-PMV + +++
CD62E +++ +

Source: Adapted from Lacroix et al., Semin. Thromb. Haemost., 2010
Abbreviations: MV, Microvesicles; PMV, Platelet-MV; EryMV, Erythrocyte-MV; LMV, 
Leukocytes-MV; EMV, Endothelium-MV; PS, Phosphatidylserine.
aMyeloid and NK cell–derived MVs
bMonocyte-derived MVs 
cGranulocyte-derived MVs



216 Flow Cytometry

	 Better sensitivity of the hs-FCMr allows developing multilabeling 
strategies that improve the efficiency and specificity of MV 
subpopulations detection by FCM,41 but new MV-dedicated reagents 
are also required.

8.5  Other Flow Cytometry Methods

Over the past years, other FCM-based methods have been used to 
analyze MVs, such as impedance FCM and, more recently, imaging 
FCM.
	 Impedance FCM is based on the Coulter principle. It determines 
the electronic volume of a particle, which is directly proportional 
to the change of impedance associated with the displacement of 
electrolyte in a flow cell orifice by the particle of interest. Analysis 
has been performed on a modified version of the Quanta MPL 
instrument (BC, Miami, FL). Measurement depends on the diameter 
of the flow cell aperture, and smaller apertures with diameters of 
25 μm or 40 μm are required in order to analyze small particles 
and vesicles.31,64 Although this system allowed accurate sizing and 
excellent discrimination between the MV population and platelets, its 
full potential use remained limited by a high electrical background. 
	 Amnis has also developed an imaging FCMr (ImageStream), 
which may overcome some of the problems associated with flow 
cytometric assessment of MVs. The instrument provides an actual 
measurement of size rather than FS. The signal/noise ratio for small 
particles is markedly better by using imaging cytometry. Because 
signals arising from small objects occupy a minimal number of pixels, 
there is very little pixel-associated noise, and thus ImageStream is 
very sensitive to MV fluorescence. This is especially important for 
the analysis of MVs that exhibit low levels of markers on their surface 
and hence low fluorescence intensity when compared with the 
parent cell. Furthermore, obvious coincident events can be flagged 
and potentially included in the analysis. However, the limitation of 
ImageStream is the accurate measurement of size for small particles 
and vesicles.63

8.6  Conclusions 

The standardization process to measure MVs by FCM remains 
a challenge, especially for multicenter studies. The diversity of 
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scatter measurements between manufacturers certainly impedes 
standardization. However, provided that the intrinsic behavior of 
any instrument for size-related measurements has been taken into 
account, polystyrene beads remain as useful tools to standardize 
windows for MV analysis. The new-generation hs-FCMrs also 
maintain the lead of FCM in the MV analysis field, with potential 
access to new biological information. Another challenge will 
be to develop new tools to improve the fluorescence signals on 
small vesicles. Validation of all of these advances in large series of 
pathological settings will be mandatory to evaluate their true impact 
upon clinical practice. 
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The remarkable feature of atomic force microscopy (AFM) is its abil-
ity to “view” details at the atomic and molecular levels. This makes 
AFM a suitable method to detect and quantify extracellular vesicles 
(EVs). AFM operated in fluid tapping mode allows the detection of 
EVs, while applying a minimal force, thereby preserving their natural 
state. Monoclonal antibodies immobilized on a modified mica sur-
face enable capturing subsets of EVs. AFM allows nanoscale meas-
urements of individual EVs and simultaneously measures the 3D 
size of the EVs. The numbers of EVs attached to the antibody-coated 
surface can be quantified by using image processing software. For 
the first time we have shown that AFM detects 1,000-fold more 
CD41-positive EVs than flow cytometry (FCM) does. These EVs have 
sizes ranging between 10 nm and 475 nm with a peak at 67.5 nm, 
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which is clearly below the detection limit of conventional FCM. This 
AFM method was also used to detect EVs bearing tissue factor (TF) 
antigen. We also demonstrated the feasibility of the AFM method 
combined with a microfluidic method to detect and quantify CD41-
positive EVs directly in plasma, reducing time between venepunc-
ture and EV measurement and also preventing EV loss during the 
isolation procedure. Future research will focus on further ways to 
improve and standardize the AFM method for EV measurement, its 
use to optimize preanalytical variables of EV preparation, and quan-
tification of EV subsets in clinical samples. Ultimately, the accurate 
measurement of EVs may contribute to the development of EVs as 
a diagnostic tool and possible prognostic and/or predictive (bio)
markers in various diseases. 

9.1  Introduction: Atomic Force Microscopy

Invented in 1986 by Binnig, Quate, and Gerber,1 the atomic force 
microscope is one of a family of scanning probe microscopes 
that produces three-dimensional (3D) images. The atomic force 
microscope, with its ability to produce images of exquisitely high 
resolution (down to the Ångstrom range), was originally developed 
for its use in the physical sciences. An atomic force microscope 
measures the forces between a nanostylus (fine tip) and a sample 
immobilized on an atomically flat substrate, usually mica or gold.2,3 
The tip is attached to the free end of a microcantilever and is brought 
very close to the surface of the sample. Attractive or repulsive 
forces resulting from interactions between the tip and the surface 
will cause positive or negative bending of the cantilever. A laser 
beam is reflected on the back of the cantilever, and the upward 
and downward deviations of the cantilever are read by a sensitive 
photosensor monitor.4 Figure 9.1 shows the basic concept of an 
atomic force microscope. 
	 The piezoelectric ceramic transducer, probe, and photodiode are 
the three major components in atomic force microscopy (AFM).4 
The piezoelectric ceramic transducer expands or contracts in 
the presence of a voltage gradient, and conversely, it develops an 
electrical potential in response to mechanical pressure, enabling 
movements in x-, y-, and z-directions. The probe represents a 
microcantilever bearing a sharp tip at one end. Cantilevers are 
usually made from silicon (Si) or silicon nitride (Si3N4). Different 
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cantilever lengths, materials, and shapes allow for varied spring 
constants and resonant frequencies. A photodiode collects the signal 
of the laser beam deflection from the back of the cantilever. 

Figure 9.1	 Drawing of the basic principle of an atomic force microscope. 
A cantilever bearing a very small tip (probe) moves along 
the sample surface attached to a piezoelectric scanner. The 
tip experiences attractive or repulsive forces. A laser and a 
photodiode are used to measure these forces.

	 AFM imaging relies on van der Waals (vdW) forces created 
from the interaction between the probe and the sample.4 During 
contact with the sample (<0.5 nm probe–surface separation), the 
probe predominantly experiences repulsive vdW forces (contact 
mode). This leads to deflection of the tip. By maintaining a constant 
cantilever deflection the force between the probe and the sample 
remains constant and an image of the surface is obtained. As the 
tip moves further away from the surface (0.1–10 nm probe–surface 
separation) the attractive vdW forces are dominant (noncontact 
mode). The probe does not contact the sample surface but oscillates 
above the surface during scanning. When the cantilever is oscillated 
at its resonant frequency, the probe lightly “taps” on the sample 
surface (0.5–2 nm probe–surface separation) during scanning 
(tapping mode). By maintaining a constant oscillation amplitude a 
constant tip–sample interaction is maintained and an image of the 
surface is obtained. Tapping mode is applied when a minimal force 
between the tip and the sample is needed, especially during imaging 
of biological samples.5 
	 One of the strengths of the AFM technique is the possibility to 
operate and measure objects within aqueous fluids. This enables 
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imaging of a wide variety of biological samples ranging from single 
molecules, such as nucleic acids and proteins, to macromolecular 
assemblies and even whole cells. AFM also enables measurement 
of interaction forces between tip and specimen or to exert forces 
on a specimen. This means that AFM can also be used to measure 
the forces required to produce conformational changes in proteins. 
Furthermore, atomic force microscope tips can be functionalized 
with ligands that interact with receptors and thus be used to map 
the distribution of the (ligand-defined) receptors on cell surfaces.6

9.2  Measurement of Extracellular Vesicles

Extracellular vesicles (EVs) have important physiological and 
pathological roles in blood coagulation, inflammation, and tumor 
progression.7 In recent years EVs also have been recognized to 
participate in important biological processes, such as in signaling 
and in the horizontal transfer of their membrane and/or cargo 
molecules, which are enriched in specific proteins and messenger 
ribonucleic acids (mRNAs).8 Since EVs may vary in size within the 
submicron meter range (50–1,000 nm), studies have been hampered 
by the lack of methods for the sensitive detection and accurate 
quantification of EVs of all sizes. 
	 Flow cytometry (FCM) has been used extensively to quantify 
EVs in biological samples because this method is high throughput 
and allows identification of the parental origin of the EVs by using 
combinations of several fluorescent antibodies. Conventional 
FCM instruments, however, employ laser light, which excites at a 
wavelength of 488 nm. Thus, EVs with a size smaller than the cutoff 
limit of 0.5 µm cannot be measured accurately, often resulting in an 
underestimation of EV counts.9,10 Although there are advances made 
in developing new-generation FCM instruments, these have not 
been tested extensively for routine measurements of EVs.11 Recently, 
the Vascular Biology Group of the Scientific and Standardization 
Committee (SSC) of the International Society on Thrombosis and 
Haemostasis (ISTH) proposed to standardize the enumeration 
of platelet-derived microparticles (PMPs) larger than 0.5 μm by 
using size-calibrated standard beads (Megamix beads) to adjust the 
instrument setting and increase the resolution of FCM.12 
	 AFM is an uncommon method for the measurement of EVs, but 
while taking into account the detection limit of FCM instruments, 
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AFM is currently one of the most suitable methods to detect 
nanosized EVs. Siedlecki et al.13 were the first to demonstrate the 
possibility to image EVs derived from activated platelets by using 
AFM in fluid/liquid tapping mode. They generated EVs by using 
surface-activated and thrombin-activated platelets deposited on 
glass. Their results show that EVs generated from contact-activated 
platelets are clustered in close proximity to adherent platelets and in 
some cases appear to originate from platelet pseudopodia. 
	 We reported the development of a novel method to measure EVs 
bearing CD41 antigen by using AFM in fluid tapping mode.14 These 
EVs were isolated from double-centrifuged, fresh platelet-poor plas-
ma (PPP) and were captured on the surface of amine-modified mica 
by using anti-CD41 monoclonal antibody (MoAb). The advantage of 
this method compared to Siedlecki’s method is that other subsets 
of EVs can also be potentially captured by using different antigen-
specific antibodies to coat the surface of modified mica. We also used 
muscovite mica, a nonconducting layered mineral that has an atomi-
cally flat surface, to distinguish single EVs from the roughness of the 
supporting surface and to functionalize the surface for protein bind-
ing.15 
	 In this study, we observed that the binding of EVs to anti-CD41-
coated mica was specific, as a markedly lower number of EVs bound 
to immunoglobulin G1 (IgG1) isotype control MoAb-coated mica. 
Also, a linear relationship was obtained between the number of 
CD41-positive EVs per 100 µm2 surface and the EV concentration, 
which saturated at a concentration of ~500 per 100 µm2 surface. 
We also quantified the number of CD41-positive EVs isolated from 
fresh PPP of seven blood donors and three cancer patients, both 
by AFM and by FCM. We found that the numbers of CD41-positive 
EVs measured by AFM were 1,000-fold higher than those measured 
simultaneously by FCM (3-702 × 109/L plasma vs. 11-626 × 106/L 
plasma). 
	 When EVs are bound to a surface, they are flat. Siedlecki et al. 
reported that EVs derived from surface-activated platelets are 
125 ± 21 nm in the x-/y-dimension (width) and 5.2 ± 3.6 nm in 
the z-dimension (height), comparable with results obtained from 
thrombin-activated EVs (125 ± 22 nm width and 4.1 ± 1.6 nm height). 
The height of these EVs is only about 4% of their width. We assumed 
that unbound EVs are spherical. Thus, we calculated the spherical 
diameter (dsph) of EVs from their volume (Fig. 9.2). This volume was 
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obtained by analyzing the AFM images using SPMEDIATOR version 
6.1 that evaluates the center of mass of particles in comparison with 
the surface background. The EVs bearing CD41 antigen isolated 
from fresh PPP have diameters (dsph) ranging from 10-475 nm with 
a peak at 67.5 nm, which is clearly far below the detection limit of 
conventional FCM. Moreover, after filtration of isolated EVs through a 
0.22 µm filter, CD41-positive EVs were still detected in the filtrate by 
AFM (mean dsph: 37.2 ± 11.6 nm) but not by FCM. This demonstrates 
that AFM is much more sensitive for the detection of EVs compared 
to FCM. 
	 We also generated EVs by stimulating isolated platelets with 
thrombin. Similar to Siedlecki’s results, AFM analysis showed that 
these contained CD41-positive EVs with a width of 125.3 ± 11.7 nm 
and a height of 4.3 ± 1.9 nm. The dsph of these EVs was 44.1 ± 13.7 
nm (range 4–189 nm) corresponding to the dsph observed for CD41-
positive EVs from fresh PPP. 

Figure 9.2	 Bound vs. unbound state of an EV. The height of a bound EV 
(z1) is lower than the height of a free EV (z2), but the measured 
volume (V) remains the same. The spherical diameter (dsph) is 
calculated from the volume (V) of the EV. 

	 We have also used the AFM method to detect tissue factor 
(TF)-bearing EVs by coating modified mica with a fluorescein 
isothiocyanate (FITC)-labeled anti–human TF MoAb (Fig. 9.3A) 
to capture EVs isolated from the supernatant of a cultured human 
breast adenocarcinoma cell line, MDA-MB231 cells, which were 
stimulated with a calcium ionophore (Fig. 9.3C). An FITC-labeled 
mouse IgG1 isotype control MoAb was used as a negative control 
(Fig. 9.3B). TF-positive EVs with diameters (dsph) ranging from 6-296 
nm (median: 40.4 nm; mean: 46.4 ± 26.0 nm) were successfully 
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captured on an FITC-labeled anti-TF-coated surface (Fig. 9.4). Only 
a few EVs were captured on the mica surface coated with an FITC-
labeled mouse IgG1 isotype control MoAb (Fig. 9.3D). We also found 
that the numbers of TF-positive EVs measured by AFM were 2,000-
fold higher than those measured by FCM in the same sample (8 × 106 
per µL supernatant vs. 4 × 103 per µL supernatant).

Figure 9.3	 AFM images showing the 3D surface topography of (A) FITC-
labeled anti-TF MoAb-coated mica (0.1 mg/mL) and (B) FITC-
labeled IgG1 isotype control MoAb-coated mica (0.1 mg/
mL). EVs bound to (C) FITC-labeled anti-TF-coated mica and 
FITC-labeled isotype control (IgG1)-coated mica were used as 
a negative control (D). Inserts show the results of the height 
analysis (z) of the surfaces. The scale bar in these images is  
1 µm.	
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Figure 9.4	 Size distribution (dsph) and counts of TF-positive EVs per 100 
µm2 surface area.

	 In conclusion, AFM operated in fluid tapping mode can sensitively 
detect and accurately quantify subsets of EVs by using different 
antigen-specific MoAbs.

9.3  Important Factors for AFM Measurement  
of EVs 

Preanalytical procedures such as blood collection, plasma/EV 
preparation, and storage are some of the important factors that 
significantly influence the number, morphology, and characteristics 
of EVs.16 Generally, sodium citrate is used to collect blood for 
preparing plasma EVs. However, the effect of anticoagulant on EV 
characteristics is still relatively unknown. Centrifugation speed 
to isolate plasma or EVs may also affect the yield of EVs and 
their characteristics. Unfortunately, until now there is no ideal 
standardized protocol to prepare plasma/EsV, although the Vascular 
Biology Group of the SSC of the ISTH is working toward defining 
this.17

	 In multicenter studies and prospective trials it is often inevitable 
to freeze and store the plasma samples obtained over time before 
simultaneous analysis of serially collected samples. For our AFM 
measurement, we used freshly collected, citrated plasma to avoid 
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changes in the EV number and characteristics that may be caused by 
storage and freezing-thawing procedures of plasma.14 We observed 
no significant difference in size distribution of CD41-positive EVs 
after freezing-thawing of plasma obtained from two of three donors 
by using AFM. However, the number of CD41-positive EVs from 
these two donors decreased about two- to seven-fold after freezing-
thawing.14

	 Direct detection of EVs in plasma is preferred because isolation 
procedures will inevitably cause the loss of some EVs, especially 
when multiple washing steps are included. Importantly, it is not 
known which centrifugation speed is optimal to pellet all EVs 
from plasma.16 For that reason, we have explored a method that 
combines the use of microfluidics and AFM to detect EVs directly 
in plasma.18 Some advantages of isolating EVs are that samples 
will be more concentrated and have less interference with protein 
complexes, especially insoluble immune complexes, and lipoprotein 
particles.19,20 Because of their size lipoprotein particles, such as 
very low-density lipoprotein (VLDL) and low-density lipoprotein 
(LDL), with sizes between 25 nm and 90 nm21–23 might also interfere 
with the measurement of EVs. As the AFM method we developed 
relies on the use of a specific and high-affinity antibody, EVs can 
be distinguished from these lipoprotein particles. AFM imaging is 
also performed in the presence of a physiological buffer to enable 
the detection of EVs with minimal force and to prevent drying of the 
samples. Other groups who detected EVs by using AFM in tapping 
mode without the presence of fluid observed EVs mainly with sizes 
around 10 nm,24 much smaller than what we observed in our study. 

9.4  Future Research and Discussion

The current AFM method is unfortunately still low throughput and 
labor intensive. Furthermore, to assess the precise number of EVs 
in a given sample, the availability of an external standard (e.g., EVs 
with a known concentration) will be essential. However, until now 
there are no suitable reference materials (standards) to calibrate 
and adjust the settings of the methods for EV analysis.25 Thus, 
improvements are needed, for example, by using automated sample-
handling systems, standardized reagents, reference materials for 
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calibration and settings, and an external standard to obtain absolute 
numbers of EVs by using AFM. 

9.5  Conclusion

AFM operated in fluid tapping mode provides a novel method 
enabling the sensitive detection of defined subsets of EVs in the 
nanosize range, far below the lower limit of what can be measured 
by conventional FCM, by using specific MoAbs. In combination with 
microfluidics EVs can also be directly measured in plasma, thus 
reducing the time between venepuncture and EV measurement and 
also preventing their loss because of washing steps in the isolation 
procedure. A standardized AFM method will also be very useful for 
optimizing preanalytical variables of EV preparation to allow their 
optimal measurements in various clinical samples. 
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10.1  Introduction

10.1.1  Background

Both circulating cells and the cellular components of the vascular 
wall, under certain circumstances, can shed fragments of their cell 
wall into circulating blood. These tiny chards of cellular material are 
called extracellular vesicles (EVs). Microvesicles (MVs) are thought 
to range in size from 0.1 µm to 1 µm and are released during cell 
activation, apoptosis, or high mechanical shear. MVs also express 
surface antigens or epitopes as well as some cytoplasmic content 
that present at that region of the cell during their formation. In 
contrast, exosomes are true nanovesicles released via exocytosis of 
preformed vesicles or multivesicular bodies within the endosome.
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	 Under resting conditions a dynamic asymmetric steady state 
between the outer and inner membrane lipid leaflets is maintained 
via enzyme activity. The exact mechanism(s) for MV generation 
is not fully known, but membrane enzymes such as scramblase, 
gelsolin (present only in platelets), aminophospholipidtranslocase, 
calpain, and floppase are thought to be involved and result in the 
expression of negatively charged phospholipids on the cell surface, 
coupled with membrane blebbing.1–4 
	 In a clinical setting, EVs may have significant potential for earlier 
and more sensitive diagnostics and therapeutic monitoring.5,6 EVs 
could potentially serve as unique biomarkers that describe the 
current metabolic state of their host cell at the time of their formation. 
Although platelet MVs are among the most widely studied, they can 
also originate from many different cell types, including leukocytes, 
endothelial cells, monocytes, tumor cells, and erythrocytes. 
	 There now exists a better understanding of the metabolic 
function of EVs and their possible diagnostic utility.1,6–8 Although 
EVs can be found circulating in low levels in healthy individuals, 
several investigators have documented elevated levels of EVs in 
diseases with vascular involvement and hypercoagulable states such 
as disseminated intravascular coagulation (DIC), acute coronary 
syndrome, systemic inflammatory disease, and kidney disease.6–14 
EVs have also been associated with inflammation, cellular 
activation and dysfunction, angiogenesis, and transport of cellular 
receptors.15–18

	 The major impediment to advancements in the clinical diagnostic 
exploitation of EVs has been the inability to simultaneously and 
accurately determine their, size, number, phenotype, and other 
characteristics such as charge. Although flow cytometry is currently 
considered the technique of choice for EV characterization, 
conventional flow cytometers cannot routinely examine EVs below 
0.5 µm, including the exosome and small MV populations. This is 
particularly relevant since many groups have reported large numbers 
of EVs in the 0.05–0.3 µm range using alternative methodologies (e.g., 
electron microscopy). However, recent advances in flow cytometry 
with the advent of modern digital instruments now facilitate 
analysis of EVs in the 0.2–0.5 µm range. This coupled with other 
types of instrumentation suggests that there is significant biological 
information and EVs below the traditional cutoff of cytometers. 
Two instruments capable of analyzing smaller EVs will be discussed 
herein. 
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10.2  Theoretical Considerations

10.2.1  Principle of Quasi Elastic Light Scattering

Quasi elastic light scattering (QELS) is also referred to as dynamic 
light scattering (DLS) and photon correlation spectroscopy (PCS). 
In QELS, incident coherent light from a laser is scattered from a 
moving particle. When this occurs, a small amount of energy from 
the incident light is exchanged with the scattering particle so 
that the scattered light can have a slightly lower frequency than 
the incident light. The detection of the scattered light is possible 
because of random local fluctuations in the refractive index caused 
by concentration fluctuations of the scattering particles. The 
fluctuations are a result of the Brownian movement or diffusion 
of the particles. QELS is a method that detects particle motion and 
permits the determination of a z-averaged diffusion coefficient 
for the particle. Particle dimensions are then calculated from the 
diffusion coefficient, assuming a spherical shape for the particle. 	

10.2.2  Diffusion Coefficients

The diffusion coefficient of a particle is important because it can 
be related to particle size. For example, in a dynamic system such 
as the aggregation of microtubules, fibrin monomers, or sickle cell 
hemoglobin, each state of aggregation will have a slightly different 
diffusion coefficient.19,20,22 In principle, knowledge of the diffusion 
coefficient can give information on the extent and dynamics of 
aggregation. A significant problem with this technique is resolution 
between the diffusion coefficients for each species, since the 
differences between the diffusion coefficients for an ensemble of 
particles the size of EVs or intact blood cells may be extremely small. 
Thus, the result often appears as a broad envelope without resolution 
between discrete EVs of different sizes, and only an average diffusion 
coefficient for the entire ensemble of vesicle sizes is possible.20

	 The calculation of the diffusion coefficient to determine size 
should be approached with care.20–23 Additionally, the type of 
diffusion being assessed should be clearly understood. Tracer, or 
self-diffusion coefficient, DS, is described as particles that exchange 
without mass accumulation in a system of uniform chemical 
composition.24 DS is the usual quantity measured in heterodyne 

Theoretical Considerations
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light-scattering experiments. In mutual diffusion the flux is driven 
by particle concentration gradients. Homodyne light-scattering 
experiments measure mutual diffusion.
	 For spheres DS is given by the well-known Stokes–Einstein 
equation:

Ds
kT=

6pha

where k is the Boltzmann constant, T the absolute temperature, η the 
solvent viscosity, and a the radius of the sphere. Since the magnitude 
of the diffusion coefficient is dependent on the concentrations of 
the diffusing particles, the diffusion coefficient is usually defined in 
the limit of infinite dilution. Figure 10.1 illustrates this important 
point by showing the diffusion coefficient for highly purified human 
hemoglobin as a function of hemoglobin concentration.25 The top 
curve is the result for a homodyne QELS experiment that yields 
the mutual diffusion coefficient for hemoglobin. The bottom curve 
is the result for the tracer or self-diffusion coefficient. Notice two 
important features. First, the mutual and self-diffusion coefficients 
are equal only in the limit of infinite dilution. The second feature 
is that the diffusion coefficient changes significantly as the 
concentration of hemoglobin is varied. The relationship between the 
diffusion coefficient, D, and the measured quantity, the self-diffusion 
coefficient, DS, is given by:20

D = DS(1 – υc)
where D is the diffusion coefficient, DS is the measured quantity 
(i.e., the self-diffusion coefficient), υ is the specific volume, and c 
is the mass concentration of particle, typically of a macromolecule. 
We have been unable to find published results to show the effect 
of particles as large as EVs and intact cells on D. Other factors that 
influence the value of the diffusion coefficient include the particle 
volume (mass), solution viscosity, temperature, and potential 
particle–particle interactions.

10.2.3  Electrophoretic Quasi Elastic Light Scattering

A more powerful application of QELS adds an intense electric field 
across the scattering sample. Electrophoretic quasi elastic light 
scattering (EQELS®) does not measure the diffusion coefficient, 
but the electrophoretic mobility and zeta potential for particles in 



239

solution. The movement of large particles like blood cells and EVs 
in this application depends on the particles’ surface charge density 
and the strength of the electric field. The electrophoretic mobility 
for particles the size of EVs and blood cells is not influenced by the 
particle shape but by only its surface charge density.26,27 It should 
be emphasized that there is no physical separation of particles in 
an EQELS® analysis. Only the differences in the particle rates of 
movement in the applied electric field are measured. 
	 The actual measured quantity is the time dependence of the 
autocorrelation of the intensity fluctuations of the scattered light 
measured at a specific scattering angle for the entire ensemble of 
scattering particles. The scattered intensity (IS) from a moving 

Figure 10.1	 Effect of concentration on the value of diffusion coefficients. 
Mutual diffusion coefficients, D, for hemoglobin (squares) 
measured by QELS and self-diffusion coefficients, measured by 
the diaphragm method (diamonds and Xs), for met-hemoglobin 
versus concentration are shown. Two important results can be 
seen. Mutual and self-diffusion coefficients may not be equal 
except in the limit of infinite dilution. Second, the effect of 
concentration is demonstrated for both types of diffusion.

Theoretical Considerations
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particle at a fixed scattering angle (qS) is observed as an oscillating 
intensity described in the heterodyne experiment as a second-order 
field autocorrelation function,28–32
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where τ is the time increment, IL is the intensity of the reference 
beam (local oscillator), IS is the average intensity of the scattered 
light, and D is the diffusion coefficient. K is the scattering vector 
defined by Eq. 10.4:
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where n is the refractive index, λ is the wavelength of the incident 
light, and υd is the velocity of the scattering particle. The important 
quantity in this expression is K∙υd, the Doppler shift of the signal 
resulting from the particle motion.
	 The Fourier transform of the measured autocorrelation function 
(Eq. 10.3) gives the power spectrum from which the diffusion 
coefficient, in the case of QELS, or the electrophoretic mobility, in 
the case of EQELS,® of the scattering particles is calculated.26–29 The 
Doppler shift can then be related to the electrophoretic mobility by 
Eq. 10.5,

δυ = 
nu q

l
d S

o

sin( )

where δυ is the Doppler shift, λo is the frequency of the incident light, 
and qSs the scattering angle. The electrophoretic mobility is related 
to the velocity of the scattering particle by the simple equation, υd 
= µE, where µ is the electrophoretic mobility and E is the applied 
electric field.26 
	 In the case of EQELS,® resolution can be improved by going to 
lower scattering angles or increasing the electric field strength (see 
Eq. 10.6).28

Resolution
o dc

T s

=
l
p q
uE
nD2

	 Scattering angles less than 5 degrees are complicated by technical 
issues such as stray light that is also peaked in the forward direction, 
that is, at low angles. Caution must be used with high electric fields 
because damage to the electrode surface may occur and the potential 
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for Joule heating, especially if the solution ionic strength is high, can 
result.

10.2.4  Debye–Hückel Considerations

In solution, charged particles attract solution counter ions of 
opposite charge in a layer over the particle surface called the Stern 
layer (see Fig. 10.2). As the distance from the particle surface 
increases, the ability to selectively attract oppositely charged 
counter ions decreases. At a distance defined as the electrical 
double layer, the particle surface charge ceases to influence solution 
counter ions. When the diameter of the particle is large compared 
to the Debye length, the mobility of the particle in the electric field 
is solely governed by the surface charge density and not by its 
shape.26,27 For platelets the Debye length is estimated to be 8Å.33,34 
When the particle is induced to move, as when an electric field is 
superimposed, the attraction for counterions is not intense enough 
to move the entire cloud of counterions. The plane at which the 
surface potential is not strong enough to move counterions lying at 
a distance further out is called the shear plane and defines the zeta 
potential of the particle. 
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Figure 10.2	 Debye–Hückle models. The influence of the particle surface 
potential on the surrounding counterions varies with the 
distance from the cell surface.
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10.2.5  Experimental Setup

The electrophoretic effect is obtained by superimposing a uniform 
electric field across the sample. Temperature, ionic strength, pH, and 
conductivity all affect the electrophoretic mobility of the scattering 
particle and are therefore carefully controlled. Snell’s law corrections 
are made for all scattering angles. 
	 Experiments with EQELS® are typically run at low ionic strength 
for at least two reasons. First, low solution ionic strength provides 
low solution conductivity and then allows a high voltage drop across 
the sample at low current. The low ionic strength minimizes Joule 
heating, convection effects, and electrode reactions. Second, lower 
ionic strength minimizes counterion screening of the particle surface 
charge and maximizes electrophoretic mobility. Solution osmolarity 
is maintained by inert molecules such as sucrose.

10.2.6  Possible Artifacts in Dynamic and Electrophoretic 
Light Scattering

As with any analytic technique, care must be taken to avoid artifacts. 
Multiple scattering can arise from a sample that is too concentrated, 
and can be avoided by simple dilution. Excessive laser power can 
overheat the sample and induce convection in the sample, leading 
to errors in measurement. Thermal lensing is also avoided by con-
trolling the incident laser power. Joule heating can create convection 
within the sample and is minimized by regulation of the intensity of 
the electric field and the pulse duration of the electric field and the 
pulse frequency of the electric field. The electric field pulse duration 
is typically 2 s, followed by 8 s off. Samples that absorb photons near 
the frequency of the laser output can cause serious errors due to 
loss of laser power. Contaminated particulate material can be a sub-
stantial issue in QELS but is usually not an issue with electrophoretic 
light-scattering measurements, since the difference in the scale of 
mobility from the contaminants compared to the sample is usually 
large. In the case of electrophoretic light scattering, contaminates 
that result from electrode reactions can be avoided by appropriate 
choice of buffers. It is also important that the field be pulsed and its 
polarity alternated in order to avoid mass accumulation. 
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10.2.7  Mie Scattering Methods

When the scattering particle is large compared to the wavelength 
of incident light, the standard Rayleigh conditions do not apply. 
Gustav Mie provided solutions to Maxwell’s equations that permit 
analysis of particles in this size range. More than a century after 
Gustav Mie’s original paper in 1908, Mie scattering is still an active 
area of scientific research. Mie’s solution applies to scattering 
from homogeneous spherical particles larger than the wavelength 
of incident light. Basically, Mie’s classical solution is described in 
terms of two parameters, refractive index and particle volume. The 
theoretical development for Mie scattering is beyond the scope of 
this review but can be found in other sources.35

10.3  Experimental Results

10.3.1  Results of QELS Diffusion Methods

10.3.1.1  ThromboLUX

Maurer-Spurej et al. have developed a QELS device known as 
ThromboLUX (LightIntegra, Vancouver, British Columbia, Canada) 
to assess platelet viability and function after storage in blood banks. 
Although the device has been targeted to assess platelet function, 
they also report that platelet-derived MVs can also be detected. 
In their approach, a scoring criterion is utilized to determine if a 
specific platelet product is acceptable for clinical use on the basis 
of the platelet size distribution, number of MVs, and the platelet 
response to changes in temperature during the measurement.36–38 
ThromboLUX measures the change in the average size of platelets 
and MVs via cycling of temperature within the sample holder.

10.3.1.2  N5 and Zetasizer

Harrison et al. have evaluated two different QELS spectrometers 
to determine the presence of MVs in human plasma.39 The first 
device evaluated was the BC N5’s (Beckman Coulter [BC], Hialeah, 
FL) ability to determine the size distribution of MVs present in 
fresh frozen plasma, both pre- and postfiltration and compared 
its performance to the second spectrometer, the Zetasizer Nano S 
(Malvern Instruments Ltd., Worcestershire, U.K.). N5 and Zetasizer 
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are both dynamic light-scattering spectrometers that are relatively 
simple to use. The differences between the two platforms lie in the 
differences of both the hardware and the software design, with 
each device offering its own set of advantages based on the sample 
sources.39 Data from both instruments can be used to determine 
particle size. N5 demonstrated a greater numerical difference 
between the pre- and postfiltration MV size and polydispersity as 
compared to Zetasizer. BC N5 can measure particles in the range 
of 3 nm to 3 µm, where the reported size range for Zetasizer Nano 
S is 0.6 nm to 6 µm. The benefit of these QELS devices is that for 
the first time, investigators can assess EV size and polydispersity in 
a nonsubjective manner. However, the primary drawback of these 
particular instruments is the inability to resolve EVs into discrete 
sizes or identify their cellular source.40

10.3.2  Results of Electrophoretic Methods

As previously discussed, the principal behind EQELS® is the 
measurement of the Doppler shift that occurs between the incident 
light and the scattered light. The magnitude of the Doppler shift 
can then be related to the electrophoretic mobility for a scattering 
particle, in our case a cell or an EV, moving in response to an applied 
electric field. The net surface charge density, or electrokinetic 
fingerprint, of the cell depends on the cell’s metabolic state. When 
the cell surface charge density changes, the cell’s electrophoretic 
mobility also changes. As noted, for scattering particles the size 
of blood cells and EVs the mobility is dependent on the particle 
surface charge density, that is, its electrokinetic fingerprint, and not 
the particle shape.26,27 Thus, changes in mobility permit detection 
of differences in the activation state or changes in the cell surface 
caused by drug binding. Thus, measuring the change in mobility as 
a function of ligand concentration can yield a binding curve. Fitting 
the curve to a binding model allows calculation of the binding 
coefficient.

10.3.3  Cell Activation

The biological utility of EQELS® is its ability to exploit changes in 
the cell electrokinetic fingerprint as a function of the cell’s metabolic 
state. When cells activate, undergo apoptosis, or bind to a ligand, 
their surface charge density changes through the activation of 
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surface molecules, the translocation of other molecules to the cell 
surface, or the binding of a ligand to the cell surface. Thus, a different 
electrokinetic “fingerprint” is present for different metabolic states 
for the cell. The cell’s electrophoretic mobility is highly sensitive to 
subtle changes in the surface charge and easily detected by EQELS.®
	 An early application of EQELS® was to determine the activation 
state of human platelets. Resting platelets have a negative surface 
charge (Fig. 10.3) that is derived from various sources such as 
sialic acid. A fully activated platelet has a substantial decrease in 
the magnitude of the negative charge that may eventually become 
positive (Fig. 10.3). This reduction in negativity of the cell’s surface 
charge density occurs despite the translocation of negatively 
charged phosphatidylserine (PS) to the outer surface of the platelet 
membrane. The exact cause for the direction of the change in the 
surface charge density is unknown, but the release of calcium 
molecules to the platelet surface and the activation of numerous 
surface epitopes are speculated to be the source. These data are 
highly reproducible when an appropriate buffer system and a high 
uniform electric field are used.

Figure 10.3	 Effect of platelet activation on the electrophoretic mobility 
spectrum, as assessed by EQELS® The results for six different 
platelet donors are shown in this figure. Platelets were 
activated with thrombin. The activation state of platelets is 
shown to effect its electrokinetic fingerprint, as reflected in the 
difference in its electrophoretic mobility (p = 0.00001). 

Experimental Results
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10.3.4  Ligand–Cellular Chemical Exchange

EQELS® technology has also been used to examine the chemical 
exchange of coagulation factor VIII (FVIII) in the inactive state 
between an activated platelet surface and the von Willebrand 
factor (VWF).41 Because of the large negative charge present in the 
B-domain of coagulation FVIII, an increase in the electrophoretic 
mobility of a platelet occurs when FVIII is bound to its surface. The 
binding kinetics and binding coefficient can be accurately monitored. 
FVIII only binds to activated platelets (data not shown). In the 
absence of VWF, FVIII bound to activated platelets with a Kd of 10 nM 
(data not shown). If VWF was then titrated into a solution of platelet-
bound FVIII, FVIII was pulled from the platelet surface and bound 
toVWF (Fig. 10.4b). This was due to the fact that binding of FVIII to 
VWF is tighter than FVIII to activated platelets. In this manner, a Kd 
of 1.5 nM for FVIII–VWF binding was found; this value is consistent 
with published values determined by other means. When FVIII is 
activated (to FVIIIa), no binding to VWF occurs, and a Kd of 2 nM for 
FVIIIa to activated platelets was observed (Fig. 10.4a), which is also 
consistent with previously published values. B-domainless FVIII was 
seen to bind to activated platelets with an intermediate Kd of 5 nM 41  
(data not shown). The method is quite sensitive to extremely low 
concentrations of the ligand. For example, ligand concentrations as 
low as 10–17 M can be detected using EQELS®.41

10.3.5  Protein-Binding Site Mapping

EQELS® technology also allows for binding-site mapping. Binding 
curves (as described above) are obtained for a series of chimeric 
molecules that have had a specific region of the molecule modified 
by selectively exchanging specific amino acid side chains. A series of 
binding curves are then obtained and binding coefficients calculated. 
In this manner side chains critical to binding can be rapidly 
identified. These results then identify side chains to be modified 
in the protein that will then yield the desired attributes that are 
sought. For example, the amino acid side chains in coagulation factor 
IX (FIX) that are critical for platelet binding were determined.42 In 
these experiments, a series of mutant molecules involving the “gla” 
region of FIX were engineered and their binding curves to activated 
platelets determined (data not shown). The result showed that lysine 
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in position 5 was critical for binding. Experiments and results such 
as these can aid molecular biologists to develop “super” molecules 
with either gain or loss of function, depending on the therapeutic 
goal. 

10.3.6  EQELS® and MPs

Extension of EQELS® technology to the measurement of EVs re-
quires no modification of the technology. Furthermore, experiments 
with EVs may actually be less demanding due to their greater sta-
bility compared to intact cells. An example of the electrophoretic 
mobility spectrum for MVs derived from platelets is seen in Fig. 
10.5. As previously stated, sample handling is critical when gener-
ating EVs both in vitro and ex vivo. The activation state of the cell, 
method of activation, strength of the centrifugal field applied, buffer 
composition, and water quality all affect the results across all siz-
ing and light-scattering methods. The electrokinetic fingerprint of 

 

A B 

Figure 10.4	 Chemical exchange of coagulation FVIII between activated 
human platelets and vWF as measured by EQELS®. Panel A 
shows the binding curves for 3 different sources of activated 
human coagulation FVIII binding to activated human platelets. 
Panel B shows activated human platelets that have been loaded 
with un-activated human recombinant FVIII. As purified vWF 
is titrated in, the mobility of the platelet changes reflecting 
loss of FVIII form its surface. vWF has a much higher binding 
affinity for FVIII than activated platelets. The insert is a control 
experiment in which VWF is blocked by a polyclonal anti-VWF. 
The blocked VWF does not bind FVIII.

Experimental Results



248 Light-Scattering Methods to Characterize Extracellular Vesicles

EVs and hence its electrophoretic mobility will depend on several 
factors. First is, as noted above, the cell’s metabolic state—resting, 
activated, or apoptotic. The second factor depends on the region of 
the cell surface that the MV was derived from. Factors such as cap-
ping, lipid rafts, etc., could all potentially affect the composition 
of the MV surface and thus its electrokinetic fingerprint. The MVs 
shown in Fig. 10.5 were produced from calcium ionophore activa-
tion of human platelets. Platelet activation was carried out using hu-
man platelets in Tyrodes buffer that were activated with a calcium 
ionophore. The sample was exposed to a 1,500 g centrifugal field for 
15 min, followed by careful resuspension of the activated platelets. 
One hundred microliters of the sample was then diluted with 4 mL of 
EQELS® buffer containing 280 mM sucrose and 2 mM 4-(2-hydroxy-
ethyl)piperazine-1-ethanesulfonic acid (HEPES) and 5mM NaCl at 
pH 7.4. Resting platelets have a mobility value in the range of –1.2 
mobility units (see Fig. 10.3), while activated platelets have a mo-
bility in the range of –0.1 to +0.5 mobility units. The presence of a 
specific surface epitope, or phenotyping, can be easily probed for by 
addition of a second molecule that binds specifically to the epitope 
of interest; this in turn alters the surface charge density and is ob-
served as a change in mobility, as shown above.

 

 

Figure 10.5	 Electrophoretic mobility spectrum for human platelet 
microparticles obtained by activation of normal human PRP 
with a calcium ionophore. Two different preparations of 
platelet microparticles are shown. The zeta potential was 
–13.9 and the electrophoretic mobility –1.329 mobility units. 
Abbreviation: PRP, platelet-rich plasma.
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10.3.7  ISADE Results

The Invitrox Surface Antigen Detector and Enumerator (ISADE®) is 
an innovative light-scattering device with powerful EV detection and 
analytic capabilities. In its most basic terms the device consists of a 
coherent light source that illuminates a sample contained in a flow 
cell. The sample is diluted so that single-particle counting occurs. 
Light scattered from the particle then passes through a spatial filter 
that defines a scattering angle, and is then collimated onto a second 
lens that focuses the scattered light onto a detector. The amount 
of light scattered by the particle is proportional to the size of the 
particle, and the voltage change in the detector is proportional to 
the number of photons scattered. Thus, a relationship between the 
particle size and the voltage output from the detector can be made, 
allowing for measurement of a sample’s particle size distribution. As 
mentioned, ISADE® allows for detection and analysis of particles in 
the typical range of sizes for EVs and is able to measure particles that 
fall below the size range of flow cytometry. 

10.3.8  Sample Preparation

Careful sample handling and preparation are critical for consistent 
and reliable results. Poor sample preparation can lead to significant 
variations in results from laboratory to laboratory and even between 
runs. A positive aspect of EVs is that samples stored up to 18 months 
at –80°C have shown the same size distribution when thawed and 
reanalyzed. A major determinant of the size distribution depends 
on the intensity of the centrifugal field applied during sample 
preparation. Figure 10.6 shows this effect on the size distribution 
for platelet MVs. Raw data for particle size distribution using ISADE 
are shown in Fig. 10.6A. Data from Fig. 10.6A were then extracted 
for incremental sizes to show the number of particles in a specific 
size range (Fig. 10.6B). Notice that as the intensity of the centrifugal 
field increases, the number of MVs of all sizes decreases. Further, 
high centrifugal fields and long centrifugation times promote MV 
aggregation that is not dispersed when resuspended. These large 
aggregates distort the sample size distribution and mislead the 
interpretation of the experimental results. 	

Experimental Results
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Figure 10.6	 Effect of the centrifugal field strength on the resulting MV size 
distribution. The raw data are shown in the upper panel, and 
the number of particles/mL in a specific size range are shown 
in the bottom panel. As the centrifugal field was varied from  
1 g to 13 g, more that 50% of the MVs were lost. As expected 
larger particles are affected more that smaller particles.

	 Another critical factor is the contribution from background 
particles present in solvents and buffers. Figure 10.7 shows the effect 
of the purity of the buffer on the size distribution of platelet-derived 
MVs. Even with high-purity water and buffers, MVs within the small 
size range are still detectable. Particulate and inert material present 
in reagents also contributes to the background particulate count. 
Therefore to have reproducible data, interlaboratory comparison 
of data and clinical diagnostics, it is crucial to control for all 
preanalytical variables. 
The electron micrograph of MVs after a 13,000 g centrifugation 
step demonstrates that MV aggregation can occur during pelleting 
(Fig. 10.8). Note the aggregates seen in the sample centrifuged at 
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13,000 g. In our experience the aggregation is irreversible. Larger 
aggregates of MVs will of course lead to erroneous conclusions 
regarding the sample size distribution. Thus, care must be taken 
not to use conditions that cause MVs to aggregate. Aggregation of 
MVs will be observed as a large particle, so every attempt to provide 
a monodispersed sample should be made. The centrifugal force 
that is applied is also critical; thus, the use of high-g centrifugation 
may remove important MV subsets from the sample and lead 
to MV aggregation. The electron micrographs also illustrate a 
second important factor, namely, contamination of the buffer with 
extraneous non-EV material. 

10.3.9  Particle Size Resolution

Figure 10.9 demonstrates the power of ISADE by showing the ability 
to resolve a mixture of polystyrene beads with sizes of 0.2, 0.24, 
0.3, 0.35, 0.4, and 0.5 µm. Both the size and the number of beads 
were accurately reported. Resolution between the bead sizes is 
sharp and well defined. The measurement requires approximately 
2 min. The low counts seen on either side of each bead size result  

Figure 10.7	 The importance of the purity of water and buffers with respect 
to particle content and contamination of the sample. Addition 
of extraneous particles from impure water and buffers can 
mislead results. Separate particle size analysis should be run 
for all solvents, as possible.

Experimental Results
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from a small variation in the actual bead size that was confirmed by 
scanning electron microscopy and also seen in the ISADE analysis.
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Figure 10.9	 ISADE size distribution analysis of polystyrene beads of 
different sizes. A mixture of NIST standard polystyrene beads 
of known diameters was analyzed using ISADE. ISADE shows 
clear resolution of the mixture with respect to bead size and 
numbers. Abbreviation: NIST, National Institute of Standards 
and Technology.

Figure 10.8	 Electron micrographs of MVs after centrifugation at 13,000 
g. MVs were produced from fresh PRP by activation with a 
calcium ionophore. Notice the clumps of MVs that remain even 
after multiple attempts to disperse and resuspend. Aggregates 
such as these can distort the size distribution.
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10.3.10  Platelet Activation

When platelets undergo activation, MVs are often formed. The 
rate of activation and the extent of membrane fragmentation are 
determined by numerous factors, including the specific agonist 
used, the concentration of the agonist, and mechanical shear. Figure 
10.10 illustrates the importance of these factors. Again, to facilitate 
comparison of results and to provide a quantitative result, the size 
distribution is divided into specific size increments and the number 
of particles in each size compartment is shown. In this manner 
changes in a specific MV size can be assessed. Using this data format 
to distinguish between a normal and a disease state or between a 
control and an activated or apoptotic state can be more easily seen. 
In this example resting platelets from a standard platelet-rich plasma 
(PRP) preparation are analyzed using ISADE. MVs are shown to be 
present in the PRP prior to platelet activation. When the platelets are 
activated with arachidonic acid in the absence of mechanical shear, 
a partial reduction in the number of intact platelets occurs, coupled 
with a small increase in the number of MVs. When the platelets 
are activated in the presence of mechanical shear, the majority of 
platelets appear to be activated and the number of MVs is nearly 
doubled. Further, activation by different agonists such as  thrombin 
receptor agonist peptide (TRAP), thrombin, adenosine diphosphate 
(ADP), arachidonic acid, or epinephrine shows a variable extent of 
platelet activation and differences in the number of MVs produced 
(data not shown). In all cases the addition of mechanical shear 
increases the percentage of platelets activated and a significant 
increase in the number of MVs produced (data not shown). 

10.3.11  Plasma MVs

Since platelet MVs are generated by platelet activation, they 
are also are thought to express PS on their surface. It is also well 
established that variable levels of circulating platelet-derived PS-
positive (PS+)  MVs are present in healthy individuals. In contrast, 
the presence of tissue factor–positive (TF+) PS+  MVs is virtually 
undetectable in normal subjects. Conversely, levels of PS+, TF+ MVs 
are readily detected in a variety of diseases. In vitro, hypercoagulation 
models can be used to mimic disease states in regard to both cellular 
activation states and MV formation. Analysis of plasma from normal 
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subjects using ISADE to detect MVs reveals two main populations. 
One of these is a small population of residual platelets remaining 
after centrifugation of the sample that have a size distribution of 
0.8–1.0 µm. A second population consists of MVs that have a size 
range from 0.15 µm to 0.5 µm. Both platelet and MV size ranges were 
also confirmed using electron microscopy (data not shown). 

10.3.12  Cell Activation by LPS

Incubation of whole blood with lipopolysaccharide (LPS) at 
10 μM for four to 6 h results in the activation of both monocytes  

Figure 10.10	 ISADE application to platelet activation assays with and 
without mechanical shear. One hundred microliters of resting 
human platelets obtained from PRP is diluted in 30 mL of buffer 
and analyzed using ISADE. MVs from the resting preparation 
(blue circles) are detected. The same preparation was then 
activated with arachidonic acid (green triangles) and analyzed, 
with very little change in the size distribution observed. When 
the platelets were activated and subjected to mechanical shear 
(red squares), a dramatic change is observed with a decrease 
in the intact platelet number and an increase in MVs.
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(direct) and platelets (indirectly), in addition to MV formation. When 
analyzed using ISADE, the platelet population again decreases and 
the MV population grows twofold (Fig. 10.11). Time courses of the 
whole-blood activation were correlated with both flow cytometry 
and an MV-TF activity assay. Correlation with flow cytometry was 
weak, presumably due to the higher sensitivity and lower size range 
capabilities of ISADE as compared to flow cytometry. ISADE results, 
however, correlated well with the MV-TF activity assay. 

Figure 10.11	 MVs produced after the activation of whole blood with LPS for 
6 h. 

	 Experiments similar to this highlight the importance of MV as-
says, specifically ISADE’s unique ability to potentially serve as a 
diagnostic tool for clinical use. Examining the activation state of a 
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clinical blood sample to determine the number and phenotype of 
MVs has potentially important clinical diagnostic utility. Further, the 
ability to monitor MV numbers and phenotype can be used to moni-
tor efficacy of drug therapy. These assays also have the potential to 
be performed at both higher specificity and higher sensitivity.

10.3.13  EVs from Tumor Cell Lines

MVs produced from a leukemic cell line (THP-1) that was activated 
with LPS, as well as MVs that were constitutively produced from two 
different breast cancer cell lines (MCF-10CA1 and MBA-MB231), 
are shown in Fig. 10.12 using ISADE for sizing and counting. All 
results were confirmed using electron microscopy. Very similar size 
distribution was seen in both the ISADE results and the electron 
micrographs (data not shown). 

10.4  Discussion

EV detection technology continues to evolve. The field has grown 
from the very basic enzyme-linked immunosorbent assay (ELISA) 
and flow cytometric approach to the more elegant methodologies 
utilizing a variety of advanced light-scattering technologies. Two 
different technologies are presented here. EQELS® offers a powerful 
tool to probe cell and MV surfaces. Determination of ligand binding, 
monitoring of cell surface reactions, and detection of the activation 
state of cells are examples. ISADE provides a simple, accurate, and 
rapid means to analyze the MV size distribution of a clinical sample. 
Further studies of MVs are necessary to determine their predictive 
value and to ultimately aid in the diagnosis and even prognosis of 
patients with various diseases. The challenge that lies ahead is in 
development of instrumentation and reagents that can further 
elucidate the therapeutic indications of MVs. Standardization of 
assays and methodology is critical for comparison of information 
between different laboratories. For successful entry of new EV 
measurement technology into the clinical arena, EV assays will have 
to provide accurate and reproducible size, numbers, and disease-
specific changes in either charge and/or phenotype. The assays 
should be easy to run, be affordable, and have a rapid turnaround 
time. 
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MP THP-1 MP 10CA1

HG LG

Figure 10.12	 ISADE analysis of MVs from tumor cell lines. MVs from three 
different cell lines analyzed by ISADE are shown. MVs (blue 
diamonds) from THP-1 leukemia cells are produced by 
LPS activation. MVs from two different breast cancer cell 
lines, 10CA1 (red squares) and CA31 (green triangles), are 
constitutively produced.
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11.1  Introduction

There is increasing evidence that only the largest microvesicles may 
be detected by conventional flow cytometry, and the vast majority of 
extracellular vesicles (EVs) are smaller than the maximum theoretical 
resolution of light microscopy (200 nm at a wavelength of 532 
nm).1 However, when light illuminates a particle, some of the light 
is scattered. This scattered light may be imaged and used to detect 
smaller EVs. The size of the smallest detectable vesicle is dependent 
on the image signal-to-noise ratio. The quantity of light scattered by 
a single small particle is described by the Rayleigh approximation. In 
this regime the amount of light scattering is given by

s p
ls

= -
+

Ê

ËÁ
ˆ

¯̃
2

3

1

2

5 6

4

2

2

2

d n

n

Chapter 11

Nanoparticle Tracking Analysis

Chris Gardiner and Rebecca Dragovic
Nuffield Department of Obstetrics and Gynaecology, University of Oxford,  
John Radcliffe Hospital Oxford OX3 9DU, U.K.
chris.gardiner@obs-gyn.ox.ac.uk, rebecca.dragovic@obs-gyn.ox.ac.uk

Extracellular Vesicles in Health and Disease
Edited by Paul Harrison, Christopher Gardiner, and Ian L. Sargent
Copyright © 2014 Pan Stanford Publishing Pte. Ltd.
ISBN  978-981-4411-98-1 (Hardcover), 978-981-4411-99-8 (eBook)
www.panstanford.com



262 Nanoparticle Tracking Analysis

where d is the particle diameter, λ is the wavelength of light, and n 
is the ratio of the particle refractive index to the solvent refractive 
index.
	 The amount of light scattered is proportional to the scattering 
cross section and is also dependent on its refractive index. Using the 
Rayleigh approximation, the amount of light scattered by a particle 
one-tenth of the diameter of a larger particle is 106 times less than 
that of the larger particle.1 Consequently, detecting the light scattered 
by small particles requires a very bright light source and sensitive 
optical detection techniques. Furthermore, the amount of light 
scattered by these small particles is overwhelmed in the presence of 
much larger particles, so size measurements based on the intensity 
of scattered light are unsuitable for measuring polydisperse particles 
such as the EVs found in biological fluids.
	 Nanoparticle tracking analysis (NTA) is a light-scattering system 
used for direct, real-time visualization and analysis of particles in 
solution. It is a relatively new technique that was first marketed in 
2006 and overcomes many of the problems associated with other 
intensity-based light-scattering methods used for EV analysis.2 NTA 
identifies each individual particle and tracks its Brownian motion, 
from which the diffusion coefficient is obtained and then used to 
calculate the hydrodynamic diameter. The instrument may also 
be calibrated so that concentration may be estimated. Although 
there are several different NTA instruments (all manufactured by 
Nanosight Ltd., Amesbury, U.K.), all use the same principle and have 
the same basic components (Fig. 11.1a):
	 •	 A sample analysis chamber approximately 500 µm deep and 

with a volume of approximately 0.25 mL
	 •	 Conventional optical microscope optics
	 •	 A charged-coupled device (CCD) or an electron-multiplying 

charged-coupled device (complementary metal oxide 
semiconductor [CMOS]) video camera 

	 •	 A violet, blue, green, or red laser (405 nm, 488 nm, 532 nm, or 
638 nm) producing a finely focused beam 

11.2  Principle 

The instrument uses a finely focused laser beam, which passes 
through the suspension of particles via a glass prism (Fig. 11.1b). 
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Figure 11.1	 NanoSight LM10 instrument and operation of NTA. (A) Image 
of the NanoSight LM10 NTA instrument. (B) NanoSight 
instrument configuration. (C) Video capture of light scatter 
from particles moving under Brownian motion. (D) Tracking 
of individual particles using NTA; white spot = visualization 
of particle; red line = track of particle movement under 
Brownian motion. (E) Thousands of particles tracked on a 
frame-by-frame basis. (F) NTA software displaying the data of 
300 nm beads as a histogram profile of size (nm) vs. particle 
concentration (×106/mL).
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The beam refracts at a low angle as it passes through the sample, 
illuminating the particles and allowing their visualization by the 
light they scatter. The particles are viewed as small, bright points 
of light. A video of the light scattered by the moving particles is 
recorded at a frame rate of 30 frames per second (fps), and this is 
then analyzed using the NTA software (Fig. 11.1c). The NTA software 
identifies each particle and then tracks its Brownian motion (Fig. 
11.1d,e). The diffusion coefficient or velocity of each particle is used 
to calculate particle size by applying the two-dimensional Stokes–
Einstein equation: 
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where <x, y>2 is the mean square displacement, KB is Boltzmann’s 
constant, T is the temperature of the solvent in Kelvin, ts is the 
sampling time (i.e., 1/30 fps = 33 ms), h is the viscosity, and dh is 
the hydrodynamic diameter. The NTA software displays the data as 
a histogram of particle diameter (nm) versus particle concentration 
expressed as particles × 106/mL.
	 A range of parameters can be adjusted both for video capture 
(i.e., shutter speed, camera gain, and capture duration) and analysis 
(i.e., blur, detection threshold, and minimum required track length), 
allowing optimization of particle identification and tracking for any 
given sample. To accurately track a particle it must be visualized as 
a single point of light. If the camera image is too bright the particle 
will be seen as large, overexposed objects with Newton’s rings that 
may produce multiple points of light. These ring patterns may be 
interpreted by the NTA software as individual particles leading to 
inaccurate sizing and an overestimation of the particle number. If the 
camera image is too dim, the light scattered by the particle will fall 
below the detection threshold and the particle will not be detected. 

11.3  Procedure for Measurement of 
Extracellular Vesicles

Samples are diluted in particle-free/sterile phosphate buffered 
saline (PBS) immediately prior to analysis. It is important to analyze 
the sample at the correct dilution. Ideally the particle or vesicle 
concentration should be between 1 × 108/mL and 1 × 109/mL.  
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Below this concentration too few vesicles are tracked, leading 
to inaccurate measurements with poor reproducibility. If the 
sample is too concentrated, the vesicle paths cross each other too 
frequently and the software cannot accurately track them. Moreover, 
smaller vesicles become obscured by larger ones, leading to an 
underestimation of the vesicle number. 
	 When using the basic NTA instruments (Nanosight LM10 and 
LM200), the sample is manually introduced into the sample chamber 
via a syringe, and it is usual to perform one or more measurements 
of 30–60 s. With the more complex NS500 instrument, the sample 
is automatically introduced into the sample chamber, and it may 
be beneficial to perform several shorter measurements on a fresh 
volume of sample by automatically advancing the sample between 
measurements. This approach has several advantages, which will be 
discussed later. 
	 The focus, camera gain, and shutter speed are adjusted so that 
all vesicles are visible and are visualized as single points of light. 
If concentration measurement is to be performed, predefined 
calibration settings are used. Following the introduction of the 
sample into the chamber, one or more video recordings are made. 
If the “script control” function is used on NS500 several short 
recordings can be captured automatically. An image background file 
is also created at this stage. 
	 Postacquisition settings are set to optimize visualization of the 
vesicles. Again, if concentration measurement is required, predefined 
calibration settings should be used. Postacquisition settings for the 
most recent NTA software (v2.3) are: 

	 •	 The detection threshold, which determines the minimum 
gray-scale intensity value of any particle image necessary for 
it to qualify as a particle to be tracked for analysis.

	 •	 The minimum expected particle size, which determines 
the maximum distance (pixels) from the particle’s position 
in a given frame that the software will search for a particle 
in the next frame (the “search area”). It also establishes an 
exclusion zone around a particle of the same radius. If another 
particle enters this exclusion zone then the software excludes 
the information from both particles. In NTA v2.3 this function 
may be automatically determined by the software. 

Procedure for Measurement of Extracellular Vesicles
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	 •	 The Blur function, which acts as a smoothing function to 
help eliminate noise, such as diffraction rings surrounding 
larger particles or from around or within a particle image. An 
automatic blur setting can be used to apply an appropriate 
blur width based on the brightness of each pixel, causing 
brighter particles to be blurred more than dimmer particles. 
The automatic blur function should always be used by default, 
although the blur value can be changed manually.

	 •	 The minimum track length, which defines the minimum 
number of steps that a particle must take before its size value 
can be accepted for inclusion in the particle size distribution 
plot. Entering too large a value will bias the results to larger, 
slower-moving particles in a mixture of particle sizes or, for a 
more monodisperse sample, simply reduce the proportion of 
included tracks. 

	 Because NTA estimates the size of any given particle from 
measuring the average distance the particle moves, clearly the 
longer the time the particle is tracked for (the higher the number of 
frames), the better will be the statistical accuracy of the average and 
therefore of the particle size estimation. However, the time any given 
particle remains in the small scattering volume is limited, particularly 
so for small particles whose Brownian motion is rapid. The average 
beam residence time for smaller particles is far shorter (perhaps 
as short as 0.2 s or 6 frames) than for larger particles whose very 
limited Brownian motion means that they may, on average, remain 
in the scattering volume for many seconds (>60 frames). Under most 
circumstances, the automatic minimum track length function should 
be used, which sets an appropriate value for each individual particle 
on the basis of the current estimate of its size.

11.4  Calibration

The observed particle size is dependent on using the optimum 
settings for the size and refractive index of the particles being 
measured. The importance of correct settings is clearly illustrated in 
Fig. 11.2. Several groups have verified size measurements made by 
NTA using National Institute of Standards and Technology–certified 
polystyrene spherical beads of known size.3–6 
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Figure 11.2	 NTA of 100 nm polystyrene beads. (A) Modal particle size 
(mean ± SD) measurement with increasing camera shutter 
speed and gain settings. The black line denotes the actual size 
of beads. (B) Measurement of particle concentration (mean ± 
SD) with increasing camera shutter speed and gain settings. 
The black line denotes the actual concentration of beads. (C) 
NTA size vs. concentration profile of 100 nm beads using a 
shutter speed of 1,000 and camera setting of 500. (D) Expected 
(red line) vs. observed concentration (black, dotted line) 
(mean ± SD) of particles using optimal camera shutter and 
gain settings. Values obtained for each camera shutter speed 
and camera gain setting are the average of four to five separate 
video analyses. Abbreviation: SD, standard deviation.

	 To obtain accurate particle concentration and size measurements, 
different combinations of camera shutter and gain settings can be 
tested and optimized for each given particle size. Optimization of both 
the camera shutter speed and gain settings are essential for accurate 
size (Fig. 11.2a) and concentration measurements (Fig. 11.2b). With 
optimal settings, precise size and concentration measurements may 
be obtained over a range of 2–10 × 108 particles/mL (Fig. 11.2c,d). 
The optimum measurement conditions are dependent upon the 

Calibration
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amount of light scattered and hence the size of the particle being 
measured. The Rayleigh approximation predicts that a particle with 
a diameter of 500 nm will scatter 106 as much light as a particle with 
a diameter of only 50 nm. Clearly, this makes it more challenging to 
accurately size particles of both sizes simultaneously.
	 Microvesicles and nanovesicles from cell culture supernatants 
and biological fluids are rarely monodisperse. To examine the effect 
of polydispersity on NTA measurements a mixture of 100 nm and 
300 nm beads was used. Using settings optimal for analyzing 100 nm 
beads, two distinct particle populations were observed with modal 
sizes of 94 ± 2.2 nm (average mode ± SD) and 284 ± 5.7 nm (Fig. 
11.3a). Using these same camera settings, a constant concentration 
of 100 nm beads (5 × 108 beads/mL) mixed with increasing 
concentrations of 300 nm beads (1–5 × 108 beads/mL) was analyzed 
and the particle size and concentration of the two bead populations 
were measured. Figure 11.3b shows that the 100 nm bead population 
could be accurately sized at all particle concentrations; however, as 
the 300 nm bead concentration increased, the sizing precision for 
this population was compromised and the particles were undersized. 
An overestimation of the total particle concentration was observed 
in the presence of the 300 nm beads when used at a concentration 
in between (1–4 × 108 beads/mL) (Fig. 11.3c). Figure 11.3d shows 
a screenshot of 100 nm beads (5 × 108/mL) and 300 nm beads (1 × 
108/mL) analyzed using optimum settings for 100 nm beads. The 
100 nm beads are visualized as single points of light; however, the 
300 nm beads appear as larger overexposed objects with Newton’s 
rings. At these settings the 300 nm beads may scatter multiple points 
of light, which are interpreted by the NTA software as individual 
particles, hence leading to an overestimation of their numbers.
	 In contrast, using lower image capture settings optimal for 
300 nm beads results in only the 300 nm bead population being 
observed, as the camera was unable to detect the 100 nm beads 
(Fig. 11.4a). The 300 nm beads were accurately sized at all particle 
concentrations (Fig. 11.4b); however, due to the 100 nm bead 
population being undetectable this resulted in an underestimation 
of the total particle concentration (Fig. 11.4c). A screenshot of the 
100 nm beads (5 × 108/mL) and 300 nm beads (5 × 108/mL) shows 
the 300 nm beads as single points of light, whereas at these camera 
settings the 100 nm beads are undetectable (Fig. 11.4d). The results 
indicate that NTA can analyze polydisperse samples, but sizing of the 
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larger 300 nm particles using analysis settings intended for smaller 
particles is less precise. A high degree of polydispersity also leads 
to an overestimation of concentration due to secondary scattering 
events and the inaccurate particle tracking due to the presence of 
Newton’s rings. However, these experiments were performed prior 
to the introduction of the automated blur function, which greatly 
reduces interference caused by the overexposure of large particles.

Figure 11.3	 NTA using optimized settings for 100 nm particles: 100 nm and 
300 nm polystyrene bead mix. (A) NTA size vs. concentration 
profile. (B) Modal particle size (mean ± SD) measurement 
with a constant concentration of 100 nm beads (5 × 108/mL) 
and an increasing concentration of 300 nm beads (1–5 × 108/
mL). Black dotted lines denote the actual size of beads. (C) 
Expected vs. observed particle concentration (mean ± SD) with 
a constant concentration of 100 nm beads (5 × 108/mL) and an 
increasing concentration of 300 nm beads (1–5 × 108/mL). (D) 
Screenshot of 100 nm beads (5 × 108/mL) and 300 nm beads 
(1 × 108/mL). Values obtained for each bead concentration are 
the average of four to five separate video analyses. 
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Figure 11.4	 NanoSight NTA using optimized settings for 300 nm particles: 
100 nm and 300 nm polystyrene bead mix. (A) NTA size vs. 
concentration profile. (B) Modal particle size (mean ± SD) 
measurement with a constant concentration of 100 nm beads 
(5 × 108/mL) and an increasing concentration of 300 nm beads 
(1–5 × 108/mL). Black dotted lines denote the actual size of 
beads. (C) Expected vs. observed particle concentration (mean 
± SD) with a constant concentration of 100 nm beads (5 × 108/
mL) and an increasing concentration of 300 nm beads (1–5 × 
108/mL). (D) Screenshot of 100 nm beads (5 × 108/mL) and 
300 nm beads (5 × 108/mL) showing light scatter from the 
300 nm beads only, as at these settings the 100 nm beads are 
undetectable. Values obtained for each bead concentration are 
the average of four to five separate video analyses.

	 As previously mentioned, the refractive index of a particle also 
affects the amount of scattered light. While this does not affect 
particle size measurements made by NTA (the size measurement 
being dependent only upon the diffusion coefficient) it would be 
predicted to affect concentration measurement. Polystyrene beads 
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have a refractive index of 1.59, which is considerably higher than 
that of cellular microvesicles, which are thought to have a refractive 
index of approximately 1.39. Silica microspheres with a refractive 
index of 1.42 have been suggested as a better calibration standard 
for flow cytometry.7 A 400 nm polystyrene bead scatters the same 
amount of light as a 1,000 nm silica bead, so it would be expected 
that optimizing NTA settings using polystyrene beads would result 
in an underestimation of particles with a lower refractive index. To 
show this, silica beads of 100 nm and 540 nm were used to establish 
ideal acquisition settings for the quantitation of small and large low-
refractive-index particles. Known concentrations of 100 nm and 540 
nm silica beads and 100 nm and 485 nm polystyrene beads were 
analyzed using these settings. The procedure was then reversed 
so that acquisition settings were established using polystyrene 
beads, and the same beads were the reanalyzed. As can be seen 
from Table 11.1, calibration using polystyrene beads leads to an 
underestimation of silica beads and vice versa. 

Table 11.1	 The effect of low– and high–refractive index beads for 
establishing optimum calibration settings on concentration 
measurements

Bead type
Expected 

concentration
Measured 

concentration

Polystyrene settings

Silica 100 nm 5.21 1.84 
Polystyrene 100 nm 4.84 5.14 
Silica bead settings

Silica 100 nm 5.21 5.26 
Polystyrene 100 nm 4.84 10.94 
Polystyrene bead settings

Silica 540 nm 3.13 0.46 
Polystyrene 485 nm 2.99 3.02 
Silica bead settings

Silica 540 nm 3.13 3.36 
Polystyrene 485 nm 2.99 7.33 

	 These acquisition settings were then applied to a preparation of 
blood plasma microvesicles, prepared by ultracentrifugation, diluted 
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1 in 100 in PBS. Using acquisition settings obtained using 100 nm 
polystyrene a concentration of 0.66 × 1010/mL was obtained, while 
calibration performed with the 100 nm silica beads resulted in a 
concentration of 1.58 × 1010/mL. Using low gain and fast shutter 
speed settings enables the detection of rarer large vesicles, while 
the smaller (<200 nm) are too dim to be detected. To this end, the 
same plasma microvesicles diluted 1 in 10 were analyzed using 
calibration values obtained with 495 nm polystyrene and 540 nm 
silica beads. This produced concentration measurements of 0.16 
× 108/mL and 0.40 × 108/mL, respectively. It is clear that while 
polystyrene beads are suitable for verifying size measurements, they 
should not be used for calibrating vesicle concentration. It is entirely 
possible that the small difference in refractive index between silica 
beads and cellular microvesicles may still result in underestimation 
of microvesicle concentration. However, until a suitable biological 
standard is available, silica beads appear to be the best current 
option for calibrating concentration measurements. 

11.4.1  Camera Sensitivity

Two different detection devices are available for NTA instruments, 
CCD and CMOS (older versions had an equivalent electron multiplying 
charged-coupled device [EMCCD]). The CMOS is 100 times more 
sensitive than the CCD. The difference between measurements made 
with these devices is shown in Fig. 11.5, which shows the results for 
60 nm, 100 nm, and 200 nm polystyrene beads mixed in a 5:5:2 ratio. 
While the CMOS clearly resolves all three populations, the size of 
the 200 nm beads is underestimated. In contrast, the CCD correctly 
sized the 100 nm and 200 nm beads, but only a fraction of the 100 
nm beads and none of the 60 nm beads were detected. Clearly this 
has important implications for the analysis of smaller microvesicles 
using NTA. 

11.4.2  Sample Heterogeneity

Most biological vesicles are heterogeneous in nature, which, as we 
have seen, presents problems for NTA due to huge differences in 
the intensity of scattered light between the smallest and the largest 
microvesicles. However, in most biological samples tested to date, 
the number of smaller vesicles (<150 nm) far exceeds the number 
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of larger vesicles. Therefore by analyzing a very dilute suspension 
at high gain/slow shutter speed, it is usually possible to effectively 
dilute out the larger vesicles, while analyzing the majority population 
of smaller microvesicles. The larger vesicles may then be analyzed in 
a more concentrated suspension using low gain/fast shutter speed 
settings. Settings established using 100 nm and 540 nm silica beads 
are ideal for this purpose. The concentration measurements of the 
different populations may be further optimized by using the on-
screen cursors to count vesicles within certain size limits. When 
using the NS500 instrument, the sampling error can be eliminated 
by using the script control function in such a way that multiple 
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Figure 11.5	 (A) A mixture of 60 nm, 100 nm, and 200 nm polystyrene beads 
analyzed using CCD (blue) and CMOS (red) NTA instruments. 
(B) NTA analysis of plasma microvesicles by light scatter 
(blue) and fluorescent labeling with cell tracker QDs (red). 
(C) NTA size profile of STBMs (blue), fNTA profile of STBMs 
labeled with antiplacental alkaline phosphatase (NDOG–QD 
conjugates: red), or isotype control (green). (D) NTA analysis 
of STBM showing the light scatter profile (blue) and fNTA 
after labeling of STBM with CellMask™ Orange (red) and 
overnight incubation to demonstrate stability. Abbreviations: 
QD, quantum dot; fNTA, fluorescence nanoparticle tracking 
analysis; STBM, syncytiotrophoblast microvesicle.



274 Nanoparticle Tracking Analysis

short videos are recorded on different parts of the same sample 
by advancing the sample through the sample chamber between 
measurements. 

11.4.3  Fluorescence

Analyzing fluorescently labeled microvesicles using NTA poses 
two major problems. The first relates to the very small size of 
microvesicles, which makes it difficult to load sufficient fluorophores 
onto the vesicle surface to enable detection. It is generally accepted 
that in flow cytometry an antigen copy number of 200 molecules is 
required to generate a signal that is bright enough to be detected. 
Clearly, it is not possible to attach 200 immunoglobulin G (IgG) 
molecules (each 16 nm long) onto a vesicle only 50 nm in diameter. 
The second problem is that most fluorophores present on a static 
sample residing within the sample chamber will suffer severe 
photobleaching. 
	 There are three strategies to overcome photobleaching for fNTA. 
The first strategy is the synchronization of the laser power supply to 
the camera shutter so that the laser is pulsed, thereby reducing the 
amount of exposure of labeled vesicles to the laser illumination. The 
second is to use ultrastable fluorophores, for example, fluorescent 
nanocrystals, which are resistant to photobleaching. The third is to 
pass the sample through the sample chamber at a constant rate that 
is slow enough to allow the detection and tracking of microvesicles 
but fast enough so that the vesicles are not resident in the light path 
long enough for photobleaching to occur. 
	 A membrane-penetrating peptide conjugated to fluorescent 
nanocrystals (QTracker cell labeling kit, Invitrogen) was used to 
fluorescently label cellular-derived vesicles in human blood plasma. 
This showed that the pelleted vesicles are membrane derived (Fig. 
11.5b) and also demonstrated that the majority (>99%) of circulating 
vesicles in plasma are not cellular in origin, appear to have a lower 
density, and are not pelleted by ultracentrifugation. These are now 
known to be lipid vesicles, which are similar in size to EVs and can 
also be detected by light scatter.8,9 

	 It can also be shown that microvesicles can be specifically 
labelled with antibody-conjugated QDs.3 In this study, human 
syncytiotrophoblast vesicles prepared by placental perfusion were 
labeled with an in-house antibody (NDOG2), which is specific 
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for placental alkaline phosphatase. The antibody was conjugated 
to functionalized polyethylene glycol amine–coated fluorescent 
nanocrystals (QDot 605, Invitrogen, Carlsbad, CA) in an antibody:QD 
molar ratio of 3.5:1. Mouse IgG1 was labeled in the same way for 
the isotope control. The syncytiotrophoblast vesicles were diluted 
1:100 and incubated with the antibody-conjugated QDs at a final 
concentration of 10 nM for 15 min. The vesicles were diluted in PBS 
immediately prior to analysis with NTA, performed in the normal 
light-scattering mode using a 405 nm violet laser. The analysis was 
repeated with a long-pass filter in place so that only fluorescently 
emitted light was detected. Calibration was performed with 
fluorescent 200 nm beads (Fluoresbrite Plain YG Microspheres, 
Polysciences Ltd.). Figure 11.5c shows that >90% of vesicles were 
labeled with NDOG2, while there was minimal binding of the isotype 
control. 
	 These data demonstrate that antibody–nanoparticle conjugates 
can be used to successfully phenotype EVs. However, the process is 
not always straightforward, and several potential obstacles must be 
overcome:

	 •	 The antibody–nanocrystal conjugation can result in loss of 
antibody–antigen binding, depending upon the conjugation 
technique used. It is therefore necessary to verify the 
success of the conjugation process by flow cytometry. The 
best results are obtained by Fc conjugation, but this can be 
expensive as large quantities of antibody are required and 
unconjugated products require separation by fast protein 
liquid chromatography. 

	 •	 Some types of nanocrystals aggregate nonspecifically, which 
can lead to false-positive events. The antibody–nanocrystal 
conjugates alone should not generate particles of >25 nm. If 
in doubt, a check for the presence of aggregates should be 
performed with electron microscopy. 

	 •	 High concentrations of unbound nanocrystals will result in 
a high level of background fluorescence when performing 
fNTA, which makes it difficult to track the labeled vesicles. 
Performing a titration of the labeled antibody will help to 
reduce the level of background fluorescence and improve the 
overall fluorescent signal.

Calibration



276 Nanoparticle Tracking Analysis

	 Conventional fluorophores can be employed in fNTA, provided the 
labelled vesicles do not suffer from excessive photobleaching. This is 
achieved by adjusting the sample pump to provide a flow rate under 
which particles travel across the light path in approximately 3 s. The 
fluorescently labeled objects should be brightly fluorescent for the 
entire time taken to cross the light path. As can be seen in Fig. 11.5d, 
100% bright, stable labeling of vesicles is possible using membrane-
specific dyes. In this case CellMask™ Deep Orange (Invitrogen) was 
used. Antibody labeling of exosomes and small microvesicles has 
proved to be challenging, as it is difficult to get sufficient labeled 
antibodies onto the vesicles to distinguish the fluorescent signal 
from the background fluorescence. The development of high-affinity 
peptides for antigen detection10,11 and novel fluorophores12–14 will 
undoubtedly lead to improvements in vesicle labeling. 

11.4.4  Zeta potential 

The zeta potential is the electrokinetic potential of particles in 
colloidal systems. It is the potential difference between an aqueous 
medium containing particles and the stationary layer of fluid 
attached to the dispersed particle. An arbitrary value of 25 mV 
(positive or negative) is usually cited as that which separates low-
charged particles from highly charged particles. Although the 
zeta potential is not the equivalent of particle surface charge, it is 
closely related and is much easier to measure. In colloids with low 
zeta potentials, the particles tend to aggregate, while particles in 
colloids with high zeta potentials tend to have sufficient repulsion 
to prevent aggregation. One would therefore expect biological fluids 
containing microvesicles and exosomes to have comparatively high 
zeta potentials. 
	 An adapted top plate, supplied as an upgrade for the NanoSight 
NS500 instrument, allows an electric field to be applied to the sample 
chamber. The sample is introduced into the chamber between two 
electrodes. The electric field causes motion of the sample’s particles 
(electrophoresis [EP]), assuming a nonzero effective particle charge, 
and motion of the aqueous diluent (electro-osmosis [EO]) for the 
polar liquid. By constraining the behavior of the electro-osmotic 
flow, through physical isolation with a pinch valve, the closed system 
assumption that the net EO flow over all chamber depths sums to 
zero can be made and the two components can be separated. As 
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the total profile (EP and EO both added together) is measured, the 
measured profile is offset so that it is symmetrical about zero (i.e., 
no net flow). The average EP particle motion acts to offset the EO 
profile, so the symmetrical shifted version is a true representation of 
the EO profile alone (Fig. 11.6a). Once the EO profile is found, the EO 
velocity at the depth of the first video is known and can be removed 
from every individual particle velocity recorded at that point. Thus, 
the velocity that remains is purely electrophoretic in nature.

Figure 11.6	 (A) In distilled water, Joule heating is minimal, ensuring mirror 
image mobility curves for positive (red) and negative (blue) 
electric fields. (B) This results in a narrow distribution of zeta 
potential measurements for a zeta potential standard. (C) When 
measuring in PBS the mobility curves are affected by Joule 
heating, even at a low voltage, and the rate of electrophoretic 
flow results in a (D) wider spread of the zeta potential for the 
standard. (E) However, by lowering the voltage it is possible 
to measure the zeta potential of EVs in PBS, as shown by these 
purified exosomes (F).
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	 The system was developed using low-ionic-strength aqueous 
media for nonbiological materials. Clearly, this is not a viable 
option for EVs where isotonic media are required. However, high-
conductivity solutions, such as PBS, are affected by Joule heating, 
which can produce a large thermal flow. This can be attenuated to 
some extent by increasing the delay between applying a voltage to 
the cell and starting the video capture in order to allow the thermal 
motion to stabilize before capture. Decreasing the voltage reduces 
Joule heating but also reduces the electrophoretic velocity.
	 The performance of the system may be assessed using a 
commercially available quality control material (Zeta Potential 
Transfer Standard, Malvern Instruments Ltd., Malvern, U.K.). When 
diluted in distilled water, the expected zeta potential value (for 
standard particles in their native buffer) of –68 mV was obtained 
(Fig. 11.6b), but when the charged particles were filtered and 
resuspended in PBS the measured zeta potential was closer to –60 
mV. Furthermore, the mobility curves are not as smooth, and a 
greater degree of imprecision is observed when size versus zeta is 
plotted for measurements made in PBS (Fig. 11.6c,d).

11.4.5  Advantages over Other Methods

Electron microscopy, flow cytometry, and Western blotting have 
been the mainstay of microvesicle and exosome characterization 
for several years, but each has its drawbacks. Plasma microvesicles 
were first clearly visualized by transmission electron microscopy 
(TEM) in 198215 while it was not until 1989 that exosomes were 
characterized by immunogold labeling using TEM.16 TEM has given 
us much of our knowledge about microvesicles and exosomes, but 
it is labor intensive, lengthy, and not quantitative and requires 
extensive sample preparation. Flow cytometry offers multicolor 
labeling of microvesicles, but there is increasing evidence that 
only the largest microvesicles may be detected by conventional 
flow cytometry.1 It is also possible that the large number of small 
EVs measured within biological fluids can also result in significant 
coincidence events, or “swarming,” resulting in a false-positive 
signal above the threshold limit of the flow cytometer. This could 
also potentially explain why flow cytometry not only significantly 
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overestimates size but also underestimates the concentration of EVs 
compared to recent estimates by atomic force microscopy (AFM) 
and NTA.17,18 Several studies have used flow cytometry to analyze 
exosomes that have been isolated using magnetic beads coated with 
a specific fluorophore-conjugated antibody, targeted against the 
marker of interest.19 The major disadvantage associated with using 
this technique is that it is completely reliant on the expression of 
a single marker and may therefore only isolate a subpopulation of 
exosomes. Western blotting and other immunochemical methods 
can provide valuable information about vesicle composition but do 
not distinguish between exosomes, larger microvesicles, and soluble 
antigens. 
	 NTA, unlike TEM, does not require sample preparation other 
than diluting to an appropriate concentration in PBS. Consequently, 
NTA is a much faster process, and it also analyzes vesicles in their 
natural aqueous state. Of course, TEM can give information about 
the structure of microvesicles, which cannot be obtained by light-
scattering techniques. In contrast to flow cytometry, NTA is able 
to detect the full size range of all EVs, but flow cytometry allows 
multicolor analysis, which, at the present time, is not possible by 
NTA. Clearly, flow cytometry and TEM can provide information that 
NTA cannot, but neither method can provide the fast measurements 
of size and concentration afforded by NTA. 

11.4.6  NTA Applications in the Study of Extracellular 
Vesicles

Until recently, the only way to image exosomes was TEM, and 
this showed “cup shaped,” membrane-bound vesicles 30–90 nm 
in diameter. However, it is now generally acknowledged that the 
dehydration and fixation processes used in TEM cause artifactual 
changes in both size and shape.20 Dynamic light scattering (DLS) 
data are consistent with exosome diameters of 165 nm and 250 
nm.21,22 However, NTA data have shown that exosomes are smaller 
than suggested by DLS but larger than reported by TEM and that the 
diameter is dependent on the parent cell type (Table 11.2). This is 
consistent with measurements made by cryo–electron microscopy 
(personal communication, A. Brisson).
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Table 11.2	 Exosome size measurements by NTA

Author Cell type
Modal 

diameter (nm)

Sheldon et al., 201023 Glioblastoma U87 120
HUVEC 114

Sokolova et al., 201121 Human embryonic kidney 120
Mesenchymal stem cells 110

Soo et al., 201224 Jurkat 76
Human lyphoblastoid 
T-cell (CEM)

83

Alvarez et al., 201125 Neuroblastoma (SY5Y) 99
Hoen et al., 201126 Dendritic cell 83
Dragovic et al., 20113 Human plasma 88

Abbreviation: HUVEC, human umbilical vein endothelial cell.

	 NTA has been used to measure the size, number, and release rate 
of EVs from a variety of cells.24,27–30 
	 As NTA is a rapid method, it is useful for determining EV 
recovery by different methods.31 NTA is routinely used to size and 
quantify exosomes for use in gene therapy research32 and to assess 
exosome integrity after gene transfer by electroporation.33 As the 
size measurement by NTA is an absolute measurement, it has been 
used to verify the size of vesicles detected by new sensitive flow 
cytometry methods.26 

11.5  Conclusions

NTA is a rapid method for determining the size and concentration 
of EVs, which requires minimal sample preparation and allows the 
direct visualization of vesicles as small as 50 nm. Phenotyping of 
vesicles by fNTA is possible using high-affinity probes with bright, 
stable fluorophores. The addition of zeta potential measurement to 
the Nanosight platform provides additional information on vesicle 
membrane potential. This unique combination of measurements 
makes multiparametric characterization of EVs possible for the first 
time and is already transforming the field of EV research.
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12.1  Introduction

Extracellular vesicles (EVs) are considered miniature versions of 
their production cell.1 They are spherical structures that contain 
hydrophilic soluble components from the cytosol of the donor 
cell that are limited by a lipid bilayer.1 Several types of membrane 
vesicles are released by cells: exosomes are smaller vesicles (40–100 
nm in diameter) and originate from the exocytosis of multivesicular 
bodies; “microvesicles” (MVs) and “apoptotic bodies” are the terms 
of choice for vesicles larger than 100 nm and 1,500 nm, respectively, 
which originate from direct budding from the plasma membrane.2,3 
In this chapter we will be focusing on the proteome analysis of EVs 
released by blood cells.
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	 The study of EVs is currently a hot topic. Their discovery dates 
back to 19674 in the case of MVs and 19815 for exosomes, and 
their description as tools of intercellular communication was 
proposed in 1984.6 Cells release exosomes constitutively and MVs 
or apoptotic bodies after activation or apoptosis, respectively. When 
this happens, the vesicles drift around in the extracellular space, 
where they could be broken down or migrate to distant places by 
diffusion, appearing in different biological fluids like saliva, urine, 
or blood. Their functions are yet to be fully established, but key 
roles could include antigen presentation and immunostimulatory or 
inhibitory activities by exosomes, procoagulant activity, contribution 
to tumor invasiveness, the pathogenesis of rheumatoid arthritis, 
induction of oncogenic cellular transformation, and fetomaternal 
communication.7
	 The investigation of EVs is being performed from different 
perspectives. To understand how and why they perform their 
functions, one approach is proteomic technology to study the cellular 
machinery they may contain, that is, proteins. The improvement of 
mass spectrometry (MS) abilities in recent decades has promoted 
the use of these techniques in many research fields, and one, where 
the interest is growing fastest, is the study of MVs. As with other 
applications of proteomics, the first studies aimed to map the 
proteome of different subsets of EVs in healthy subjects and/or cell 
lines (for a recent review see Raimondo et al.8). Currently, studies 
are diversifying, and the interest is shifting toward the comparison 
of healthy and disease states with the aim of finding biomarkers of 
these diseases where MVs play important roles.7
	 A prerequisite for successful proteomic analysis is a simple 
and robust sample preparation method.9 The field of blood EV 
proteomics has been hindered by a lack of standardized protocols to 
obtain EVs from blood. Previous chapters of this book have dealt with 
various analytical methods applied to EVs. However, there are two 
issues related to their isolation that are very relevant for proteomic 
analyses: the EV preparation should not contain any contaminants 
(e.g., cells or plasma proteins), and the amount of protein obtained 
should be sufficient for the analysis. In the next section we will 
highlight some recommendations for blood-derived EV isolation for 
proteomic analysis.
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12.2  Sample Preparation

One of the key steps for a successful proteomic study is to have a 
reliable, simple, and robust sample preparation protocol.9 Moreover, 
when dealing with biological samples, such as MVs, it is important 
not to distort the results by increasing the technical variation, 
bearing in mind that the biological one is inevitable. There are two 
main sources of MVs for research purposes, those obtained from cell 
cultures and those isolated directly from plasma. The requirements 
and prerequisites to perform a proteomic study are more demanding 
in the latter due to the existence of several preanalytical parameters 
that need to be controlled rigorously, or they could greatly influence 
the results obtained.10

	 The basic workflow for proteomic analysis of EVs obtained from 
blood or cell culture is highlighted in Fig. 12.1. When the object of 
study is EVs obtained from cell cultures, proteomic analyses are 
usually straightforward. Cells can be stimulated with agonists to 
produce EVs, or the EVs could be directly recovered from the culture 
medium. There is no standard method for obtaining EVs, and indeed 
the diversity of protocols does not help to get consistent results 
among different laboratories. In the case of cell cultures, before 
starting it is important to make sure the serum added to the culture 
medium is free of exosomes. This can be done by ultracentrifuging 
the serum at 100,000 × g for 60 min prior to its addition to the 
medium. For EV isolation, an initial centrifugation step at low speed 
(100–13,000 × g) is usually performed to remove dead cells and any 
large debris present in the cell culture medium. Then, depending on 
the population of interest, either exosomes or MVs, different high-
speed centrifugations are carried out. If the focus of the study is the 
proteome of exosomes then ultracentrifugation (usually 100,000–
150,000 × g for 60–120 min) is normally performed. If the interest 
is MVs, there is more variability: some groups use centrifugation at 
15,000–45,000 × g, and others use the typical g values for exosome 
isolation (see Table 12.1).11–13 The problem is that many of the studies 
using high-speed centrifugation may have exosome contamination 
in the MV pellets, so if purity is a requisite it is necessary to take 
measures to purify the samples. One option is sucrose-gradient 
centrifugation, which separates the EVs in different bands. Another 
option is to use magnetic beads coated with antibodies directed 
toward characteristic membrane antigens of the vesicles.8

Sample Preparation
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Protein Protein 
extrac�onextrac�on

Protein Protein 
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Figure 12.1	 Schematic workflow of MV proteomic analysis.

	 Isolating EVs from blood is a complex process as many factors 
can influence the proteome of the vesicles. Blood should be with-
drawn using a ≥21-gauge needle with a light tourniquet to avoid 
shear stress and undue pressure that could produce platelet activa-
tion, endothelial-derived MV (EMV) generation, or in vitro hemoly-
sis. In addition, the first 3 mL of blood should be discarded to elimi-
nate the possible effects of the vascular damage caused by the needle 
puncture, and blood should be collected in plastic tubes containing 
citrate or a mixture of citrate, theophylline, adenosine, and dipyrida-
mole.14 After extracting blood, the samples should be processed as 
soon as possible, as blood cells can become activated within 2 h and 
the count of MVs tends to increase with time.15 Transportation of 
the samples has also been identified as a preanalytical issue, and it 
is recommended to use transportation boxes that maintain the tubes 
in horizontal position.14 Temperature for the procedure should be 
kept around 20–25°C to avoid platelet activation. In our experience, 
light centrifugation for 20 min at 200 × g produces two clear phases 
in the blood, which allows for collection of the platelet-rich plasma 
that is later centrifuged 10 min at 1,000 × g to pellet and separate 
platelets to obtain platelet-poor plasma (PPP). These two centrifu-
gations should be accomplished in the presence of platelet inhibi-
tors such as prostacyclin (final concentration 1 µm) to avoid platelet 
activation and ex vivo MV formation. Then, PPP is centrifuged two 
more times (10 min at 1,500 × g and 2 min at 15,000 × g) to re-
move completely the remaining platelets and obtain platelet-free 
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plasma (PFP). It is important to know that it has been reported that 
MV counts are lower in PFP than in PPP, probably due to the last 
centrifugation step.10 As an alternative, there is a proposed stand-
ard protocol that recommends two centrifugations at 2,500 × g for 
15 min to obtain PFP directly from the blood.14 At this point, PFP 
could be snap-frozen in liquid nitrogen or directly frozen at –80°C 
until the isolation of EVs is carried out. It is still a debatable subject, 
but some studies have shown that EV counts are higher in thawed 
than in fresh PFP, probably due to some remaining platelets break-
ing down in the process.16 There seems to be differences also in the 
thawing process, as it has been reported that it could be better to do 
so at 37°C rather than on ice due to effects on coagulant activity and 
formation of ice crystals.14,16

	 For downstream proteomic analysis EVs must be isolated. This 
step produces some inevitable losses of vesicles but also limits 
the contamination of the samples with plasma proteins. The most 
common way to isolate the vesicles is ultracentrifugating the 
samples. Different research groups have used different speeds and 
times to achieve the separation. In our lab, after several tests we 
decided to follow the protocol by Ramacciotti et al. and centrifuge 
the PFP diluted in 4(2-hydroxyethyl)piperazine-1-ethanesulfonic 
acid (HEPES) buffer (1.2:3 v/v) at 200,000 × g for 90 min, resuspend 
the pellet in KBr 0.25 M and keep it for 20 min on ice, and centrifuge 
again to limit the presence of soluble plasma proteins.17,18 Finally, the 
EV pellet is centrifuged again in phosphate buffered saline (PBS) as 
an additional washing step. This protocol produces around 100 µg of 
protein, starting with 27.5 mL of blood (Parguiña et al., unpublished). 
The EV pellet is then dissolved in an appropriate buffer. There is no 
need for disruption of EVs, so it is usual to solubilize them in buffers 
such as Laemmli for sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) or buffers containing urea/thiourea for 
two-dimensional (2D) gel electrophoresis (2DE). 

12.3  Blood Microvesicle and Exosome 
Proteomics

Proteomics has been applied extensively to the study of EVs from 
different sources and in different contexts. Exosome proteomics 
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alone accounted for more than 50 publications in 2009.8 Fields 
like cancer-related or urinary exosomes have been the subject of 
many investigations.19–21 In this chapter we decided to focus our 
attention on blood-related MVs as blood plasma is the main source 
of biomarkers for many prevalent diseases, such as cardiovascular 
disease or cancer. In this section we will revise the main publications 
in the field, which are summarized in Table 12.1.

12.3.1  Plasma Microvesicles and Exosomes

The simplest way to analyze the proteome of cell-derived MVs is 
to isolate them from the plasma of healthy donors or patients. As 
a consequence, the study of plasma MVs is by far the most explored 
subfield in blood-related MV proteomics. In the last decade several 
studies have applied proteomic-related techniques to characterize 
the plasma-membranous vesicle proteome, the major part of 
them focusing on the proteome of MVs rather than exosomes. It is 
important to mention, though, that many of the studies regarding 
MVs most probably have an important representation of exosome 
proteins as well because of the chosen isolation methodology. The 
next section will summarize the most important findings in this field.

12.3.1.1  Plasma microvesicle and exosome studies on 
healthy individuals 

Regarding the study of plasma MVs in healthy subjects, Jin et al. 
performed one of the first proteomic studies in 2005.22 They 
isolated plasma MVs from plasma (n = 16) using ultracentrifugation 
(250,000 × g for 60 min), pooled them, and compared their 
proteome with that of plasma and isolated platelets. The proteomic 
techniques of choice were 2DE (pH 3–10, 24 cm) and MS (matrix-
assisted laser desorption/ionization—time of flight/time of flight 
[MALDI-TOF/TOF]). The results showed the identification of 169 
protein spots, corresponding to 83 different unique proteins. Thirty 
of these proteins had not been previously described in plasma 
from healthy donors. The identified proteins included a wide 
number of cytoskeletal proteins, platelet-characterizing receptors 
(e.g., integrin αIIb and β3), and a selection of enriched plasma 
proteins (e.g., immunoglobulin M [IgM] chains) that may provide a 
mechanism for clearance of cell membrane vesicles from circulation 
by the mononuclear phagocyte system and for maintaining MV 
homeostasis.22

Blood Microvesicle and Exosome Proteomics
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	 Two years later, Smalley et al. complemented their initial study 
on platelet-derived microvesicles (PMVs)23 (reviewed later) with a 
comparison of the proteome of plasma MVs versus PMVs (generated 
by activation with adenosine diphosphate [ADP], 10 µM).24 PMVs 
were isolated either from plasma using ultracentrifugation (150,000 
× g for 90 min at 10°C) or from a platelet suspension with a previous 
step of gel filtration chromatography and also an ultracentrifugation 
step (150,000 × g for 90 min at 10°C). Samples were obtained 
from a healthy donor and run in duplicate. Two complementary 
strategies were performed: the first was MS-MS spectral count 
(liquid chromatography–tandem mass spectrometry [LC-MS/MS] 
on a linear trap quadropole–ion trap [LTQ-IT]), which identified 
peptides from 21 proteins in plasma MVs that were practically 
absent in PMVs. Those included several proteins associated with 
apoptosis, iron transport, immune response, and the coagulation 
process. The authors speculated that some of these proteins might 
be present during the initial formation of the MVs and bind to the 
MV complex.24 Results were confirmed using the second method 
(isotope-coded affinity tags). Globally the study detected 229 
proteins, which included about 75% of the proteins identified in 
their previous report.23

	 Smalley et al. extended the characterization of plasma MVs, 
gathering samples from 42 patients, most of them with a history 
of vascular disease, and analyzing their plasma MV proteome in 
an attempt to fully characterize it and understand how plasma 
MV protein composition is affected by demographic variables.25 
The samples were run in triplicate or quadruplicate, depending 
on sample availability through an LC-MS/MS system with an 
electrospray ionization (ESI) source coupled to an LTQ-IT mass 
spectrometer. From a total of 2,669 proteins identified, 458 were 
identified with at least two unique peptides and 130 were detected 
in at least 50% of the patients, which constituted the core proteome 
of plasma MV proteins. Gene enrichment analysis of the core 
proteome highlighted several gene ontology (GO) terms such as 
hemostasis and coagulation, cell motility and localization, and the 
molecular function of binding actin or other cytoskeletal proteins. 
This complemented and improved upon the previous study and 
also showed the effectiveness of label-free spectral counting for MS-
based protein identifications. It also proved that there was some 
correlation between proteins identified in the study and parameters 
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such as age and gender. The authors suggest the potential use of 
plasma MVs as biomarkers if the analyses are focused on patients 
with a specific range of demographic values.25 
	 Recently, Østergaard et al. decided to utilize new techniques to go 
deeper in the characterization of the plasma MV proteome in healthy 
individuals.26 They analyzed the proteome of 12 healthy samples 
using label-free nano-LC-MS/MS on an LTQ-IT. They obtained MVs 
directly from the blood, and for that they used centrifugation to 
obtain PPP and then a final step by centrifugation at 18,890 g for 
30 min. With the aim of obtaining a pure plasma MV population 
the authors performed an evaluation of the plasma MV–washing 
procedure by using a series of washes with PBS-citrate at the 
centrifugation speed chosen. They found that even though albumin 
was still detectable at wash number 10, other abundant plasma 
proteins disappeared after the fourth centrifugation. They therefore 
decided five washing steps was the optimal choice to proceed with 
the analysis of the samples. They analyzed the plasma MV proteome 
of four pools, each one made by mixing three samples, and detected 
a number of 334 proteins (from a total of 536) that constituted the 
core proteome and were present in all the samples. There was an 
overrepresentation of extracellular, cytoskeletal, cytoplasmic, and 
organelle proteins. The authors also performed an independent 
experiment in which every sample was analyzed in triplicate to give 
an estimate of intra-assay variability (inter- and intraday) of protein 
identification. Their results indicate that intraday variability is low 
enough to justify not running repeat samples and that interday 
variability is dependent on sample preparation and not on analytical 
variability.26 For quantification purposes, the authors also suggest 
a normalization routine by analyzing the PPP samples by flow 
cytometry and quantifying some cytoskeletal proteins like myosin-9 
or integrin αIIb, whose quantities correlate well with MV numbers.
	 The first proteomic study of plasma exosomes was performed 
by Looze et al. in 2009.27 The authors developed a method using 
a series of fractionation steps, with gel exclusion chromatography 
columns and rate zonal centrifugation through continuous sucrose 
gradients, to separate exosomes from plasma lipid fractions of 
very low-density lipoprotein (VLDL) and intermediate-density 
lipoprotein (IDL) with which they cosegregate. Then, exosomes 
were isolated from the fractions with specific gravities of 1.08–
1.15 g/mL using ultracentrifugation (175,000 × g for 120 min). 
Proteins were separated by SDS-PAGE (4–12% TrisNuPAGE)  

Blood Microvesicle and Exosome Proteomics
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and identified by LC-MS/MS (LTQ-IT). The MS analysis identified 
66 proteins, 28 of which were cell associated and 38 extracellular. 
Several of the identified proteins were related to vesicular trafficking 
or protein sorting, which reflected with the exosome formation 
process.27 The authors also performed an analysis of a member of 
the nuclear receptor superfamily that regulates normal adipocyte 
differentiation and proliferation, PPARγ, and demonstrated that it 
is present in plasma-derived exosomes, which may indicate a new 
pathway for paracrine signaling by nuclear receptors.27

	 As mentioned above, when the researchers are dealing with MV 
samples it is difficult to discriminate MVs from exosomes during 
isolation. Bastos-Amador et al. decided to study the proteome of 
plasma MVs with a size smaller than 220 nm, which includes exosomes 
and the smallest MVs.28 To perform the analysis they isolated MVs 
using ultracentrifugation (110,000 × g for 120 min) and filtered them 
using 0.22 µm micropore filters before ultracentrifuging again. They 
also immunodepleted albumin and immunoglobulins (Igs) from MVs 
and enriched some of the samples using a 30% sucrose cushion, 
which then were analyzed using a gel-free LC-MSE-based proteomics 
approach. The study allowed the identification of 161 proteins, 52 
of which belong to the Ig protein family and may be part of immune 
complexes reported recently.29 Among the rest of proteins identified 
most of them were cytosolic and cytoskeleton-associated ones. In 
exosome-enriched preparations the level of protein identifications 
decreased substantially, and the authors argue that this might be 
due to low levels of plasma exosomes under healthy conditions.28

12.3.1.2  Plasma microvesicle and exosome clinical studies

In regard to the analysis of plasma MVs in a clinical context, a pre-
liminary proteomic study of plasma MVs after experimental venous 
thrombosis (VT) was performed by Abdullah et al. in 2009.18 Plasma 
MVs contribute to thrombogenesis, in part due to their surface pro-
teins, so the authors decided to elucidate the nature of these pro-
teins. They induced VT in juvenile baboons (n = 4), and MVs were 
obtained from their PPP at baseline and at day 2 postinduction and 
compared using isobaric tags for relative and absolute quantitation 
(iTRAQ) and 2D-LC/MS-MS (strong cation exchange [SCX], high-
pressure liquid chromatography [HPLC], and MALDI-TOF/TOF). 
After depleting the sample from plasma contaminants and platelets, 
they used centrifugation (35,000 rpm for 120 min at 4°C) to isolate 
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plasma MVs. A total of eight experiments were performed (two per 
sample). The analysis provided the identification of 116 proteins, 
and after the selective criteria seven proteins were considered to be 
differential between baseline and 2-day samples. These included up-
regulated forms of fibrinogen and α1-antichymotrypsin and some 
down-regulated Igs, which may influence thrombosis through he-
mostatic plug formation, inhibition of neutrophil adhesion, and im-
munoregulation, respectively.18

	 Another clinical study was performed on the proteome of plasma 
MVs after deep venous thrombosis (DVT).17 Using iTRAQ and 2D-
LC/MS (SCX, HPLC, and MALDI-TOF/TOF) the researchers compared 
plasma MVs obtained from patients with DVT (n = 9) and healthy 
controls (n = 6). They obtained plasma MVs using ultracentrifugation 
of PPP (200,000 × g for 120 min at 4°C, twice). Of the 151 proteins 
identified, 11 displayed enrichment or depletion of more than 20% 
in all the experiments performed. From these proteins, two were 
enriched in plasma MVs from DTV patients (galectin-3-binding 
protein and α2-macroglobulin) and nine were depleted in plasma 
MVs of DVT patients, including fibrinogen beta and gamma chain 
precursors. The two proteins enriched in DVT patients might 
be promoting thrombus formation, either by promoting platelet 
thrombotic actions (galectin-3-binding protein) or by inhibiting 
fibrinolysis and coagulation (α2-macroglobulin). Regarding the 
down-regulation of fibrinogen, the authors speculate that this could 
be due to its consumption by the thrombus, given that patients might 
not be in the early stages of thrombus formation, when fibrinogen is 
known to be enriched, at the time the sample was obtained.17

	 Pulmonary embolism (PE) is the obstruction of the main artery 
of the lung or one of its branches by embolized clot material that 
most commonly arises in the legs from DVT. Last year, Watts et 
al. studied if the MVs produced after induction of PE in rats have 
particular characteristics.30 They wanted to test if the differences 
observed in previous studies in plasma MV composition were a 
cause or a consequence of the pathologies. With that objective in 
mind, they designed a proteomics study where rats were induced 
a moderately severe form of PE using polystyrene microspheres to 
produce fixed embolization of the pulmonary vasculature. Plasma 
MVs were isolated using ultracentrifugation (200,000 × g for 900 
min at 4°C). Protein samples (controls n = 3, PE n = 3) were run in 
10% Bis-Tris gels and sliced to be analyzed by ultraperformance 

Blood Microvesicle and Exosome Proteomics
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liquid chromatography coupled to MS (LTQ-IT). Their results showed 
that plasma MVs in PE-induced rats might display a procoagulant 
phenotype. Several prothrombotic proteins were increased in PE-
induced rats (fibronectin, fibrinogen precursors, and von Willebrand 
factor), and two others were decreased in their plasma MVs, which 
correlated well with previous results. Another protein was altered 
(α2-macroglobulin), which may be inhibiting fibrinolysis. The 
experimental design allowed the authors to be certain that changes 
were due to experimentally induced PE and not from pre-existing 
pathology.30

	 Patients with thalassemia, a group of inherited disorders that 
result in reduced rate or no synthesis of one of the globin chains 
that make up hemoglobin, have higher counts of plasma MVs 
than healthy subjects.31 Chaichompoo et al. hypothesized that MV 
protein contents may contribute to the “hypercoagulable state” 
these patients present.32 They compared the plasma MV proteome 
of β-thalassemia/hemoglobin E (β-thal/HbE) patients (n = 15) with 
that of healthy subjects (n = 15) using 2DE (pH 3–10) and MS (Q-TOF 
MS/MS).32 The isolation procedure was based on centrifugation of 
PFP at 14,000 × g for 45 min. There were 29 differentially regulated 
proteins between the groups, and most of them were involved 
in regulation of the redox reaction, phospholipid turnover, and 
coagulation system. Their results suggest that the already known 
increased oxidative stress in platelets and red blood cells (RBCs) 
in β-thal/HbE patients potentially induces plasma MV formation 
and that plasma MVs may be contributing to increase the risk for 
thrombotic events these patients suffer.32

12.3.2  Cell-Derived Microvesicles and Exosomes

Several studies have investigated the proteome of specific cell-
derived MVs. Most of them have produced MVs by stimulation of cell 
cultures or isolated cells.

12.3.2.1  Platelet-derived microvesicles

PMVs are the most abundant type of MVs present in human 
blood.33,34 The first study concerning PMVs analyzed their proteome 
content after isolating them directly from the blood.23 Later, we and 
another research group characterized the size and content of PMVs 
after generating them with different platelet agonists or stimuli.35,36 
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	 The study published in 2005 by García et al. studied the proteome 
of PMVs obtained from a healthy individual.23 To do so, platelets were 
activated with the specific agonist ADP to obtain the vesicles and 
isolated by ultracentrifugation at 150,000 × g for 90 min at 4°C, and 
their proteome was compared with that of platelets. Proteins were 
separated using SDS-PAGE (4–20% gradient gel) and then analyzed 
using LC-MS/MS (LTQ-IT). A total of 578 proteins were identified in 
the PMV proteome, 380 of which had not been previously described 
in the platelet proteome. Identifications included transmembrane 
and cell surface proteins, proteins probably involved in MV 
formation, and also several signal transduction proteins. This study 
was expanded later to cover the analysis of plasma MVs (reviewed in 
section 12.3.1).24

	 Another study concerning PMVs was performed by Dean et al. 
in 2009. PMVs were isolated from blood obtained from healthy 
volunteers (n = 32) after platelet activation with two agonists, 
thrombin and collagen. After removal of platelet debris, PMVs were 
isolated by ultracentrifugation (130,000 × g). In this study, PMVs were 
separated into four fractions using gel filtration chromatography 
and were analyzed using 2D-LC-MS/MS (reverse phase-LC-LTQ-
IT). According to their results, the four fractions corresponded to 
four different size groups of PMVs, which show certain differences 
among them. These different size classes contain different lipid/
protein ratios, different protein components, and different 
functional effects on platelets and endothelial cells.35 The authors 
found that the relative contribution of platelet membrane proteins 
to PMVs increases as the size of the vesicles decreases and also that 
α-granule contents were more present in smaller PMVs (around 100 
nm), which may qualify them as exosomes. Interestingly, only the 
two smallest fractions affected platelet function, and only two of the 
four fractions significantly enhanced cell barrier integrity, and even 
these populations had a different active component. These results 
suggest the existence of specialized PMV populations with particular 
functions, which may be acting independently in vivo.35

	 In a collaborative study with the group of David Varon (Jerusalem), 
we recently performed a comparative proteome analysis of PMVs 
generated in two different ways.36 Platelets were isolated from blood 
(healthy volunteers) and activated to produce PMVs by application 
of shear (1,800 s–1) or stimulation with thrombin (0.5 U/mL). 
Isolation of MVs was performed by ultracentrifugation (100,000 × g 
for 60 min) after platelet removal. Proteins were separated by high-
resolution 2DE (pH 4–7, 24 cm) and differentially regulated proteins 
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identified by MALDI-TOF/TOF and LC-MS/MS. We could see that 
platelets shed different amounts of MVs and with different proteome 
content, depending on the stimulus. Thirty unique proteins were 
differentially regulated, which included mainly proteins involved 
in platelet activation, including membrane receptors and adapters  
(Fig. 12.2). Twenty-one of the proteins were interconnected in 
a network related to cell assembly and organization and cell 
morphology, as detected by ingenuity pathways analysis. Two 
proteins were chosen for further validation by Western blotting on 
the basis of their relevance in platelet activation and potential role 
in PMVs: integrin α6 and Dok-2. Both proteins participate in the 
molecular mechanisms regulating angiogenesis, so they could be 
involved in the PMV regulation of endothelial cells function.36

15

4                                  pI 7

200
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Figure 12.2	 High-resolution 2DE-based proteome analysis of platelet-
derived MVs. Shown is a representative 2D gel image of 
proteins from platelet-derived MVs. The first dimension was 
on IPG strips 4–7, 24 cm. The second dimension was by SDS-
PAGE on 11% gels. The figure shows the location on the 2D 
gels of those spots differentially regulated between MVs 
originated following platelet activation with shear stress or 
with thrombin. Reprinted from Ref. 36, Copyright (2012), with 
permission from Elsevier. Abbreviation: IPG, immobilized pH 
gradient.
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12.3.2.2  Endothelium-derived microvesicles

Another subgroup of MVs analyzed by proteomics are those derived 
from endothelial cells. Endothelial-derived MVs (EMVs) are present 
in the blood of healthy individuals but also have been detected in 
higher amounts in some diseases such as hypertension and cardio-
vascular disorders, pre-eclampsia, and vasculitis. The study of their 
proteome could provide useful knowledge and lead to new markers 
for the detection of endothelial dysfunction (ED), a condition where 
the endothelium loses equilibrium in the production of vasocon-
stricting and vasodilating substances.
	 The first study using proteomics on EMVs was by Banfi et al., 
who isolated them from human umbilical vein endothelial cell 
(HUVEC) cultures.12 To do so, they stimulated the cells with tumor 
necrosis factor-α (TNFα), and after clearing cell fragments, they 
used ultracentrifugation (100,000 × g for 90 min at 10°C) twice to 
pellet EMVs from the supernatants. The separation of the proteins 
was performed using an SDS-PAGE gel (gradient 4–12.5%), and 
the bands were subjected to MS analysis (MALDI-TOF). The EMV 
proteome detected was composed of several types of proteins like 
cytoskeleton-binding proteins (tubulin, actin, myosin), membrane-
associated proteins involved in intracellular transport and signaling 
(caveolin, annexins), and proteins involved in protein folding 
(calnexin, chaperones) or apoptosis. The authors also checked that 
EMVs have procoagulant activity and induce it in neighboring cells. 
	 Another study on EMVs was performed by Sander et al.13 In 
this case, the EMVs were produced by stimulation of HUVECs 
with plasminogen activator inhibitor type-1 (PAI-1). The isolation 
method was also ultracentrifugation (100,000 × g for 90 min at 
4°C), and the proteomic analysis was based on 2DE (pH 4–7) and 
MALDI-TOF/TOF. The authors could identify 58 unique proteins. 
Four of them were selected for validation by Western blot, namely 
prohibitin, annexin 5, PDI, and vimentin. Proteins identified were 
from cytoplasm, nucleus, and membrane origin and were involved in 
different functions like angiogenesis, cell motility, or cell adhesion. 
There were several coincidences with the study by Banfi et al. but 
also distinct features, which could be due to the proteome of EMVs 
being affected by the upstream stimulus. This could imply that 
the proteome of EMVs may reflect the original state of the cell in 
response to a particular environment.13

Blood Microvesicle and Exosome Proteomics



304 Extracellular Vesicle Proteomic Analysis

	 To answer the questions that arose during their previous study, 
the same research group performed a comparative study between 
the proteome of EMVs generated from HUVECs with PAI-1 and 
TNFα.37 The EMVs were pelleted again by ultracentrifuging the 
supernatants at 4°C for 60 min at 100,000 × g. Separation of the 
proteins was in 10% acrylamide gels and identification with an LTQ 
mass spectrometer. A total of 783 proteins were identified in the 
control EMV proteome, 679 proteins from PAI-1-generated EMVs 
and 643 proteins from TNFα-generated EMVs. With regard to the 
studies previously performed, the coincidence was the identification 
of 39.7% of Banfi’s proteins and 49.4% of Sander’s. A total number of 
432 proteins were common to the three study groups (PAI-1, TNFα, 
and unstimulated). Nevertheless, an important number of proteins 
was characteristic of each study group, highlighting that although 
EMVs are similar, each population is clearly distinct and these unique 
aspects of each one may confer them functional differences.37

	 The last study involving endothelial-related MVs involved 
endothelial progenitor cells (EPCs). There are various aspects 
related to EPCs, like their nomenclature and phenotype, which are 
still under discussion. In their study, Prokopi et al. used a proteomic 
approach (4–12% gradient SDS-PAGE gels and LC-MS/MS with 
an LTQ-IT) to identify membrane proteins present on MVs in EPC 
cultures, which might help to understand the open questions 
about this cell type.38 Isolation of MVs was achieved using a final 
centrifugation step (20,500 × g for 150 min at 4°C) of EPC culture 
supernatants. Six hundred and eighteen proteins were identified 
in MVs from EPC cultures. The most abundant ones were platelet 
proteins (integrins αIIb and β3), and the top canonical pathway was 
integrin signaling. Their results helped to clarify that data from EPCs 
may be distorted by the presence of platelet proteins and the uptake 
of those by mononuclear cells. This finding implicates the need for a 
redefinition of the EPC phenotype and has profound implications for 
future clinical trials regarding the use of EPCs for stem cell therapy.38 
This study is a good example of how proteomics can be used as a 
powerful tool for assessing cellular phenotypes and can help in the 
clarification of issues with clinical relevance.

12.3.2.3  Erythrocyte- and reticulocyte-derived microvesicles 
and exosomes

In regard to erythrocyte-derived MVs (Ery-MVs), most of the 
proteomic effort has been oriented toward the understanding of the 
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aging process that erythrocytes undergo when stored for transfusion. 
Erythrocytes, as other blood cells, produce vesicles during their 
lifespan, and these vesicles play a role in the aging process and 
removal of the cells from the circulation. Several proteomic studies 
have tried to clarify this role. There has also been a study focusing on 
the first stages of erythrocyte formation, analyzing the secretion of 
exosomes by reticulocytes during their maturation process. 
	 The first study, conducted by Bosman et al.39 compared the 
proteomes of membranes of RBCs and their vesicles at different 
times during storage. The authors distinguished between MVs 
(pelleted at 40,000 × g for 20 min at 4°C) and nanovesicles (pelleted 
at 100,000 × g for 60 min at 4°C). To carry out the analysis they 
employed SDS-PAGE (10%) and LC-MS/MS (LQT-FT-ICR). The vesicle 
populations showed differences in size with some overlapping and 
also in their proteome, characterizing them as distinct entities. The 
results from Bosman et al. also suggested two possible explanations 
for the storage-associated vesicle formation process, one triggered 
by extracellular Igs and the other initiated by intracellular damaged 
hemoglobin, both of which result in elimination of dangerous 
cell components by vesiculation. The study also confirmed and 
expanded previous results on the remodeling that takes places in 
the RBC membrane during storage and highlights the existence of 
signaling pathways regulating RBC metabolism and homeostasis.39 
A few years later, the authors extended their study with another 
investigation regarding EMVs, in this case obtained directly from 
plasma.40 The separation of EMVs was carried out by centrifugation 
of blood (40,000 × g for 20 min at 4°C) to isolate vesicles that were 
then sorted using fluorescence-activated cell sorting directed to 
glycophorin A as a marker of erythrocyte origin. The proteome of 
EMVs was compared to membrane proteomes of erythrocytes that 
were separated according to cell age. The samples were subjected to 
the same proteomic strategy as in their previous study (SDS-PAGE 
and LC-MS/MS). Again, their results proved useful in expanding our 
knowledge of the role of EVs in RBC aging.
	 Rubin et al. applied flow cytometry and proteomics (SDS-
PAGE and MS) to characterize and analyze the MVs obtained from 
erythrocyte concentrates stored for transfusion.41 To isolate the 
MVs they ultracentrifuged the supernatants three times at 120,000 
× g for 90 min at 4°C. They compared the proteome of erythrocyte 
membranes and that of MVs obtained from the supernatant of 
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42-day-stored erythrocyte concentrates. An increase in the number 
of EMVs during storage of erythrocyte concentrates was observed, 
as it had been previously reported.42 One of the proteins detected as 
enriched in MVs was stomatin, which may have a role in membrane 
microdomain modulation, leading to membrane budding and 
MV release.43 Its higher presence was confirmed and detected as 
constant by Western blotting at day 7 and day 40. There are several 
hypotheses about why and how the numbers of MVs increase in 
erythrocyte concentrates with time, so more studies need to be 
performed to clarify this issue.
	 An interesting study by Carayon et al. applied proteomic 
techniques to investigate the alterations in the composition of 
exosomes secreted by maturing reticulocytes.44 This maturation 
process involves the synthesis of large quantities of hemoglobin but 
also the secretion or disposal of many other cellular components 
where exosomes play an important role. To investigate this 
hypothesis, the authors isolated rat reticulocytes and cultured them 
for a week. Exosomes were then recovered at different time points 
by ultracentrifugation (100,000 × g for 120 min at 4°C). After the 
application of a discontinuous sucrose gradient, exosomes’ proteins 
were separated by SDS-PAGE. Identifications were by nano-LC-
MS/MS (Qq-TOF) and the LTQ-Orbitrap XL mass spectrometer. The 
analysis led to the identification of more than 700 proteins, with 
522 common to all exosomes. The authors observed changes in the 
exosome proteome over time, and this was most likely due to the 
sequential activation of different cellular pathways leading to the 
production of exosomes,44 which is in line with previous reports 
that suggested up to three different mechanisms for the biogenesis 
of exosomes.

12.3.2.4  Plaque-derived microvesicles

The analysis of MVs derived from in vivo human atherosclerotic 
plaques was comprehensively performed by Mayr et al. using 
a combination of proteomic, metabolomic, and immunomic 
techniques.45 To isolate MVs, plaques obtained from surgical 
samples were homogenized and centrifuged for 150 min at 20,500 
× g at 4°C. SDS-PAGE (4–12%) and LC-MS/MS were the techniques 
chosen for the proteomic analysis and provided the identification of 
151 unique proteins for which a GO analysis associated categories 
such as membrane, extracellular matrix, protein complexes, and 
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metabolism. The authors also performed a study of MV membrane 
proteins using CyDye tagging and 2DE, which gave clues about MV 
origin (most of them were derived from leukocytes but also from 
smooth muscle cells and erythrocytes) and protein distribution. 
These results, together with those obtained with other techniques, 
helped to implicate MVs in modulating tissue inflammation, an 
important factor in plaque stability and progression.45

12.3.2.5  Monocyte- and macrophage-derived microvesicles 
and exosomes

To the best of our knowledge only two studies have been performed 
so far investigating monocyte- and macrophage-derived MVs. One of 
them focused on the comparison of MV proteomes obtained from 
different stimulations, and the other investigated the role of MVs in 
human immunodeficiency virus-1 (HIV-1) viral infection.
	 The cell stimulation study was performed in 2009 by 
Bernimoulin et al.46 In this case the focus was on monocytes, which, 
as many other cell types, shed MVs that promote inflammation, 
and are highly procoagulant due to the presence of tissue factor 
and phosphatidylserine. The populations of MVs, compared using 
a proteomic approach (4–20% SDS-PAGE and LC/MS-MS), were 
generated from a human monocytic cell line (THP-1), following 
cell stimulation with different agonists: a physiologic one (soluble 
P-selectin-Ig chimera, P-sel-Ig), a pathologic one (lipopolysaccharide 
[LPS]), a control IgG, and no stimulus. Isolation of MVs was achieved 
using centrifugation (16,000 × g for 45 min) after cell contamination 
cleaning. The number of MVs was increased three- to fourfold in 
stimulated cells (P-sel-Ig, LPS) compared to controls. One hundred 
of the proteins identified were common to all the populations. Many 
of them were cytoskeletal proteins. Forty-two were only common to 
stimulated populations, and interestingly, fifty-two unique proteins 
belonged to the P-sel-Ig MVs and 408 to the LPS MVs. In the LPS-
unique protein group there was an important representation of 
nuclear and mitochondrial proteins and some others associated 
with metabolism and energy pathways. Meanwhile in the P-sel-Ig 
group the unique proteins related more to the plasma membrane 
and involvement in signal transduction and cell communication.46 
This study shows how the protein content of MVs is influenced by the 
generating stimulus and the existence of distinct MV subpopulations 
derived from the same cell type.
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	 A group of researchers has recently used proteomics to investigate 
the role of macrophage-derived MVs (MMVs) in the HIV-1 infection 
process.47 In this study the authors cultured monocyte-derived 
macrophages (MDMs) and infected them with HIV-1. The proteomic 
procedures were carried out through the use of SDS-PAGE (10%) 
and LC-MS/MS (LTQ-IT). The isolation of MVs was achieved using 
ultracentrifugation (100,000 × g for 60 min on a 20% w/v sucrose 
cushion) of MDM supernatants. The authors could detect differences 
between the proteome of MMVs and macrophage-derived exosomes 
but also similarities that qualify them as important tools in long-
distance immune response. Also, differences could be established 
between exosomes and HIV-1 regarding their size, proteomic 
content, and morphology. HIV-1 was detected in the MV fractions; 
it was demonstrated that MMVs and macrophage-derived exosomes 
facilitate transfer of virus and viral constituents from infected 
macrophages to neighboring uninfected cells.47 

12.3.2.6  Lymphocyte-derived microvesicles and exosomes

The first study of B-cell-derived EVs was performed by Wubbolts et 
al. in 2003.48 The researchers aimed to deepen the understanding of 
B-cell-derived exosomes and developed a protocol to purify them and 
study their protein content. Exosomes isolation from RN cell culture 
supernatants was performed with ultracentrifugation (70,000 × g 
for 60min). Then, a linear sucrose gradient was applied for 16 h at 
270,000 × g, and the positive fractions for major histocompatibility 
complex (MHC) class II and tetraspanins were further purified 
with magnetic beads coupled to a monoclonal mouse anti–human 
MHC class II antibody. Proteins were separated by SDS-PAGE and 
identified by MALDI-TOF/TOF. Among them, there were human 
leukocyte antigen (HLA)-encoded proteins and other membrane 
proteins like CD45 and integrin α4. Other proteins were heat shock 
proteins, cytoskeletal proteins, and glycolysis-associated proteins, 
among others. Tetraspanins could not be detected, possibly because 
of their low abundance and/or the difficulty to recover them from 
acrylamide gels.48

	 The characterization of MV proteins from lymphoid cells was 
continued by Miguet et al. in 2006.11 With the aim of characterizing 
membrane antigens that could be relevant for the diagnosis and 
treatment of chronic, mature B-cell lymphocytic malignancies 
the authors used a proteomic approach, in which they stimulated 
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MV production from a CEM T-cell line in two different ways, via 
pharmacological mitogenic activation and via apoptosis induction. 
To isolate MVs they centrifuged cell supernatants for 45 min at 
15,000 × g. Then, they separated the proteins by 8–15% SDS-
PAGE gels and identified them by MS (LC-MS/MS and MALDI-MS). 
An interesting aspect of this study is how the authors combined 
MS techniques to increase the sequence coverage of the identified 
proteins. Around 70% of the proteins identified were present in 
both stimulation approaches, and the differentially expressed ones 
were basically cytoplasmic proteins. Only three plasma membrane 
CD antigens were differentially detected (CD81, CD99, and CD107), 
of which CD99 can be attributed to apoptosis triggering. The 
method, developed by the authors, for the analysis of membrane 
proteins by means of studying MVs through proteomics proved 
useful 3 years later, when they published a subsequent study in 
which they proposed CD148 as a discriminating biomarker for three 
types of chronic B-cell lymphocytic malignancies.49 The researchers 
obtained MVs from three patients—one with chronic lymphocytic 
leukemia (CLL), one with small cell lymphoma (SLL), and one 
with mantle cell lymphomas (MCL)—and applied their proteomic 
approach. After the appropriate selective criteria, CD148 emerged 
as a possible discriminating marker for the malignancies, and the 
authors validated its potential in 158 patients (CLL, n = 93; SLL, n = 
24; MCL, n = 41) and 30 healthy controls. It seems CD148 expression 
might be a good way to discriminate cytologically or phenotypically 
ambiguous cases of the mature B-cell neoplasms mentioned. This 
result, as the authors mention, shows the ability of proteomics 
to propose strong protein candidates to be further confirmed as 
potential biomarkers.
	 Li et al. performed the most recent proteomic study about B-cell-
derived exosomes.50 The question asked was if HIV-1 infection of 
lymphocytes could modify any of the host proteins belonging to 
the exosomal fraction. The authors utilized stable isotope labeling 
by amino acids in cell culture (SILAC) to compare the proteomes 
of the exosomal fractions of HIV-1-infected and HIV-1-uninfected 
lymphocytic cells. Exosomes were isolated from H9 cell supernatants 
at 4°C by ultracentrifugation (30 min at 10,000 × g, followed by 70 
min at 100,000 × g). Proteins were separated in acrylamide gels 
(4–12% NuPAGE) and analyzed with a mass spectrometer (LTQ-
Orbitrap). Fourteen proteins were differentially expressed, of which 
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CD38, LDBH, and ANXA5 have been previously associated with 
proliferation and apoptosis processes. The authors suggest their 
results support the idea that HIV-1 infection influences the behavior 
of neighboring cells through the secretion of exosomes.

12.4  Conclusions and Future Perspective

In recent years EVs received increasing interest, given their potential 
role in several pathologies. Indeed, circulating MVs have been 
postulated as a source of biomarkers in coagulation, inflammation, 
and cancer. Moreover, clinical studies have been conducted to assess 
their contribution to the identification of patients at cardiovascular 
risk. However, all the studies faced several limitations, with 
preanalytical steps remaining an important source of variability and 
artifacts in MV analysis. Great efforts have been recently undertaken 
by the scientific community to address these limitations. For 
instance, the International Society for Thrombosis and Haemostasis 
(ISTH) organized a Scientific and Standardization Committee (SSC) 
collaborative workshop dedicated to standardize PMV enumeration 
by flow cytometry with calibrated beads.51 Moreover, Lacroix et 
al. recently studied the impact of preanalytical parameters on the 
measurement of circulating MVs, trying to establish a standardized 
protocol.14 Parameters that can influence the analysis include the 
type of blood collection tube, phlebotomy conditions, transportation 
practices, centrifugation steps, and freezing.
	 The high clinical potential of blood MVs as a source of biomarkers 
is one of the reasons why several research groups have recently 
applied proteomics to their studies. Most MV analyses done so far 
are based on flow cytometry. This is a fast way to check the levels of 
circulating MVs in those pathologies where their number is elevated 
(e.g., cardiovascular disease). On the other hand, proteomics has 
the power of identifying MV-related biomarkers. However, the 
preanalytical parameters mentioned above are even more critical 
for proteomic analyses. The MV population needs to be pure because 
any contamination with cell debris or plasma proteins would 
hamper the analysis. In addition, the amount of protein needed for 
the analysis requires the isolation of a high number of MVs, which 
quite often requires a high volume of plasma or cell culture media as 
starting material. All the above makes MV proteomic analyses quite 
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complicated. Therefore, standardized protocols for MV isolation are 
definitely needed. As mentioned in this chapter, we can almost say 
that each research group has its own protocol for MV isolation, with 
great variations in the centrifugation speed that is used to isolate the 
same type of MVs. This definitely affects interlab reproducibility of 
the data. The standardized protocol established by Lacroix et al. is 
a good starting point to address the above preanalytical issues that 
can influence the study.14

	 The other main source of interlab variability in MV proteomic 
studies is the precise proteomic tool that is applied. Obviously, this 
issue is more complicated to address because different labs will 
have different proteomic platforms, which will definitely influence 
the study. The goal would be that the same platforms use the same 
protocol to achieve maximum reproducibility. Besides that, different 
proteomic strategies will yield complementary data as in any 
proteomics study, which is good.
	 In conclusion, over the last few years several research groups 
worldwide have applied proteomics to the study of EVs in health 
and disease. These pioneer studies have faced important analytical 
difficulties but have also paved the way for the future of the field. 
Standardized protocols for MV isolation and proteomic analysis 
will help to improve the studies, making them more reproducible. 
Several analytical challenges must still be addressed, but the future 
looks promising. 
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13.1  Introduction

Cancer microvesicles (MVs) were first described in 1978 when 
they were detected in the spleen nodules and lymph nodes of a 
patient with Hodgkin’s lymphoma.1 Over the last several decades 
the mechanistic activities of extracellular vesicles (EVs) have been 
investigated, including their role in cell-to-cell communication 
via direct stimulation by surface-expressed ligands; the transfer 
of receptors, proteins, and ribonucleic acid (RNA); the delivery 
of various infections (prions, human immunodeficiency virus 
[HIV], etc.); and perhaps the transport of whole cell parts such as 
mitochondria.2–5 EVs in the malignant state are now implicated 
as playing a central role in the biology of malignancy, including 
mechanisms that regulate metastasis, angiogenesis, and immune 

Chapter 13

Microvesicles and Exosomes in Cancer

Rebecca Karpa and Jeffrey Zwickerb

aDepartment of Medicine, Beth Israel Deaconess Medical Center,  
Harvard Medical School, Boston, MA, USA
bDivision of Hemostasis and Thrombosis, Division of Hematology-Oncology,  
Beth Israel Deaconess Medical Center, Harvard Medical School, Boston, MA, USA
jzwicker@bidmc.harvard.edu

Extracellular Vesicles in Health and Disease
Edited by Paul Harrison, Christopher Gardiner, and Ian L. Sargent
Copyright © 2014 Pan Stanford Publishing Pte. Ltd.
ISBN  978-981-4411-98-1 (Hardcover), 978-981-4411-99-8 (eBook)
www.panstanford.com



318 Microvesicles and Exosomes in Cancer

signaling. Recently, populations of EVs expressing tissue factor (TF) 
have been identified as a biomarker to predict thrombotic events in 
patients with malignant disease.
	 The term “extracellular vesicle” is a general label used to describe 
vesicular, membrane-bound particles secreted by a whole host of 
cells ranging from leukocytes aiding in the generation of a fibrin clot 
to tumor cells implicated in the propagation of a malignant clone.6–8 
EVs were first described in 1967 by Peter Wolf, who referred to 
“minute particulate material” derived from platelets, which he 
termed “platelet dust.” However, since that time, our knowledge 
of the diversity, complexity, and significance of EVs has expanded 
exponentially.9 In addition to cancer, EVs have been studied in relation 
to HIV, complement fixation, sepsis, acute coronary syndromes, 
and even the normal physiologic state.10–12 There still exists much 
controversy as to an appropriate nomenclature for these vesicles, 
with microparticles or MVs being used interchangeably regardless 
of the cell of origin, mode of production, or cargo contained.3,13,14 
However, there is marked heterogeneity among EVs: an MV formed 
during apoptotic cell death is distinct, both in structure and in 
function, from a vesicle carefully packaged and released by a 
malignant cancer cell. In this chapter, the term “EVs” will be used 
broadly to refer to all types of membrane-bound vesicles.

13.2  Types of Cancer Vesicles

EVs can be organized into categories based upon their size and 
the manner in which they are formed: apoptotic blebs (50–5,000 
nm diameter), the end products of dying cells; membrane MVs, 
or ectosomes (50–1,000 nm diameter) that are shed directly 
from plasma membranes; and exosomes (40–100 nm diameter), 
membranous vesicles formed through endocytosis that may 
be recycled via lysosomal degradation, redirected back to the 
plasma membrane, or further processed and sorted within the cell 
itself.3,14–17

13.2.1  Apoptotic Bodies

Apoptosis effectively ends the life of a cell in its recognizable 
form. It is characterized by loss of membrane integrity, chromatin 
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condensation, and eventual disintegration of the nucleus.18 However, 
oftentimes the fragments released during apoptosis—shards of 
membrane, organelles, deoxyribonucleic acid (DNA)—find their way 
into other cells, disseminating the genetic material of the original 
cell. There is even an evolutionary slant to this ritual—a dying cell’s 
instinct to propagate its own genetic code.
	 We have mounting evidence that tumor-derived apoptotic EVs 
play an important role in tumor cell signaling and metastatic spread. 
Transfer of genetic information between apoptotic malignant cells 
and neighboring cells has been demonstrated in a variety of cancers, 
including prostate and cervical.19,20 Bergmedh et al. described the 
cellular uptake of tumor apoptotic bodies released by H-ras(V12) 
and mutated human c-myc-transfected rat fibroblasts. Normal 
fibroblasts, provided that they are p53 negative, phagocytose these 
tumor apoptotic bodies and incorporate tumor DNA into their own 
genomes.18 These previously “healthy” cells subsequently develop 
malignant characteristics, such as loss of contact inhibition and 
anchorage independence (ability to grow in the absence of adhesion 
to the extracellular matrix)21 in vitro and a “tumorigenic” phenotype 
in vivo.18 This was not the case in the presence of p53, perhaps 
because this tumor suppressor gene arrested the cell cycle or induced 
apoptosis in the mutant fibroblasts.19,20 Another elegant study by 
Ehnfors et al. illustrates the uptake of apoptotic tumor cell remnants 
by adjacent endothelial cells and fibroblasts; again in the setting of 
p53 inhibition, these endothelial and fibroblast cells incorporate and 
replicate tumor DNA, thus proliferating components of the original 
cancer cell.22,23

	 Thus, there exists a fine balance between tumor cell apoptosis 
(which in itself would be advantageous to a host) and horizontal 
spread of apoptotic tumor remnants to “innocent bystanders.” 
The tumor suppressor gene p53 appears to play a critical role in 
the regulation of this process.24 The clinical significance of tumor 
proliferation via apoptosis continues to be explored, with efforts 
geared toward prevention of uptake and incorporation of tumor 
remnants by normal cells and regulation by p53.

13.2.2  Membrane Microvesicles

Membrane MVs (also referred to as ectosomes) are appropriately 
named, being formed by outward blebbing of the plasma membrane. 

Types of Cancer Vesicles
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The largest of the three types of EVs, MVs are formed from 
membrane lipid rafts—glycoprotein microdomains high in signaling 
complexes and cholesterol—within the lipid bilayer.25 In fact, many 
MVs carry lipid raft–associated proteins such as flotillin-1, TF, and 
epidermal growth factor receptor (EGFR). This cargo is critical for 
cell intercommunication and cellular growth and development.
	 MV formation depends on the unique configuration of the 
lipid bilayer and its ability to transform in response to certain 
environmental cues. Cell membrane phospholipid arrangement is 
quite specialized, with phosphatidylcholine (PC) and sphingomyelin 
(SM) located on the external layer and phosphatidylserine (PS) and 
phosphatidyl-ethanolamine (PE) on the inner side.5 The asymmetric 
composition of the plasma membrane is maintained through 
five calcium-dependent enzymes: gelsolin, amino-phospholipid 
translocase, floppase, scramblase, and calpain. Disruption of 
membrane asymmetry results in translocation of PS to the outside of 
the cell and occurs in various physiological and disease states such 
as cell necrosis, apoptosis, and platelet activation.26

	 Disturbances in phospholipid arrangement also occurs under 
physiologic conditions during the formation of MVs. An influx in 
cytosolic calcium activates gelsolin, calpain, and scramblase, leading 
to the translocation of PS residues to the outside of the cell and MV 
release.3,5 This increase in calcium also leads to a gelsolin-mediated 
transformation of the cell cytoskeleton, specifically the cleavage of 
actin filaments in platelets and actin-spectrin anchorages in other 
cell lines. The relevance of phospholipid transport activity and 
MV generation is exemplified by Scott syndrome, a rare bleeding 
disorder characterized by deficient scramblase activity, deficient PS 
exposure, and decreased MV generation.27,28 The PS located on the 
surface of these EVs serves as a binding site for the tenase complexes 
VIIIa–IXa and Va–Xa, which are critical for the activation of factor 
X and the conversion of prothrombin to thrombin. Patients with 
Scott syndrome present with moderate to severe bleeding diatheses 
(almost always provoked), requiring platelet transfusions for even 
minor surgical procedures.29 This defect in PS translocation (and 
membrane vesiculation) has also been described in erythrocyte and 
lymphocyte cell lines in patients with Scott syndrome.30–32 And yet, 
the precise role of phospholipid transport proteins in the generation 
of platelet M10V remains uncertain as mice deficient in scramblase 



321

(PSLCR1 or PLSCR3) do not exhibit loss of PS asymmetry,33,34 platelet-
derived MV formation occurs in the absence of PS exposure,35 and 
a large percentage of circulating platelet EVs lack externalized 
PS.28 Recently a mutation in a putative scramblase protein called 
TMEM16F has been described in Scott syndrome and the phenotype 
reproduced in knockout mice.36–38

13.2.3  Exosomes

Exosomes are the smallest of the three types of EVs, and are formed 
through a highly coordinated process. These EVs are found in a 
whole host of cells, including B-cells, T-cells, mast cells, and platelets, 
and are also present in biologic fluids, including urine, breast milk, 
epididymal fluid, and pleural fluid.39 Instead of blebbing outward 
from the plasma membrane like the larger MVs, exosomes are 
derived from a complex endomembrane network.40 These vesicles 
are processed, recycled, and repackaged via an intricate series of 
steps, leading ultimately to the fusion of multivesicular bodies with 
the plasma membrane and the release of cellular cargo. The best-
described mechanism of exosome formation is via the endosomal 
sorting complex required for transport (ESCRT) system.6,41 The 
ESCRT is composed of four protein complexes, ESCRT-0, ESCRT-I, 
ESCRT-II, and ESCRT-III, which are responsible for initial invagination 
of the plasma membrane (through the formation of clathrin-coated 
pits) and subsequent sorting of the ubiquitinated cargo proteins. 
These proteins are eventually incorporated into a membrane vesicle, 
evolving from early endosomes to multivesicular bodies or late 
endosomes.3,6 The vesicular cargo can then follow one of four paths. 
It can be incorporated back into the plasma membrane; remain 
within multivesicular bodies in the form of intraluminal vesicles; be 
directed toward the lysosome for disassembly and reprocessing; or 
be released from the plasma membrane in the form of an exosome.6,41 
Recent studies have elucidated the pathways regulating exosome 
biogenesis through the interaction of the cytosolic proteins syntenin 
and ALIX with ESCRT-III.42,43

	 Exosomes also carry material that is distinct from ectosomes, such 
as heat shock proteins (HSP-70), tetraspanins (CD81, CD63, CD9, and 
Tspan8), micro-RNAs (miRNAs) (small noncoding RNAs), messenger 
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RNAs (mRNAs), ESCRT proteins, and angiogenic proteins.3,44 They 
are also implicated in tumor proliferation and metastasis.45 Yang et 
al. demonstrated that tumor-associated macrophages from breast 
cancer cells can modulate the invasiveness of the cancer through the 
release of exosomes containing oncogenic miRNA (miR-223). After 
tumor-associated macrophages were activated with interleukin (IL)-
4, they secreted vesicular-bound miR-223 that was taken up by the 
surrounding tumor. The authors suggest that quantification of miR-
223 in the blood of patients with breast cancer could help predict 
disease aggressiveness.46 Evidence also supports that exosome 
production and clearance are regulated by p53-dependent genes 
such as TSAP6 and CHMP4C (which promote exosome formation) 
and CAV1 and CHMP4C (which augmentreceptor endocytosis).24,47

13.3  Extracellular Vesicles and Tissue Factor as 
Mediators of Thrombosis

As many as 5–50% of cancer patients will suffer a thrombotic event 
during the course of their illness.48,49 The observed association 
between malignancy and thrombosis dates back to the 1800s, when 
the French physician Armand Trousseau reported the case of a 
59-year-old gentleman with left-lower-extremity phlebitis who was 
found to have annular cancer of the pylorus at autopsy. Trousseau 
stated that “frequent concurrence of phlegmasia alba dolens with 
an appreciable cancerous tumor, led me to the inquiry whether a 
relationship of cause and effect did not exist between the two, and 
whether the phlegmasia was not the consequence of the cancerous 
cachexia.”50,51 Despite the established link between cancer and 
thrombosis, the molecular basis for this association has not been 
definitively established. Recent data suggest a role for tumor-derived 
EVs in the development of cancer-associated clot formation.52–54

13.3.1  Tissue Factor and Clot Formation

TF is a 47 kDa cell surface glycoprotein, which serves as the main 
catalyst for the extrinsic pathway of blood coagulation and the 
initiator of thrombin generation and fibrin formation.55,56 It is 
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present on most nonvascular cells and can be induced on the 
surface of activated monocytes and neutrophils in the setting of clot 
development. Coagulation is initiated by the binding of TF to factor 
VIIa (FVIIa), which anchors FVIIa to the cell membrane and increases 
its proteolytic activity.53 And while for decades the notion prevailed 
that coagulation began with TF release from an injured vascular 
wall, in 1999 Giesen et al. demonstrated that cell-derived TF (in the 
form of EVs) also existed within the bloodstream and could be found 
within a fibrin clot formed in the absence of vascular-derived TF.57 
During thrombus formation, activated platelets accumulate at the 
site of injury, where they express P-selectin. Subsequently, monocyte-
derived TF-bearing EVs latch onto the platelets via P-selectin 
glycoprotein ligand 1 (PSGL-1), engendering clot formation and 
propagation.7,55,58 Plasma membrane–derived EVs may also express 
increased levels of PS, which serves as a catalytic site for various 
prothrombotic factors.59

13.3.2  Tissue Factor–Bearing Extracellular Vesicles in 
Cancer

Increased levels of TF-bearing EVs have been found in various 
types of malignancies and often correlate with survival. A study 
by Ueno et al. measured TF expression in the plasma of 67 breast 
cancer patients and found that TF was an independent predictor 
of distant metastasis and overall survival.60 Our group previously 
demonstrated that blood-borne levels of TF-bearing EVs that co-
expressed tumor antigens decreased following definitive resection 
of pancreatic tumors.7

	 Khorana et al. also evaluated TF levels in patients with pancreatic 
neoplasia and found that individuals with high TF expression had a 
venous thromboembolism (VTE) rate of 26.3% as compared to a rate 
of 4.5% in patients with low TF expression. Moreover, pathologic 
examination of the pancreatic neoplasms themselves demonstrated 
that tumors with high TF levels were more likely to express vascular 
endothelial growth factor (VEGF) and have a higher microvessel 
density (marker of angiogenesis) than tumors without abundant 
TF.61

Extracellular Vesicles and Tissue Factor as Mediators of Thrombosis
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	 Researchers have evaluated whether elevated levels of TF-
bearing EVs in the plasma of patients with cancer can serve as 
a biomarker to predict thrombosis in cancer.59,61 A number of 
different methodologies have been employed for the detection 
and measurement of EVs in plasma, including flow cytometry,62 
dynamic light scattering,63 particle tracking,64 enzyme-linked 
immunosorbent assay,65 atomic force microscopy,63,66 and MV-based 
functional assays.52,67,68 In the absence of an accurate standard for 
the measurement of TF-bearing MV concentrations, the optimal 
methodology for MV size measurement, characterization, and 
enumeration is not known. We previously described the development 
of an impedance-based flow cytometer to measure EVs in plasma.7 
We performed a case control study on 30 patients with cancer and 
acute VTE, and 60 cancer patients matched for age, stage, sex, and 
histologic diagnosis without thrombosis. Individuals with cancer 
and VTE were four times as likely to have elevated TF-bearing EVs 
compared to the control population. We recently confirmed these 
findings in a phase II clinical trial (the MicroTEC study). 
	 The MicroTEC study was a randomized, phase II study whereby 
patients with advanced pancreatic, colon, or non–small cell lung 
cancer were followed for the development of venous thromboembolic 
events.69 After enrollment, the concentration of circulating 
TF-bearing EVs was measured for each patient. Individuals 
with elevated TF-bearing EVs were randomized to enoxaparin 
primary thromboprophylaxis for 2 months versus observation. 
Individuals with “low” levels of EVs were followed without primary 
thromboprophylaxis. The cumulative incidence of VTE at 2 months 
in the group with high TF-bearing EVs not receiving enoxaparin was 
27.3% compared to 5.6% in the enoxaparin-treated arm (p = 0.06). 
The cumulative incidence of VTE in the low TF MV arm was 7.2%. 
These findings confirm the potential prognostic utility of TF-bearing 
EVs in predicting thrombotic events in cancer patients. Other groups 
have published similar results, demonstrating a link between TF-
bearing EVs and VTE in breast and pancreatic cancer.52,70 Our group 
has now initiated a phase II/III randomized clinical trial to evaluate 
a novel antithrombotic agent71 for primary thromboprophylaxis in 
cancer patients, including those with elevated TF-bearing EVs. 
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	 Experimental models also provide evidence that tumors generate 
TF-bearing EVs. In orthotopic murine models of human pancreatic 
cancer, tumor-derived TF can similarly be measured in plasma. 
The concentration of tumor-derived TF appears to correlate with 
the total tumor burden.56 Several weeks following subcutaneous 
injection of green fluorescent protein–labeled tumor cells into 
mice, tumor-derived EVs can be visualized at the site of thrombus, 
following a vascular injury.55

13.4  Extracellular Vesicles in Cell-to-Cell 
Communication

Communication is important not only amongst tumor cells 
themselves but also between malignant cells and their unaffected 
neighbors. One proposed mechanism by which tumor-derived EVs 
“talk” with nearby cells is via “horizontal propagation”: that is, the 
uptake of cancerous exosomes by nonmalignant cells (similar to 
the phagocytosis of apoptotic fragments described earlier).72 This 
mechanism is elegantly described by Al-Nedawi et al. in the setting 
of glioma cells and a mutant form of EGFR found in these tumors 
(EGFR variant III [EGFRvIII]). When glioma cells were incubated 
with EGFRvIII-containing EVs, downstream cell cycle pathways (i.e., 
mitogen-activated protein kinase [MAPK] and Akt) were activated, 
and these cells demonstrated an increased production of VEGF, 
phosphorylation of the VEGF receptor (VEGFR-2), and increased 
anchorage independence.73 Normal glial cells had developed 
oncogenic characteristics upon exposure to these tumor-derived 
EVs. Moreover, there was a decrease in downstream EGFR signaling 
when these cells were exposed to EGFRvIII kinase inhibitors. A 
corollary study by the same group examined the uptake of squamous 
cell cancer–derived EGFR-containing EVs by cultured endothelial 
cells.74 EGFR cell cycle regulatory pathways were subsequently 
activated in the transfected endothelial cells. Recent studies have 
also demonstrated the paracrine activation of endothelial cells, 
following the generation of glioblastoma-derived MVs.75

	 Human glioma cells can modulate their environment by 
transmitting mRNA to human brain endothelial cells via EVs.8 EVs 
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released from tumor cells contained even higher concentrations of 
certain mRNAs than donor cells; some EVs even contained proteins, 
cytokines, and transcripts that were not detected in the original cell. 
Multiple other studies have illustrated the role of EVs in relaying 
markers for cell development and pluripotentiality. Ratajczak et al. 
describe embryonic cell MVs as stimulating growth of hematopoetic 
progenitor cells in culture and enhancing expression of pluripotent 
and hematopoetic stem cell makers.76 Martinez et al. found that 
stimulated T-cells release MVs that contain hedgehog signaling 
proteins, leading to differentiation of erythroleukemic cells toward 
the megakaryocytic lineage. Inhibition of the hedgehog pathway 
negated this transformation.77

13.5  Extracellular Vesicles and Angiogenesis

In addition to their role in cancer-mediated thrombosis and cell-to-
cell communication, EVs have also been implicated in coagulation-
independent cancer-mediated angiogenesis and metastasis.1,3,78 
Platelet-derived EVs are known to promote endothelial cell 
angiogenesis through a variety of mechanisms, including enhancing 
endothelial cell chemotaxis and inducing endothelial cell tubule 
formation.79 In addition to VEGF, platelet EVs harbor platelet-
derived growth factor (PDGF), basic fibroblast growth factor (bFGF), 
and heparanase, all of which contribute to various stages of new 
blood vessel formation.80 In a mouse model of hypoxia-induced 
retinal angiogenesis, Rhee et al. found that both thrombocytopenia 
and platelet inhibition via an αIIbß3-integrin antagonist decreased 
retinal neovascularization by 35–50%. Platelet remnants and platelet 
EVs were found at sites of “angiogenic sprouts,” and in vitro platelets 
promoted capillary development of microvascular EVs.81 The 
specific role of tumor-derived exosomes in angiogenesis has been 
characterized as well. MVs derived from human glioma cells contain 
a higher concentration of angiogenic proteins (i.e., angiogenin, IL-
6, IL-8, tissue inhibitor of metalloproteinase 1 [TIMP-1], VEGF, and 
TIMP-2) than their parent cells.82 Moreover, when human brain 
microvascular endothelial cells were incubated with EVs released 
from glioma cells, the tubule length of the endothelial cells doubled 
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in 16 h; this result was comparable to the incubation of endothelial 
cells with angiogenic growth factors alone. The proangiogenic 
activity of tumor-derived EVs appears to be mediated through the 
activation of the phophoinositide 3-kinase/AKT pathway.83

13.6  Extracellular Vesicles and Tumor 
Invasiveness and Metastasis

Depending on the type of cargo they ferry, EVs may also participate 
in cancer invasiveness and metastasis. For instance, EVs harboring 
proteolytic enzymes, such as the matrix metalloproteinases (MMPs) 
MMP-2 and MMP-9 and urokinase-type plasminogen activator (uPA), 
have been shown to promote tumor invasion in cultured malignant 
ovarian epithelium through degradation of the extracellular matrix.84 
Graves et al. measured the levels of EVs containing these enzymes 
in the ascitic fluid of women with various stages of ovarian cancer. 
The authors concluded that women with advanced ovarian cancer 
had higher concentrations of MVs containing proteolytic enzymes 
in their ascitic fluid than women without such late-stage disease. 
Furthermore, inhibition of MMP and uPA prevented MV invasion of 
the cellular milieu.

13.7  Extracellular Vesicles in Tumor Immune 
Escape

Tumor-derived exosomes have been implicated in a cancer’s ability 
to escape from routine immune surveillance by manipulating both 
the innate and the adaptive immune system.39 Various mechanisms 
for this phenomenon have been proposed, including MV induction 
of T-cell apoptosis, attenuation of natural killer (NK) and T-cell 
function, and proliferation of T-regulatory (T-reg) cells, amongst 
others.39,85–87

	 Perhaps the best understood way in which tumor-derived ex-
osomes facilitate T-cell apoptosis is through expression of the T-cell-
killing molecule Fas ligand (FasL) on their surface. FasL is a trans-
membrane protein belonging to the tumor necrosis factor (TNF) 
family; it plays a critical role in apoptosis by regulating T-cell ho-
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meostasis, regulating cytoxic T-cell activity, and maintaining certain 
cells’ “immune privilege” status. High concentrations of FasL have 
been reported in a wide variety of malignancies, including colorec-
tal cancer, prostate cancer, melanoma, and leukemia.87 Abusamra et 
al. demonstrated that prostate cancer–derived exosomes carrying 
membrane-bound FasL inhibited T-cell proliferation and induced 
apoptosis of CD8+ T-cells. In this manner, the tumor cells were able 
to escape destruction by the cell-mediated arm of the immune sys-
tem. Similar results were reported by Huber et al. who established 
that colorectal cells secrete EVs containing FasL and TNF-related 
apopotosis-inducing ligand (TRAIL), possibly affording greater im-
mune protection to these tumor cells.88 EVs from healthy donor se-
rum did not contain these proapoptotic molecules.
	 Tumor-derived exosomes also exert inhibitory effects on NK and 
T-cells by diminishing expression of the receptor NKG2D via secretion 
of the growth factor transforming growth factor β1 (TGFβ1).89 TGFβ1 
is an immunosuppressant molecule, which is known to promote 
tumor growth, while weakening lymphocyte response. Clayton et al. 
studied the effect of tumor-derived exosomes produced in vitro or 
in the pleural fluid of patients with mesothelioma on NK and T-cell 
function. The authors demonstrated that these exosomes secreted 
high levels of TGFβ1, which led to decreased lymphocyte expression 
of NKG2D and, hence, inhibited NK/T-cell activation.89 Lee et al. also 
describe down-regulated NKG2D expression and suppressed NK cell 
lytic activity in response to TGFβ1 released by colorectal and lung 
tumors.90 Finally, exosomes may be involved in the proliferation and 
recruitment of T-reg to the site of a tumor. In fact, T-reg production 
is regulated in part by TGFβ1.91 Under physiologic conditions, 
T-reg cells induce immune tolerance to self-antigens and provide a 
necessary check on other aspects of the immune system. However, 
in a malignant state, T-reg cells may be tricked into protecting a 
tumor from immune attack. Expansion of T-regs has been associated 
with poorer prognosis and shorter survival in patients with ovarian 
cancer.92

	 The clinical implications of MV-related tumor immune escape 
are broad. For one, the concentration of EVs in a patient’s blood may 
help predict the aggressiveness of a cancer. Furthermore, perhaps 
drugs targeted at the interface between EVs and T-cells could be used 
to curtail tumor escape. Finally, several groups have even proposed 
a type of dialysis filter by which tumor-derived exosomes would 
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be removed. Using extracorporeal filtration, this device would help 
diminish the number of circulating EVs, thus affording the host’s 
immune system greater advantage in its struggle against cancer.86,93

13.8  Conclusion

Our understanding of the formation and function of EVs has expanded 
dramatically over the past few decades. The potential role of EVs in 
health and malignancy continues to be elucidated. Understanding 
the critical roles EVs play in malignant transformation, progression, 
and hypercoagulability will hopefully translate into the development 
of MV-directed therapeutics for the treatment of cancer and its 
complications. 
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Tissue factor (TF) is a transmembrane glycoprotein that is essential 
for hemostasis. It binds coagulation serine protease factor VII/
VIIa (FVII/VIIa) to form a bimolecular complex that functions as 
the primary initiator of coagulation in vivo. The TF/FVIIa complex 
activates both FX and FIX and leads to the generation of thrombin 
and fibrin.1 TF is constitutively expressed at high levels in adventitial 
fibroblasts of the vessel wall, which facilitates rapid activation of 
the coagulation cascade after injury. In a basal state, smooth muscle 
cells in the media of the vessel wall and monocytes/macrophages 
also contain small amounts of TF. TF can be induced in these cells 
and in endothelial cells of the vessel wall under various pathologic 
conditions, resulting in a prothrombotic state.2 TF is also expressed 
in a tissue-specific manner with high levels in a variety of tissues, 
such as the brain, heart, kidney, and placenta.1
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14.1  Circulating TF

Early studies suggested that blood did not contain significant levels 
of tissue factor (TF) and that TF was only expressed by extravascular 
cells in healthy individuals where it formed a “hemostatic envelope” 
around blood vessels.3 However, several groups discovered that the 
blood of healthy individuals contained very low levels of functional 
TF (so-called blood-borne TF).4,5 Giesen et al. showed that blood-
borne TF contributed to thrombus formation in ex vivo models.4 In 
the same study, the authors observed TF+ membrane vesicles near 
the surface of platelets in the thrombus. Three kinds of extracellular 
vesicles (EVs) can be released by cells in the plasma: apoptotic 
bodies, microvesicles (MVs), and exosomes. Apoptotic bodies are 
vesicles released during the terminal steps of programmed cell 
death and represent condensed and deoxyribonucleic acid (DNA)-
rich remnants of the fragmented apoptotic cells. They have a size 
ranging from 1 µm to 4 µm and may act as passive shuttles delivering 
DNA and oncogenes to the nuclear compartment of phagocytes. 
TF has not been observed at the surface of such apoptotic bodies. 
Conversely, the presence of TF on MVs and to a lesser extent on 
exosomes has been well described. Blood also contains soluble forms 
of TF, including alternatively spliced TF. However, the absence of the 
transmembrane domain greatly reduces the procoagulant activity of 
this alternatively spliced TF and it will not be discussed. 

14.1.1  Tissue Factor–Positive EVs

MVs are 0.1 µm to 1 µm EVs released into the extracellular space fol-
lowing cell activation or apoptosis. They contain proteins and blood 
from their parental cell and are characterized by surface exposure of 
negatively charged phospholipids, such as phosphatidylserine (PS). 

14.1.1.1  Procoagulant activity of MVs

The presence of PS confers an increased procoagulant activity 
to MVs because it facilitates the assembly of components of the 
clotting cascade. This is due to an electrostatic interaction between 
g-carboxyglutamic acid domains in many clotting proteins, calcium 
bridges, and PS on the MV membrane. Clotting proteins that contain 
a g-carboxyglutamic acid domain include the vitamin K–dependent 
factors VII, IX, and X (FVII, FIX, and FX) and prothrombin. PS 
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increases the catalytic efficiency of both tenase and prothrombinase 
complexes by 200- and 1,000-fold, respectively.6
	 MVs without PS on their outer leaflet have also been detected. 
Exposure of platelets to a PAR-1 agonist peptide induces the release 
of both PS-positive and PS-negative MVs.7 Substantial numbers of 
circulating MVs express platelet or endothelial markers but appear 
to lack externalized PS, depending on the absence of annexin V 
labeling.8 The reason for the lack of annexin V labeling of some MVs 
is unknown but could result from different blebbing mechanisms, 
the presence of membrane enzyme activity capable of restoring 
membrane asymmetry, or the increased curvature of the membrane 
on small EVs preventing their labeling. Alternatively, PS might indeed 
be expressed at the surface of annexin V–negative MVs but already 
engaged in other molecular interactions, such as with antibodies to 
oxidized lipids, phospholipase activities, lactadherin, or proteins of 
the coagulation cascade, and therefore be “unavailable” for annexin 
V binding. Another possibility could be that these “PS-negative MVs” 
are in fact immune complexes. Indeed, Gyorgy et al. have shown that 
measuring particles in synovial fluid from patients with rheumatoid 
arthritis by flow cytometry detected both MVs and immune 
complexes, causing false-positive signals.9 However, this potential 
artifact was not observed in healthy humans and coronary artery 
disease patients plasma.10 Importantly, PS-negative MVs would be 
expected to have a low procoagulant activity (Fig. 14.1). 
	 Conversely, the presence of TF on MVs dramatically increases 
their procoagulant activity (Fig. 14.1). TF has a high affinity for FVII/
FVIIa, and therefore TF+ MVs in blood will readily bind FVII/FVIIa. 
Whether or not the blood of healthy subjects contains significant 
levels of functional TF remains highly controversial. Some 
investigators believe that there is no functional TF in unstimulated 
blood of healthy individuals.11 Similarly, others have failed to detect 
measureable TF activity in plasma or TF associated with MVs isolated 
from unstimulated whole blood.12 One study found that isolated 
MVs from healthy controls generated thrombin in a TF-independent 
manner.13 Some investigators reported that if there is TF-related 
activity either in blood or in plasma from healthy humans, the 
concentration of active TF does not exceed 20 fmol/L.14 In support 
of this statement, blood or plasma activated with (sub)picomolar 
concentrations of functional TF clots within several minutes.14 
However, other groups have reported very low levels of TF activity 
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in MVs in the blood of healthy individuals, although these levels are 
close to the detection limit of the assays.15–17 It was reported that 
95% of TF activity in the blood of healthy humans was present in an 
inactive, encrypted form on peripheral blood mononuclear cells and 
only 5% was present on MVs.18

Phosphatidylserine

Tissue factor

Procoagulant ac�vity

Figure 14.1	 MVs have a different procoagulant activity, depending on the 
exposure of PS and TF at their surface.

	 The detection of circulating TF+ MVs in normal subjects implies 
some regulation of TF activity to prevent inadvertent activation of 
the coagulation cascade. TF has a high affinity for FVII/FVIIa, and 
therefore TF+ MVs in blood readily bind FVII/FVIIa to initiate blood 
coagulation. The TF–FVIIa complex is regulated by the tissue factor 
pathway inhibitor (TFPI). This Kunitz-type inhibitor is primarily 
synthesized by endothelial cells and circulates in blood to prevent 
inappropriate activation of the coagulation cascade. It inhibits the TF–
FVIIa complex in an FXa-dependent manner.19 Therefore, it is likely 
that some of the TF–FVIIa complexes present on MVs in blood will 
be inhibited by TFPI. TF in blood may also be found in low- and high-
activity states, which may be due to differences in the conformation 
of TF so as not to cause thrombosis in the absence of specific stimuli, 
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as reviewed previously.20 These different states were hypothesized 
because disruption of TF+ cells increased TF activity without a 
change in the TF antigen.20 Several mechanisms of TF activation 
have been postulated: PS exposure, decreased levels of TFPI, and 
post-translational modifications, including glycosylation, removal of 
glutathione groups, and disulfide bond oxidation.21 Alternatively, the 
concentration of TF+ MVs may be below the threshold required to 
activate coagulation until they are concentrated at an injury site. 

14.1.1.2  Cellular Sources of Tissue Factor EVs in Blood

14.1.1.2.1  Monocytes

A subset of unstimulated monocytes from healthy individuals has 
been shown to express TF.22 LPS stimulation of monocytes induces 
TF expression and is associated with the release of TF+ MVs.3,11 MVs 
derived from LPS-stimulated monocytes also express low levels 
of TFPI.23 Importantly, plasma from patients with meningococcal 
sepsis and sickle cell disease and from humans with endotoxemia 
contain MVs that express both TF and monocyte markers.15,24 These 
studies indicate that monocytes are likely to be the major source of 
TF+ MVs in health and disease.

14.1.1.2.2  Neutrophils

Neutrophils have also been reported to express TF in response to 
complement C5a.25,26 However, monocyte-derived TF+ MVs can 
readily bind to neutrophils, which may explain some of the reports of 
neutrophil TF expression.22 We found that deletion of the TF gene in 
myeloid cells reduced fetal loss in a mouse model of antiphospholipid 
antibody syndrome, but it was not possible to distinguish between 
TF expression by neutrophils versus monocytes in these studies.26

14.1.1.2.3  Endothelial cells

Cultured endothelial cells express TF in response to a variety 
of agonists, including cytokines and LPS.27 However, there is 
limited evidence that endothelial cells express TF in vivo. Studies 
with animal models of endotoxemia and sepsis have reported TF 
expression in endothelial cells in the splenic vasculature and at 
branch points in the aorta.28 It is possible that part or all of this TF 
staining is due to the binding of monocyte-derived TF+ MVs that are 
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known to be present in septic animals. Indeed, THP-1 cell-derived 
MVs are enriched in TF and P-selectin glycoprotein 1 (PSGL-1), 
which would facilitate docking onto activated endothelial cells by 
binding to P-selectin, as reported with activated platelets.29 The 
fact that TF staining of endothelial cells was restricted to granular 
structures that also contained the leukocyte marker PSGL-1 
supports this hypothesis.28 Furthermore, we found that a selective 
deletion of the TF gene in endothelial cells did not reduce the 
activation of coagulation in a mouse endotoxemia model.30 However, 
in sickle cell mice, TF expression was observed on endothelial cells 
of the pulmonary veins.31 In addition, endothelial cell–derived 
MVs (CD144+) were observed in sickle cell patients in crisis and 
expressed TF.15 Interestingly, the TF activity of MVs derived from 
activated endothelial cells was markedly increased by inhibition 
of TFPI, whereas there was only a modest change using MVs from 
stimulated monocytes, suggesting that TF+ MVs from different 
cellular sources have different TF activity.23 These studies indicate 
that endothelial cells may release TF+ MVs in certain diseases. 

14.1.1.2.4  Platelets

While platelets have been reported to express TF,32,33 other 
investigators failed to detect any TF in resting or activated 
platelets.11,34 There are several explanations for these conflicting 
results. Some of the studies did not use inhibitory anti-TF antibodies 
to demonstrate that the procoagulant activity of the platelets is 
indeed due to TF. This is important because high concentrations of 
FVIIa can activate FX in a TF-independent manner.35 In addition, the 
presence of TF on platelets may be due, in part, to the binding of 
monocyte-derived TF+ MVs to activated platelets. Indeed, TF-bearing 
MVs from LPS-treated THP-1 cells fuse with activated platelets.29 
It is more difficult to explain the reports of TF pre–messenger 
ribonucleic acid (pre-mRNA) and mRNA expression in platelets and 
de novo synthesis of TF protein by platelets, although monocyte 
contamination of the platelet preparations is always a concern.33 In 
conclusion, platelets may express very low levels of TF, but it seems 
unlikely that they provide a major contribution to the pool of TF+ 
MVs present in healthy individuals and patients.
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14.1.2  TF+ Exosomes

Exosomes originally form as intracellular luminal vesicles (50–90 nm) 
within the endosome. They fuse with the cell plasma membrane and 
release their contents outside the cell. Exosomes contain a distinct 
set of proteins, such as heat shock proteins, major histocompatibility 
complex class I and II molecules, and tetraspanins.
	 Some recent studies reported the presence of TF on exosomes. 
Davila et al. found that 10–20% of the TF activity released by breast 
carcinoma cell lines was associated with sedimentable particles 
smaller than 100 nm, which may be exosomes.36 Similarly, exposure 
of human glioblastoma cells to hypoxia was associated with a 
dramatic increase in TF levels in the medium, the vast majority 
(approximately 80%) of which was associated with the vesicular 
fraction. Electron microscopy showed that these vesicles were 60–
100 nm in size, expressed TF, and stained for markers of exosomes, 
that is, the tetraspanins CD63 and CD81. However, the vesicle 
preparation in this study did not remove MVs, and the costaining of 
TF with markers of exosomes does not allow one to conclude that 
the TF+ vesicles are really exosomes and not small MVs.37 Another 
group detected exosomes with TF at their surface in saliva from 
healthy humans. These exosomes shortened the clotting time in a 
factor VII (FVII)-dependent manner. In contrast, exosomes derived 
from the plasma of the same individuals did not change clotting 
time.38 In conclusion, exosomes may contain TF in specific body 
fluids or in pathological conditions. 

14.2  Methods of Tissue Factor EV Detection

EV-associated TF is most commonly measured on circulating MVs 
in plasma, although other body fluids have also been shown to 
contain TF-bearing MVs that may have diagnostic and/or prognostic 
relevance. Not all methods of MV TF detection require an MV isolation 
step, but at a minimum, there is a need to prepare cell-free samples 
from blood or the body fluid under study. The centrifugation speed, 
which must be sufficient to remove contaminating cells, but not the 
MVs of interest, is a critical variable.39 Other important preanalytical 
variables include (1) the venipuncture method by which the sample 

Circulating TF
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was obtained, since contamination by TF originating from skin and 
vessel wall cells can be significant, given the minute quantities of TF 
being measured; (2) the anticoagulant into which the samples are 
drawn, since calcium chelators may dissociate bound TFPI, among 
other effects; and (3) whether the samples are analyzed fresh or 
after freezing, since freeze-thawing may increase PS exposure on the 
MVs.40 When employed, the specific conditions used to isolate MVs 
from plasma also vary considerably among research laboratories. 
MV TF measurement thus remains an important area for future 
standardization.40

	 Broadly speaking, MV TF assays can be classified as either 
immunological or functional.

14.2.1  Immunological

Immunological methods detect the TF antigen on the surface of MVs 
using specific antibodies or other probes that have been labeled 
with a detector, such as a fluorescent tag. 
	 In flow cytometry, an operational definition is used to detect 
MVs. The usual criteria include events that are 0.1–1 mm in size 
and the expression of PS, which is usually detected by binding of 
labeled annexin V or lactadherin. Some investigators consider that 
PS exposure is not required and can be replaced by expression of 
antigens that characterize the cell of origin and/or the ability to 
be removed by high-speed centrifugation (at least 18,000 g for 30 
min).41 TF may be detected on MVs using specific labeled antibodies, 
but this approach clearly imparts no information about whether 
the TF is functionally active, and it is at best semiquantitative. Flow 
cytometry also suffers from the fact that particles having a diameter 
below 0.5 µm are smaller than the wavelength of the laser light used 
to detect them and therefore may not be detectable. 
	 Therefore, there has been recent interest in other physical 
methods to detect MVs. These approaches have included dynamic 
light scattering (see Chapter 4), nanoparticle tracking analysis 
(see Chapter 11), capillary electrophoresis with laser-induced 
fluorescence detection, impedance-based flow cytometry (see 
Chapter 8), and atomic force microscopy (see Chapter 9). In theory, 
all of these methods can be adapted to detect TF and other antigens 
on the MV surface, although these studies are largely still in their 
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infancy.21 However, the low abundance of TF+ MVs makes them 
difficult to detect in plasma.
	 Capture assays (see Chapter 7) such as enzyme-linked 
immunosorbent assay (ELISA) may also be an approach. However, 
the commercial kit has low sensitivity and/or a high background.40

14.2.2  Functional

Two distinct types of assays have been developed for measurement 
of MV TF activity in human plasma using either antibody-mediated 
MV capture or isolation by centrifugation.
	 In the first of these, a monoclonal antibody (1B10) that recognizes 
an antigen expressed on multiple cell types, but not platelets or 
erythrocytes, is used to capture MVs from platelet-poor plasma.15 
After washing to remove excess plasma, FVIIa and FX are added to 
the well and the FXa generated is then measured using a specific 
chromogenic substrate. Because FVIIa at high concentrations will 
activate FX in the absence of TF, it is important to ensure assay 
specificity. This is done by the addition of an inhibitory antibody to TF 
in parallel wells. The difference in FXa generation between the wells 
without and with the inhibitory antibody is then taken as a measure 
of TF-dependent procoagulant activity. This procoagulant activity 
can be converted to TF activity by comparison with a standard curve 
constructed using a TF standard, often recombinant TF relipidated 
in artificial phospholipid vesicles. Alternatively, TF activity may be 
expressed simply as the TF-dependent FXa generation rate, without 
reference to a standard. This assay is quite time consuming and has 
not been widely adopted. Another strategy based on the capture of 
TF+ MVs with an anti-TF antibody followed by the measure of TF 
activity has also been described.40

	 A second type of approach is to use high-speed centrifugation 
to isolate MVs with or without platelets from platelet-rich plasma, 
platelet-poor plasma, or platelet-free plasma.16,17 We add 1 mL of 
Hanks balanced saline solution with bovine serum albumin to 200 
µL of platelet-poor or platelet-free plasma and centrifuge the sample 
at 20,000 g for 15 min to pellet the MVs.16 MVs are washed two times 
and then resuspended in a buffer before measuring FXa generation 
in the presence and absence of an inhibitory anti-TF antibody. The 
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principle of this assay is shown in Fig. 14.2. We have adapted this 
assay to measure circulating MV TF activity in mice.40

	 Finally, global assays of thrombin generation, such as calibrated 
automated thrombography, have been adapted to measure 
endogenous MV TF activity in platelet-rich or platelet-poor plasma.42 
However, the sensitivity of this approach is low and unlikely to be 
useful for measuring levels of MV TF activity in clinical samples. 

20,000 g
15 min

Step 1. 
MV washing

C ontrol Ab

Anti-TF  Ab

FVIIa/FX

FXa

FXa

Chromogenic 
substrate

Step 2. 
TF inhibition

Step 3. 
FXa generation

A
bsorbance 

m
easurem

ent

TF- MV
TF+ MV

Figure 14.2	 MV TF activity assay on MVs isolated from plasma by 
centrifugation. MVs in plasma are pelleted by centrifugation 
and then washed two times before being incubated with FVIIa 
and FX in the presence of either a control antibody (Ab) or an 
inhibitory anti-TF antibody. The amount of FXa generated is 
measured using the FXa substrate S-2765. 

14.3  MV TF as Biomarkers of Thrombotic Risk

Increased circulating levels of TF+ MVs have been observed in 
numerous diseases associated with elevated thromboembolic 
risk and/or activation of coagulation (Table 14.1), in particular in 
cancer and cardiovascular diseases (see below) but also in sepsis, 
endotoxemia, and sickle cell disease (Table 14.1). 
	 We will focus here on studies that measured levels of TF+ MVs 
using flow cytometry or impedance or using activity assays. 
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14.3.1  Cardiovascular Risk Factors and Diseases

Some cardiovascular risk factors are associated with increased 
circulating TF+ MVs. Patients with familial hypercholesterolemia 
have elevated levels of plasma MV TF activity.43 Diabetes patients 
have 2 fold more TF+ MVs than healthy controls. The number of 
TF+ MVs also correlates with the body mass index, fasting plasma 
glucose, and insulin and with tumor necrosis factor alpha and serum 
high-density lipoprotein (HDL) cholesterol in diabetes patients.44

	 Several studies have shown an increase in circulating TF+ MVs 
in patients with acute coronary syndrome (Table 14.1).45–48 Morel 
et al. observed higher MV TF activity in blood collected within the 
occluded coronary artery than in peripheral blood from the same 
patients.48 These TF+ MVs are likely released from atherosclerotic 
plaques at the time of rupture. Indeed, human atherosclerotic 
plaques contain at least 200-fold more MVs than the blood from 
the same patients, and more than 50% of these MVs are TF+.49 It 
is unclear whether levels of TF+ MVs will have a value in predicting 
future thrombotic events because the major source of TF in these 
cases is likely the plaque itself. 

14.3.2  Cancer

Using an impedance-based flow cytometer modified specifically 
for MV enumeration and characterization, Zwicker et al. observed 
that two-thirds of patients with pancreatic cancer, one of the most 
prothrombotic malignancies, have very high levels of circulating 
TF+ MVs. TF+ MVs were associated with a fourfold increased risk 
of thrombosis in these patients.50 The MVs in pancreatic cancer 
patients are derived, in part, from the tumor. Indeed, circulating 
MV levels normalized following surgical resection of the pancreatic 
cancer and MVs coexpressed the epithelial tumor antigen MUC1. 
Other groups have similarly observed high levels of MV TF activity 
in plasma samples from patients with cancer and its association 
with thrombotic events (Table 14.1).16,17,50–57 Prospective trials 
are underway to determine whether the presence of TF+ MVs 
predicts venous thromboembolic events and whether primary 
thromboprophylaxic strategies are beneficial in such patients.58
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	 In conclusion, numerous reports have suggested that TF+ MVs 
are a potential biomarker in diseases associated with thrombosis. 
However, methods that measure TF + MVs analysis currently suffer 
from a high degree of variability.40 Development of instruments 
that can more accurately quantify TF+ MVs levels in plasma and 
standardization of functional assays will significantly help to 
advance the field. 
	 TF+ EVs are a promising biomarker for thrombosis risk, but 
further studies are needed. Data obtained from mouse studies are 
often problematic because in many cases TF+ MV concentrations 
injected are much higher than the concentrations present in vivo, 
even in pathologic conditions. Moreover, the rapid MV clearance 
makes interpretation of the results difficult.59
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15.1  Introduction

Extracellular vesicles (EVs) are known to be shed by a large number 
of cell types, both as part of normal physiology and as part of disease 
processes. Pregnancy adds a new dimension to this subject, as 
uniquely there is a foreign body, the fetus, added to the equation, 
which contributes to the populations of EVs circulating within the 
mother. More correctly, it is not the fetus that is the primary source 
of these vesicles but the placenta, which is comprised of fetal 
tissue and forms the interface between mother and baby. In human 
pregnancy the placenta is of the hemochorial type, where the surface 
epithelium (the syncytiotrophoblast) is in direct contact with the 
maternal blood. It is at this interface that the exchange of nutrients, 
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gases, and waste products between mother and baby occurs. By its 
nature, therefore, any syncytiotrophoblast vesicles released from 
the placenta will pass directly into the maternal circulation, where 
they will engage with the maternal immune and cardiovascular 
systems. The consequences of this vesicle shedding are believed to 
be important for the maintenance of normal pregnancy, constituting 
a major signaling mechanism between mother and fetus. Conversely, 
abnormal shedding of vesicles has been implicated in disorders of 
pregnancy, in particular pre-eclampsia. Although often ignored by 
mainstream science, pregnancy affords a unique opportunity to 
study EVs in normal physiology and disease. Firstly, the placenta 
carries specific markers that allow the vesicles to be distinguished 
from those produced by other cell types in the blood. Secondly, unlike 
any other condition, it is known exactly when pregnancy begins and 
when it finishes, allowing changes in vesicle shedding to be followed 
throughout the normal and disease states, and thirdly, the source 
of the vesicles, the placenta, is uniquely available at the end of the 
pregnancy for study. Importantly, circulating syncytiotrophoblast 
vesicles allow us to take, in effect, noninvasive placental biopsies 
at different stages of pregnancy, providing information about its 
function.
	 This chapter reviews current progress in identifying placental 
vesicles in maternal blood, their functional effects on immune and 
endothelial cells and the coagulation system in vitro, characterization 
of the molecular cargo they carry and how they may differ between 
normal pregnancy and pre-eclampsia. Changes in circulating cellular 
vesicles of maternal origin in relation to pre-eclampsia are also 
discussed.

15.2  Identification of Placental Vesicles in 
Maternal Blood

The deportation of syncytiotrophoblast material into the 
maternal circulation has been recognized for many years.1 The 
syncytiotrophoblast is a unicellular sheet (syncytium) formed from 
fusion of monocellular cytotrophoblasts. This presents particular 
challenges in terms of its ex vivo isolation and culture, as mentioned 
in subsequent sections. Multinucleate syncytial trophoblast sprouts 
(approx. 80–200 µm in size) have been identified in uterine vein and 
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inferior vena cava blood and in lung capillaries. By virtue of its size, 
the majority of this material is trapped in the capillary bed of the 
mother’s lungs, with very little entering the peripheral circulation.2 
This led us to explore the possibility that smaller syncytiotrophoblast 
vesicles are also released, which are small enough to pass through 
the lung capillaries and enter the peripheral circulation. This was 
achieved using an in house enzyme-linked immunosorbent assay 
(ELISA) in which maternal plasma was ultracentrifuged to pellet 
the vesicles, which were then detected using a monoclonal antibody 
to placental alkaline phosphatase (PLAP) (NDOG2), specific for 
the syncytiotrophoblast.3 Increased levels of placental vesicles 
were found in the uterine vein blood compared to the peripheral 
blood, consistent with their placental origin. Levels increased with 
advancing pregnancy4 and labor,5 returning to zero in most cases by 
48 h postdelivery.
	 Flow cytometry has been used to confirm the particulate nature 
of the syncytiotrophoblast material pelleted from maternal plasma 
using two syncytiotrophoblast-specific monoclonal antibodies, anti-
PLAP, as used in our ELISA, and ED822, which recognizes an as yet 
unknown antigen on the apical surface of the syncytiotrophoblast.3,6 
Human leukocyte antigen-G (HLA-G)-positive vesicles have 
also been reported to be present in the maternal circulation.7,8 
HLA-G is a specialized form of a class I major histocompatibility 
complex (MHC) antigen, which is almost uniquely expressed on 
invasive extravillous cytotrophoblasts of the placenta but not the 
syncytiotrophoblast. Orozco et al. in 2009 investigated the presence 
of PLAP- and HLA-G-positive vesicles in parallel.7 They found 
comparable levels of HLA-G- and PLAP-positive vesicles, with more 
of the former in the first and second trimesters but more of the latter 
in the third trimester, consistent with the increased shedding of 
syncytiotrophoblast vesicles later in pregnancy reported by others.4 
Pap et al. also reported the presence of HLA-G-positive vesicles in 
the third trimester.8 However, it is difficult to understand how so 
many HLA-G-positive vesicles could be present in the maternal 
circulation, given that the only extravillous cytotrophoblast exposed 
to the maternal blood is that which invades the maternal spiral 
arteries at the end of the first trimester. This is present in very low 
amounts, with a surface area in the order of 10 cm2 compared to 12 
m2 for the syncytiotrophoblast at term (Professor Graham Burton, 
University of Cambridge, personal communication). PLAP-positive 
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vesicles have also been isolated directly from pregnancy plasma, 
taken between 26 and 28 weeks’ gestation, using agarose beads 
coated with an anti-PLAP antibody.9

15.2.1  Circulating Placental Vesicles in Pre-Eclampsia

Pre-eclampsia is a disorder of pregnancy that affects 2.5–3.0% of 
women. No other complication of pregnancy is both so common and 
so dangerous for mother and baby. For both, it is potentially lethal or 
detrimental to long-term health and may require preterm delivery of 
the baby with all its associated consequences. Its first (preclinical) 
stage comprises deficient remodeling of the uteroplacental 
circulation (8–18 weeks), dysfunctional perfusion and placental 
oxidative stress.10 This stimulates the release of placental factors into 
maternal blood that cause the second, clinical, stage (after 20 weeks). 
The latter results from maternal systemic vascular inflammation, 
which leads to the maternal syndrome of hypertension, proteinuria, 
edema, activation of the coagulation system, and, in worse cases, 
eclampsia, characterized by fits. We have shown that a maternal 
systemic inflammatory response is intrinsic to normal pregnancies 
but more severe in pre-eclampsia, including metabolic, clotting, 
and complement disturbances.11 Proinflammatory factors released 
by the oxidatively stressed syncytiotrophoblast into the maternal 
circulation link the two stages. While a number of soluble factors 
have been implicated in this process (e.g., sFlt-1 and sEndoglin, 
the soluble receptors for vascular endothelial growth factor 
[VEGF] and transforming growth factor β [TGFβ]), we believe that 
syncytiotrophoblast vesicles play an important role.12

	 Evidence for increased levels of placental vesicles in the maternal 
circulation in pre-eclampsia comes from a number of studies of 
pregnancy plasma. Using our anti-PLAP ELISA, we showed that 
the levels of placental vesicles were significantly increased in both 
uterine vein and peripheral vein blood of pre-eclamptic women at 
cesarean section compared to normal pregnant controls.3 We and 
others have shown that the increase in placental vesicle shedding 
was more pronounced in the more severe early-onset (before 34 
weeks) compared to late-onset pre-eclampsia.13,14 Interestingly, no 
increase in placental vesicle levels, compared to normal pregnant 
controls, was seen in women with fetal growth restriction (FGR) 
in the absence of any other features of the maternal syndrome (i.e., 
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normotensive FGR). Some types of FGR have the same placental 
pathology as pre-eclampsia but without the maternal features. This 
finding suggests that vesicle shedding is key to the development of the 
maternal syndrome of pre-eclampsia. Using the same ELISA, Reddy 
et al. showed a significant increase in placental vesicle shedding in 
pre-eclamptic women at the end of labor, which could account for 
the postpartum worsening of the disease, which is sometimes seen.5 
	 Increased levels of placental vesicles in the plasma of pre-
eclamptic women were also found in flow cytometry studies by 
Lok et al. in 20086 using the anti-syncytiotrophoblast monoclonal 
antibody ED822. In contrast, others who used an anti-PLAP antibody 
to identify syncytiotrophoblast vesicles and an anti-HLA-G antibody 
to identify an extravillous cytotrophoblast found no difference in 
the levels between women with pre-eclampsia and normal pregnant 
controls.7 However, these samples were taken from women with 
late-onset pre-eclampsia, and therefore their findings reflect those 
of Goswami et al., who found significant differences in placental 
vesicles only in early- but not late-onset disease.13 More recently 
a study of women with severe pre-eclampsia, using an anti-PLAP 
antibody, showed no significant difference in placental vesicles 
compared to the normal pregnant controls.15

15.2.2  Functional Characterization of Placental Vesicles 
in Normal Pregnancy and Pre-Eclampsia

Changes in the numbers of circulating placental vesicles throughout 
normal pregnancy and pre-eclampsia suggest that they may play 
important functional roles in both. To study this requires the isolation 
of large amounts of pure vesicles. Ideally these would be obtained 
directly from maternal blood. However, maternal plasma contains 
not only placental vesicles but others derived from many cell types 
within the vascular compartment, including erythrocytes, leukocytes, 
and endothelial cells, with the most prominent population (>90%) 
derived from platelets.6 It is therefore necessary to isolate placental 
vesicles from this large background contamination. While this has 
been reported using anti-PLAP antibody-conjugated magnetic 
beads,9 the yields are low, and detailed analysis would require a 
substantial volume of blood to be taken from the pregnant woman. 
However, as mentioned above, pregnancy has a distinct advantage in 
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terms of studying EVs in that their source, the placenta, can be easily 
obtained at delivery and vesicles prepared from it ex vivo. 
	 There are three main methods for preparing EVs from the 
placenta: mechanical separation, explant culture, and placental 
perfusion.

15.2.2.1  Mechanical separation

In this technique the maternal decidua overlying the chorionic villi 
of the placenta is scraped off and the chorionic villi dissected away 
from the chorionic plate. The villi are then stirred in a buffer for 1 h, 
during which time the vesicles are shed.16 While this method gives 
high yields of vesicles, the need to cut through the tissues may lead 
to the shedding of vesicles from placental endothelial and stromal 
cells, which may contaminate the preparations.

15.2.2.2  Explant cultures

Chorionic villi are dissected from the chorionic plate of the placenta 
and cultured for varying periods of time. The shed placental vesicles 
are harvested from the culture medium.17 While this preparation 
appears to be more biologically relevant than the mechanical 
method, there are concerns about the health of the tissue in these 
cultures, as the syncytiotrophoblast is initially shed and then 
regenerates over a period of time.18 Furthermore there are a number 
of nontrophoblast cell types present in the explants, which may also 
shed contaminating vesicles into the culture supernatant. 

15.2.2.3  Placental perfusion

Placental vesicles may also be produced by dual placental 
perfusion.19 In this system the fetal artery and vein of a placental 
lobule are cannulated and perfused with a buffer to maintain the fetal 
circulation. Catheters are then introduced into the intervillous space 
on the maternal side, which is perfused with a buffer to mimic the 
maternal blood flow. Placental vesicles are shed into the perfusate 
and pelleted by ultracentrifugation for subsequent analysis.4,20–22

15.2.2.4  Trophoblast cell lines and primary trophoblast 
preparations

In addition, vesicles can be prepared from trophoblast cell lines.23,24 
Of particular relevance is the choriocarcinoma cell line BeWo, as 
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it can be induced to fuse by treatment with forskolin or dbCAMP, 
thereby mimicking the formation of the syncytiotrophoblast 
by fusion of villous cytotrophoblast in vivo.25,26 Primary villous 
cytotrophoblasts isolated from placentas also syncytialize in vitro, to 
a far greater extent than BeWo cells, and have been shown to release 
syncytiotrophoblast-derived vesicles into the culture supernatant.27

	 It is important to note that vesicles prepared by these different 
methods are not comparable. They have been shown to have 
different functional properties.20 The reader should be aware of the 
type of preparation used in a study when interpreting the results.

15.3  Functional Effects of Placental Vesicles In 
Vitro 

15.3.1  Immunosuppresive Effects of Placental Vesicles

It has long been known that maternal cell–mediated immune 
responses are suppressed during pregnancy as part of a wider 
mechanism to prevent fetal rejection. A range of immunosuppresive 
factors are released by the placenta into the maternal circulation, 
and there is growing evidence that placental vesicles are involved 
in this process. T-cell responses are significantly inhibited by 
placental vesicles in terms of phytohemagglutinin   (PHA)- and 
mixed lymphocyte response–induced proliferation,21,28,29 Fas 
ligand–mediated lymphocyte apoptosis, and CD3-zeta loss9,29–31 
and interleukin (IL)-2-induced signal transducer and activator of 
transcription 3   (STAT3) phosphorylation.8 Placental vesicles have 
also been shown to suppress natural killer (NK) cell killing of K562 
tumor target cells by blocking their activating NKG2D receptors via 
MHC class I chain-related (MIC A/B) proteins and UL-16 binding 
proteins (ULBPs) expressed on their surface.32,33 

15.3.2  Proinflammatory Effects of Placental Vesicles

While the immunosuppressive effects of placental vesicles on 
T-cell and NK cell responses go some way to explaining how the 
placenta avoids immune rejection, the situation is more complicated 
than this. Although T- and NK cell responses are suppressed in 
pregnancy, maternal innate immune responses are activated to 
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bring about an inflammatory state.34 While at first this may appear 
counterintuitive, inflammatory cytokines in the right amounts 
are known to be beneficial to the processes of implantation and 
placentation and may also help the mother to fight infection as her T- 
and NK-cell-mediated immune responses are suppressed. However, 
in pre-eclampsia the mild inflammatory state of normal pregnancy 
decompensates, leading to a systemic inflammatory response in the 
mother, with associated endothelial dysfunction and activation of 
the clotting system. This is believed to be the cause of the maternal 
syndrome.11

	 There is growing evidence that placental vesicles play a role in 
the maternal inflammatory response. We and others have shown 
that they are rapidly taken up and internalized by monocytes in 
vitro4,35–37 with the subsequent release of a range of proinflammatory 
cytokines (including tumor necrosis factor-α [TNFα], MIP-1α, IL-1α, 
IL-1β, IL-6, IL-8, IL-12, IL-18, and interferon-γ [IFNγ]).22 Placental 
vesicles have also been shown to directly stimulate neutrophils, 
resulting in increased superoxide production38 and the formation of 
extracellular lattices (neutrophil extracellular traps [NETs]), which, 
ex vivo, are increased in the intervillous space of pre-eclampsia 
placentas.30 

15.3.3  Effects of Placental Vesicles on Endothelial Cells

As well as having effects on innate immune cells, placental vesicles 
have also been shown to affect the function of endothelial cells, 
inhibiting their proliferation and growth as a monolayer in vitro20,39,40 
and inhibiting the relaxation of preconstricted blood vessels ex 
vivo.39–41 Furthermore, when human umbilical vein endothelial 
cells (HUVECs) are cultured with placental vesicles the culture 
supernatants can secondarily activate neutrophils, demonstrating 
the potential for a vicious cycle of inflammatory activation.42 
These effects may contribute to the endothelial dysfunction of pre-
eclampsia in vivo, which is a characteristic of the maternal syndrome.

15.3.4  Procoagulant Effects of Placental Vesicles

Pregnancy is associated with a physiological increase in many 
procoagulant factors and inhibitors of fibrinolysis such that the 
mother is in a hypercoagulable state. This is an important mechanism 



365

in normal pregnancy, which prevents postpartum hemorrhage. 
Placental vesicles may play a role in this process, being known to 
express tissue factor and phosphatidylserine, both of which initiate 
the coagulation cascade43,44 (see Chapter 1). 

15.3.5  Differential Effects of Placental Vesicles from 
Normal and Pre-Eclampsia Placentas on Immune 
and Endothelial Cells and the Coagulation System

A key question is whether, in addition to the quantitative differences 
already described, there are qualitative differences between vesicles 
shed from normal and pre-eclampsia placentas that could alter 
their function. There is currently little information on this as the 
majority of studies have used vesicles from normal placentas due 
to the practical difficulties of preparing vesicles from pre-eclampsia 
placentas. However, a recent report has shown that vesicles from 
pre-eclampsia placentas caused significantly higher activation of 
peripheral blood mononuclear cells (PBMCs) to produce a range 
of cytokines and chemokines, including IL-1β, compared to normal 
placental vesicles.45 It has also been shown that higher levels of 
superoxide production are induced in neutrophils by vesicles 
prepared from pre-eclampsia placentas compared to controls.38 This 
may be due to the higher content of peroxidized lipids and greater 
susceptibility to oxidation of vesicles prepared from pre-eclampsia 
placentas.46

	 In pre-eclampsia there is excessive activation of the coagulation 
system with increased platelet activation.47 Our recent work has 
shown that vesicles prepared from pre-eclampsia placentas express 
higher levels of functional tissue factor than those from normal 
placentas, which may account for the excessive activation of the 
clotting system seen in this disorder.43,44 However, no differential 
effects of vesicles prepared from normal and pre-eclampsia placentas 
on endothelial cells have been found.39 

15.4  Characterization of Placental Vesicles

As discussed above, placental vesicles have been shown to have 
a wide range of functional activities, suggesting that they carry 
a variety of bioactive molecules into the maternal circulation. A 
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crucial step is to define which molecules are present and whether 
there are differences in these between vesicles from normal and pre-
eclampsia placentas that could explain their role in this disorder. A 
summary of some candidate molecules and their potential activities 
is shown in Fig. 15.1.

Proinflammatory

Disrup�on of
endothelium

Endoglin
Flt-1/sFlt-1
Integrins
CD26

Placental DNA
RNA and miRNA

Hsp70
HMGB1
Syncytin 1

Procoagulant

Tissue Factor
Phosphatidylserine

Immunoregula�on

FasL
MICA/B
UL-16
HLA-G?
DDX3Y

Figure 15.1	 The functional activities of placental vesicles and the relevant 
molecular cargos they carry. Proinflammatory effects of 
placental vesicles may be due to their expression of danger 
molecules, including Hsp70, HMGB1, and Syncytin 1, and 
their procoagulant activity may result from their expression 
of tissue factor and phosphatidylserine. Flt-1 (and/or sFlt-1), 
endoglin, integrins, and CD26 carried by placental vesicles may 
contribute to endothelial dysfunction. Placental vesicles have 
also been shown to be immunoregulatory, suppressing NK 
and T-cell responses in vitro, possibly due to their expression 
of MICA/B and UL-16, and Fas ligand, HLA-G, and the minor 
histocompatibility antigen DDX3Y, respectively. Adapted from 
Ref. 12, Copyright (2012), with permission from Elsevier.

15.4.1  Placental Vesicle Protein Expression 
In our initial attempts to characterize the active factors responsible 
for the functional effects of placental vesicles on endothelial 
cells, we carried out sequential ion exchange and gel filtration 
chromatography followed by mass spectrometry. The major 
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protein bands identified were integrins α5 (CD49e) and αV (CD51), 
dipeptidyl peptidase IV (DPP IV, CD26), α-actinin, transferrin, 
transferrin receptor, PLAP, and monamine oxidase A.48 Antibodies 
against integrins α5 and αV and DPP IV all reduced the placental 
vesicle inhibition of HUVEC proliferation, which was also reversed 
by added fibronectin, suggesting that adhesion molecules are a 
major source of the inhibitory activity.49 In a more recent study it has 
been shown that vesicles prepared by perfusion of normal placentas 
expressed the soluble forms of the fms-like tyrosine kinase (sFlt-1) 
and endoglin, which exert antiangiogenic actions and could thereby 
cause endothelial dysfunction. Plasminogen activator inhibitors 
(PAI-1/PAI-2), which regulate fibrinolysis, were also found, and these 
could be responsible for the very high levels of fibrin deposition in 
the intervillous space and placental infarction observed in these 
pregnancies.50 Flt-1 expression by placental as well as platelet 
vesicles in the maternal plasma has also been demonstrated by flow 
cytometry, but this only accounted for 5% of the total Flt-1 present.51

	 In terms of molecules that interact with the maternal immune 
system, the syncytiotrophoblast vesicles are devoid of all classic 
(HLA-A, B, C) and nonclassic (HLA-G, E, F) MHC class 1 antigens 
(Tannetta et al., unpublished observation) and are therefore unable 
to elicit a classic T-cell response. Vesicles derived from extravillous 
cytotrophoblasts may express HLA-G. However, this molecule does 
not stimulate a T-cell response either but rather inhibits both CD4-
positive and CD8-positive T-cells.52 A recent report has shown the 
presence of the Y chromosome–linked minor histocompatibility 
antigen DDX3Y in shed trophoblast debris, and the authors speculate 
that this may lead to the induction of antigen-specific regulatory 
CD8-positive T-cells, conferring immunological tolerance to the 
mother.53 As mentioned above, placental vesicles produced by first-
trimester explant culture have been shown to express other MHC 
class I–related antigens, including MIC proteins and ULBPs, which 
bind to and down-regulate the NKG2D-activating receptor on NK 
cells, thereby preventing them from attacking the placenta.32,33 
The immunosuppressive effects of placental vesicles may also be 
mediated through their expression of the Fas ligand, which acts by 
inducing apoptosis of maternal T-cells.31

	 In contrast, little is known about the proinflammatory molecules 
carried by placental vesicles. Prime candidates are “danger 
molecules” or “alarmins.” These are molecules that have important 
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intracellular functions but become intensely proinflammatory when 
released from cells. Examples of these are heat shock protein 70 
(HSP70) and high mobility group box 1 (HMGB1), both of which are 
expressed on placental vesicles.12 A further candidate is syncytin 1, a 
protein encoded by the human endogenous retrovirus-W (HERV-W), 
which has been shown to be present on placental vesicles and 
stimulates IL-1α and a range of other proinflammatory cytokine 
production by peripheral blood mononuclear cells.23

15.4.2  Proteomic Analysis of Placental Vesicles

The alternative to investigating individual candidate proteins is 
to carry out a full proteomic analysis of placental vesicles. While 
proteomic analyses of normal and pre-eclampsia placentas,54,55 
isolated trophoblasts,56 serum,57,58 and plasmas59,60 have previously 
been reported, we have performed, we believe, the first such 
comparison on perfused placental vesicle pools from normal 
and pre-eclampsia placentas using multidimensional protein 
identification technology (MudPIT).12 The analysis found 538 
proteins unique to pre-eclamptic placental vesicles, 604 unique to 
normal placental vesicles and 1,421 common to both preparations. 
The complex protein cargo carried by placental vesicles was 
demonstrated by preliminary analysis showing the presence of 
alarmins (HSP70 and galectin 3), exosomal proteins (CD63, CD9, 
CD81), immunoregulatory molecules (CD26, CD200, CD47, galectin 
1), complement and complement regulatory molecules (C1q, C3, 
CD55, CD59, and vitronectin), amino acid transporters (CD98), 
and antiangiogenic molecules (endoglin) in both normal and pre-
eclampsia placental vesicles.
	 The potential for circulating placental vesicles to act as biopsies of 
the placenta is shown by the altered expression of proteins, reported 
previously in pre-eclampsia placenta samples, being mirrored 
in perfused placental vesicles. This includes the up-regulated 
expression of apolipoprotein AI, protein disulphide isomerase, 
myosin, and centrosome protein.30,54 Several proteins shown to 
circulate at increased levels in pre-eclampsia were also highly 
expressed in perfused placental vesicles, including ceruloplasmin, 
fibrinogen, hemopexin, and vitronectin.58–60 This raises the issue of 
whether molecules assumed to be “soluble” are in fact carried by 
vesicles, as most protocols for plasma preparation do not include 
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an ultracentrifugation step to deplete samples of microvesicles and 
exosomes. To date, there are no published reports of proteomic 
analysis of placenta-derived exosomes. However, vesicles released 
by the telomerase-immortalized first-trimester cytotrophoblast cell 
line Swan 71, which resembles the extravillous cytotrophoblast, have 
been characterized and shown to have the size and density range of 
exosomes. Ion trap mass spectrometry demonstrated the presence of 
exosomal proteins, as well as proteins involved in diverse functions 
such as cell structure, adhesion, coagulation, protein synthesis, 
deoxyribonucleic acid (DNA) replication, channels, and metabolism, 
thus demonstrating that despite their small size, exosomes carry a 
complex protein cargo.61 

15.4.3  Placental Vesicle DNA, mRNA, and miRNA

The discovery of circulating fetal genetic material in maternal 
blood62,63 has fueled interest in its use as a noninvasive alternative 
to amniocentesis and chorionic villus sampling—invasive prenatal 
diagnosis techniques that carry a significant risk of miscarriage. 
With the growing number of studies reporting associations between 
circulating extracellular nucleic acids and obstetric complications, 
their use as biomarkers of placental insufficiency is gaining credence. 
A general overview of placental vesicle DNA, messenger ribonucleic 
acid (mRNA), and micro-RNA (miRNA) is outlined here. For a more 
comprehensive review refer to Hromadnokova.64

15.4.3.1  Fetal (placental) DNA

Initial efforts to recover fetal DNA from maternal blood concentrated 
on the isolation of fetal cells. This proved to be challenging as they 
circulate in very low numbers. Cell-free fetal DNA, however, is far 
more abundant and can be detected from as early as 5 weeks of 
gestation.65,66 Circulating levels of cell-free fetal DNA also fall rapidly 
following delivery, indicating that the placenta is the predominant 
source.5 Increases in the levels of circulating cell-free fetal DNA have 
been demonstrated in conditions involving placental impairment 
such as intrauterine growth restriction67 and pre-eclampsia68,69 with 
the latter showing a correlation with the severity of the disease,69 
and elevated circulating cell-free fetal DNA prior to the onset of 
maternal symptoms.70 However, in the clinical setting, analysis of 
cell-free fetal DNA has been limited to mothers carrying male fetuses 
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or rhesus-negative mothers carrying rhesus-positive fetuses,71 to 
enable the distinction of fetal DNA from circulating maternal DNA.
	 The association of fetal DNA with placental microvesicles, 
however, would allow the isolation of fetal-derived genetic 
material using placental specific markers such as PLAP, making 
possible the screening of DNA from both male and female fetuses. 
Placental vesicles prepared in vitro contain fetal DNA,7,17 yet no 
characterization of the size of the vesicles containing DNA has been 
reported. It is likely that these vesicles are apoptotic bodies, released 
by cells undergoing apoptosis, which contain DNA fragments. These 
tend to be >1um in size and are therefore easily detectable by flow 
cytometry. The trophoblast cell line JEG-3, when induced to undergo 
apoptosis, released DNA containing vesicles detectable by flow 
cytometry using picogreen, a fluorescent dye that selectively binds 
double-stranded DNA.72,73 The mode of in vitro placental vesicle 
preparation has been shown to affect the concentrations of fetal DNA 
carried by the placenta-derived vesicles, with those from explants 
containing higher levels of DNA.17 Explant culture was also shown 
to be associated with much higher levels of fetal DNA, which could 
not be pelleted by ultracentrifugation, suggesting that placental 
vesicle–free DNA could be released mostly by the apoptotic/necrotic 
syncytiotrophoblast layer during the initial culture period.17 Indeed, 
hypoxia/reoxygenation of explants significantly increased markers 
of apoptosis and necrosis and the release of cell-free DNA—effects 
that were significantly reduced by the addition of antioxidants.74 
Circulating placental vesicles containing DNA have also been 
detected in the maternal circulation using double labeling with 
picogreen and either anti-PLAP or anti-HLA-G antibody. Increased 
levels were found in pre-eclampsia,7 perhaps reflecting the placental 
oxidative stress associated with this disorder. 

15.4.3.2  Fetal (placental) mRNA

As with DNA, mRNA also circulates at high levels in maternal 
blood. mRNA transcripts from placenta-expressed genes, such as 
corticotrophin-releasing hormone (CRH), are readily detectable 
in maternal plasma, providing a gender-independent target for 
noninvasive prenatal gene expression profiling.75,76 Circulating 
mRNA levels increase with gestational age in uncomplicated 
pregnancies.77 Pre-eclampsia, however, caused a marked increase in 
CRH mRNA concentrations, which showed a positive correlation with 
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disease severity.69,75,77 mRNA expression profiling has also revealed 
differential expression of multiple mRNAs in placental tissue from 
pre-eclamptic pregnancies.78 As plasma contains ribonuclease 
(RNase) activity, the mRNAs must circulate in a protected form, 
perhaps encased in EVs. In support of this, placental vesicles 
prepared in vitro have been shown to contain fetal mRNA.17 To date, 
no characterization of the size of vesicles containing mRNA has been 
reported; and as such the mechanisms resulting in the release of 
vesicle-packaged mRNA are poorly understood. As with DNA, the 
mode of preparation has been shown to affect the concentrations 
of fetal mRNA carried by the placenta-derived vesicles, with 
perfusion-derived vesicles containing high mRNA levels, as assessed 
by measuring CRH mRNA.17 Also placental vesicle mRNA integrity 
may reflect levels of placental oxidative stress, as demonstrated by 
a reduction in the integrity of mRNA transcripts released in vesicles 
from cultured explants exposed to hypoxia/reoxygenation.79 
However, the assumption that circulating placental vesicles reflect 
the state of the placenta at the time of vesicle formation and release 
assumes that there is no enrichment of particular mRNA into 
vesicles. This requires further investigation in the light of studies 
such as those of Kumpel et al. (2008), which showed markedly 
elevated vesicular mRNA for human placental lactogen and human 
chorionic gonadotrophin compared to isolated trophoblast cells, 
suggesting sorting of certain mRNA into placental vesicles.80

15.4.3.3  Fetal (placental) miRNA

miRNAs are small RNA species that regulate gene expression post-
transcriptionally and are implicated in many diseases, including 
several human cancers (see Chapter 13). The placenta expresses 
several unique miRNAs alongside abundant ubiquitous species.81,82–84 
Placenta-specific miRNAs are found in the chromosome 19 miRNA 
cluster. This is the largest human cluster and is primate specific, 
encoding 46 miRNA species and appearing relatively recently in 
evolution.85 Placenta-specific miRNAs have been shown to be the 
predominant forms of miRNA in the placenta, expressed by the 
syncytiotrophoblast layer, primary human term trophoblasts,86 
BeWo cells,24,86 and JEG-3 cells.86 Interestingly, syncytialization of 
isolated trophoblasts did not affect the expression of chromosome 
19 microRNA cluster miRNAs, while hypoxia selectively suppressed 
miR 520c-3p.86 Placenta-specific miRNAs are also abundant in the 
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plasma of pregnant women, showing increasing circulating levels as 
pregnancy progresses, and are cleared rapidly after delivery.24,84,87,88

	 Very few studies have specifically investigated placental 
vesicle–associated miRNA. Microinterfering RNAs have been found 
in various bodily fluids (e.g., plasma, urine, saliva, and breast 
milk) as part of a novel mechanism for intercellular exchange of 
genetic material.89,90 Investigations to date into miRNA release 
mechanisms have demonstrated circulating miRNAs associated 
with exosomes, microvesicles, argonaut2 protein, and high-density 
lipoprotein cholesterol, which may all contribute to stabilizing 
secreted miRNAs.89,91–94 Several placenta-specific miRNAs are 
released in exosomes by the trophoblast cell line BeWo.24 Likewise, 
isolated human term trophoblasts release exosomes containing 
predominantly placenta-specific miRNAs whose profile closely 
resembles that of the parent cells.86 
	 Investigation of the involvement of miRNAs in the pathogenesis 
of pre-eclampsia is in its infancy. However, several studies have 
reported altered miRNA expression profiles in pre-ecamplsia 
placentas, although with little consistency.78,83,95–98 Hypoxia-
associated miR210 has been shown to be significantly up-regulated 
in pre-ecamplsia placentas and plasma.83,95,99 Possible involvement 
of miR210 in the poor spiral artery remodeling associated with 
pre-eclampsia was demonstrated by Zhang et al. (2012). Here, 
hypoxia was shown to up-regulate the expression of miR210 in 
both first-trimester cytotrophoblast cells and the trophoblast cell 
line JAR, while overexpression of miR210 significantly attenuated 
first-trimester cytotrophoblast migration and invasion,99 processes 
evidently impaired in pre-eclampsia. Zhang et al. determined that 
mRNA of homeobox-A9 and ephrin-A3, genes involved in migration 
and invasion processes, were targets for miR210 and protein levels of 
both were significantly reduced in pre-eclampsia-derived placentas. 
Overexpression of the angiogenesis-targeting miRNAs miR-17, 
-20a, and -20b in pre-eclampsia placentas has also been implicated 
in impaired early placental development.97 In addition modeling 
miR29b overexpression, present in pre-eclampsia placentas,98 in 
trophoblast cell lines, induced apoptosis and impaired invasion 
and angiogenesis through the regulation of myeloid cell leukaemia 
sequence 1, matrix metalloprotease 2, VEGF A, and integrin β1 
expression.100 Analysis of circulating miRNAs in severe pre-
eclampsia has shown them to be both up- and down-regulated,101 
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with some significantly elevated between 12 to 16 weeks’ gestation 
in pregnancies that subsequently developed pre-eclampsia, thus 
providing evidence of their potential use as predictive markers.102

15.5  Placental Vesicles: Exosomes, 
Microvesicles, and Apoptotic Bodies

So far in this chapter the term “placental vesicle” has been used to 
describe material shed from the placenta that is small enough to 
pass through the capillaries of the lungs and enter the maternal 
blood. However, this material is undoubtedly comprised of a mixture 
of different vesicle types, including exosomes, microvesicles, and 
apoptotic vesicles, which are primarily distinguished on the basis 
of their size (30–100 nm, 100–1 µm and 1–4 µm, respectively), 
together with necrotic debris (Fig. 15.2). However, many researchers 
do not attempt to define the vesicle populations they are studying. 
This is confounded by the use of different centrifugation speeds 
to pellet the vesicles, resulting in some groups only studying the 
larger vesicles,103,104 while others focus on smaller exosomes to 
the exclusion of others.33 Until recently vesicle size could only 
be accurately determined by electron microscopy, which is a low-
throughput, subjective technique. However, the advent of techniques 
such as nanoparticle tracking analysis (NTA) has allowed, for the 
first time, the accurate sizing and counting of vesicles in biological 
fluids105 (see Chapter 11). We have used this technique to determine 
the size of vesicles prepared by placental perfusion. Sizes ranged 
from approximately 40 nm upward, with the majority (>90%) 
being less than 1 µm and 70% being less than 300 nm in diameter, 
suggesting that they are predominantly a mixture of exosomes and 
microvesicles. Distinct peaks at approximately 100 nm (exosomes) 
and 200 nm (microvesicles) can often be seen by this technique12 
(Fig. 15.3). 
	 The composition of placental vesicles in terms of the proportions 
of exosomes, microvesicles, and apoptotic bodies present may have 
an important bearing on their functional characteristics, with 
exosomes being predominantly involved in immunoregulation 
and intercellular communication and microvesicles being more 
proinflammatory. This has led us to speculate whether changes in the 
balance between exosomes and microvesicles in vesicles shed from 
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Figure 15.2	 Three vesicle subtypes: exosomes, microvesicles, and 
apoptotic bodies. Exosomes (30–100 nm) are generated from 
reverse budding of the endosome membrane, resulting in a 
multivesicular body, which fuses with the plasma membrane 
of the cell, and exosomes are released by exocytosis. 
Microvesicles (100 nm–1 μm) are produced by direct budding 
or shedding of the plasma membrane. They are released in 
response to stimuli causing an increase in intracellular calcium 
levels and remodeling of the plasma cell membrane. Apoptotic 
bodies (1–4 μm) are released from cells undergoing apoptosis. 
Reprinted from Ref. 117, Copyright (2009), with permission 
from Elsevier.

Figure 15.3	 Measurement of cellular microvesicles and exosomes using 
NTA. (a) Exosomes from a neuroblastoma cell line measured 
by NTA and (b) perfused placental vesicles measured by NTA, 
showing a larger size distribution than (a), possibly due to 
the presence of a mixture of exosomes and microvesicles. 
Reprinted from Ref. 12, Copyright (2012), with permission 
from Elsevier.
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pre-eclampsia placentas could alter their overall functional effects to 
a more proinflammatory, antiangiogenic, and procoagulant state106 
(Fig. 15.4). Future studies separating exosomes from microvesicles 
by immunoaffinity beads or filtration through nanomembranes and 
subsequent proteomic and DNA/RNA analysis of their contents will 
be important to determine their relative functional importance. 

Oxidative and inflammatory 
stress activates placenta to 

produce  more microvesicles?

Constitutive 
release of placental 

exosomes?

?
Immunoregulatory Pro-inflammatory

Anti-angiogenic
Procoagulant

Normal 
Pregnancy Pre-eclampsia

Figure 15.4	 The role of exosomes and microvesicles in normal pregnancy 
and pre-eclampsia. We speculate that in normal pregnancy, 
vesicles shed from the placenta are predominantly constitutively 
released exosomes, which are immunoregulatory in nature. In 
contrast, in pre-eclampsia oxidative and inflammatory stress 
activates the syncytiotrophoblast, causing it to release more 
microvesicles, which have proinflammatory, antiangiogenic, 
and procoagulant activity and trigger the maternal syndrome.

15.6  Extracellular Vesicles in Pregnancy and 
Pre-Eclampsia Plasma from Other Cell 
Types 

We have proposed that increased numbers and an altered pheno-
type of placental vesicles in the maternal circulation in pre-eclamp-
sia may cause an inflammatory response, endothelial dysfunction, 
and activation of the coagulation system characteristic of the disor-
der. A downstream consequence of this would be the activation and 
release of cellular vesicles from other vascular cell types, including 
leukocytes, endothelium, platelets, and red blood cells (RBCs) which 
further exacerbate the disease. Thus it might be possible that by 
measuring placental vesicles (the cause) in parallel with circulating 
vesicles derived from other cell types (the consequence), the predic-
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tion and monitoring of the condition could be improved (Fig. 15.5).

Poor Placenta�on

Placental Oxida�ve 
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Release of Placental 
vesicles

Clinical Signs of Pre-eclampsia

Predic�ve 
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Endothelial 
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Diagnos�c 
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STAGE 1 
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STAGE 2 
Second half of Pregnancy
Overt Pre-eclampsia

Ischemia/Reperfusion 
Injury

Figure 15.5 Proposed pathogenesis of pre-eclampsia. The release of 
placental vesicles into the maternal circulation may cause 
an inflammatory response, endothelial dysfunction, and 
activation of the coagulation system, characteristic of pre-
eclampsia. This in turn leads to the activation and release of 
cellular vesicles from other cell types, including leukocytes, 
the endothelium, RBCs, and platelets, to further exacerbate 
the disease. Placental vesicles have the potential to be used 
as predictive biomarkers, whereas the other cellular-derived 
vesicles could be used as diagnostic biomarkers.
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	 There have been a large number of studies investigating vesicles 
shed from cells in the vascular compartment in normal pregnancy 
and pre-eclampsia. These include measures of total vesicle numbers 
and those derived from platelets, RBCs, endothelial cells, and 
leukocytes and their subpopulations (monocytes, granulocytes, and 
B- and T-lymphocytes). While some studies suggest that particular 
vesicle types are altered in pregnant compared to nonpregnant 
women107–111 and further changed in women with pre-eclampsia, 
consistent with leukocyte activation, endothelial injury, and platelet 
activation,6,16,47,107–110,112–114 there is little consensus, as others have 
found no change.6,51,107,109–111,113 This makes interpretation of these 
experiments extremely difficult. These discrepant findings probably 
result from differences in the methods for isolating the vesicles 
(e.g., centrifugation speeds), resulting in different populations being 
analyzed, the use of different antibody panels to identify the vesicles 
by flow cytometry, and, in some studies, the use of inappropriate 
unmatched controls. This analysis is further confounded by the 
observation that antigens commonly used to identify the parent cells 
are not necessarily expressed on the vesicles derived from those 
cells.111 These issues highlight the need for standardized protocols 
for microvesicle and exosome analysis, as discussed in Chapter 5.

15.6.1  Functional Effects of Maternal Circulating 
Vesicles

Notwithstanding the lack of consensus on the numbers of different 
vesicle types in the maternal circulation in normal pregnancy and 
pre-eclampsia, there have been studies of the functional effects of 
total vesicles derived from the maternal plasma on monocytes and 
the endothelium. It has been shown that vesicles isolated from pre-
eclampsia plasma stimulated a significant increase in intracellular 
adhesion molecule-1 (ICAM-1) (a cell activation marker) expression 
in the “Monomac-6” monocyte cell line compared to vesicles from 
normal pregnant and nonpregnant women, but only when they were 
cocultured in the presence of endothelial cells (HUVECs), suggesting 
an interaction between the monocytes and endothelial cells in this 
process, possibly via cytokine release.115 In another study, vesicles 
prepared from the plasma of pre-eclamptic but not normal pregnant 
women were found to induce vascular hyporeactivity to serotonin in 
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ex vivo preparations of human omental arteries and mouse aortas, 
This hyporeactivity was reversed by a nitric oxide (NO) synthase 
inhibitor with associated increase in NO production.112 However, a 
study of complement activation on the surface of plasma-derived 
vesicles, measuring bound C1q and activated C4 and/or C3, 
showed no difference between normal pregnant and pre-eclamptic 
women. The levels of the complement activator molecules CRP, SAP, 
immunoglobulin M (IgM), and immunoglobulin G (IgG) binding to 
the vesicles were also studied, and higher concentrations of vesicles 
binding CRP were found in pre-eclampsia compared to normal 
pregnant and nonpregnant controls, but this did not correlate 
with increased activation of the classical complement pathway as 
determined by C1q binding.116 These preparations will have been 
composed of vesicles derived from all the cells in the vascular 
compartment discussed above, together with any placental vesicles 
present, so it cannot be determined which populations were 
responsible for these effects.

15.7  Future Perspectives

The ability to measure, isolate, and phenotype placental and other 
cellular vesicles in the maternal circulation has great potential for 
improving the detection and management of pre-eclampsia. Firstly, 
there is growing interest in biomarkers that could be used in early 
pregnancy to predict which women are at risk of developing the 
disorder. Tests currently being trialled use candidate markers 
such as sFlt-1, Endoglin, and placental growth factor (PLGF).57,60 
However, as we have shown, placental vesicles carry hundreds 
of proteins, many of which are unique to pre-eclampsia and may 
therefore provide better markers, either alone or in multiple arrays. 
Secondly, by understanding the way that the placenta signals to the 
mother through microvesicles and exosomes in normal pregnancy 
and how these signals change in pre-eclampsia, it may be possible 
to find ways of neutralizing the activity of damaging vesicles. 
Dampening down the maternal inflammatory response would allow 
the pregnancy to continue long enough to avoid the need for very 
early preterm delivery and all the problems this brings both for the 
baby and the mother.
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16.1  Introduction

Cardiovascular diseases (CVDs), including coronary artery disease, 
stroke, and peripheral arterial disease, are responsible for most 
of the cardiovascular morbidity and mortality in the world. These 
diseases are mainly the clinical consequences of atherosclerosis.
	 Epidemiological studies indicate that the prevalence of 
atherosclerosis is increasing because of the adoption of a Western 
lifestyle and will reach epidemic proportions in the coming decades.
	 Atherosclerosis was first described as a simple proliferative 
process, with passive deposition of lipid debris on the arterial 
wall. Within the past three decades, atherosclerosis emerged as a 
chronic inflammatory disease, involving increased endothelial cell 
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permeability and accumulation of low-density lipoproteins (LDLs) 
in the subendothelial space, followed by the diapedesis of leukocytes 
and formation of foam cells, migration 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.
	 Activated cells release extracellular vesicles (EVs). This review 
summarizes their involvement in different pathophysiological 
processes implicated in CVDs, in particular atherosclerosis. 

16.2  Extracellular Vesicles: A Consequence of 
CVDs

16.2.1  Circulating EV Levels in CVDs

EVs are detectable in the plasma of healthy subject, and their levels 
are modified in several CVDs. 
	 In patients with cardiovascular risk factors (diabetes, 
hypertension, metabolic syndrome, hypertriglyceridemia) 
endothelial and platelet microvesicle (MV) levels are augmented.1–5 
In patients with subclinical atherosclerosis, levels of EVs originating 
from leukocytes are augmented,6 and in more advanced stages, 
such as coronary calcification, acute coronary syndrome, or stable 
coronary artery diseases, platelet vesicles and endothelial EVs 
are also elevated.7–15 Several reports demonstrate that plasma 
EV levels are an emerging marker of endothelial dysfunction in 
various diseases like chronic renal failure, diabetes with endothelial 
dysfunction, obesity, coronary artery disease, or acute endothelial 
dysfunction.16–20

	 Heart failure and valvular disease modulate endothelial vesicle, 
platelet vesicle, and leukocyte vesicle levels but also increase 
the release of tissue factor (TF)-positive EVs. EV levels are also 
modulated in other vascular diseases such as pre-eclampsia21,22 (see 
Chapter 15), rheumatoid arthritis,23 inflammatory vasculitis,24,25 

and antiphospholipid syndrome.26,27

	 It is important to point out that the plasma levels of these 
vesicles reflect the balance between their production and their 
clearance. In CVDs the contribution to each phenomenon to plasma 
vesicle levels has not been fully investigated. In healthy animals, 
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EVs are cleared from the circulation by not only the liver and the 
spleen but also the lung.28–31 These studies have also identified 
the major role of lactadherin and Del-1 in the clearance of MVs by 
macrophages and endothelial cells, respectively.28,30,32 So far, there 
is no information on exosome in vivo clearance by specific organs, 
but macropinocytosis appears to be one way of exosome integration 
within cells.33 Alternatively, the lactadherin pathway may also 
contribute to exosome clearance, although this has not been proven 
in vivo yet. Despite knowing the exact contribution of each process 
on plasma vesicle levels, modification in the plasma levels remains 
important information about the severity of the diseases in patients 
suffering from CVDs.

16.2.2  Mechanisms Implicated

Several factors involved in the development of atherosclerotic 
lesions, such as lipoproteins, cytokines, oxidative stress, or shear 
stress level, increase in vitro the release of EVs from vascular and/or 
circulating cells (Table 16.1).
	 On the basis of the results obtained from experiments on 
platelets, EV formation at the plasma membrane of the cell appears to 
require some specific modifications. First, intracellular calcium– and 
caspase-dependent mechanisms are major determinants of the loss of 
membrane asymmetry.34 Intracellular calcium levels are modulated 
by mitochondrial permeability and plasma membrane calcium 
channel activities. This leads to calcium-dependent up-regulation 
of scramblase or floppase-/adenosine triphosphate (ATP)-binding 
cassette A1 and inhibition of translocase/flippase activity–induced 
exposure of phosphatidylserine (PS) on the outer leaflet.34 Store-
operated calcium entry (SOCE) and P2X1 activation by calcium also 
contributes to PS exposure. Second, blebbing requires cytoskeletal 
reorganization. Calcium could contribute to this reorganization in 
activating calpains and proteases. During apoptosis, bleb formation 
depends on the actin cytoskeleton and actin-myosin contraction, 
which is regulated by caspase-3-dependent Rho kinase I and II 
activation.35,36 Interestingly, cytoskeletal reorganization and PS 
exposure could interact as RhoA could modulate SOCE activity and 
in turn increase PS exposure.34 A recent study identified TMEM16F 
(a calcium-dependent scramblase) as a potent regulator of PS 
exposure in Scott syndrome patients,37 as these patients have a 
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defect in platelet activation and release of EVs, suggesting a potential 
role of TMEM16F.
	 Endothelial vesicle formation and release have received 
significant attention over the past recent years, and different 
signaling pathways have been identified depending on the 
stimuli (Table 16.1).38 Endothelial vesicle shedding can occur 
independently of endothelial apoptosis.39 Curtis et al.40 identified 
p38 mitogen–activated protein kinase as a key factor for the 
shedding of endothelial cells under tumor necrosis factor-a (TNFa) 
stimulation. In opposition, thrombin stimulation of endothelial 
cells induces a complex biphasic release of endothelial vesicles. 
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 TNFa superfamily,41 followed 
by interleukin (IL)-1 release and IL-1 receptor activation.42 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 EV shedding. A recent study also 
demonstrated that costimulation of endothelial cells with CD40 
ligand (CD40L) and thrombin leads to an increase in endothelial 
vesicles 10+ EVs via p38 activation.43 Interestingly, these findings 
demonstrate that thrombin-induced activation of endothelial cells 
leads to the release of EVs of different compositions. Angiotensin 
II stimulation in vitro increase endothelial vesicle release and this 
is mediated by Rho kinase activation and involves a cholesterol-
rich domain such as lipid rafts and caveolaes.44 Endogenous nitric 
oxide (NO) appears to play a protective role against endothelial 
vesicle formation by a mechanism involving tetrahydro-biopterin, 
as observed after C-reactive protein (CRP) endothelial activation.45 
So far, no other study has addressed the potential effects of NO on 
endothelial vesicle formation and release. Monocyte macrophages 
also release MVs under activation (Table 16.1). Endotoxin activates 
macrophage MV formation via a pathway requiring inducible nitric 
oxide synthase (NOS) activation.46 Furthermore, tobacco smoke 
stimulates the generation of highly procoagulant monocytic MVs in 
a process requiring extracellular signal-regulated kinase (ERK1/2) 
activation and caspase-3-dependent apoptosis.47 
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	 Contrary to platelet MV release, little information is available 
on the molecular mechanisms leading to the PS exposure and EV 
formation in erythrocytes. Increases in intracellular calcium and 
oxidative stress promote erythrocyte MV release.48,49 In addition, 
senescence of erythrocytes, as well as of platelets, leads to PS 
exposure on the cell membrane outer leaflet and release of EVs.50 
In senescent platelets, the release of MVs depends on cytochrome C 
release and subsequent activation of caspase-3 and Rho kinase I.50

Table 16.1	 Relevant stimuli for atherosclerosis, leading to EV release from 
circulating or vascular cells

  EVs from

Stimuli
Endothelial 

cell Platelet

Smooth 
muscle 

cell
Monocyte/

Macrophage

Cigarette extract – – – Li et al.47

Modified LDL Nomura et 
al.118

– Llorente-
Cortes et 
al.

–

HDL cholesterol Liu et al.119 – – Liu et al.119

Uremic toxin Faure et 
al.120

– – –

Flow conditions Vion et al.121 Nomura 
et al.122

Stampfuss 
et al.123

–

Angiotensin II Burger et 
al.44

– – –

Thrombin Sapet et al.39 
Simoncini et 
al.41

Martinez de 
Lizarrondo 
et al.43

Barry et 
al.124 
Dale et 
al.125 
Chang et 
al.126

– –

Collagen – Barry 
et al.124 
Boilard 
et al.23

Chang et 
al.126

– –

Homocysteine Sekula et 
al.127

Olas et 
al.128

– –
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  EVs from

Stimuli
Endothelial 

cell Platelet

Smooth 
muscle 

cell
Monocyte/

Macrophage

Activated protein 
C

Pérez-casal 
et al.129

– – Pérez-casal et 
al.129

PAI-1 Brodsky et 
al.130

– – –

Proinflammatory 
cytokines 
(TNFa–IL-1b) 
and CRP

Combes et 
al.26 Curtis 
et al.40 
Abid hussein 
et al.92 
Wang et al.45

Nomura 
et al.122 
Piguet et 
al.131

Schecter 
et al.132

Jungel et 
al.133

Oxidative stress Vince 
et al.134 
Szotowski et 
al.135

– – –

Fas ligand – – Essayagh 
et al.136

–

PDGF – – Schecter 
et al.137

–

Source: Adapted from Rautou et al., 2010
Note: Only those studies that showed a significant increase in EV release compared to 
the basal condition have been included in this table.
Abbreviations: HDL, high-density lipoprotein; PDGF, platelet-derived growth factor; 
PAI, plasminogen activator inhibitor.

16.3  Extracellular Vesicles: Effectors of CVDs

EVs carry different molecules able to modulate cell activation. It 
was well demonstrated now that these EVs carry different proteins, 
depending on the cell type they originate from but also depending 
on signaling events that lead to their release. These proteins could 
be present inside EVs or at their surface and contribute to specific 
interactions between cells and EVs. EVs could also carry specific 
lipids and messenger ribonucleic acid (mRNA), and recent studies 
demonstrated that they serve as micro-RNA cargos (Fig. 16.1).
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Figure 16.1	 Mediators of the biological effect carried by EVs. EVs could have 
beneficial and deleterious effects, depending on the molecules 
they carry. Abbreviations: AnnI, annexin 1; ROS, reactive oxygen 
species. (Illustration realized using Servier Medical Art bank of 
images.)

	 More than simply “shed membranes,” these EVs appear to be able 
to transfer active biological information to targeted cells and at last 
modify their activation and orientation in a beneficial or deleterious 
manner.

16.3.1  Deleterious Effects

In most CVDs, inflammation plays a crucial role. So far, no study 
has assessed the effect of EVs isolated from CVD patients on 
inflammatory pathways. Only in vitro studies provide us information 
on the EV effect on inflammation. Circulating EVs from various 
origins may contribute to inflammation via their influence on cell–
cell interactions and cytokine release. They increased the release 
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of IL-6 or IL-8 by endothelial cells and leukocytes.51–54 They also 
stimulate monocyte chemotaxis and the expression of adhesion 
molecules (especially intracellular adhesion molecule [ICAM]-1) 
at the surface of endothelial cells and CD11a on monocytes.51,54,55 
Increased adhesiveness was partially mediated by arachidonic acid 
and oxidized phospholipids present in EVs as well as by transfer of 
the proatherogenic chemokine regulated upon activation, normal 
T-cells expressed and secreted (RANTES/CCL5).56,57 Platelet 
vesicles from apoptotic platelets also promote resident macrophage 
differentiation to professional phagocytes.58 Activated endothelial 
cells could also activate monocytes via the release of von Willebrand 
factor (VWF)-positive endothelial EV release (Fig. 16.2). These 
studies essentially used platelet EVs generated in vitro, and the in 
vivo relevance of obtained results needs to be investigated. Indeed, a 
study using a supernatant of activated platelets (containing platelet 
EVs) demonstrated that this supernatant had no effect on leukocyte 
adhesion in vivo in apolipoprotein E (ApoE) –/– mice and did not 
increase development of atherosclerotic plaques.59
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Figure 16.2	 Potential deleterious effects of circulating endothelial EVs on 
CVDs.  Abbreviations: VCAM, vascular adhesion molecule, PAI: 
plasminogen activator inhibitor, APC, activated protein C; LPS, 
lipopolysaccaride (Illustration realized using Servier Medical 
Art bank of images). Adapted from Amabile et al. (2010), Sem. 
Thromb. Hemost., 36, 907–916.
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	 More is known about the effect of EVs accumulating in 
atherosclerotic plaques. These plaques contained a large amount 
of EVs, essentially of a leukocyte origin, reflecting the local 
inflammation.60 Plaque EVs express major histocompatibility 
complex class II and costimulation molecules such as CD40L. They 
are able to stimulate T-lymphocytes that in turn might activate 
B-lymphocytes to produce specific immunoglobulins against plaque 
antigens (phosphatydilcholine on oxidized LDL and apoptotic 
cell membrane, for example).61,62 Exosomes could also take part 
in the process of antigen presentation because of the ability of 
dendritic cell–derived exosomes to stimulate antigen-specific T-cell 
activation.63

	 Endothelial EVs are also found in atherosclerotic lesions; these 
EVs possibly originate from microvessels within plaque rather than 
endothelial cells from the luminal wall of arteries. In vitro–generated 
endothelial EV are capable of inducing plasmacytoid dendritic cell 
maturation with the production of IL-6 and IL-8; moreover CD4-
positive T-cells primed with these dendritic cells produced Th1 
cytokines.64 Altogether, these findings support the hypothesis that 
local high endothelial EV concentration in atherosclerotic plaques 
might enhance the local proinflammatory responses. Finally, 
plaque EVs also carry catalytically active TNFa-converting enzyme 
(TACE/ADAM17), which could increase the release of TNFa.65 This 
proinflammatory effect of plaque EVs is further enhanced by the 
transfer of functionally integrated ICAM-1 from EVs to the target 
endothelial membrane, leading to increased monocyte adhesion 
and recruitment.66 Cholesterol-induced monocytic EVs, as well as 
starvation-induced monocytic EVs, have also a proinflammatory 
effect by increasing leukocyte rolling and adherence to postcapillary 
venules or increasing monocyte and T-cell infiltration in plaque in 
vivo.67,68

	 Angiogenesis is also a crucial point in atherosclerosis, 
contributing to plaque instability by promoting neovascularization. 
Indeed, vulnerable plaques are characterized by an increase in 
the number of vasa vasorum and more frequent intraplaque 
hemorrhage. Leroyer et al. demonstrated that CD40L-positive EVs 
isolated from human plaque promote in vivo angiogenesis, and this 
might contribute to increased plaque vulnerability.61 Proteolysis 
of basement membrane matrix cellular components is necessary 
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to promote endothelial invasion into the surrounding interstitial 
matrix. Human plaque EVs harbor active proteases,65 and protease 
activity has also been detected on EVs generated in vitro from 
various cell types.69–71 Especially, endothelial vesicles carry the 
proform of several matrix metalloproteinases (MMPs), including 
MMP-2, MMP-9, and MT1-MMP.71 Exosomes could also contribute to 
the evolution of atherosclerotic plaque as exosomes originate from 
T-cell-induced cholesterol accumulation in human monocytes via 
activation of phosphatidylserine receptors;72 and exosomes could 
also carry proteases.73

	 CVDs are often associated with increased thrombosis,63 as 
detailed in other sections of this revue (see Chapter 14). EVs play 
an important role in this event, providing the anionic phospholipid 
necessary for the assembly of clotting enzymes and thus promoting 
thrombin generation. EVs (especially those originated from 
monocytes) could express TF, a major initiator of blood coagulation. 
Actions of EVs were not only observed in vitro but also in vivo, where 
they favored thrombus propagation.74,75 
	 Circulating EVs modulate vascular function in CVDs. Especially, 
EVs generated in vitro or isolated from patients with acute coronary 
syndrome, pre-eclampsia, chronic renal failure, or metabolic 
syndrome can induce acute endothelial dysfunction in rat aortic 
rings, reducing the acetylcholine-induced endothelium-dependent 
relaxing response8,22 (Fig. 16.2). In these studies, endothelial 
EVs appear to be the major effector, but smooth muscle cell EVs, 
lymphocyte-derived EVs, or endothelial EVs generated in vitro appear 
to have the same effect. This acute endothelial dysfunction could 
be due to a decrease in NO synthesis and endothelial nitric oxide 
synthase (eNOS) function or an increase in caveolin-1 (Fig. 16.2). 
In vivo– and in vitro–generated EVs can also induce the production 
of superoxide anion (O2–) by aortic rings or human umbilical vein 
endothelial cells (HUVECs); this O2– can uncouple eNOS and induce 
transformation of NO to peroxynitrite. Interestingly this deleterious 
effect seems to be abolished by antioxidant such as superoxide 
dismutase. Erythrocyte EVs also have deleterious effect: blood 
storage increases hemoglobin and erythrocyte EV release that react 
with and scavenge NO, increasing endothelial dysfunction.76

	 EVs isolated from patients with severe sepsis (highly enriched 
in endothelial and platelet EVs) have been reported to increase 
vascular contraction in mice by enhancing thromboxane A2 (TXA2) 
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production. In vitro findings confirm this result, demonstrating that 
plasma EVs could synthesize TXA2 and increase rabbit pulmonary 
artery contraction. However, in patients with cirrhosis, transfer of 
phospholipids from plasma EVs to the endothelial layer stimulates 
cyclooxygenase-1 activity and the release of vasodilatory prostanoids, 
which in turn impair vasoconstrictive responses to catecholamines, 
contributing to the vascular hyporeactivity observed in cirrhotic 
patients.77

	 Finally, both EVs and exosomes are capable of inducing apoptosis, 
which certainly would contribute to their deleterious effects.78 
For instance, platelet-derived exosomes are implicated in septic 
vascular dysfunction by inducing endothelial cell apoptosis through 
generation of peroxynitrite due to their reduced nicotinamide 
adenine dinucleotide phosphate (NADPH) oxidase activity.79 

16.3.2  Beneficial Effects

Despite all the deleterious effects of MVs and exosomes observed 
in various CVDs, numerous studies have demonstrated that certain 
types of EVs could provide benefic and protective effects against 
diseases. 
	 First, EVs could have an anti-inflammatory action. Indeed, 
leukocyte-derived EVs hamper the inflammatory response of 
leukocytes to lipopolysaccharides and increase the secretion of 
anti-inflammatory cytokine-transforming growth factor b1.80 This 
effect appears to be mediated by the exposure of annexin1 (an anti-
inflammatory protein) at the surface of these EVs.81 In vitro, EVs are 
also taken up by B-cells and monocytes by different mechanisms and 
modulate the activation of monocytes and B-cells toward an anti-
inflammatory phenotype.82 In CVDs, neutrophils could also release 
potent anti-inflammatory effectors, called ectosomes, at the earliest 
stage of inflammation.80,83

	 Secondly, EVs promote postischemic vascularization. Leroyer 
et al. have demonstrated that ischemic muscles from mice with 
induced hind-limb ischemia contain more EVs than nonischemic 
muscles. These EVs mainly originate from endothelial cells and 
are able to induce in vitro differentiation of bone marrow–derived 
progenitor cells into endothelial cells, increasing their in vivo 
proangiogenic potential.84 Moreover, in ischemic tissues, EVs 
could activate endothelial cells by mRNA transfer from endothelial 
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progenitor cells to quiescent endothelial cells, thus stimulating 
angiogenesis.85 Degradation of the interstitial matrix is a necessary 
step for cell migration and vessel formation. EVs may play a role 
in this process by carrying proteolytic factors, such as plasmin, 
that could activate MMPs or proteases that belong to the MMP 
family.70,71 Finally, the presence of a morphogen sonic hedgehog 
on EVs originated from human lymphoid cells is able to stimulate 
in vitro capillary formation by increasing cell adhesion and up-
regulating proangiogenic factors.55 Exosomes play an important 
role in angiogenesis. Exosomes secreted by mesenchymal stem cells 
reduce myocardial ischemia/reperfusion injury, exosomes derived 
from cardiac progenitor cells increase the migratory capacity of 
endothelial cells in vitro, and this may contribute to myocardial 
angiogenesis in vivo.86,87 Moreover, CD34-positive exosomes could 
promote angiogenesis both in vivo and in vitro88 by carrying a sonic 
hedgehog on their surface.89 
	 Interestingly, EV release might be a way by which cells escape 
from apoptosis. Indeed, in endothelial cells, endothelial vesicle 
secretion diminishes the caspase-3 level within cells by trapping 
caspase-3 in EVs. EVs could also carry different antiapoptotic 
factors, such as protein C receptor or activated protein C (APC), and 
promote cell survival by induction of the cytoprotective effect.90–92 
Furthermore, endothelial EVs generated under starvation prevent 
apoptosis of target endothelial cells by inhibiting p38 activation.93 
EVs from monocytes could also have a beneficial effect on vascular 
function, as they promote endothelial NO production in vitro by 
decreasing caveolin-1 expression.94

	 Finally, it has been reported that EVs carry and shuttle a broad 
range of premature and mature micro-RNAs.95,96 These EVs are also 
enriched in certain types of micro-RNA compared to the micro-RNA 
profile of the cell they originate from.97 Some of these micro-RNAs 
could have atheroprotective effects. In inhibiting the regulator 
of G-protein signaling 16 (RGS16) protein expression miR-126 
increases CXCR4 and CXCL12. Injection of EVs enriched in miR-126 
conferred beneficial effects on atherosclerosis in limiting plaque 
size, increasing plaque stability, and enhancing Sca-1+ progenitor 
cell recruitment.98 EVs secreted by KLF2-transduced or shear-
stress-stimulated HUVECs are enriched in miR-143/145 and control 
target gene expression in cocultured smooth muscle cells; these EVs 
also reduce atherosclerotic lesion formation in the aorta of ApoE 
–/– mice.99
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	 In summary, EVs and exosomes have deleterious effects as well 
as benefic effects in cardiovascular pathologies. Release of EVs 
greatly depends of the initial stimuli to generate them, and it was 
important to point out that most of the studies demonstrating the 
effects of EVs mainly depend of the model used. Moreover, in vitro 
or in vivo generation, cellular origin, and the site of production affect 
the EV molecular composition (proteins, mRNA, micro-RNA, or 
phospholipids), therefore modulating their biological effects.

16.4  Microvesicles and Exosomes: Prognostic 
Value and Therapeutic Target?

16.4.1  Impact of Cardiovascular Therapeutics

Today, most patients suffering from CVDs or presenting risk 
factors are under treatment. Different studies have demonstrated 
the effect of therapeutics on the EV level. For example antiplatelet 
agents (glycoprotein IIb-IIIa inhibitor or thienopyridines), 
decreasing platelet activation, reduce platelet vesicles released in 
blood circulation; during acute coronary syndrome, these drugs 
could also have an effect on leukocyte vesicle generation.11,100–102 
Antihypertensive agents such as b-blockers or calcium channel 
inhibitors demonstrated an impact on platelet vesicle levels.103,104 
Furthermore, in patients with hypertension and diabetes, losartan 
(angiotensin II receptor antagonist) plus statins decrease the 
monocyte-derived EV level;105 in comparison, the same treatment 
in patients with diabetes and dyslipidemia decreases platelet 
vesicle levels in plasma.106 Iserbastan, another angiotensin II 
receptor antagonist, also decreases the EV level.107 In vitro, statins 
(inhibiting 3-hydroxy-3-methyl-glutaryl-coenzyme A [HMG-CoA] 
reductase) also decrease endothelial vesicle release by a mechanism 
dependent on the Rho kinase pathway.39,108,109 In diabetic patients, 
acarbose treatment reduces platelet vesicle levels.110 Insulin could 
be implicated in reducing TF at the surface of monocyte-derived EVs, 
as suggested by in vitro findings.111 Antioxidant agents have also a 
benefic effect on plasma EV levels: in patients with congestive heart 
failure, vitamin C prevents procoagulant EV release by decreasing 
cell apoptosis.112 Finally, erythropoietin therapy, decreasing blood 
viscosity and subsequently increasing shear stress, lowered the 
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level of circulating endothelial EVs in patients with end-stage renal 
failure.113

	 Some studies have clearly identified direct effects of drugs on EV 
release (statins, vitamin C), but often it was difficult to determine 
whether or not these molecules act directly on mechanisms 
governing EV release and/or clearance or act more globally on risk 
factors and in turn reduce EV release.

16.4.2  Predictive Value of Circulating EVs

As EVs carry different information, depending on the cellular origin 
and production site, they might be used as biological markers of 
CVDs. A few studies investigated the potential prognosis potential of 
these EVs. For the first time, Simak et al. found a correlation between 
the endothelial EV level, lesion volume, and the clinical outcome in 
patients with acute ischemic stroke.12 Amabile et al. reported that 
CD62e+ endothelial vesicle levels could predict the 1 year outcome 
of patients suffering from pulmonary hypertension.114 Nozaki et al. 
also observed that endothelial vesicle levels predicted the outcome 
of coronary heart disease in a stable population independently of 
the C-reactive protein level, the brain natriuretic peptide level, and 
the Framingham score. Similar results were obtained from chronic 
renal failure patients where CD31+CD41-endothelial EVs were 
independent predictors of cardiovascular mortality.78 Moreover, 
elevated levels of circulating miR-133a, carried by myocardiac 
exosomes, can be used as a marker for cardiomyocyte death, and it 
may have functions in CVDs.115 Altogether, these data suggest that EVs, 
and more specifically EV measurement, could be used in the future 
as biomarkers, contributing to a better stratification of patients with 
intermediate risk and better identification and treatment of those 
with a higher risk in this population. EV measurement might also be 
used to monitor the efficacy of a therapy in clinical practice. However, 
major advances in this field are currently hampered by the lack of 
standardized methods of measurement before EV determination 
can provide useful clinical information for patients.
	 As biomarkers, EVs allow access to usually inaccessible 
tissues such as the endothelium. Further research might lead to 
interventions targeting EV release and function in vivo or in vitro. In 
vivo, increasing proangiogenic EV release could be beneficial during 
ischemic events; augmented levels of CD34-positive exosomes could 
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also increase progenitor cell transplantation, thus contributing 
to therapeutic angiogenesis. In vitro generation of specific EVs, 
containing different types of micro-RNAs or expressing molecules to 
target a specific cell type, might be used in the future as therapeutic 
vectors or drug delivery systems.116,117 

16.5  Conclusion

Increasing numbers of studies highlight the contribution of EVs in 
different stages of CVDs. However, the extent of their contribution 
remains uncertain because animal models of atherosclerosis with 
selective defect in EV generation or uptake are unfortunately 
lacking. Clearly, this will be possible once the molecular mechanisms 
governing EV formation and release are dissected out. Then, one 
could envisage therapeutic avenues designed to either prevent their 
deleterious effects or promote their repair capacity.

References

	 1.	 Sabatier F, Darmon P, Hugel B, Combes V, Sanmarco M, Velut JG, Arnoux 
D, Charpiot P, Freyssinet JM, Oliver C, Sampol J, Dignat-George F (2002) 
Type 1 and type 2 diabetic patients display different patterns of 
cellular microparticles, Diabetes, 51, 2840–2845.

	 2.	 Diamant M, Nieuwland R, Pablo RF, Sturk A, Smit JW, Radder JK (2002) 
Elevated numbers of tissue-factor exposing microparticles correlate 
with components of the metabolic syndrome in uncomplicated type 2 
diabetes mellitus, Circulation, 106, 2442–2447.

	 3.	 Preston RA, Jy W, Jimenez JJ, Mauro LM, Horstman LL, Valle M, Aime 
G, Ahn YS (2003) Effects of severe hypertension on endothelial and 
platelet microparticles, Hypertension, 41, 211–217.

	 4.	 Arteaga RB, Chirinos JA, Soriano AO, Jy W, Horstman L, Jimenez JJ, 
Mendez A, Ferreira A, de Marchena E, Ahn YS (2006) Endothelial 
microparticles and platelet and leukocyte activation in patients with 
the metabolic syndrome, Am. J. Cardiol., 98, 70–74.

	 5.	 Ferreira AC, Peter AA, Mendez AJ, Jimenez JJ, Mauro LM, Chirinos JA, 
Ghany R, Virani S, Garcia S, Horstman LL, Purow J, Jy W, Ahn YS, de 
Marchena E (2004) Postprandial hypertriglyceridemia increases 
circulating levels of endothelial cell microparticles, Circulation, 110, 
3599–3603.

References



406 Extracellular Vesicles in Cardiovascular Disease

	 6.	 Chironi G, Simon A, Hugel B, Del Pino M, Gariepy J, Freyssinet JM, 
Tedgui A (2006) Circulating leukocyte-derived microparticles 
predict subclinical atherosclerosis burden in asymptomatic subjects, 
Arterioscler. Thromb. Vasc. Biol., 26, 2775–2780.

	 7.	 Jayachandran M, Litwiller RD, Owen WG, Heit JA, Behrenbeck T, 
Mulvagh SL, Araoz PA, Budoff MJ, Harman SM, Miller VM (2008) 
Characterization of blood borne microparticles as markers of 
premature coronary calcification in newly menopausal women, Am. J. 
Physiol., 295, H931–H938.

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

	 9.	 Mallat Z, Benamer H, Hugel B, Benessiano J, Steg PG, Freyssinet JM, 
Tedgui A (2000) Elevated levels of shed membrane microparticles 
with procoagulant potential in the peripheral circulating blood of 
patients with acute coronary syndromes, Circulation, 101, 841–843.

	 10.	 Bernal-Mizrachi L, Jy W, Jimenez JJ, Pastor J, Mauro LM, Horstman LL, 	
de Marchena E, Ahn YS (2003) High levels of circulating endothelial 
microparticles in patients with acute coronary syndromes, Am. Heart 
J., 145, 962–970.

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

	 12.	 Simak J, Gelderman MP, Yu H, Wright V, Baird AE (2006) Circulating 
endothelial microparticles in acute ischemic stroke: a link to severity, 
lesion volume and outcome, J. Thromb. Haemost., 4, 1296–1302.

	 13.	 Jung KH, Chu K, Lee ST, Park HK, Bahn JJ, Kim DH, Kim JH, Kim M, 
Kun Lee S, Roh JK (2009) Circulating endothelial microparticles as a 
marker of cerebrovascular disease, Ann. Neurol., 66, 191–199.

	 14.	 Nomura S, Imamura A, Okuno M, Kamiyama Y, Fujimura Y, Ikeda Y, 
Fukuhara S (2000) Platelet-derived microparticles in patients with 
arteriosclerosis obliterans: enhancement of high shear-induced 
microparticle generation by cytokines, Thromb. Res., 98, 257–268.

	 15.	 Tan KT, Tayebjee MH, Lynd C, Blann AD, Lip GY (2005) Platelet 
microparticles and soluble P selectin in peripheral artery disease: 
relationship to extent of disease and platelet activation markers, Ann. 
Med., 37, 61–66.



407

	 16.	 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, 
Grossman W, Balmes JR, Yeghiazarians Y (2008) Brief secondhand 
smoke exposure depresses endothelial progenitor cells activity and 
endothelial function: sustained vascular injury and blunted nitric 
oxide production, J. Am. Coll. Cardiol., 51, 1760–1771.

	 17.	 Amabile N, Guerin AP, Leroyer A, Mallat Z, Nguyen C, Boddaert J, 
London GM, Tedgui A, Boulanger CM (2005) Circulating endothelial 
microparticles are associated with vascular dysfunction in patients 
with end-stage renal failure, J. Am. Soc. Nephrol., 16, 3381–3388.

	 18.	 Werner N, Wassmann S, Ahlers P, Kosiol S, Nickenig G (2006) 
Circulating CD31+/annexin V+ apoptotic microparticles correlate 
with coronary endothelial function in patients with coronary artery 
disease, Arterioscler. Thromb. Vasc. Biol., 26, 112–116.

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

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

	 21.	 Gonzalez-Quintero VH, Jimenez JJ, Jy W, Mauro LM, Hortman L, 
O’Sullivan MJ, Ahn Y (2003) Elevated plasma endothelial microparticles 
in preeclampsia, Am. J. Obstet. Gynecol., 189, 589–593.

	 22.	 VanWijk MJ, Nieuwland R, Boer K, van der Post JA, VanBavel E, Sturk A 
(2002) Microparticle subpopulations are increased in preeclampsia: 
possible involvement in vascular dysfunction? Am. J. Obstet. Gynecol., 
187, 450–456.

	 23.	 Boilard E, Nigrovic PA, Larabee K, Watts GF, Coblyn JS, Weinblatt 
ME, Massarotti EM, Remold-O’Donnell E, Farndale RW, Ware J, Lee 
DM (2010) Platelets amplify inflammation in arthritis via collagen-
dependent microparticle production, Science, 327, 580–583.

	 24.	 Brogan PA, Shah V, Brachet C, Harnden A, Mant D, Klein N, Dillon MJ 
(2004) Endothelial and platelet microparticles in vasculitis of the 
young, Arthritis Rheum., 50, 927–936.

	 25.	 Sellam J, Proulle V, Jungel A, Ittah M, Miceli Richard C, Gottenberg JE, 
Toti F, Benessiano J, Gay S, Freyssinet JM, Mariette X (2009) Increased 

References



408 Extracellular Vesicles in Cardiovascular Disease

levels of circulating microparticles in primary Sjogren’s syndrome, 
systemic lupus erythematosus and rheumatoid arthritis and relation 
with disease activity, Arthritis Res. Ther., 11, R156.

	 26.	 Combes V, Simon AC, Grau GE, Arnoux D, Camoin L, Sabatier F, Mutin 
M, Sanmarco M, Sampol J, Dignat-George F (1999) In vitro generation 
of endothelial microparticles and possible prothrombotic activity in 
patients with lupus anticoagulant, J. Clin. Invest., 104, 93–102.

	 27.	 Dignat-George F, Camoin-Jau L, Sabatier F, Arnoux D, Anfosso F, Bardin 
N, Veit V, Combes V, Gentile S, Moal V, Sanmarco M, Sampol J (2004) 
Endothelial microparticles: a potential contribution to the thrombotic 
complications of the antiphospholipid syndrome, Thromb. Haemost., 
91, 667–673.

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

	 29.	 Dasgupta SK, Le A, Chavakis T, Rumbaut RE, Thiagarajan P (2012) 
Developmental endothelial locus-1 (Del-1) mediates clearance of 
platelet microparticles by the endothelium, Circulation, 125, 1664–
1672.

	 30.	 Willekens FL, Werre JM, Kruijt JK, Roerdinkholder-Stoelwinder B, 
Groenen-Dopp YA, van den Bos AG, Bosman GJ, van Berkel TJ Liver 
(2005) Kupffer cells rapidly remove red blood cell-derived vesicles 
from the circulation by scavenger receptors, Blood, 105, 2141–2145.

	 31.	 Al Faraj A, Gazeau F, Wilhelm C, Devue C, Guerin CL, Pechoux C, Paradis 
V, Clement O, Boulanger CM, Rautou PE (2012) Endothelial cell-derived 
microparticles loaded with iron oxide nanoparticles: feasibility of MR 
imaging monitoring in mice, Radiology, 263, 169–178.

	 32.	 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, Leseche G, Boulanger C, Tedgui A, Mallat Z (2007) 
Lactadherin deficiency leads to apoptotic cell accumulation and 
accelerated atherosclerosis in mice, Circulation, 115, 2168–2177.

	 33.	 Feng D, Zhao WL, Ye YY, Bai XC, Liu RQ, Chang LF, Zhou Q, Sui SF (2010) 
Cellular internalization of exosomes occurs through phagocytosis, 
Traffic, 11, 675–687.

	 34.	 Morel O, Jesel L, Freyssinet JM, Toti F (2011) Cellular mechanisms 
underlying the formation of circulating microparticles, Arterioscler. 
Thromb. Vasc. Biol., 31, 15–26.



409

	 35.	 Coleman ML, Sahai EA, Yeo M, Bosch M, Dewar A, Olson MF (2001) 
Membrane blebbing during apoptosis results from caspase-mediated 
activation of ROCK I, Nat. Cell Biol., 3, 339–345.

	 36.	 Sebbagh M, Renvoize C, Hamelin J, Riche N, Bertoglio J, Breard J (2001) 
Caspase-3-mediated cleavage of ROCK I induces MLC phosphorylation 
and apoptotic membrane blebbing, Nat. Cell Biol., 3, 346–352.

	 37.	 Suzuki J, Umeda M, Sims PJ, Nagata S (2010) Calcium-dependent 
phospholipid scrambling by TMEM16F, Nature, 468, 834–838.

	 38.	 Dignat-George F, Boulanger CM (2011) The many faces of endothelial 
microparticles, Arterioscler. Thromb. Vasc. Biol., 31, 27–33.

	 39.	 Sapet C, Simoncini S, Loriod B, Puthier D, Sampol J, Nguyen C, 
Dignat-George F, Anfosso F (2006) Thrombin-induced endothelial 
microparticle generation: identification of a novel pathway involving 
ROCK-II activation by caspase-2, Blood, 108, 1868–1876.

	 40.	 Curtis AM, Wilkinson PF, Gui M, Gales TL, Hu E, Edelberg JM (2009) 
p38 mitogen-activated protein kinase targets the production of 
proinflammatory endothelial microparticles, J. Thromb. Haemost., 7, 
701–709.

	 41.	 Simoncini S, Njock MS, Robert S, Camoin-Jau L, Sampol J, Harle JR, 
Nguyen C, Dignat-George F, Anfosso F (2009) TRAIL/Apo2L mediates 
the release of procoagulant endothelial microparticles induced by 
thrombin in vitro: a potential mechanism linking inflammation and 
coagulation, Circ. Res., 104, 943–951.

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

	 43.	 Martinez de Lizarrondo S, Roncal C, Calvayrac O, Rodriguez C, Varo 
N, Purroy A, Lorente L, Rodriguez JA, Doeuvre L, Hervas-Stubbs 
S, Angles-Cano E, Paramo JA, Martinez-Gonzalez J, Orbe J (2012) 
Synergistic effect of thrombin and CD40 ligand on endothelial matrix 
metalloproteinase-10 expression and microparticle generation in vitro 
and in vivo, Arterioscler. Thromb. Vasc. Biol., 32, 1477–1487.

	 44.	 Burger D, Montezano AC, Nishigaki N, He Y, Carter A, Touyz RM (2011) 
Endothelial microparticle formation by angiotensin II is mediated via 
Ang II receptor type I/NADPH oxidase/ Rho kinase pathways targeted 
to lipid rafts, Arterioscler. Thromb. Vasc. Biol., 31, 1898–1907.

	 45.	 Wang JM, Wang Y, Huang JY, Yang Z, Chen L, Wang LC, Tang AL, Lou 
ZF, Tao J (2007) C-reactive protein-induced endothelial microparticle 

References



410 Extracellular Vesicles in Cardiovascular Disease

generation in HUVECs is related to BH4-dependent NO formation, J. 
Vasc. Res., 44, 241–248.

	 46.	 Gauley J, Pisetsky DS (2010) The release of microparticles by RAW 
264.7 macrophage cells stimulated with TLR ligands, J. Leukocyte Biol., 
87, 1115–1123.

	 47.	 Li M, Yu D, Williams KJ, Liu ML (2010) Tobacco smoke induces the 
generation of procoagulant microvesicles from human monocytes/
macrophages, Arterioscler. Thromb. Vasc. Biol., 30, 1818–1824.

	 48.	 Comfurius P, Senden JM, Tilly RH, Schroit AJ, Bevers EM, Zwaal RF 
(1990) 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, 1026, 153–160.

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

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

	 51.	 Barry OP, Pratico D, Savani RC, FitzGerald GA (1998) Modulation of 
monocyte-endothelial cell interactions by platelet microparticles, J. 
Clin. Invest., 102, 136–144.

	 52.	 Mesri M, Altieri DC (1998) Endothelial cell activation by leukocyte 
microparticles, J. Immunol., 161, 4382–4387.

	 53.	 Mesri M, Altieri DC (1999) Leukocyte microparticles stimulate 
endothelial cell cytokine release and tissue factor induction in a JNK1 
signaling pathway, J. Biol. Chem, 274, 23111–23118.

	 54.	 Nomura S, Tandon NN, Nakamura T, Cone J, Fukuhara S, Kambayashi 
J (2001) High-shear-stress-induced activation of platelets and 
microparticles enhances expression of cell adhesion molecules in 
THP-1 and endothelial cells, Atherosclerosis, 158, 277–287.

	 55.	 Soleti R, Benameur T, Porro C, Panaro MA, Andriantsitohaina R, 
Martinez MC (2009) Microparticles harboring Sonic Hedgehog 
promote angiogenesis through the upregulation of adhesion proteins 
and proangiogenic factors, Carcinogenesis, 30, 580–588.

	 56.	 Huber J, Vales A, Mitulovic G, Blumer M, Schmid R, Witztum JL, Binder 
BR, Leitinger N (2002) Oxidized membrane vesicles and blebs from 



411

apoptotic cells contain biologically active oxidized phospholipids that 
induce monocyte-endothelial interactions, Arterioscler. Thromb. Vasc. 
Biol., 22, 101–107.

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

	 58.	 Vasina EM, Cauwenberghs S, Feijge MA, Heemskerk JW, Weber C, 
Koenen RR (2011) Microparticles from apoptotic platelets promote 
resident macrophage differentiation, Cell Death Dis., 2, e211.

	 59.	 Huo Y, Schober A, Forlow SB, Smith DF, Hyman MC, Jung S, Littman 
DR, Weber C, Ley K (2003) Circulating activated platelets exacerbate 
atherosclerosis in mice deficient in apolipoprotein E, Nat. Med., 9, 61–
67.

	 60.	 Leroyer AS, Isobe H, Leseche G, Castier Y, Wassef M, Mallat Z, Binder 
BR, Tedgui A, Boulanger CM (2007) Cellular origins and thrombogenic 
activity of microparticles isolated from human atherosclerotic plaques, 
J. Am. Coll. Cardiol., 49, 772–777.

	 61.	 Leroyer AS, Rautou PE, Silvestre JS, Castier Y, Leseche G, Devue C, 
Duriez M, Brandes RP, Lutgens E, Tedgui A, Boulanger CM (2008) CD40 
ligand+ microparticles from human atherosclerotic plaques stimulate 
endothelial proliferation and angiogenesis a potential mechanism for 
intraplaque neovascularization, J. Am. Coll. Cardiol., 52, 1302–1311.

	 62.	 Mayr M, Grainger D, Mayr U, Leroyer AS, Leseche G, Sidibe A, Herbin 
O, Yin X, Gomes A, Madhu B, Griffiths JR, Xu Q, Tedgui A, Boulanger 
CM (2009) Proteomics, metabolomics, immunomics on microparticles 
derived from human atherosclerotic plaques, Circ. Cardiovasc. Genet., 
2, 379–388.

	 63.	 Thery C, Duban L, Segura E, Veron P, Lantz O, Amigorena S (2002) 
Indirect activation of naive CD4+ T cells by dendritic cell-derived 
exosomes, Nat. Immunol., 3, 1156–1162.

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

	 65.	 Canault M, Leroyer AS, Peiretti F, Leseche G, Tedgui A, Bonardo B, 
Alessi MC, Boulanger CM, Nalbone G (2007) Microparticles of human 
atherosclerotic plaques enhance the shedding of the tumor necrosis 
factor-alpha converting enzyme/ADAM17 substrates, tumor necrosis 

References



412 Extracellular Vesicles in Cardiovascular Disease

factor and tumor necrosis factor receptor-1, Am. J. Pathol., 171, 1713–
1723.

	 66.	 Rautou PE, Leroyer AS, Ramkhelawon B, Devue C, Duflaut D, Vion 
AC, Nalbone G, Castier Y, Leseche G, Lehoux S, Tedgui A, Boulanger 
CM (2011) Microparticles from human atherosclerotic plaques 
promote endothelial ICAM-1-dependent monocyte adhesion and 
transendothelial migration, Circ. Res., 108, 335–343.

	 67.	 Liu ML, Scalia R, Mehta JL, Williams KJ (2012) Cholesterol-induced 
membrane microvesicles as novel carriers of damage-associated 
molecular patterns: mechanisms of formation, action, detoxification, 
Arterioscler. Thromb. Vasc. Biol., 32(9), 2113–2121.

	 68.	 Hoyer FF, Giesen MK, Franca C, Lutjohann D, Nickenig G, Werner 
N (2012) Monocytic microparticles promote atherogenesis by 
modulating inflammatory cells in mice, J. Cell Mol. Med., 16(11), 2777–
2788.

	 69.	 Dashevsky O, Varon D, Brill A (2009) Platelet-derived microparticles 
promote invasiveness of prostate cancer cells via upregulation of 
MMP-2 production, Int. J. Cancer, 124, 1773–1777.

	 70.	 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 (2007) Activation of plasminogen into plasmin at the surface 
of endothelial microparticles: a mechanism that modulates angiogenic 
properties of endothelial progenitor cells in vitro, Blood, 110, 2432–
2439.

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

	 72.	 Zakharova L, Svetlova M, Fomina AF (2007) T cell exosomes induce 
cholesterol accumulation in human monocytes via phosphatidylserine 
receptor, J. Cell Physiol., 212, 174–181.

	 73.	 Escrevente C, Morais VA, Keller S, Soares CM, Altevogt P, Costa J (2008) 
Functional role of N-glycosylation from ADAM10 in processing, 
localization and activity of the enzyme, Biochim. Biophys. Acta, 1780, 
905–913.

	 74.	 Biro E, Sturk-Maquelin KN, Vogel GM, Meuleman DG, Smit MJ, Hack 
CE, Sturk A, Nieuwland R (2003) Human cell-derived microparticles 
promote thrombus formation in vivo in a tissue factor-dependent 
manner, J. Thromb. Haemost., 1, 2561–2568.

	 75.	 Chou J, Mackman N, Merrill-Skoloff G, Pedersen B, Furie BC, Furie 
B (2004) Hematopoietic cell-derived microparticle tissue factor 



413

contributes to fibrin formation during thrombus propagation, Blood, 
104, 3190–3197.

	 76.	 Donadee C, Raat NJ, Kanias T, Tejero J, Lee JS, Kelley EE, Zhao X, Liu C, 
Reynolds H, Azarov I, Frizzell S, Meyer EM, Donnenberg AD, Qu L, Triulzi 
D, Kim-Shapiro DB, Gladwin MT (2011) Nitric oxide scavenging by red 
blood cell microparticles and cell-free hemoglobin as a mechanism for 
the red cell storage lesion, Circulation, 124, 465–476.

	 77.	 Rautou PE, Bresson J, Sainte-Marie Y, Vion AC, Paradis V, Renard JM, 
Devue C, Heymes C, Letteron P, Elkrief L, Lebrec D, Valla D, Tedgui A, 
Moreau R, Boulanger CM (2012) Abnormal plasma microparticles 
impair vasoconstrictor responses in patients with cirrhosis, 
Gastroenterology, 143, 166–176, e166.

	 78.	 Amabile N, Guerin AP, Tedgui A, Boulanger CM, London GM (2012) 
Predictive value of circulating endothelial microparticles for 
cardiovascular mortality in end-stage renal failure: a pilot study, 
Nephrol. Dial. Transplant., 27, 1873–1880.

	 79.	 Gambim MH, do Carmo Ade O, Marti L, Verissimo-Filho S, Lopes LR, 
Janiszewski M (2007) Platelet-derived exosomes induce endothelial 
cell apoptosis through peroxynitrite generation: experimental 
evidence for a novel mechanism of septic vascular dysfunction, Crit 
Care, 11, R107.

	 80.	 Gasser O, Schifferli JA (2004) Activated polymorphonuclear neutrophils 
disseminate anti-inflammatory microparticles by ectocytosis, Blood, 
104, 2543–2548.

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

	 82.	 Koppler B, Cohen C, Schlondorff D, Mack M (2006) Differential 
mechanisms of microparticle transfer toB cells and monocytes: anti-
inflammatory propertiesof microparticles, Eur J. Immunol., 36, 648–
660.

	 83.	 Angelillo-Scherrer A (2012) Leukocyte-derived microparticles in 
vascular homeostasis, Circ. Res., 110, 356–369.

	 84.	 Leroyer AS, Ebrahimian TG, Cochain C, Recalde A, Blanc-Brude O, 
Mees B, Vilar J, Tedgui A, Levy BI, Chimini G, Boulanger CM, Silvestre 
JS (2009) Microparticles from ischemic muscle promotes postnatal 
vasculogenesis, Circulation, 119, 2808–2817.

	 85.	 Deregibus MC, Cantaluppi V, Calogero R, Lo Iacono M, Tetta C, Biancone 
L, Bruno S, Bussolati B, Camussi G (2007) Endothelial progenitor cell 

References



414 Extracellular Vesicles in Cardiovascular Disease

derived microvesicles activate an angiogenic program in endothelial 
cells by a horizontal transfer of mRNA, Blood, 110, 2440–2448.

	 86.	 Lai RC, Arslan F, Lee MM, Sze NS, Choo A, Chen TS, Salto-Tellez M, 
Timmers L, Lee CN, El Oakley RM, Pasterkamp G, de Kleijn DP, Lim 
SK (2010) Exosome secreted by MSC reduces myocardial ischemia/
reperfusion injury, Stem Cell Res., 4, 214–222.

	 87.	 Vrijsen KR, Sluijter JP, Schuchardt MW, van Balkom BW, Noort WA, 
Chamuleau SA, Doevendans PA (2010) Cardiomyocyte progenitor cell-
derived exosomes stimulate migration of endothelial cells, J. Cell Mol. 
Med, 14, 1064–1070.

	 88.	 Sahoo S, Klychko E, Thorne T, Misener S, Schultz KM, Millay M, Ito 
A, Liu T, Kamide C, Agrawal H, Perlman H, Qin G, Kishore R, Losordo 
DW (2011) Exosomes from human CD34(+) stem cells mediate their 
proangiogenic paracrine activity, Circ. Res., 109, 724–728.

	 89.	 Mackie AR, Klyachko E, Thorne T, Schultz KM, Millay M, Ito A, Kamide 
CE, Liu T, Gupta R, Sahoo S, Misener S, Kishore R, Losordo DW (2012) 
Sonic Hedgehog-Modified Human CD34+ Cells Preserve Cardiac 
Function After Acute Myocardial Infarction, Circ. Res., 111, 312–321.

	 90.	 Boing AN, Hau CM, Sturk A, Nieuwland R (2008) Platelet microparticles 
contain active caspase 3, Platelets, 19, 96–103.

	 91.	 Abid Hussein MN, Boing AN, Sturk A, Hau CM, Nieuwland R (2007) 
Inhibition of microparticle release triggers endothelial cell apoptosis 
and detachment, Thromb. Haemost., 98, 1096–1107.

	 92.	 Abid Hussein MN, Nieuwland R, Hau CM, Evers LM, Meesters EW, Sturk 
A (2005) Cell-derived microparticles contain caspase 3 in vitro and in 
vivo, J. Thromb. Haemost., 3, 888–896.

	 93.	 Jansen F, Yang X, Hoyer FF, Paul K, Heiermann N, Becher MU, Hussein 
NA, Kebschull M, Bedorf J, Franklin BS, Latz E, Nickenig G, Werner N 
(2012) Endothelial microparticle uptake in target cells is annexin i/
phosphatidylserine receptor dependent and prevents apoptosis, 
Arterioscler. Thromb. Vasc. Biol., 32, 1925–1935.

	 94.	 Mastronardi ML, Mostefai HA, Soleti R, Agouni A, Martinez MC, 
Andriantsitohaina R (2011) Microparticles from apoptotic monocytes 
enhance nitrosative stress in human endothelial cells, Fundam. Clin. 
Pharmacol., 25, 653–660.

	 95.	 Hunter MP, Ismail N, Zhang X, Aguda BD, Lee EJ, Yu L, Xiao T, Schafer 
J, Lee ML, Schmittgen TD, Nana-Sinkam SP, Jarjoura D, Marsh CB 
(2008) Detection of microRNA expression in human peripheral blood 
microvesicles, PLOS ONE, 3, e3694.

	 96.	 Eldh M, Ekstrom K, Valadi H, Sjostrand M, Olsson B, Jernas M, Lotvall J 
(2010) Exosomes communicate protective messages during oxidative 
stress, possible role of exosomal shuttle RNA, PLOS ONE, 5, e15353.



415

	 97.	 Diehl P, Fricke A, Sander L, Stamm J, Bassler N, Htun N, Ziemann M, 
Helbing T, El-Osta A, Jowett JB, Peter K (2012) Microparticles: major 
transport vehicles for distinct microRNAs in circulation, Cardiovasc. 
Res., 93, 633–644.

	 98.	 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 (2009) Delivery of microRNA-126 by apoptotic 
bodies induces CXCL12-dependent vascular protection, Sci. Signal, 2, 
ra81.

	 99.	 Hergenreider E, Heydt S, Treguer K, Boettger T, Horrevoets AJ, Zeiher 
AM, Scheffer MP, Frangakis AS, Yin X, Mayr M, Braun T, Urbich C, Boon 
RA, Dimmeler S (2012) Atheroprotective communication between 
endothelial cells and smooth muscle cells through miRNAs, Nat. Cell 
Biol., 14, 249–256.

	100.	 Kagawa H, Nomura S, Nagahama M, Ozaki Y, Fukuhara S (1999) Effect 
of ticlopidine on platelet-derived microparticles in patients with 
connective tissue diseases, Haemostasis, 29, 255–261.

	101.	 Shouzu A, Nomura S, Omoto S, Hayakawa T, Nishikawa M, Iwasaka T 
(2004) Effect of ticlopidine on monocyte-derived microparticles and 
activated platelet markers in diabetes mellitus, Clin. Appl. Thromb. 
Hemost., 10, 167–173.

	102.	 Goto S, Tamura N, Li M, Handa M, Ikeda Y, Handa S, Ruggeri ZM (2003) 
Different effects of various anti-GPIIb-IIIa agents on shear-induced 
platelet activation and expression of procoagulant activity, J. Thromb. 
Haemost., 1, 2022–2030.

	103.	 Nomura S, Shouzu A, Omoto S, Nishikawa M, Iwasaka T (2005) Long-
term treatment with nifedipine modulates procoagulant marker and 
C-C chemokine in hypertensive patients with type 2 diabetes mellitus, 
Thromb. Res., 115, 277–285.

	104.	 Nomura S, Shouzu A, Omoto S, Nishikawa M, Iwasaka T (2005) 
Benidipine improves oxidized LDL-dependent monocyte and 
endothelial dysfunction in hypertensive patients with type 2 diabetes 
mellitus, J. Hum. Hypertens., 19, 551–557.

	105.	 Nomura S, Shouzu A, Omoto S, Nishikawa M, Iwasaka T (2004) Effects 
of losartan and simvastatin on monocyte-derived microparticles in 
hypertensive patients with and without type 2 diabetes mellitus, Clin. 
Appl. Thromb. Hemost., 10, 133–141.

	106.	 Nomura S, Inami N, Shouzu A, Omoto S, Kimura Y, Takahashi N, 
Tanaka A, Urase F, Maeda Y, Ohtani H, Iwasaka T (2009) The effects of 
pitavastatin, eicosapentaenoic acid and combined therapy on platelet-

References



416 Extracellular Vesicles in Cardiovascular Disease

derived microparticles and adiponectin in hyperlipidemic, diabetic 
patients, Platelets, 20, 16–22.

	107.	 Georgescu A, Alexandru N, Andrei E, Titorencu I, Dragan E, Tarziu 
C, Ghiorghe S, Badila E, Bartos D, Popov D (2012) Circulating 
microparticles and endothelial progenitor cells in atherosclerosis: 
pharmacological effects of irbesartan, J. Thromb. Haemost., 10, 680–
691.

	108.	 Tramontano AF, O’Leary J, Black AD, Muniyappa R, Cutaia MV, El-Sherif 
N (2004) Statin decreases endothelial microparticle release from 
human coronary artery endothelial cells: implication for the Rho-
kinase pathway, Biochem. Biophys. Res. Commun., 320, 34–38.

	109.	 Diamant M, Tushuizen ME, Abid-Hussein MN, Hau CM, Boing AN, 
Sturk A, Nieuwland R (2008) Simvastatin-induced endothelial cell 
detachment and microparticle release are prenylation dependent, 
Thromb. Haemost., 100, 489–497.

	110.	 Shimazu T, Inami N, Satoh D, Kajiura T, Yamada K, Iwasaka T, Nomura 
S (2009) Effect of acarbose on platelet-derived microparticles, soluble 
selectins, and adiponectin in diabetic patients, J. Thromb. Thrombolysis, 
28, 429–435.

	111.	 Gerrits AJ, Koekman CA, Yildirim C, Nieuwland R, Akkerman JW (2009) 
Insulin inhibits tissue factor expression in monocytes, J. Thromb. 
Haemost., 7, 198–205.

	112.	 Rossig L, Hoffmann J, Hugel B, Mallat Z, Haase A, Freyssinet JM, 
Tedgui A, Aicher A, Zeiher AM, Dimmeler S (2001) Vitamin C inhibits 
endothelial cell apoptosis in congestive heart failure, Circulation, 104, 
2182–2187.

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

	114.	 Amabile N, Heiss C, Chang V, Angeli FS, Damon L, Rame EJ, McGlothlin D, 
Grossman W, De Marco T, Yeghiazarians Y (2009) Increased CD62e(+) 
endothelial microparticle levels predict poor outcome in pulmonary 
hypertension patients, J. Heart Lung Transplant., 28, 1081–1086.

	115.	 Kuwabara Y, Ono K, Horie T, Nishi H, Nagao K, Kinoshita M, Watanabe 
S, Baba O, Kojima Y, Shizuta S, Imai M, Tamura T, Kita T, Kimura T 
(2011) Increased microRNA-1 and microRNA-133a levels in serum of 
patients with cardiovascular disease indicate myocardial damage, Circ. 
Cardiovasc. Genet., 4, 446–454.

	116.	 Lai RC, Tan SS, Teh BJ, Sze SK, Arslan F, de Kleijn DP, Choo A, Lim 
SK (2012) Proteolytic Potential of the MSC exosome proteome: 



417

implications for an exosome-mediated delivery of therapeutic 
proteasome, Int. J. Proteomics, 2012, 971907.

	117.	 Chen TS, Arslan F, Yin Y, Tan SS, Lai RC, Choo AB, Padmanabhan J, Lee CN, 
de Kleijn DP, Lim SK (2011) Enabling a robust scalable manufacturing 
process for therapeutic exosomes through oncogenic immortalization 
of human ESC-derived MSCs, J. Transl. Med., 9, 47.

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

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

	120.	 Faure V, Dou L, Sabatier F, Cerini C, Sampol J, Berland Y, Brunet P, Dignat-
George F (2006) Elevation of circulating endothelial microparticles in 
patients with chronic renal failure, J. Thromb. Haemost., 4, 566–573.

	121.	 Vion AC, Ramkelawon B, Loyer X, Chironi G, Devue C, Loirand G, Tedgui 
A, Lehoux S, Boulanger CM (2012) Laminar shear stress decreases 
endothelial microparticles release by a nitric oxide- and ABCA1-
dependent mechanism, Arterioscler. Thromb. Vasc. Biol., 32, Abstract 
No. 208.

	122.	 Nomura S, Nakamura T, Cone J, Tandon NN, Kambayashi J (2000) 
Cytometric analysis of high shear-induced platelet microparticles and 
effect of cytokines on microparticle generation, Cytometry, 40, 173–
181.

	123.	 Stampfuss JJ, Censarek P, Fischer JW, Schror K, Weber AA (2006) Rapid 
release of active tissue factor from human arterial smooth muscle cells 
under flow conditions, Arterioscler. Thromb. Vasc. Biol., 26, e34–e37.

	124.	 Barry OP, Pratico D, Lawson JA, FitzGerald GA (1997) Transcellular 
activation of platelets and endothelial cells by bioactive lipids in 
platelet microparticles. J. Clin. Invest., 99, 2118–2127.

	125.	 Dale GL, Remenyi G, Friese P (2009) Tetraspanin CD9 is required for 
microparticle release from coated-platelets, Platelets, 20, 361–366.

	126.	 Chang CP, Zhao J, Wiedmer T, Sims PJ (1993) Contribution of platelet 
microparticle formation and granule secretion to the transmembrane 
migration of phosphatidylserine, J. Biol. Chem., 268, 7171–7178.

	127.	 Sekula M, Janawa G, Stankiewicz E, Stepien E (2011) Endothelial 
microparticle formation in moderate concentrations of homocysteine 
and methionine in vitro, Cell Mol. Biol. Lett., 16, 69–78.

References



418 Extracellular Vesicles in Cardiovascular Disease

	128.	 Olas B, Malinowska J, Rywaniak J (2010) Homocysteine and its 
thiolactone may promote apoptotic events in blood platelets in vitro, 
Platelets, 21, 533–540.

	129.	 Perez-Casal M, Downey C, Fukudome K, Marx G, Toh CH (2005) 
Activated protein C induces the release of microparticle-associated 
endothelial protein C receptor, Blood, 105, 1515–1522.

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

	131.	 Piguet PF, Vesin C, Da Kan C (2002) Activation of platelet caspases by 
TNF and its consequences for kinetics, Cytokine, 18, 222–230.

	132.	 Schecter AD, Spirn B, Rossikhina M, Giesen PL, Bogdanov V, Fallon JT, 
Fisher EA, Schnapp LM, Nemerson Y, Taubman MB (2000) Release of 
active tissue factor by human arterial smooth muscle cells, Circ. Res., 
87, 126–132.

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

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

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

	136.	 Essayagh S, Brisset AC, Terrisse AD, Dupouy D, Tellier L, Navarro C, 
Arnal JF, Sie P (2005) Microparticles from apoptotic vascular smooth 
muscle cells induce endothelial dysfunction, a phenomenon prevented 
by beta3-integrin antagonists, Thromb. Haemost., 94, 853–858.

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



17.1  General Introduction

Intercellular communication via vesicles has several clear advantages. 
First, the selective sorting of proteins, lipids, and ribonucleic acids 
(RNAs) into vesicles allows the transfer of unique combinations of 
multiple signaling molecules within one vehicle.1 Second, vesicles 
uniquely allow the intercellular transfer of transmembrane proteins. 
These proteins can be involved in adhesion, targeting, and/or 
signaling of the vesicle to the target cell. Third, cytosolic proteins 
and RNA present in the lumen of the vesicle are sequestered and 
thereby protected against degradation and shielded for unwanted 
collateral effects. Fourth, after their release into the extracellular 
space, vesicles can bind soluble factors from their environment, 
which can also be transferred to target cells. Finally, cell-derived 
vesicles not only can be targeted to cells in their direct environment 
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but can also reach target cells over longer distances via circulation in 
body fluids. Hence, the selective incorporation of different molecules 
into vesicles and the regulated release and targeting of vesicles 
ensure the timely spread of custom-made vehicles for intercellular 
communication.
	 Many, if not all, cell types can release vesicles, either constitutively 
or upon specific triggers.1,2 Vesicles derived from viable cells range 
in size between 50 nm and 1,000 nm and can be roughly divided 
into two groups, vesicles that are released into their environment 
after shedding from the plasma membrane and vesicles derived 
from endosomal compartments. Multivesicular bodies (MVBs) are 
late endosomal compartments that contain multiple intraluminal 
vesicles, which are formed through the inward budding of the 
limiting membrane of the MVBs. Once proteins are incorporated into 
intraluminal vesicles they can either be degraded, when the MVB 
fuses with lysosomes, or be released into the extracellular space when 
the MVB fuses with the plasma membrane.3 Both MVB pathways can 
be simultaneously operational in one cell.4 The intraluminal vesicles 
released in the extracellular space are generally referred to as 
exosomes.3 Exosomes have been described to be 50–150 nm in size 
and have a buoyant density in sucrose ranging between 1.10 g/mL 
and 1.19 g/mL.1,3 They contain endosomal proteins such as Tsg101 
and Alix and tetraspanins such as CD9 and CD63.1,3 Depending 
on their parental cell, exosomes can also carry cell-type-specific 
proteins such as major histocompatibility complex (MHC) II for 
dendritic cell (DC)-derived exosomes and the T-cell receptor (TCR) 
for T-cell-derived exosomes.5,6 DC- and T-cell-derived exosomes 
also carry a selective set of small RNAs, which differs from the RNA 
composition of their parental cells.7,8

	 Vesicles that are shed from the plasma membrane, which are 
often referred to as microvesicles, microparticles, or ectosomes, are 
very heterogeneous in size (50–1,000 nm).2,9 Plasma membrane–
derived vesicles are formed by budding at particular regions of 
the plasma membrane. Specific cytosolic and plasma membrane–
derived proteins can be sorted into or excluded from these buds.2 
In addition to the formation at MVBs, exosome biogenesis can also 
occur at specialized plasma membrane microdomains enriched in 
endosomal proteins, as was shown for T-cells.10 Although the exact 
mechanisms of protein sorting into different types of cell-derived 
vesicles have yet to be elucidated, cholesterol-rich microdomains 
are believed to be involved in this process.2,11 



421

	 The currently used classification of vesicles is mainly based 
on the cell type of origin or the presumed subcellular origin of 
the vesicle. This has resulted in a rather confusing nomenclature 
including terms such as “prostasomes,” “exosomes,” “microvesicles,” 
“microparticles,” “ectosomes,” and “shedding vesicles.” Although in 
theory these different vesicle types can be quite well defined on the 
basis of their (sub)cellular origin, once released in the extracellular 
space this classification is very difficult. First, endosomally derived 
vesicles and plasma membrane–derived vesicles can overlap 
in size and in buoyant density. Second, up to now there are no 
markers described that are exclusively present on one vesicle type. 
Consequently, it is not yet possible to phenotypically classify a 
released vesicle on the basis of its subcellular origin. Classification 
based on function is also complicated. The molecular composition 
of a released vesicle is dynamic and depends not only on the 
subcellular origin of the vesicle but also on the producing cell type 
and the activation status of these cells. Hence, the total population 
of released vesicles is heterogeneous and probably consists of a 
mixture of different vesicle types.12,13 
	 Extracellular vesicles can affect their target cells by signaling via 
receptor–ligand interactions,14 via modulatory lipids,15 or through 
transfer of regulatory (small) RNAs.16 Besides the molecular 
composition of the vesicles, the status of the target cell determines 
the functional outcome of the crosstalk between vesicles and target 
cells. Altogether, these different factors might explain the pleiotropic 
biological functions that have been described for extracellular 
vesicles.

17.1.1  Methods to Characterize Individual Vesicles and 
Vesicle Populations

The majority of the vesicles released by cells is smaller than 300 
nm.17,18 As a result, high-resolution imaging techniques, such as 
electron microscopy (EM) or atomic force microscopy (AFM) (see 
Chapter 9), are required to visualize individual nanosized vesicles. 
These high-resolution imaging techniques, however, are not suitable 
to study large numbers of vesicles needed to reliably characterize 
vesicle populations that are largely heterogeneous. 

General Introduction
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	 Techniques such as western blotting, proteomics, lipidomics, 
and transcriptomics have been used to characterize bulk isolates 
of entire vesicle populations. These techniques yield valuable 
information on the molecular composition at the level of the total 
vesicle population but are less suited to study the heterogeneity of 
vesicle populations. Detection of a certain molecule, for instance, 
will not reveal whether this molecule is present in all vesicles or 
uniquely expressed in a certain vesicle subset. More importantly, 
molecules characteristic for a small vesicle subset may be missed in 
such bulk-based approaches. Furthermore, the lack of “household” 
markers, which are constitutively sorted into vesicles, precludes 
reliable quantitative analysis of vesicles using bulk-based analysis 
techniques.
	 To analyze different vesicle types or subpopulations within a 
heterogeneous vesicle population, multiparameter, high-throughput 
analysis of individual vesicles is required. Nanoparticle tracking 
analysis (NTA) (see Chapter 11) allows accurate size determination 
of individual vesicles on the basis of their Brownian motion.19 
However, our recent data indicate that heterogeneously sized vesicle 
populations are difficult to quantify and characterize using NTA.
	 Flow cytometry is a powerful technique that can be used to 
combine high-throughput and multiparameter analysis of cells. 
However, since most conventional flow cytometers have a lower limit 
for light scatter detection of 300–500 nm, they are unable to detect 
nanosized vesicles.20 We have therefore developed a fluorescence-
based high-resolution flow cytometric method that can be used for 
quantitative and qualitative analysis of individual nanosized vesicles 
smaller than 300 nm.21,22 By using bright fluorescent labeling of 
vesicles, combined with reduced wide-angle light scattering on a 
high-end flow cytometer, this method is suitable for the analysis 
of vesicles down to ~70 nm in size. This high-resolution flow 
cytometric method allows multiparameter analysis of individual 
vesicles and can thus be used for the analysis of vesicle subsets 
within heterogeneous vesicle populations. NTA can complement the 
flow cytometry–based analysis of nanosized vesicles since with the 
latter method only relative and approximate size information can 
be obtained, whereas NTA measurements provide more accurate 
information on the absolute size of vesicles. The recent and future 
development of methods to analyze large numbers of individual 
vesicles will allow more insight into the physiological role of changes 
in the composition of both individual vesicles and vesicle subsets.
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17.2  T-Cell-Derived Vesicles

T-cells are key effector cells of the adaptive immune response 
and are also important in the regulation of B-cell and T-cell 
responses. CD4+ T-cells recognize their cognate peptide presented 
in the context of MHC II and provide help to enhance both humoral 
responses and cellular immunity mediated by CD8+ cytotoxic T-cells 
(CTL). Depending on numerous polarizing signals CD4+ T-cells can 
be skewed to many different functional subsets, such as Th1 cells, 
Th2 cells, Th17 cells, or regulatory T-cells.23 Each subset secretes 
different effector molecules and can actively regulate other T-cell 
subsets. Vesicles derived from T-cells might therefore differ in their 
molecular composition, depending on the T-cell subset they originate 
from. Remarkably, only a limited number of studies have focused on 
T-cell-derived vesicles. Due to large variations in the source of T-cells 
and exogenously applied stimuli in these studies, the molecular 
composition of the released vesicles is likely to vary substantially. 
Additionally, the use of different vesicle isolation procedures 
further complicates interstudy comparisons. Nevertheless, these 
studies show that vesicles derived from T-cells can be targeted to 
many different cell types and may induce a large range of immune 
modulatory effects (Fig. 17.1).
	 Table 17.1 gives an overview of the variation in parental T-cell 
sources, type, and duration of activation stimuli, vesicle isolation 
protocols, target cells, and functional assays that were used to study 
the role of T-cell-derived vesicles. In addition, the morphological 
and molecular characteristics of the different vesicle populations, 
as well as the methods used to characterize these vesicles, are 
listed in this table. As cellular sources of vesicles, primary T-cells, 
different T-cell clones and cell lines, such as Jurkat cells, were used. 
These cells were triggered to release vesicles by mitogens, such as 
phorbol myristate acetate (PMA) or phytohemagglutinin (PHA),24–30 

or (antibody-mimicked) cognate interactions with antigen-
presenting cells (APCs).6,12,26,29,31–33 T-cells were allowed to 
release vesicles for different time periods ranging from 1 h up to 
4 days.6,24,25,30,34 However, the release of T-cell-derived vesicles 
was mostly limited to 10–24 h of culture.6,12,26,29,31,33,35,36 In most 
studies, vesicles were isolated from cell culture supernatants by 
differential steps of centrifugation. Vesicle sedimentation was most 
often performed at 100,000 g, but in some studies lower g-forces, 

T-Cell-Derived Vesicles
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such as 15,000 g or 20,000 g, were used.27–29,32 Sedimentation at 
lower g-forces yields a vesicle population of larger or aggregated 
vesicles. Only three studies used density gradient floatation to 
further characterize the T-cell-derived vesicles.10,12,32 The size and 
composition of the isolated vesicles were determined by electron 
microscopy, western blotting, or flow cytometric analysis (of 
bead-associated vesicles). TCR/CD3 complexes, MHC I, CD2, and 
lymphocyte function-associated antigen 1 (LFA-1) were frequently 
detected on the surface of T-cell-derived vesicles. The proapoptotic 
protein Fas ligand (FasL) was also detected in multiple studies. For 
in vitro functional studies, isolated vesicles were incubated with 
different target cells, after which proliferation, cytokine production, 
and/or apoptosis induction were measured. For in vivo functional 
studies, mice were injected intravenously with isolated T-cell-
derived vesicles, after which tumor growth, killing of injected target 
cells, and the onset of diabetes were assessed (Table 17.1).

17.3  CD8+ T-Cell-Derived Vesicles

Activated CD8+ T-cells kill infected cells or tumor cells by releasing 
the contents of their secretory lysosomes in the synaptic cleft formed 
between the CD8+ T-cell and the target cell. Secretory lysosomes 
are late endosomal compartments that contain lethal components, 
such as perforin and granzymes. Interestingly, these secretory 
lysosomes also contain multiple nanosized intraluminal vesicles 
that carry TCR, CD3, CD8, and MHC I.34 Peters et al. were the first 
to describe the intracellular presence and release of CD8+ T-cell-
derived vesicles on the basis of elaborate EM studies.34 At that time, 
it was hypothesized that perforin and granzymes were released in 
a vesicle-mediated or vesicle-associated manner.37 The presence 
of CD3/TCR, CD8, and possibly other proteins on these nanosized 
vesicles was proposed to ensure unidirectional delivery of the lethal 
compounds to the target cell to avoid bystander damage.38 Later, the 
proapoptotic transmembrane protein FasL was identified on both 
the limiting membrane and nanosized intraluminal vesicles.39 On 
the basis of this subcellular origin FasL-bearing vesicles are often 
referred to as exosomes. The receptor of FasL, named Fas (or Fas 
receptor), is expressed on various immune and nonimmune cells. 
Binding of FasL to Fas triggers apoptosis of Fas-bearing cells.40 In 
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this perspective, it is likely that also FasL, present on CD8+ T-cell-
derived vesicles, is involved in the vesicle-mediated killing in the 
lytic synapse. It is unclear whether membrane-bound FasL can also 
be released via plasma membrane–derived vesicles. However, the 
sorting of FasL to late endosomal compartments avoids inactivation 
of FasL, which normally occurs at the cell surface through cleavage 
of FasL by metalloproteases.41 Hence, the sorting to the endosomal 
compartment and the subsequent release of exosomes ensure the 
delivery of active membrane-bound FasL to target cells. 
	 After the initial description of CD8+ T-cell-derived exosomes, 
the function of CD8+ T-cell-derived vesicles has been addressed 
by a few other groups. These studies focused on the total pool of 
vesicles released by CD8+ T-cells, which may be a mixture of plasma 
membrane–derived vesicles and exosomes.6,32,36 More importantly, 
the vesicles studied were isolated from cell culture supernatants and 
might therefore be different from the population of CD8+ effector 
vesicles released in the lytic synapse between CD8+ T-cells and target 
cells. Indeed, these studies demonstrated that CD8+ T-cell-derived 
vesicles released in culture supernatants have immune regulatory 
properties.

17.3.1  Immune-Suppressive Effect of CD8+ T-Cell-
Derived Vesicles

The immune-suppressive effect of CD8+ T-cell-derived vesicles 
became clear from a study that described that vesicles derived from 
ovalbumin (OVA)-OT-I CD8+ T-cells could inhibit CD8+ cytotoxic 
responses both in vitro and in vivo36 (Fig. 17.1). These vesicles 
blocked MHC I–OVA–peptide complexes on DCs, thereby reducing 
in vitro CD8+ proliferation without affecting CD4+ proliferation. 
Besides shielding of MHC I, these CD8+ T-cell-derived vesicles 
induced apoptosis of OVA-pulsed DCs, which could be prevented 
by incubating the vesicles with FasL-blocking antibodies before 
incubation with the DCs. Remarkably, despite the fact that the CD8+ 
T-cell-derived vesicles induced apoptosis of OVA-pulsed DCs, in 
vitro CD4+ T-cell proliferation remained unaffected in this study.36 
In vivo administration of the CD8+ T-cell-derived vesicles inhibited 
cytotoxic T-cell responses against OVA-expressing tumor cells. 
Furthermore, administration of vesicles from OT-I CD8+ T-cells were 
shown to be beneficial in a DCOVA-induced diabetes model, since they 
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inhibited the CD8+ T-cell-mediated killing of pancreatic beta cells.36 
Blocking of MHC I–peptide complexes and apoptosis induction via 
the Fas/FasL pathway have both been suggested to be involved in 
this process. It is, however, unclear whether one vesicle population 
released by activated OVA-specific CD8+ T-cells can perform either 
functions or that different subpopulations of vesicles are responsible 
for these effects.

17.3.2  Immune-Activating Effects of CD8+ T-Cell-Derived 
Vesicles

The immune-activating potential of CD8+ T-cell-derived vesicles 
became clear from a study describing increased antiviral properties 
of CD4+ T-cells after binding of CD8+ T-cell-derived vesicles32 (Fig. 
17.1). Both acute and chronically infected CD4+ T-cells showed 
increased suppression of human immunodeficiency virus-1 (HIV-1) 
replication in vitro upon binding of the CD8+ T-cell-derived vesicles. 
The poorly understood antiviral mechanism displayed by CD8+ 
T-cells remained unsolved for a long time, since it was attributed 
to a soluble protein (e.g., cytokine or chemokine). However, 
recently Tumne et al. proved that 15,000 g sedimented vesicles, 
but also isolated homogenized CD8+ T-cell membranes, were able 
to suppress HIV-1 replication.32 CD3+ MHC II+ vesicles enriched in 
tetraspanins were shown to be responsible for this effect. Although 
the cell culture supernatant from CD8+ T-cells was able to suppress 
HIV replication, cell-to-cell contact between CD8+ T-cells and HIV-1-
infected CD4+ T-cells was necessary for maximal inhibition of virus 
replication. This direct cell–cell contact may be a trigger for the CD8+ 
T-cell to release vesicles or allow more efficient targeting of vesicles 
to the CD4+ T-cell.

17.4  CD4+ T-Cell-Derived Vesicles

Similar to CD8+ T-cell-derived vesicles released in the lytic synapse 
between a CD8+ T-cell and a target cell,34 CD4+ T-cell-derived 
vesicles can be released in the immune synapse formed between 
a CD4+ T-cell and an APC.7 It has been demonstrated that cognate 
interaction between T-cells and APCs induces the directional release 
of micro-RNA (miRNA)-containing vesicles from the T-cell toward 
the interacting APC.7 These T-cell-derived vesicle-associated miRNAs 
were functionally transferred to the interacting APC.7 Besides the 
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direct targeting of T-cell-derived vesicles to the interacting APC, 
CD4+ T-cell-derived vesicles can also be isolated from the cell 
culture supernatant. In analogy with CD8+ T-cell-derived vesicles, 
these nondirectionally released vesicles can play a role in immune 
regulation via the targeting of bystander cells.

17.4.1  Immune-Suppressive Effects of CD4+ T-Cell-
Derived Vesicles

Vesicles released by either suppressive CD4+ T-cells or effector CD4+ 
T-cells can be involved in the down-regulation of immune responses, 
via interaction with other T-cells or DCs (Fig. 17.1). Similar to CD8+ 
T-cells, FasL and another apoptosis-inducing ligand, APO2L, are 
sorted to the MVBs of CD4+ T-cells.39 Upon activation, CD4+ T-cells 
can release APO2L/FasL-bearing vesicles through fusion of MVBs 
with the plasma membrane.24,25 These FasL-bearing vesicles can 
be targeted to nonactivated CD4+ T-cells and induce apoptosis in 
these cells,24 which may be a mechanism for dampening of immune 
responses. The fact that these vesicles were released within 1 h, well 
before their parental cells showed signs of activation-induced cell 
death, clearly distinguishes them from apoptotic blebs. 
	 Another type of immune cell that is targeted by CD4+ T-cell-
derived vesicles is the APC. Our group was the first to show that 
proteins derived from rat T-cells, such as TCR and MHC II (present 
on activated human and rat T-cells), were transferred to APCs in a 
vesicle-mediated manner.35 We showed that vesicles derived from 
anergic CD4+ T-cells, which can suppress T-cell responses similar 
to regulatory T-cells, could endow APCs with immune-suppressive 
properties. APCs incubated with these anergic T-cell-derived vesicles 
down-modulated CD4+ T-cell responses during subsequent antigen 
exposure.35 In contrast, vesicles from nonanergic T-cells did not 
change the T-cell stimulatory capacity of these APCs. The vesicles 
derived from anergic T-cells exhibited higher levels of MHC II, 
interleukin (IL)-2-Rα, and intracellular adhesion molecule-1 (ICAM-
1). It is, however, unclear whether these molecules are responsible 
for the immune-suppressive effect or for improved targeting of other 
immune-suppressive entities, for example, miRNAs.
	 More recently, it was shown that OVA-specific (OT-II) CD4+ 
T-cells release FasL-positive vesicles that can bind to OVA-pulsed 
DCs (DCOVA) in an MHC IIp/TCR- and ICAM-1/LFA-1-dependent 
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manner.33 DCOVA incubated with vesicles derived from OT-II CD4+ 
T-cells that had been activated via cognate interactions showed 
decreased capacity to induce proliferation of naive OT-II CD4+ 
T-cells in vitro. Immunization of mice with DCOVA in combination 
with OT-II CD4+ T-cell vesicles resulted in severely reduced numbers 
of OVA-specific CD8+ T-cells as compared to immunization with 
DCOVA alone or DCOVA together with vesicles from control ConA-
stimulated polyclonal CD4+ T-cells. Subsequent cytotoxicity assays 
demonstrated that in vivo administration of vesicles derived from 
OT-II CD4+ T-cells inhibit DCOVA-stimulated effector CD8+ cytotoxic 
responses.33 This effect could be either due to masking of MHC II–
peptide complexes on the DCOVA by vesicle-associated OVA-specific 
TCR, resulting in less efficient CD4+ T-cell-mediated help for CD8+ 
T-cells. Alternatively, vesicle-associated FasL could have led to 
apoptosis induction of Fas-expressing DCOVA. Although in vitro 
binding of the T-cell-derived vesicles to DCOVA could be blocked 
by anti-MHC II antibodies, it was not investigated whether either 
anti-MHC II or anti-FasL blocking could inhibit the described in 
vivo effects. Yet another study indicates that CD4+ T-cell-derived 
vesicles could be involved in suppression of immune responses via 
blocking of MHC–peptide complexes on DCs.31 DCs that acquired 
TCR molecules from OVA-specific CD4+ T-cells were shown to be less 
efficient in activating naive OVA-specific CD4+ T-cells, whereas their 
ability to prime OVA-specific CD8+ T-cells was unaffected. Addition of 
an excess of OVA peptide restored the capacity of TCR-bearing DCs to 
activate OVA-specific CD4+ T-cells. This suggests that transferred TCR 
complexes had masked the OVA-peptide-bearing MHC II molecules, 
thereby reducing their accessibility for CD4+ T-cells.31 Hence, these 
findings indicate that CD4+ T-cell derived vesicles could play a role in 
the antigen-specific dampening of immune responses. 

17.4.2  Enhancement of Immune Responses by CD4+ 
T-Cell-Derived Vesicles

Vesicles released by CD4+ T-cells have also been described to be 
involved in enhancement of immune responses, for example, via 
activation of innate monocytes and mast cells27–30 (Fig. 17.1). 
Incubation of human monocytes with vesicles derived from mitogen-
activated CD4+ T-cells induced the production of proinflammatory 
cytokines such as tumor necrosis factor-α (TNFα) and IL-1β.27,28,30 
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The vesicle-induced production of these cytokines could be inhibited 
by high-density lipoprotein (HDL) from human serum, whereas 
the release of other factors such as sIL-1Ra and CCL2 remained 
unaffected.27,28 Incubation of monocytes with 100–800 nm sized 
T-cell-derived vesicles was also shown to lead to the accumulation 
of cholesterol in the cytosol of these cells. This accumulation 
was thought to occur through the uptake of the cholesterol-rich 
vesicles by the monocytes and could be inhibited by blocking the 
phosphatidylserine (PS) receptor.30 Since both activated T-cells 
and monocytes are present in atherosclerotic plaques, it has been 
suggested that activated T-cell-derived vesicles may promote 
atherogenesis by inducing intracellular cholesterol accumulation 
in monocytes and creating a proinflammatory cytokine-rich 
environment.30 Whether HDL could plays a role in inhibiting this 
vesicle-mediated process remains to be elucidated.
	 When targeted to mast cells, vesicles derived from anti-CD3/
anti-CD28-activated T-cells caused degranulation and release of 
IL-8 and oncostatin M. These effects were also observed after 
incubation of mast cells with crude membrane fragments derived 
from these T-cells.29 Degranulation induced by activated T-cell-
derived vesicles was dose dependent and increased over time to 
almost 20% degranulation after 20 h, whereas incubation with 
vesicles from nonactivated T-cells led to less than 5% degranulation. 
This effect may be extracellular signal-regulated kinase (ERK) 
dependent, since vesicles from activated T-cells were shown to 
induce phosphorylation of ERK in mast cells and pretreatment of 
mast cells with an ERK inhibitor significantly reduced the ability of 
activated T-cell vesicles to induce mast cell degranulation.29 Since 
in these studies the T-cell-derived vesicles displayed similar activity 
as solubilized membranes and membrane fragments,27–30 it is not 
clear whether the described effects were mediated by a specifically 
released population of vesicles or by nonspecifically shed plasma 
membrane fragments. 

17.5  Assessing the Quality and Quantity of 
T-Cell-Derived Vesicles 

The studies described above show that T-cell-derived vesicles are 
targeted to various types of immune cells and can regulate immune 
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responses at distinct levels (Fig. 17.1). The broad spectrum of target 
cells and functions of these vesicles may be caused by differences 
in the molecular composition of vesicles released by functionally 
distinct T-cell subsets. Few studies have addressed the changes in 
the population of vesicles released by T-cells upon activation. On 
the basis of analyses of bulk isolates of T-cell-derived vesicles, it was 
suggested that TCR engagement is an important trigger for CD4+, 
and possibly also CD8+, T-cells to increase vesicle release.6,26 Using 
our flow cytometric method for detection and characterization of 
individual vesicles, we showed that CD4+ T-cells indeed released 
higher numbers of vesicles upon TCR triggering. Moreover, 
additional costimulatory signals via CD28 further increased the 
number of released vesicles.12 Using this technique, we also showed 
that the population of vesicles released by T-cells is heterogeneous 
and that T-cells differentially regulate the release of distinct vesicle 
subpopulations, depending on their activation status.12 
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Figure 17.1	 Targets and pleiotropic effects of T-cell-derived vesicles. This 
figure summarizes the immune cell targets and effects that 
have been described for vesicles derived from CD4+ and CD8+ 
T-cells. The effects summarized in this figure are observed in 
vitro unless indicated otherwise.

	 Hence, different vesicle populations within the total pool of 
vesicles might be targeted to distinct cell types and exert different 
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functions. To understand the pleiotropic effects of T-cell-derived 
vesicles it is therefore important to further unravel the triggers for 
the release of different vesicle subsets and to study their molecular 
composition and target cells. 

17.6  Dendritic Cell-Derived Vesicles

A key-player in immune regulation is the DC. In all tissues DCs 
constantly sample their environment and present peptides on 
MHC molecules, which can be recognized by T-cells bearing a 
TCR specific for this complex (cognate DC–T-cell interaction). DCs 
that are not activated by danger signals, for example, pathogens 
or tissue damage, are called immature DCs. Immature DCs do not 
induce effector T-cell responses and can play an important role in 
the maintenance of tolerance by inhibition of effector T-cells and/
or expansion of regulatory T-cells.42 Danger signals, such as the 
presence of bacterial-derived lipopolysaccharide (LPS), can induce 
DCs to mature and become efficient inducers of effector T- and 
B-cells.42,43 The interaction between mature DCs and CD4+ T-cells 
lies at the heart of the adaptive immune response and is crucial 
for efficient eradication of invading pathogens and maintenance of 
homeostasis.43 Consequently, the functional outcome of cognate DC–
T-cell interactions is tightly regulated and depends on the subtype 
and activation status of the cells engaged in this interaction. The 
balance between activation and tolerance is regulated via direct 
cell–cell interactions, secreted soluble factors, and released vesicles.
	 The first report on vesicle release by APCs came from Raposo 
et al.14 who described that B-cells could secrete vesicles containing 
MHC II. These vesicles were thought to amplify the antigen-
presenting capacity of APCs and were quickly recognized as 
potential therapeutic agents. As a consequence, both the triggers 
for release and the molecular composition of vesicles released by 
APCs have been studied far more extensively than T-cell-derived 
vesicles, and many excellent reviews have been written (see Refs. 
1 and 44 for examples). In this section we focus on vesicles derived 
from DCs, since these professional APCs are key to the initiation 
of immune responses. The proposed functions and immune target 
cells of DC-derived vesicles are summarized in Fig. 17.2. Various 
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studies indicate that vesicles derived from DCs can be targeted to 
CD4+ and CD8+ T-cells, DCs, and natural killer (NK) cells. The effects 
of DC-derived vesicles have been studied both in vitro and in vivo. 
Importantly, the composition and number of vesicles released by 
DCs depend on the activation (maturation) status of the parental 
cell and in turn determine how these vesicles modify the function of 
target cells. 
	 Both immature DCs and mature DCs release vesicles. It was 
originally postulated that LPS-matured DCs release two- to threefold 
less vesicles than immature DCs.5,45 This suggestion was based on 
Western blot detection of specific proteins and analysis of the total 
protein content of vesicle populations. However, a recent study and 
our own unpublished data, in which high-resolution flow cytometry 
and NTA were used for quantification of vesicles, indicate that 
LPS-matured DCs release approximate twofold more vesicles than 
nonactivated DCs.46 Importantly, we found that also during cognate 
DC–CD4+ T-cell interactions the release of DC-derived vesicles 
strongly increased, demonstrating a link between vesicle production 
and productive T-cell–DC interactions.4,21

	 Besides the number of released vesicles, also the molecular 
composition of DC-derived vesicles differs depending on the 
activation status of the parental cell. Vesicles derived from mature 
DCs were shown to contain higher levels of MHC class II, CD86, 
and ICAM-1 but lower levels of MFG-E8 compared to vesicles 
from immature DCs21,45 (unpublished data). Vesicles derived from 
immature and mature DCs also differ in their miRNA content.8 These 
data indicate that the release and cargo composition of DC-derived 
vesicles are regulated, which allows a timely spread of tailor-made 
messengers for intercellular communication. 
	 Vesicles derived from either immature or mature DCs were shown 
to be efficiently targeted to other DCs47,48 and to CD4+ T-cells.48,49 
However, the fate of the bound vesicles differs between these target 
cells. CD4+ T-cells capture DC vesicles via high-affinity LFA-1 and 
retain the recruited DC-derived vesicles at their cell surface for at 
least 24 h.4,48 This suggests that stable receptor–ligand interactions 
are formed between vesicle-associated membrane proteins and 
T-cell plasma membrane proteins. In addition to vesicle binding, 
these receptor–ligand interactions may be involved in signaling 
toward T-cells and modulation of their function. In contrast, DC-
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derived vesicles captured by DCs rapidly fuse with the plasma 
membrane or are endocytosed by these cells.8 Upon fusion with 
either the plasma membrane or the endosomal membrane, luminal 
contents of the vesicles, for example, miRNAs, can be released in the 
cytosol of DCs and can modulate DC functions.8 Consequently, the 
functional outcome of crosstalk between DC-derived vesicles and 
their target cells depends not only on the molecular composition of 
the vesicles but also on the target cell type. 

17.6.1  Immune-Activating Effects of DC-Derived 
Vesicles

17.6.1.1  Stimulation of CD4+ T-cells by DC-derived vesicles 

The presence of MHC molecules and costimulatory molecules on 
DC-derived vesicles sparked the idea that these vesicles could have 
a function in T-cell activation. Indeed several in vitro and in vivo 
studies demonstrated the T-cell-activating potential of these vesicles. 
In general mature DC-derived vesicles are more potent in vitro in 
inducing T-cell responses than vesicles derived from immature 
DCs.50 Immature DC-derived vesicles could only activate CD4+ T-cell 
clones weakly14,51 and were not able to stimulate naive CD4+ T-cells 
in vitro.47 However, activation of naive CD4+ T-cells could be induced 
when immature DC-derived vesicles were recruited by bystander 
DC.47,52 The presence of ICAM-1 on DC vesicles was critical for 
the ability of these vesicles to induce CD4+ T-cell proliferation and 
might be required for the efficient recruitment of these vesicles 
to bystander DCs.45 Activation of naive T-cells was stronger when 
immature DC-derived vesicles were recruited on mature bystander 
DCs versus immature bystander DCs.47,52 DC vesicles captured by 
MHC II–negative DCs could also induce naive CD4+ T-cell proliferation, 
indicating the functional transfer of MHC II–peptide complexes 
to the surface of bystander DCs47 (Fig. 17.2). On the other hand, 
immature DC vesicles captured by costimulation-deficient (CD80-/
CD86-deficient) bystander DCs were unable to induce proliferation 
of naive CD4+ T-cells.47 This indicates that, besides MHC II complexes 
on the DC vesicles, additional costimulatory molecules on the 
bystander DCs were required to activate naive CD4+ T-cells.45,47 

Dendritic Cell-Derived Vesicles
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	 In vivo, mature DC-derived vesicles injected into the footpath 
of mice were shown to bind to CD8α+ DCs present in the draining 
lymph nodes through LFA-1/ICAM-1 interactions. This allowed 
these CD8α+ DCs to prime naive CD4+ T-cells in vivo,45,53 leading 
to rapid rejection of male skin grafts in female mice in an antigen-
specific fashion45 (Fig. 17.2). 
	 Vesicles released by DCs can also induce humoral responses in 
vivo. Immunization of mice with vesicles from diphtheria toxoid 
(DT)-pulsed DCs induced primary immunoglobulin M (IgM) and 
IgG anti-DT responses in naive mice.54 Vesicles derived from mature 
DT-pulsed DCs showed an enhanced ability to induce primary IgG 
responses as compared to vesicles from immature DCs.54 Likewise, 
immunization with vesicles derived from whole protein (OVA)-
pulsed mature DCs were shown to elicit potent Th1 and B-cell 
responses in vivo.51 Whether the DC-derived vesicles eliciting strong 
humoral responses in vivo via DC targeting and/or B-cell targeting 
remains to be elucidated.
	 In conclusion these findings demonstrate that both immature 
and mature DC-derived vesicles can activate CD4+ T-cells but that 
the requirements with respect to the need for accessory DCs differ. 
Furthermore, DC-derived vesicle–induced activation of antigen-
experienced CD4+ T-cells is more easily achieved than priming of 
naive CD4+ T-cells. 

17.6.1.2  Stimulation of CD8+ T-cells by DC-derived vesicles

Similar to CD4+ T-cell activation, vesicles derived from mature antigen-
pulsed DCs are more potent inducers of CD8+ T-cell activation than 
immature DC-derived vesicles. Indeed, vesicles from both immature 
and mature antigen-pulsed DCs were able induce proliferation of 
antigen-experienced CD8+ T-cell clones in vitro.55 However, mature 
DC-derived vesicles induced a twofold higher proliferation of these 
CD8+ T-cell clones.55 Mature DC-derived vesicles loaded with viral 
peptides were also shown to induce interferon-γ (IFN-γ) production 
during recall responses of freshly isolated human CD8+ T-cells, 
whereas immature DC-derived vesicles were poor inducers of IFN-γ 
production.56 These studies indicate that antigen-experienced CD8+ 
T-cells can be directly activated by vesicles derived from antigen-
pulsed DCs without the requirement of bystander DCs (Fig. 17.2). 
In contrast, priming of naive CD8+ T-cells by DC-derived vesicles 
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requires recruitment of these vesicles onto bystander DCs.52 Both 
peptide-loaded immature and mature DC-derived vesicles could 
activate naive CD8+ T-cells upon transfer to bystander DC in vitro. In 
vivo, however, only mature DC-derived vesicles were able to promote 
the differentiation of naive CD8+ T-cells into CD8+ effector cells.52

	 In early studies, Zitvogel et al. showed that tumor-antigen-loaded 
DC-derived vesicles could promote antitumor CD8+ T-cell responses, 
which led to the rejection of established tumors in mice.57 On the 
basis of these results, clinical trials were initiated using vesicles 
derived from immature DCs pulsed with a tumor antigen.58 However, 
antitumor T-cell responses were not efficiently induced with these 
immature DC-derived vesicle-based vaccines. With the novel 
insights regarding the potency of activated DC-derived vesicles, a 
phase II clinical trial is currently ongoing based on vesicles derived 
from IFN-γ-activated DCs, which have enhanced immunostimulatory 
properties.59

	 Since DC-derived vesicles recruited by CD4+ T-cells remain 
at the cell surface for at least 24 h,4,48 the acquired MHC–peptide 
loaded complexes could be involved in antigen presentation to other 
T-cells.4,48 Indeed, it has been demonstrated that MHC–peptide 
complexes derived from vesicles released by OVA-protein-pulsed 
DCs can be presented in vitro by ConA-stimulated splenic CD4+ 
T-cells, thereby inducing OVA-specific CD8+ T-cell proliferation as 
potently as the peptide-pulsed DCs themselves.49 Vaccination of 
these DC vesicle–decorated CD4+ T-cells led to an increase in the 
number of OVA-specific CD8+ T-cells in the spleen of mice. The 
magnitude of this response was again comparable to vaccination 
with OVA peptide–pulsed DC, while injection of the OVA-pulsed DC-
derived vesicles alone induced only a slight increase in the number 
of OVA-specific CD8+ T-cells.49 It is, however, not clear whether the 
injected DC-derived vesicles were recruited to activated CD4+ T-cells 
in vivo and whether the decoration of CD4+ T-cells by DC-derived 
vesicles plays a physiological role in the stimulate of effector CD8+ 
T-cell responses in vivo.

17.6.1.3  Activation of NK cells through immature DC-derived 
vesicles

NK cells have also been identified as targets for DC-derived vesicles 
(Fig. 17.2). Vesicles from immature DCs can carry ligands for 
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NKp30 and NKG2D, two activating receptors of the NK cell.60,61 
Upon incubation with immature DC-derived vesicles, NK cells 
were activated, as was shown by the release of TNFα and IFN-γ.60 
This release was further increased in response to vesicles derived 
from heat shock–treated immature DCs.60 In vivo administration 
of immature DC-derived vesicles induced proliferation of NK cells 
in mice, which was dependent on vesicle-associated IL-15Rα and 
triggered NK cell–mediated cytotoxicity against tumor metastases 
in the lungs of mice.61 It has been postulated that the presence of 
IL-15Rα on the surface of human immature DC-derived vesicles can 
synergize the effect of soluble IL-15 on NK cell activation, possibly 
via “transpresentation” of IL-15 to NK cells. 

17.6.2  Immune-Suppressive Effects of DC-Derived 
Vesicles

DC-derived vesicles, especially those released by immature DCs, 
can also mediate immune-suppressive and/or tolerizing effects 
(Fig. 17.2). Although immature DC-derived vesicles can activate NK 
cells and induce minor levels of CD4+ T-cell proliferation, they are 
mainly thought to play a role in tolerance induction. The immune-
suppressive properties of immature DC-derived vesicles have 
primarily been investigated in vivo. It has been demonstrated that 
the administration of vesicles derived from immature DCs either 
before or after allograft transplantation can induce tolerance and 
thereby prolong allograft survival.62,63 The combined administration 
of an immune-suppressive drug (LF 15-0195) and donor DC-derived 
vesicles after transplantation significantly improved survival of 
cardiac allografts.62 Since LF can inhibit DC maturation in vivo, it 
has been proposed that donor vesicle-derived MHC complexes are 
presented by immature host DCs, thereby inducing donor-specific 
tolerance.62 In another study, pretreatment of rats with vesicles 
derived from immature donor DCs prolonged survival of intestinal 
grafts.63 Ex vivo analysis of splenic T-cells, derived from pretreated 
allograft recipients, showed higher levels of IL-10, lower levels of 
IFN-γ, and less proliferation in response to donor splenocytes as 
compared to allograft recipients that did not receive pretreatment. 
Additionally, total Foxp3 levels were higher in spleen homogenates 
from allograft recipients pretreated with donor DC-derived 
vesicles.63 Altogether these findings indicate that immature donor 
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DC-derived vesicles could be exploited to induce donor-specific 
tolerance in allograft transplantation.
	 In an experimental sepsis model, administration of immature 
DC-derived vesicles improved the clearance of apoptotic cells and 
reduced the release of sepsis-related cytokines, thereby significantly 
reducing mortality.64 The enhanced phagocytosis was abrogated by 
the inhibition of MFG-E8 before vesicle administration.65 In this 
model, immature DC-derived vesicles might provide a source of 
MFG-E8, which is a crucial component for the uptake of apoptotic 
cells. This could also explain why mature DC-derived vesicles, which 
contain lower levels of MFG-E821,50,64, did not show these beneficial 
effects.64

Immune
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Immune
activation

NK cell

CD4+

CD8+

CD4+

(45, 47, 52, 53, 57)

(14, 51)

(55, 56)
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(62, 63, 64)
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• Indirect antigen presentation to CD4+ and 
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Figure 17.2	 Targets and pleiotropic effects of DC-derived vesicles. This 
figure summarizes the main targets and effects of vesicles 
release by DCs on immune cells, both in vitro and in vivo.

	 In contrast to the strong immune-suppressive potential of 
immature DC-derived vesicles in the allograft transplantation and 
sepsis models, these vesicles could poorly interfere in already 
established immune responses, for example, collagen-induced 
arthritis.66 This suggests that immature DC-derived vesicles contain 
tolerogenic properties but that these can be overruled during strong 
immune activation. Thus, although immature DC-derived vesicles 
are interesting candidates to be used as therapeutic agents for the 
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treatment of diseases that require dampening of immune responses, 
the molecular composition of these vesicles should be optimized to 
retain the suppressive capacity in a primed environment. Several 
investigators tried to modify the molecular composition of these 
vesicles to increase their immune-suppressive properties. Robbins 
et al. generated tolerizing DCs by culturing them in the presence of 
recombinant IL-10 or by transducing them with vectors encoding IL-
10, IL-4, or FasL.67,68 Vesicles derived from these DCs could reduce 
in vitro proliferation in mixed lymphocyte reactions,67 as well as 
delayed-type hypersensitivity responses and collagen-induced 
arthritis in vivo.67 The potential of DC-derived vesicles to exert 
immune-suppressive functions, like their parental cell, and the fact 
that they are much more stable in circulation make them interesting 
therapeutic agents for the treatment of, for example, autoimmune 
diseases.

17.6.3  DC-Derived Vesicles as an Antigen Source

DC-derived vesicles can function as vehicles for the spreading of 
antigens. In many studies it is, however, unclear how an antigen is 
transferred to target cells via these vesicles and whether the antigen 
is further processed by the target cell. A first possibility is the 
functional transfer of MHC–peptide complexes or intact antigens to 
the surface of the target cell. This mechanism was illustrated by the 
ability of MHC II–negative DCs to stimulate CD4+ T-cell responses 
after recruitment of MHC II–bearing vesicles, so-called “cross 
dressing.”47 These vesicle-derived MHC II–peptide complexes can 
be presented at the target cell surface directly after vesicle binding 
or after fusion of the vesicle with the plasma membrane. Vesicle-
associated intact antigens exposed at the plasma membrane of the 
target cell can play a role in antigen presentation to B-cells.51,54 
Indeed, intact OVA protein on the surface of vesicles derived from 
mature DCs pulsed with OVA protein elicited production of OVA-
specific IgG upon injection in mice, whereas vesicles directly loaded 
with OVA peptides did not.51 However, vesicles derived from DCs 
pulsed with complete DT were also able to induce IgG responses, 
while no intact DT could be found in or on these vesicles.54 Hence 
the exact mechanism via which DC-derived vesicles transfer intact 
antigens and induce humoral responses remains to be elucidated. 
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Alternatively, the transferred antigens can be processed by the 
target cell for antigen (cross-) presentation.69 It was, for example, 
shown that DCs can process allogenic MHC-derived peptides 
transferred via vesicles and present these allopeptides via self-
MHC.69 Altogether, these findings demonstrate that DC-derived 
vesicles have a physiological role in antigen spreading.

17.7  DC- and CD4+ T-Cell-Derived Vesicles for 
the Balancing of Immune Responses

Intense crosstalk between DCs and CD4+ T-cells takes place during 
cognate interaction. This ensures a proper immune response to tackle 
infections and to prevent senescence and tumor development. These 
responses have to be strictly regulated to prevent immunopathology, 
autoimmune diseases, and chronic inflammation. Immune-
stimulatory and immune-suppressive events therefore need to be 
carefully balanced in ongoing immune responses. We propose that 
vesicles released by DCs and T-cells during cognate interaction 
participate in the balancing of immune responses (Fig. 17.3). 
During cognate interactions, DCs release higher numbers of MHC 
II–containing vesicles.4,21 These vesicles could amplify the antigen-
presenting capacity of the DCs, both by direct antigen presentation 
to T-cells and by indirect antigen presentation after recruitment 
on bystander DCs.47,51,52,55 Furthermore, the antigen-presenting 
capacity could be prolonged, since DC-derived vesicles can remain 
at the surface of CD4+ T-cells after T-cells and DCs have dissociated. 
However, whether or not this antigen spreading will have an 
immune-activating effect depends on both the maturation status 
of the parental DC and the cell type and activation or maturation 
status of the target cell. Besides the targeting to bystander DCs, 
activated T-cells can also efficiently bind DC-derived vesicles, 
thereby recruiting MHC II onto their surface.4,48 This may allow 
for T-cell-to-T-cell antigen presentation, which might lead to down-
regulation of immune responses.70,71 However, the recruitment 
of DC vesicles might also enable CD4+ T-cells to activate CD8+ 
T-cell responses.49 In addition to these active immune modulatory 
properties, the respective blocking of TCR and MHC II complexes by 

DC- and CD4+ T-Cell-Derived Vesicles for the Balancing of Immune Responses
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DCs and T-cell-derived vesicles could lead to suppression of immune 
responses.31,33,36 The passive blocking limits the number of available 
specific TCR and/or MHC–peptide complexes on the surface of the 
CD4+ T-cell and DCs, respectively. Finally, T-cells can release vesicles 
carrying FasL, which can induce apoptosis of both DCs and bystander 
T-cells and possibly also of other immune cells.24,25 

T cell

Dampening of 
immune responses

Enhancement of 
immune responses

• Spreading of antigen to immune-
activating bystander cells

• Prolonged binding and receptor 
signaling

• Transfer of luminal components 
(activating proteins or RNAs)• Spreading of antigen to immune-

suppressive bystander cells
• Apoptosis of DC and T cells

• Blocking of MHC or TCR complexes

• Suppression via receptor signaling

• Transfer of luminal components    
(inhibiting proteins or RNAs)

DC

Vesicle-
mediated 

effects

Figure 17.3	 DC- and CD4+ T-cell-derived vesicles for balancing of immune 
responses. DCs and CD4+ T-cells release vesicles that can 
have immune-activating and/or immune-suppressive effects. 
These vesicles contribute to the spreading of both activating 
and suppressive signals that are involved in the regulation of 
immune responses.

	 The studies discussed here clearly indicate that DC- and T-cell-
derived vesicles can play a major role in regulation of immune 
responses. The rapid expansion of this research field and the 
increasing interest in vesicle-mediated intercellular communication 
will catalyze progress in determining the physiological role and 
potential therapeutic applications of DC- and T-cell-derived vesicles.
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