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Background 

Microparticles are small cell-derived vesicles, presumed to range in size between 100 nm 

and 1000 nm, and released from the cell (plasma) membrane. The presence of cell-derived 

microparticles in blood was first observed by Chargaff et al. in 19461. He showed that 

‘plasma, freed from intact platelets, generates thrombin on recalcification and (that) the rate 

of this thrombin generation can be reduced by prior high-speed centrifugation of the 

plasma’. In 1967, Wolf et al. showed that high-speed centrifugation of platelet-free plasma 

resulted in a pellet, which triggered thrombin generation after recalcification of the plasma2. 

Originally, Wolf called this coagulant material “platelet dust”, which name was changed 

into microparticles by Crawford et al. in 19713.  

Especially since the 1990’s, the research on microparticles has increased 

tremendously. Nowadays, we know that probably all eukaryotic cell types, including blood 

cells such as platelets, monocytes, granulocytes, erythrocytes and endothelial cells, release 

microparticles. Furthermore, the occurrence of microparticles and other types of cell-

derived vesicles is not limited to blood, but they are also present in other human body 

fluids, such as cerebrospinal fluid4, synovial fluid5, urine6;7 and mother milk8. In these body 

fluids, microparticles coexist with cells in physiological and pathological conditions, but 

the numbers, cellular origin, composition and functions of the vesicles is different in health 

and disease. In this thesis the main focus is on the various functions of microparticles. 

Figure 1 gives an overview of the functions of microparticles. 

 

Figure 1. The various functions of microparticles. 
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1 Why do cells release microparticles? 

To answer the question why cells release microparticles, we may learn from bacteria. 

Gram-negative bacteria release the so-called outer membrane vesicles, containing 

signalling molecules, into the environment to facilitate the communication between 

bacteria9 and between bacteria and eukaryotic cells10-12. Furthermore, these outer membrane 

vesicles can contain bacterial virulence factors, e.g. cytolethal distending toxin, which can 

be delivered to (eukaryotic) host cells to kill these cells, thereby promoting bacterial 

survival10-12. Similarly, DNA-encoding virulence genes can be transferred to other 

bacteria9. Thus, outer membrane vesicles facilitate communication and promote bacterial 

survival.   

  

Waste management 

Cell-derived microparticles from eukaryotic cells, similar to the bacterial outer membrane 

vesicles, play a role in the protection against “stress” induced by either the environment 

(extracellular stress) or e.g. by accumulation of dangerous or redundant compounds within 

the cell (intracellular stress). For instance, platelets release C5b-9 complex-enriched 

microparticles upon incubation with the complement complex C5b-9, which can be 

considered as a form of extracellular stress, presumably to protect platelets from 

complement-induced lysis13. In addition, during incubation with cytostatic drugs cancer 

cells release microparticles containing elevated concentrations of these drugs compared to 

the cancer cells themselves14;15. This release of microparticles can be considered as a form 

of protection against intracellular stress. Furthermore, microparticles from healthy and 

viable endothelial cells contain caspase-3, which is one of the main executioner enzymes of 

programmed cell death (apoptosis)16. Since endothelial cells contain no detectable amounts 

of caspase-3 but only the inactive proenzym, procaspase-3, we hypothesized that the 

potentially dangerous caspase-3 is continuously removed from the endothelial cells via the 

release of caspase-3 containing microparticles16. If so, then microparticles may indeed act 

like “garbage cans”. Whether the release of caspase-3 containing microparticles contributes 

to cellular survival was investigated in Chapter 2 of this thesis.  

Caspase-3 is known to promote membrane blebbing by cleavage of several kinases, 

including Rho-associated Coiled Coil Kinase 1 (ROCK1). Cleavage of ROCK1 results in 
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the formation of a constitutively active ROCK1, which in turn facilitates myosin light chain 

phosphorylation and thus membrane blebbing17. Whether caspase-3 contributes not only to 

membrane blebbing but also to the subsequent release of microparticles was investigated in 

Chapter 3 of this thesis. In Chapter 4 we investigated whether microparticles from 

platelets, i.e. a-nucleated cells that per definition can not undergo full apoptosis including 

nuclear DNA fragmentation, contain caspase-3.  

 

Exchange of genetic information   

Recently, microvesicles (a term used to describe microparticles plus exosomes, particles in 

the presumed size range of 10 – 100 nm and released from the cell when their 

multivesicular bodies fuse with the outer cell membrane) were shown to contain mRNA 

and microRNA’s. Valadi et al. showed that mRNA in microvesicles from murine mast cells 

could be transferred to, and expressed by, human mast cells18. Also, murine embryonic 

stem cells support self-renewal and expansion of adult stem cells by vesicle-mediated 

transfer of RNA19, and microvesicles from endothelial progenitor cells activate an 

angiogenic program in endothelial cells by the transfer of mRNA20. Thus, similar to 

vesicles from prokaryotes, the vesicles from eukaryotic cells are able to support the 

exchange of genetic information between cells. In the various studies, however, a clear 

distinction between the role of microparticles versus exosomes was not made, so it remains 

to be investigated which type of microvesicle actually performs those functions.  

 

Microparticles and angiogenesis 

Several studies have shown that microparticles promote or modulate angiogenesis. For 

instance, platelet microparticles containing important angiogenesis-promoting growth 

factors, including vascular endothelial growth factor (VEGF), basic fibroblast growth factor 

(bFGF) and platelet-derived growth factor (PGDF), induce angiogenesis in vitro and in 

vivo21;22. In contrast, endothelial microparticles impair angiogenesis at high 

concentrations23, although the precise underlying mechanisms were not investigated in that 

study.  

As mentioned, one of the important growth factor in angiogenesis is VEGF. VEGF 

is produced by several organs and cells, and during pregnancies VEGF is also produced by 
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1 the placenta. VEGF present in plasma can bind to VEGFR-1 (fms-like tyrosine kinase (Flt-

1)) and VEGFR-2 on endothelial cells, thereby triggering angiogenesis. The VEGF receptor 

Flt-1 can be spliced alternatively, leading to the secretion of soluble (s) Flt-1. When sFlt-1 

is present in plasma it will bind to VEGF, thereby lowering the concentration of plasma 

VEGF24. As a consequence, less VEGF will be available for the binding to VEGF receptors 

on endothelial cells, thus resulting in suppression of angiogenesis. In preeclamptic patients, 

the plasma levels of sFlt-1 are known to be elevated compared to women with normal 

pregnancies25. In Chapter 5, we investigated whether the elevated concentrations of sFlt-1 

are present as a truly “soluble” protein or whether sFlt-1 is also associated with 

microparticles in preeclamptic patients.   

 

Microparticles and inflammation 

Microparticles, generated in vitro and originating from various cell types, can stimulate the 

inflammatory process in several ways. They trigger the cellular production of a plethora of 

inflammatory mediators, such as interleukins, monocyt chemoattractant proteins (MCP) 1 

and 2, tumor-necrosis factor (TNF), and matrix degrading enzymes, by transferring water-

soluble second messengers26-29, and binding to specific adhesion receptors on cells30-33. The 

ability of microparticles to affect inflammation was supported by a study of Berckmans et 

al. He showed that microparticles from synovial fluid of patients with rheumatic arthritis 

induce the release of inflammatory mediators from autologous synovial fibroblasts in 

vitro34.  

Both inflammation and endothelial dysfunction play a role in development of 

preeclampsia, but the exact underlying mechanism behind the development of preeclampsia 

is unknown. Since microparticles of leukocytes are elevated in preeclamptic patients35, and 

leukocyte-derived microparticles induce inflammation in vitro and ex vivo, we investigated 

whether microparticles of preeclamptic patients affect the mRNA expression of a set of 

inflammation genes in human umbilical vein endothelial cells in Chapter 6.       

  

Microparticles and coagulation  

Microparticles are best known for their coagulant properties. They can expose negatively 

charged phospholipids36;37, which are essential for the binding of coagulation factors, 
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thereby promoting the formation of the intrinsic Factor X (FX) converting tenase complex 

(IXa and VIIIa)- and the FII (prothrombin) converting prothrombinase complex (Xa and 

Va). Platelet-derived microparticles are enriched in binding sites for activated factor V 

(FVa), FVIIIa and FIXa, and provide a suitable membrane surface to promote thrombin 

generation13;38.  

Apart from negatively charged phospholipids and thus binding sites for (activated) 

coagulation factors, microparticles can also expose tissue factor (TF). TF is a 45 kDa 

transmembrane protein, the main initiator of coagulation in vivo and is produced by various 

types of extravascular cells, including smooth muscle cells. Upon vascular damage, blood 

will contact the extravascular TF, resulting in (extrinsic) coagulation activation via 

activation of FX by the extrinsic tenase complex (TF, FVIIa). In plasma of healthy subjects, 

only very low amounts of TF (antigen) are detectable, and this TF can be present as a truly 

soluble (non-membrane bound) protein or associated with microparticles. Under 

pathological conditions, both endothelial cells, monocytes and possibly other leukocytes 

produce TF in response to endotoxin and other pro-inflammatory mediators, and this TF 

can be released from the cell surface on microparticles in vitro39-41.  

 

Microparticles and in vivo coagulation 

Previously, we demonstrated that pericardial (wound) blood from patients undergoing open 

heart surgery contains high numbers of microparticles exposing TF when compared to 

systemic blood samples from the same patients42. These pericardial microparticles triggered 

TF-dependent thrombin generation in vitro42, and were prothrombogenic in a rat venous 

stasis model in vivo43. In addition, we showed that high numbers of coagulant TF-exposing 

microparticles were present in blood from a patient suffering from meningococcal septic 

shock and disseminated intravascular coagulation, whereas a patient with meningococcal 

septic shock without disseminated intravascular coagulation lacked such microparticles44, 

suggesting that the presence of these TF-exposing microparticles is associated with 

(development of) disseminated intravascular coagulation in some patients. Furthermore, 

there is growing evidence that extrinsic coagulation activation and the development of 

venous thromboembolism in cancer patients is associated with the presence of TF-exposing 

microparticles that at least in part originate from the tumor45;46. Thus, TF-exposing 
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1 microparticles can be present in human blood and these microparticles are capable of 

triggering TF-dependent coagulation in vitro and in vivo43;46;47.  

The coagulant activity of TF is enhanced when negatively charged phospholipids 

such as phosphatidylserine (PS) or phosphatidylethanolamine (PE) are present48-52. Since 

nothing is known about the phospholipid composition of TF-exposing microparticles, and 

whether their phospholipid composition differs from non-TF-exposing microparticles, we 

investigated the phospholipid composition of TF-exposing microparticles from resting and 

activated endothelial cells, and their ability to trigger thrombus formation in vivo in 

Chapter 7.  

 

Indirect mechanisms of microparticle-induced coagulation 

As mentioned above, microparticles can directly initiate and facilitate the coagulation 

process by exposure of PS and/or TF (Figure 2A). In addition, microparticles may also 

affect coagulation more indirectly. Microparticles from activated platelets expose P-selectin 

which can bind to P-selectin glycoprotein ligand-1 (PSGL-1) on monocytes. This 

interaction triggers de novo synthesis of TF by monocytes (Figure 2B), and this TF is 

released from the cell on TF-exposing microparticles (Figure 2B)53;54. Furie and coworkers 

showed in a laser injury model that platelets adhere to the damaged vessel wall and then 

become activated. These activated platelets expose P-selectin, which in turn can capture 

circulating leukocyte-derived microparticles exposing PSGL-1 (from monocytes, but 

possibly also granulocytes) as well as TF. In this way, the circulating TF is thought to be 

delivered at the damaged vessel wall, where in turn this TF becomes coagulant and 

coagulation can be initiated (Figure 2C)55. 

 

Microparticles, TF and rafts  

Previously, del Conde et al. showed that TF-exposing microparticles released from 

monocytic cells fuse with platelets, thereby directly delivering TF to the platelet surface. In 

this manner, TF as the initiator of coagulation and the coagulation factors to be activated 

are brought together (Figure 2D)56. He hypothesized that TF-exposing microparticles 

originate from rafts, since they showed that the microparticles were enriched in raft-

associated proteins compared to their releasing cells56. The presence of TF in rafts, 
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however, is still debated by several investigators57;58. Therefore, in Chapter 8, we 

investigated whether TF is a raft associated protein in purified plasma membranes and 

whether TF-exposing microparticles contain rafts. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 gives an overview of the currently known effects of microparticles on the activation of the 
coagulation cascade. Arbitrarily, we distinguish direct (A) and indirect (B-D) mechanisms. First, 
figure A shows that microparticles from platelets (PMP) directly stimulate coagulation by exposing 
phosphatidylserine (PS;    ), which binds (activated) coagulation factors. In addition, microparticles 
from especially leukocytes and endothelial cells (LMP and EMP, respectively) can expose tissue 
factor (TF;    ), the initiator of the coagulation cascade in vivo. Second, figure B shows that 
coagulation can be initiated indirectly by PMP from activated platelets by binding to monocytes. 
These microparticles expose not only PS, but also P-selectin (        ) and are thus capable of binding 
to monocytes via P-selectin glycoprotein ligand-1 (PSGL-1;    ). This interaction upregulates the 
expression of TF in the monocyte (B). Subsequently, the TF-exposing monocytes release highly 
procoagulant TF-exposing microparticles (MMP; B). Third, another indirect mechanism of 
microparticle-induced coagulation has been proposed for thrombus formation in an endothelial 
injury model. Figure C shows that, upon endothelial injury, platelets adhere to the damaged vessel 
wall and become activated. Activated platelets expose PS and P-selectin. The latter can bind PSGL-1, 
which is exposed on circulating microparticles from monocytes. Since these microparticles also 
expose TF, TF becomes localized at the site of the thrombus to be formed, and coagulation can be 
initiated and propagated. Fourth, figure D shows that TF-exposing microparticles may fuse with the 
outer membranes from activated platelets, thereby delivering coagulant TF on the surface of the 
activated platelet. This delivery results in the ultimate co-localization of TF and coagulation factor 
complexes on the activated platelet surface, making platelets the mediator in the activation and 
propagation of the coagulation cascade. 
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1 Figure 2. Mechanisms of microparticle-induced coagulation. 
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TF and PDI 

TF can be present in two different conformational forms, a coagulant active form and a cell 

signalling active form, the latter lacking any coagulant activity. Protein disulfide isomerase 

(PDI) was shown to oxidize and reduce the disulfide bond between Cys186 and Cys209 in the 

extracellular domain of TF, thereby switching the function of TF from cell signalling to 

coagulation and vice versa59. Since then, the role of PDI in the regulation of the TF 

coagulant activity has been strongly debated, since it is still unclear whether PDI can reach 

the cysteins deep inside the TF-VIIa complex60. 

PDI is also present in microparticles. Microparticles from platelets contain PDI61. 

Whether or not PDI in microparticles can influence the coagulant activity of TF present on 

microparticles or even cells, however, is unknown. We investigated in Chapter 8 to which 

extent PDI and TF are present in rafts from microparticles.  

 

Alternatively spliced TF 

In 2003, an alternatively spliced (as) form of TF was described, which lacks the 

transmembrane domain due to a deletion which results in a frameshift and thus a peptide 

sequence different from TF. This asTF is produced by several cell types and organs, and is 

present in blood of healthy human individuals62. Initially, asTF was claimed to possess 

coagulant activity, which could not be confirmed in a more recent studie63. In Chapter 9, 

we investigated whether asTF is associated with microparticles and whether such asTF has 

any coagulant activity. 

 

Structure of the thesis 

The main question in this thesis is to establish whether and how microparticles balance 

cellular and environmental homeostasis. In Chapter 2, the question whether the release of 

microparticles from human umbilical endothelial cells contributes to cellular survival is 

investigated. In Chapter 3, caspase-3 deficient cells were transfected with caspase-3 

constructs to study the effects of these constructs on the release of microparticles and on the 

sorting of caspase-3 into these microparticles. To further investigate the presence of 

caspase-3 in microparticles, in Chapter 4 microparticles present in aging platelet 

concentrates were studied. 
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1 In Chapter 5, 6 and 7, various functions of microparticles were investigated. In 

Chapter 5 the extent of “soluble” VEGFR-1 (sFlt-1) association with microparticles in 

plasma from pregnant women suffering from preeclampsia was studied. In Chapter 6, the 

expression levels of inflammation-related genes were investigated in human endothelial 

cells in response to microparticles from preeclamptic patients, and in Chapter 7 the 

phospholipid composition and in vivo coagulant properties of TF-exposing microparticles 

from endothelial cells were studied.  

In Chapter 8, the presence of the coagulant and non-coagulant forms of TF in 

purified plasma membranes and microparticles was studied in detail, and their association 

with rafts and PDI. Finally, in Chapter 9 the question was addressed whether the 

alternatively spliced form of TF is associated with microparticles and whether this 

alternatively spliced form has any coagulant activity.       
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