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Preface 
 

 

Introduction 
The capacity of leukocytes to leave the blood stream and migrate into tissues is a critical feature 

of the immune system and essential in the defence against pathogens. The adhesion to and 

migration across an endothelial monolayer into the vessel wall are tightly regulated processes 
1
. 

The endothelial cells form a vital barrier between the blood and underlying tissue, and play a 

major role in the regulation of the endothelial permeability for plasma constituents and in 

leukocyte adhesion and transmigration 
2
. Upon inflammation, the endothelial cells produce 

cytokines and express adhesion molecules on their surface to activate and bind leukocytes. This 

initiates the multiple-step transmigration process (Figure 1) 
1
, starting with rolling, which 

triggers expression and activation of leukocyte integrins. Next, these integrins mediate firm 

adhesion, followed by transmigration across the endothelium. The transmigration of the 

leukocytes across the endothelial monolayer requires a collaboration of both cell types to 

preserve the barrier function of the endothelium. When leukocyte adhesion and transmigration 

are repressed, inflammation is not resolved, but extensive efflux of inflammatory cells will lead 

to chronic inflammation, and diseases such as atherosclerosis or rheumatoid arthritis may 

develop.   

 

 

 
 

 
 

Figure 1: Multi-step model of leukocyte (-platelet complex) extravasation. In the circulation platelet-leukocyte 

complexes can be formed upon platelet activation. At sites of inflammation, leukocytes are tethered to the vascular 

endothelial cells. The leukocytes then roll over the vessel wall, until they arrest and firmly adhere. Finally they 

spread and migrate between endothelial cells into the surrounding tissues, leaving the platelet on the endothelium.   
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The main function of blood platelets is primary haemostatic by facilitating coagulation upon 

vascular damage. However, platelets also play an important role in inflammation, by binding to 

and activating the endothelium, and forming a powerful substrate for leukocyte adhesion and 

activation 
3
. Activated platelets may also occur in the circulation, which can bind to circulating 

leukocytes and form platelet-leukocyte complexes (Figure 1) 
4
. Interaction of activated platelets 

with leukocytes leads to activation of these leukocytes 
5
, resulting in  increased adhesion 

capacities, as compared to platelet-free leukocytes 
6
. Mainly in patients with coronary artery 

diseases an increased number of these platelets-leukocyte complexes are observed 
7,8

. 

Altogether, it is hypothesized that the platelet-leukocyte complexes and especially platelet-

monocyte complexes (PMC) are pro-atherogenic. In particular, monocytes are very important in 

the development and progression of atherosclerosis. The differentiation of monocytes to 

macrophages upon transendothelial migration and the uptake of oxidized low-density 

lipoproteins in the vascular wall lead ultimately to foam-cell formation, a critical cell type in 

atherosclerosis progression 
9
. In conclusion, the functionalities of platelets, monocytes and, 

endothelial cells are interdependent and should be considered in concert to understand 

inflammation and related pathologies such as atherosclerosis.  

 
 

Scope of the thesis 
This thesis aims to gain more insight in leukocyte transmigration and endothelial barrier 

function influenced by platelet interactions.   

Chapter 1 presents an overview of the molecular mechanisms involved in the interactions 

between monocytes, platelets and endothelial cells. In this review we also address the potential 

consequences of these interactions, especially of the complex formation between monocytes 

and platelets, for the development of cardiovascular diseases.  

In Chapter 2 monocyte adhesion and transmigration towards the cytokine MCP-1 is studied, in 

particular concerning the role of the guanine exchange factor Epac in this process, since Epac 

has been reported to play a role in lymphocyte adhesion and motility 
10

. We measured the 

expression of the Epac1 protein in different subsets of leukocytes and demonstrate a function of 

the Epac1-Rap1 signalling pathway in monocyte adhesion and transmigration.  

Chapter 3 reports the influence of platelets on the monocyte adhesion and transmigration 

capacity. The binding of activated platelets to monocytes depends on the interaction between P-

selectin, expressed on activated platelets, and its counter-receptor P-selectin glycoprotein 

ligand-1 (PSGL-1), constitutively expressed on monocytes 
4
. This binding results in increased 

monocyte adhesion to endothelial cells 
6
. To better explain this increased adhesion, we studied 

the changes in integrin functionality upon platelet binding to monocytes, specifically via PSGL-

1. The platelet-monocyte complexes (PMC) not only adhere better, but also have an increased 

transmigration capacity. This was confirmed in Chapter 4, in which we continued to study the 

PMC transmigration. We focused on the fate of the platelet within these complexes, since 

platelets can have profound pro-inflammatory effects on the endothelium and the monocytes. 

The PMC dissociate upon transmigration of the monocytes and the platelets remain on the 

endothelium (Figure 1). In Chapter 4 the mechanism of this dissociation is unravelled. Next, in 

Chapter 5 we studied the potential consequences on the endothelial phenotype of platelet-

endothelial cell interactions via endothelial PSGL-1, because this protein, which is expressed on 

leukocytes, was recently found also to be expressed on endothelial cells 
11,12

. PSGL-1 mediates 
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cell-cell interactions by binding to P-selectin (expressed on endothelial cells and platelets), 

endothelial-expressed E-selectin or leukocyte-expressed L-selectin. However, it is unknown 

whether ligation of endothelial PSGL-1 induces signalling, as has been reported for leukocyte-

expressed PSGL-1 
5
. In Chapter 5, we show that PSGL-1 ligation, in contrast to its effect on 

leukocytes, seems to induce an anti-inflammatory phenotype in the endothelial cells.  

In Chapter 6 we investigated whether maternal human platelet-antigen alloantibodies (HPA-

1a), which induce neonatal alloimmune thrombocytopenia and bleedings, affect the 

endothelium barrier function. HPA-1a alloantibodies can bind to β3-integrin (CD61) on 

endothelial cells. We show that HPA-1a alloantibodies have a direct effect on endothelial cell 

spreading and monolayer integrity. This mechanism may contribute to the increased bleeding 

tendency in children with neonatal alloimmune thrombocytopenia. 

Finally in Chapter 7, the findings and conclusions of this thesis are summarized and discussed 

in the context of the current knowledge and possible interesting future research directions.  
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Abstract 
Platelets, monocytes and endothelial cells are the key players in development and progression 

of cardiovascular diseases. Monocyte adhesion to and transmigration across the vascular 

endothelium is promoted by direct and indirect interaction with platelets, as well as by platelet 

stimulation of the vascular wall. The consequences of these different interactions for the 

development of cardiovascular diseases are discussed. 
  

 

Introduction 
Cardiovascular diseases are worldwide the number one cause of death and are predicted to 

remain so. Atherosclerosis, the primary cause of cardiovascular disease, is a systemic 

inflammatory disease. The inflammatory nature of atherosclerosis involves chronic stimulation 

of the endothelial cells (EC) that line the intima, the innermost layer of the vascular wall, and 

an active inflammatory response characterized by the accumulation of inflammatory cells in the 

intima, thus initiating the atherogenic mechanism. In this overview we focus on the most 

important inflammatory cell in lesion development, the monocyte. The role of platelets in 

atherosclerosis was first only believed to be in thrombus formation upon rupture of the more 

developed atherosclerotic plaques. However, together with inflammatory cells, also platelets are 

now regarded as important players by connecting inflammatory responses, thrombosis and 

atherogenesis. Activated platelets, adhered to a damaged vessel wall or to the endothelium, 

have been shown to further promote local recruitment of leukocytes. Since monocyte adhesion 

to the vascular wall, transendothelial migration and differentiation towards macrophages are 

critical for the formation of atherosclerotic lesions, it is important to realize that these events are 

subject to regulation by platelet adhesion molecules and platelet-derived chemokines and 

cytokines. Finally, the binding of platelets to the endothelium further promotes chronic 

inflammation of the vascular wall. This review will focus on the molecular mechanisms 

involved in cell-cell interactions between monocytes, platelets and EC, and the consequences of 

these interactions for the development of cardiovascular diseases.  
 

 

Platelet activation and adhesion to the vascular wall 
Molecular ligands 

The function of blood platelets is to limit bleeding (haemostasis) by formation of stable blood 

clots following activation of the coagulation cascade. In addition, platelets may also contribute 

to the integrity of the endothelium 
1
 and participate in inflammatory processes 

2
. Healthy, non-

activated endothelium normally prevents adhesion of platelets to the vessel wall by its anti-

thrombotic properties, involving release of platelet activation-inhibiting substances such as 

nitric oxide, prostacyclin and cyclo-oxygenase 2 
3
. However, in an inflamed vessel wall, the 

endothelial phenotype can change to pro-thrombotic by release of platelet-stimulating agents 

such as adenosine diphosphate (ADP), high multimeric Von Willebrand factor (VWF), the 

expression of tissue factor (TF) and adhesion molecules 
4
. Especially VWF mediates direct 

interaction of platelets with intact, activated EC, even under high shear stress conditions 
5,6

. 

Platelet adherence is even more stimulated upon vessel wall damage, when extracellular matrix 

proteins are exposed. Extracellular matrix proteins, such as collagen and VWF, are strong 
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ligands of platelet glycoproteins. Rapid platelet adhesion to the extracellular matrix followed by 

their activation is the primary step in thrombus formation. 

Under physiological flow, platelet adhesion at sites of vascular injury involves initial tethering 

and rolling over the extracellular matrix and intact endothelium. This process is mediated by 

adhesion to VWF via the membrane adhesion receptor GlycoProtein (GP) Ib-IX-V, also known 

as the VWF receptor complex and to collagen via GPVI 
7,8

. Rolling on intact endothelium is 

also mediated by binding of GPIb to activation-expressed P-selectin on EC 
6,9

. Additionally, P-

selectin and GPIb can mediate rolling interactions between platelets that are still in the 

circulation and those that are already adhered to the vessel wall. Finally, already activated 

platelets can tether and roll on P-Selectin Glycoprotein Ligand-1 (PSGL-1) and GPIb on 

activated EC even under high shear 
10,11

 (Figure 1.1).  

 
 

 

 

 

 

 

 

 

Figure 1.1: Platelet – endothelial 

molecular interactions. The ligands P-

selectin, PSGL-1 and GPIb are involved 

in the tethering and rolling of platelets 

on the endothelial cells. Upon further 

activation of integrins, platelets firmly 

adhere to the endothelium, mainly via 

the additional bridging molecules 

fibronectin (Fn), fibrinogen (Fg) and 

VWF. Upon firm adhesion also CD40L 

– CD40, TNFS14 – TNFS14R, and 

JAM-1 – JAM-1interactions are 

initiated. CD40L and TNFS14 binding to 

the endothelial ligands induces an 

inflammatory response in the endothelial 

cells.   

 

 

 

Stable adhesion, however, requires additional contacts between the platelets and the 

extracellular matrix or the endothelium. The initial contact by GPIb-IX-V and GPVI binding to 

VWF and collagen, respectively, results in platelet activation via a complex series of 

intracellular reactions. As a result, the integrins αIIbβ3 (GPIIbIIIa, fibrinogen receptor) and 

α2β1 (collagen receptor) are activated 
7,12

. The VWF-GPIb-IX interaction has been shown to 

induce Syk phosphorylation and αIIbβ3 integrin activation 
12

. These activated integrins are 

required and essential for stable platelet adhesion to the extracellular matrix and EC. This can 

be through direct binding of the integrins to collagen, VWF or endothelial adhesion molecules 

or indirectly via additional, bridging molecules. The latter involves platelet-bound fibrinogen, 

fibronectin and VWF, that bind to endothelial intercellular adhesion molecule (ICAM)-1, αvβ3 

integrin and GPIb, respectively 
11,13

 (Figure 1.1). The requirement for αIIbβ3 in mediating firm 
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adhesion of platelets to the endothelium was shown by using platelets defective in αIIbβ3 or by 

adding β3-integrin antagonists or a blocking antibody 
14,15

. Conversely, in mice lacking ICAM-

1, platelet adhesion to activated EC is strongly reduced. Furthermore, junctional adhesion 

molecule (JAM)-1 and platelet-associated tumor necrosis factor superfamiliy 14 (TNFSF14, 

also known as LIGHT, identified in ADP-stimulated platelets) contribute to firm adhesion of 

platelets to the endothelium 
16,17

 (Figure 1.1). In conclusion, platelet adhesion, resulting in 

further platelet activation and activation of the EC, represents a positive feedback loop that 

amplifies recruitment of inflammatory cells.  

 

Activation of endothelial cells by adhesion of platelets 

Stable binding of platelets to the endothelium or to extracellular matrix results in strong 

activation of these platelets, reflected by spreading and increased surface expression of 

adhesion molecules, such as CD40L, TNFSF 14 and P-selectin, but also by secretion of potent 

inflammatory substances, such as interleukin (IL)-1β and PF4 
18,19

. IL-1β is synthesized and 

released by platelets in significant amounts and has been identified as a key mediator of 

platelet-induced activation of EC, inducing monocyte chemotactic protein (MCP)-1, 

granulocyte-macrophage colony-stimulating factor (GM-CSF) and IL-6 secretion, ICAM-1 and 

αvβ3 integrin expression and nuclear factor-kappa B (NFκB) activation 
20,21

. CD40L (CD154) 

is stored in high amounts and released by platelets within seconds after GPIIbIIIa ligation 
22,23

. 

This results in stimulation of EC through the cognate receptor CD40, known to signal 

inflammatory reactions within EC, including increased secretion of IL-8 and MCP-1, 

expression of adhesion molecules, urokinase-type plasminogen activator and matrix 

metalloproteinase (MMP)-2 and -9, and production of reactive oxygen species (ROS) 
22-24

. Also 

TNFSF 14 can induce an inflammatory response in EC, reflected by up-regulation of adhesion 

molecules (E-selectin and vascular cell adhesion molecule (VCAM)-1) and release of 

chemokines (MCP-1 and IL-8) 
19

.  E-selectin expression via activation of the NFκB pathway is 

also induced by  platelet-released platelet factor 4 (PF4) 
25

. Finally, ligation of platelet P-

selectin rapidly stimulates Weibel-Palade body release, resulting in, next to VWF release, P-

selectin expression on the endothelium 
26

 . In conclusion, platelet adhesion to the endothelial 

surface alters the properties of the endothelium in such a way that monocyte recruitment and 

extravasation are stimulated (Figure 1.2). 

 

Platelets adhered to endothelial cells recruit monocytes  

Atherosclerosis is characterized by monocyte and macrophage accumulation in the vascular 

intima. Adhered platelets efficiently mediate monocyte rolling and arrest, even at high shear. 

Rolling is mediated by P-selectin on activated platelets and PSGL-1 constitutively expressed on 

monocytes 
27

. Besides PSGL-1, CD15 (Lewis X) on monocytes has also been shown to bind 

platelet P-selectin 
28

. The initial association between platelet P-selectin and monocyte PSGL-1 

leads to increased expression of the β2-integrin CD11b/CD18 (αMβ2, Mac-1) on the monocytes 
29

, which itself supports interactions with platelets. Mac-1 on leukocytes binds to GPIb 
30

 and to 

JAM-3 on platelets 
31

. Besides direct interaction, similar bridging mechanism between platelets 

and EC also mediate platelet-monocyte binding. On monocytes, fibrinogen is linked to Mac-1 

and its platelet surface counterpart GPIIbIIIa 
13

. Also bridging by thrombospondin of the CD36 

antigens (present on both monocytes and platelets) has been shown 
32

. Additional interactions 
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between platelets and monocytes include CD40L-CD40 
33

 and monocyte TREM-1 (triggering 

receptor expressed on myeloid cells-1) to platelet-expressed TREM-1 ligand 
34,35

. (Figure 1.3)  

Next to adhesion molecules, also chemokines deposited on the endothelium are facilitating 

recruitment of monocytes.  For instance, RANTES (regulated upon activation, normal T cell 

expressed and secreted) and PF4 can be deposited on EC by activated platelets upon adhesion 

or even during transient, P-selectin-mediated rolling 
36,37

. The endothelial deposition of platelet-

derived RANTES has been shown to trigger further monocyte arrest on the endothelium under 

high shear, but not on surface-adherent platelets 
38

. Also the chemokines platelet-activating 

factor and macrophage inflammatory protein are secreted by platelets adhered on the 

endothelium. The deposited platelet chemokines form homophilic, as well as heterophilic 

aggregates, which further stimulates their biological activity. For example, RANTES increases 

the binding of PF4 to the monocyte surface 
39

. Subsequently, PF4 drastically enhances 

RANTES-induced monocyte arrest on EC 
39

, predominantly mediated by CCR1 
40

. Thus, 

platelet adhesion to the EC or extracellular matrix and chemokines secreted by platelets, greatly 

contribute to subsequent monocyte adhesion to the vascular wall.  

 
 

 
 

Figure 1.2: Endothelial activation upon platelet binding. Platelet interaction with endothelial cells mediates 

deposition of platelet-derived chemokines, such as RANTES and PF4 (1). Intracellular signalling induced upon 

platelet binding results in NFκB activity and ROS production (2). Furthermore, a series of several adhesion 

molecules is up-regulated (3) and secretion of several cytokines, VWF and MMP’s is induced by platelet binding 

(4). 

 

 

Platelet-monocyte complexes – formation and functional consequences 
Although a rare event under physiological conditions, platelets in the circulation sometimes do 

get activated. These activated platelets are able to bind to all types of leukocyte. Monocytes 

bind more activated platelets and at an initially faster rate than neutrophils 
41,42

. The amount of 

platelet-monocyte complex (PMC) formation is mostly dependent on platelet activation 
41

, and 

to a limited extent dependent upon monocyte activation 
43

. Different mechanisms could be 

responsible for the activation of circulating platelets, such as turbulent flow, activation by 

cytokines associated with systemic thrombo-embolic or inflammatory events, release of 

platelets from unstable thrombi 
44

, or by rolling interactions with activated endothelium. 

Whatever the cause, conditions such as systemic inflammation and acute myocardial infarction 

indeed increase the number of activated platelets in the circulation. 
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Figure 1.3: Platelet – monocyte 

molecular interactions. P-selectin 

mediates the initial binding contact with 

monocytes, via PSGL-1 and CD15. The 

ligation of PSGL-1 induces integrin 

activation on monocytes, resulting in 

further binding interactions, mediated or 

not by additional bridging molecules. 

Further interactions are through CD40L 

– CD40, TREM-1 ligand – TREM-1 and 

CD36 – CD36 via thrombospondin.    

 

 

  

The in vivo circulation time and clearance of the complexes formed between activated platelets 

and monocytes is also not yet well defined. Platelets bind via P-selectin, expressed on the 

surface of activated platelets, to its receptor on monocytes, PSGL-1 
41

. In vivo, P-selectin is 

expressed upon platelet activation for several hours before it is shed from the surface 
45

. 

However, in a study using primates, Michelson et al. 
46

 found that the life-span of PMC was not 

related to platelet P-selectin shedding. Huo et al. 
36

 have shown that PMC, formed upon 

injection of activated platelets, had a short circulation time. These authors also showed that the 

PMC were cleared by monocyte transmigration. However, in patients with percutaneous 

coronary intervention, which increases the activated platelet level, PMC could be detected 

much longer and only returned to baseline after 24 hours 
46

. From these data we can conclude 

that platelet activation is crucial for PMC formation, although the kinetics and life-span of the 

complexes are variable, dependent on the conditions investigated.      

 

Monocyte activation upon platelet interaction  

Besides P-selectin – PSGL-1 interaction, additional ligand-receptor interactions have also been 

implicated in the binding between platelets and monocytes, as already dealt with in the section 

Platelets adhered to endothelial cells recruit monocytes, see also Figure 1.3. Antibody inhibition 

studies indicate that platelet-monocyte conjugation is abolished by blocking P-selectin, and 

partially inhibited by other blocking antibodies 
30,41,47,48

. This indicates that platelet P-selectin is 

the critical ligand initiating PMC formation, via binding to PSGL-1, while other ligands play 

only an additive role.  

The binding of platelets to monocytes mediated via P-selectin – PSGL-1 interaction induces L-

selectin shedding from the monocyte surface 
49

. Furthermore, this interaction between platelets 

and monocytes was found to increase expression and activity of the α4β1 and αMβ2 integrins 
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49,50
. Similarly, engagement of CD40 with CD40L, but also TREM-1 ligation results in an 

increase in monocyte adhesion capacity by the synthesis of β1- and β2-integrins 
35,51

. The 

presence of the chemokines RANTES and CXCL10, deposited by platelets onto the monocytes, 

augments the increase in β2-integrin avidity upon PSGL-1 cross-linking 
52

. 

Monocyte binding to activated platelets has also been shown to increase the production of 

various pro-inflammatory mediators and tissue factor expression by the monocyte. P-selectin – 

PSGL-1 interactions are important but not exclusively responsible for these processes. TF 

expression by the monocytes is reduced by a P-selectin-blocking antibody and by IL-10, but not 

by a CD40L antibody 
33,53-55

. Monocyte expression of chemokines, induced by thrombin-

activated platelets, is regulated by NFκB activity 
56

. Ligation of TREM-1 or the ligation of 

monocyte PSGL-1 together with RANTES, but not PF4, induces NFκB activity and 

subsequently secretion of MCP-1, tumor necrosis factor (TNF)-α and IL-8 
35,57,58

. Although PF4 

has been shown as well to induce the secretion of TNF-α by monocytes 
59

. Taken together, 

platelet-derived chemokines together with the ligation of various adhesion molecules on the 

monocyte following the interaction with activated platelets induce activation of monocytes, 

resulting in changes in the expression of adhesion molecules and the secretion of cytokines 

(Figure 1.4). 

 
 

 
 

Figure 1.4: Monocyte activation upon platelet binding. Platelet binding to monocytes leads to the deposition of 

platelet-derived chemokines, such as RANTES and PF4 (1). Intracellular signaling induced upon platelet binding 

results in L-selectin shedding (2) and increased expression and activation of β1- and β2-integrins (3). Furthermore, 

monocyte NFκB activity (4) and the secretion of several cytokines and TF (5) are induced upon binding of 

activated platelets. 

 

 

PSGL-1 signalling  

PSGL-1 plays a major role in the binding of monocytes to activated platelets. PSGL-1, 

however, is not only an adhesion but also a signalling molecule. PSGL-1 ligation on leukocytes 

induces production of super-oxide anion radicals 
60

, activation of GTPase Ras 
61

, and tyrosine 

phosphorylation of various cytoplasmic proteins, such as pp125 focal adhesion kinase, ERK, 

Syk, Src kinase, and paxillin 
61-64

. Also protein kinase C isoforms are activated, mediating 

integrin activation 
52

. 
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The cytoplasmic tail of leukocyte PSGL-1 interacts with the cytoskeleton through the ezrin-

radixin-moesin (ERM) proteins 
65

, which is crucial for leukocyte rolling 
66

. The ERM proteins 

also mediate PSGL-1 association with Syk 
62

, which is important for the activation of LFA-1 

(αLβ2) integrins 
67

 and for the induction of serum response element-dependent transcriptional 

activity 
62

. Furthermore, the cytoplasmic tail of PSGL-1 interacts also with Nef-associated 

factor 1 (Naf1) 
64

. The Naf1-binding sites in the PSGL-1 cytoplasmic domain are distinct from 

the residues critical for the recognition of ERM proteins 
68

. Upon PSGL-1 engagement, Naf1 is 

phosphorylated via Src kinase, leading to activation of β2-integrins, which results in activation 

of Akt and mTOR (mammalian target of rapamycin) 
64,69

. The activation of mTOR is essential 

for the transcription and synthesis of both urokinase-type plasminogen activator and Rho kinase 

1 
69,70

, which are both involved in adhesion and migration processes. Recently, a novel protein 

SLIC-1 (selectin ligand interactor cytoplasmic-1), that has no apparent signaling role upon 

leukocyte adhesion, was found to bind to the cytoplasmic domain of PSGL-1. SLIC-1 serves as 

a sorting molecule that promotes traffic of PSGL-1 to endosomes 
71

. From all this information it 

can be concluded that monocyte PSGL-1 is a signal-transducing adhesion molecule that is 

essential in the inflammatory response of monocytes through its role in controlling rolling, 

adhesion and migration.  
 

 

Platelet-monocyte complex adhesion and transendothelial migration 
The migration of monocytes across the vascular endothelium is required for immune 

surveillance and for recruitment at inflammatory sites. Uncontrolled monocyte transendothelial 

migration contributes to the development of atherosclerosis. Monocyte extravasation is tightly 

regulated by a multi-step process of tethering, rolling, activation, adhesion and transmigration. 

As described above, platelet binding induces various changes in the phenotype of the monocyte, 

including altered adhesion and transmigration.   

 

Tethering and rolling 

Like the initial interactions of platelets to EC under physiological flow, also monocyte 

adherence to the endothelial wall involves tethering, followed by rolling of the cells over the 

endothelium. Rolling is mediated by monocyte-expressed L-selectin and endothelial-expressed 

P- and E-selectin, interacting with PSGL-1, CD44 or E-selectin-ligand-1 (ESL-1) 
72

 (Figure 

1.5). PSGL-1 and ESL-1 are, besides for rolling, primarily responsible for tethering of flowing 

leukocytes to the endothelium, CD44 is subsequently important for slowing the rolling velocity 

of leukocytes after they have tethered through P- or L-selectin 
73

. Two types of monocyte 

tethering can be distinguished. Primary tethering occurs directly at the endothelial surface. 

Secondary tethering represent monocyte adhesion, to other, already adhered monocytes 
74,75

. 

PMC show increased primary and secondary tethering, on both EC and on already adhered 

inflammatory cells 
76,77

. Platelet binding to monocytes also results in shedding of L-selectin 

from the monocyte surface 
49

, decreasing the rolling velocity of activated monocytes. The 

increased tethering and rolling, together with the L-selectin shedding, results in more monocyte 

adhesion upon platelet binding to the monocytes.  
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Figure 1.5: Monocyte – endothelial cell 

molecular interactions. The initial 

interaction of monocytes with the 

endothelium is by tethering and rolling. 

This is mediated by the selectins and their 

ligands. Rolling triggers the expression and 

activation of monocyte integrins, resulting 

in firm adhesion to the endothelial cells 

through binding to ICAM-1, VCAM-1 or 

αvβ3 via Fn.   

 

 

 

Monocyte activation and firm adhesion 

Slow rolling velocities increase monocyte transit time through inflamed vessels, favouring the 

probability of monocyte to encounter and to be activated by chemokines or lipid mediators 

presented on the endothelial surface 
78

. During this process, chemokines present on the luminal 

endothelial surface, in cooperation with PSGL-1 ligation to endothelial and platelet ligands, 

induce a rapid increase in the binding affinity and avidity of β2-integrins of the leukocytes 
79,80

.  

Moreover, RANTES, IL-8 and MCP-1 secreted by platelets and EC trigger arrest of rolling 

monocytes on EC 
38,81

. The high affinity binding of chemokines to specific G-protein-coupled 

receptors initiates the intracellular signalling cascade from these receptors to phospholipase C 

signalling, activation of small GTPases (Rap1) and transitional changes in integrin 

conformation through the association with actin-binding proteins 
82,83

. On monocytes, the α4β1 

(VLA-4) integrin is known to further slow the selectin-ligand-dependent rolling velocities, 

which leads to stable adhesion 
84

. Leukocyte arrest is further induced by leukocyte integrins 

αLβ2 (LFA-1) or αMβ2 (Mac-1) and VLA-4 ligation to the endothelial immunoglobulin 

superfamily members ICAM-1 and VCAM-1, respectively 
82

 (Figure 1.5). PMC have induced 

integrin expression and activity compared to platelet-free monocytes, increasing monocyte 

adhesion and transmigration capacity. 

 

Transmigration 

When the monocytes have attached, chemokines in the underlying intima stimulate them to 

migrate through the endothelial monolayer into the subendothelial space. The EC participate 

actively in the transmigration event. During transendothelial migration, the cell-cell junctions 

transiently and locally disengage to allow the leukocyte to cross 
85,86

.  

Rolling and adhesion of leukocytes over activated endothelium is accompanied by a complex 

response from the EC, involving extensive reorganisation of the endothelial actin cytoskeleton 

and the activation of intracellular signalling pathways. One of the results is a pronounced 
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morphological response of the EC by forming ‘docking structures’ 
87

 or ‘transmigratory cups’ 
88

. In these structures, integrin ligands such as ICAM-1 and VCAM-1 are concentrated 
87

. 

Leukocyte adhesion and ligation of ICAM-1 and VCAM-1 and the subsequent increase in 

endothelial actin stress fibre formation and monolayer permeability are controlled by the 

GTPases RhoA, Rac1 and Rap1 
85

.  

The junctional adhesion receptors PECAM-1, CD99 and JAMs also actively mediate leukocyte 

transendothelial migration through homophilic interactions 
89-91

. In addition, adherent 

monocytes interact, via their β2- and β1-integrins, with JAM-family members at the most apical 

regions of the inter-endothelial junctions. Bradfield et al. 
92

 discovered a novel role for 

endothelial JAM-3 in regulating monocyte retention in the abluminal compartment after 

primary transmigration in vivo. Blockade of JAM-2/-3 decreased the number of monocytes in 

the extra-vascular compartment by allowing multiple reverse-transmigration events.  

PMC show increased transmigration compared to platelet-free monocytes 
49,93

. We have 

observed that the platelets do not stay adhered to the monocyte upon transmigration of 

monocyte from the PMC 
93

, but instead are shed from the monocyte as a result of monocytic 

PSGL-1 redistribution and mechanical stress.  So far, it can be concluded that platelet binding 

to monocytes result in increased monocyte adhesion and transmigration and subsequent platelet 

deposition on the endothelium.   

 
 

Platelet-monocyte complexes in cardiovascular disease 
Atherosclerosis, causing cardiovascular diseases, is widely recognized as an inflammatory 

disease. The inflammatory nature of atherosclerosis involves chronic stimulation, an 

inflammatory response of the EC and accumulation of inflammatory cells in the intima, 

initiating the atherogenic program 
94,95

.  

These conditions are likely also associated with varying degrees of platelet activation. Indeed, 

an increase in circulating leukocyte-platelet aggregates, particularly monocyte-platelet 

aggregates, was found under clinical conditions such as peripheral vascular disease, 

hypertension
96

, acute or stable coronary syndromes
97-99

, stroke 
100

 or diabetes 
101

. Increased 

levels of PMC are also an early marker of acute myocardial infarction 
99

. Conversely, high 

dietary intake of omega-3 fatty acids induces a reduction in activated platelets and PMC level 
102

. However, the presence of PMC is not just a sensitive marker for in vivo platelet activation 

and cardiovascular diseases, but is more and more also regarded as a cardiovascular risk factor 
100,103

. This suggests that PMC play an active role in development and progression of 

cardiovascular diseases.  

The importance of activated platelets and PMC in vascular disease is supported by studies 

demonstrating that interfering with platelet adhesion to the endothelium and monocytes is 

endothelial protective. Infusion of recombinant human PSGL-1 in animal models of vascular 

injury preserved vascular endothelial function 
104,105

. Also the absence of P-selectin in mice 

diminishes lesion formation 
106,107

. Furthermore, infusion of activated (but not P-selectin-

deficient) platelets results in increased formation of atherosclerotic lesions 
36

. All these data 

indicate a role of P-selectin – PSGL-1 interaction in atherosclerosis. Moreover, also the platelet 

chemokines PF4 and RANTES contribute to lesion progression by inducing monocyte survival 

and differentiation into macrophages 
59

, which are important events in the development of an 

atherosclerotic plaque. PF4 also facilitates the esterification, and promotes the uptake of 
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oxidized low-density lipoprotein by macrophages and thereby promotes foam cell development 
108

. Additionally, RANTES contributes to smooth muscle cell proliferation 
38

, mediating 

progression to a fibrous plaque 
94

.   

Clearly, PMC are not merely a reflection of platelet activation, but monocyte-platelet 

interactions lead to an activated and thus more proatherogenic monocyte phenotype. Not only 

by inducing expression and secretion of cytokines and active substances from both platelets and 

monocytes, but most importantly by amplifying monocyte adhesion and migration and by 

promoting monocyte differentiation towards macrophages. Increased levels of PMC in patients 

with cardiovascular disease have so far been regarded as a parameter reflecting disease, but in 

view of the above, these PMC might also play a key role in the pathogenesis of these diseases 

themselves.  

 

Intervention possibilities  

A number of therapeutic molecules have been used to investigate the inhibition of PMC, 

including clopidogrel (inhibition of ADP-mediated platelet activation) and abciximab 

(GPIIbIIIa antibody). Clopidogrel greatly reduces PMC in patients with atherosclerotic diseases 

and has been shown to reduce P-selectin expression and CD40L release 
109-111

. Although some 

studies suggest otherwise by reporting an increase in the expression of RANTES upon 

clopidogrel administration 
112

, much evidence points to an efficient inhibition of PMC 

formation by clopidogrel. In contrast, abciximab did not significantly reduce the formation of 

PMC 
113

. Although Abciximab resulted, in vitro, in less platelet binding to monocytes and a 

decrease in TF expression on monocytes, no effects or even an increase in PMC levels are 

observed 
113,114

. Furthermore, there are some studies with aspirin, another platelet aggregation 

inhibitor, that show no or very little effect on PMC formation 
109,111,115

. Because traditional 

platelet activation inhibitors show varying success in preventing PMC formation, P-selectin and 

PSGL-1 are logical potential targets for intervention with antibodies or recombinants proteins. 

Recombinant PSGL-1 in animal models indeed results in reduced platelet and leukocyte 

adhesion to the endothelium and better vascular function after injury 
104,105,116

. Also targeting 

CD40L or RANTES may be beneficial. RANTES receptor antagonists inhibit the infiltration of 

monocytes and limit atherosclerotic plaque formation in pro-atherogenic mice models 
37,117,118

. 

PMC represent a potential therapeutic target for limiting cardiovascular diseases. Targeting 

inhibition of pro-inflammatory platelet activation or interaction, in contrast to targeting platelet 

aggregation, are good candidates for future drugs.   

 
 

Conclusions 
Atherosclerosis and cardiovascular disease involve multifactorial mechanisms with interactions 

between coagulation, platelets, monocytes and EC, with multiple adhesion molecules, 

chemokines and receptors involved. However, the increased monocyte adhesion to and 

transmigration across the endothelium seems to be the most important factor in accelerating 

atherogenesis. Platelets and EC both can actively stimulate these processes. Platelet interaction 

with the monocyte – both in the circulation or at the vessel wall itself – results in activation of 

the monocyte, making the latter more adhesive, more migratory, more pro-coagulant (TF) and 

pro-inflammatory and more prone to differentiate into a macrophage. Additionally, the 

monocytes and platelets, each individually and also bound in a complex, contribute to an 
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inflammatory phenotype of the endothelium. This results in further increased adhesion of 

monocytes and platelets and activation of these cells. In conclusion, platelet-monocyte 

conjugates are now considered as pro-atherogenic particles. Diverse intervention strategies are 

being explored and may hold good promise, especially when platelets, monocytes and EC can 

be targeted simultaneously. Additionally, since it is now known from studies of our group that 

EC also express PSGL-1 
10

, its role, apart from binding activated platelets, might also include 

EC activation. This represents an important topic for further study and, perhaps, future therapy.  
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Abstract 
Extravasation of leukocytes is a crucial process in the immunological defence. In response to a 

local concentration of chemokines, circulating leukocytes adhere to and migrate across the 

vascular endothelium towards the inflamed tissue. The small GTPase Rap1 plays an important 

role in the regulation of leukocyte adhesion, polarization and chemotaxis. We investigated the 

role of Epac1 (a guanine nucleotide exchange factor for Rap1, directly activated by cAMP) in 

adhesion and chemotaxis in a pro-monocytic cell line and in primary monocytes. We found that 

Epac1 is expressed in primary leukocytes, platelets, CD34-positive hematopoietic cells and in 

the leukemic cell lines U937 and HL60. Epac activation with an Epac-specific cAMP analogue 

induced Rap1 activation, β1-integrin-dependent cell adhesion and cell polarization. In addition, 

activated Epac1 enhanced chemotaxis of U937 cells and primary monocytes. Similar to 

activation of Epac1, stimulation of cells with serotonin to induce cAMP production resulted in 

Rap1 activation, increased cell adhesion and polarization and enhanced chemotaxis. The effects 

of serotonin on U937 cell adhesion were dependent on cAMP production but could not be 

blocked by a PKA inhibitor, implicating Epac in the regulation of serotonin-induced adhesion. 

In summary, our work reveals the existence of previously unrecognized cAMP-dependent 

signaling in leukocytes regulating cell adhesion and chemotaxis through the activation of 

Epac1. 
 

 

Introduction 
Leukocyte extravasation from the blood stream is of key importance in physiological processes, 

such as immunosurveillance and acute inflammation. This process is tightly regulated by 

cytokines that activate the adhesive and migratory capacities of leukocytes. In pathological 

conditions, an excess of pro-inflammatory cytokines leads to excessive leukocyte extravasation. 

This is the main determinant in the pathogenesis of chronic inflammatory diseases such as 

rheumatoid arthritis, asthma and atherosclerosis. Chemokine-induced leukocyte migration 

involves integrin-mediated adhesion of circulating leukocytes to the endothelium, polarization 

of leukocytes toward the source of chemokine and leukocyte migration across the endothelium 

(diapedesis) 
1
. 

In lymphocytes, the small GTPase Rap1 plays a crucial role in the stimulation of integrin-

mediated adhesion, cell polarization and cell motility 
2
. Rap1 is activated upon GTP binding, 

which is induced by specific guanine nucleotide exchange factors (GEFs). Several GEFs for 

Rap1 have been identified, including the recently found Epac (exchange protein directly 

activated by cAMP) 
3
. Two Epac isoforms, Epac1 and 2, have been described. Epac1 was found 

to be expressed in most tissues, while Epac2 is expressed in the adrenal gland and in the brain 
4
. 

Attempts to detect Epac expression in leukocytes showed the presence of Epac1 mRNA only in 

B cells and U937 cells, while Epac1 protein was detected in macrophages. Epac2 was 

undetectable in all cell types 
5
.  

The second messenger cAMP is crucially involved in multiple cellular processes. Until Epac 

was identified, cAMP-dependent signaling was thought to be carried out by protein kinase A 

(PKA). Currently, a growing number of studies implicate Epac1 in the regulation of several 

cAMP-dependent effects, including substrate adhesion and cell-cell adhesion in adherent cells 
6-

10
, Ca

++
-induced exocytosis 

11,12
, neurite extension 

13
 and Fcγ receptor-mediated phagocytosis in 
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macrophages 
14

. However, the role of Epac in leukocyte adhesion and chemotaxis has not been 

established. 

Epac becomes activated by stimuli that bind to receptors signaling via the heterotrimeric Gs 

proteins, which induce a rise in cAMP levels through the activation of adenylate cyclase. These 

stimuli include serotonin, prostaglandins and β2 adrenergic agonists 
6,15-17

. In neurons, the 

Epac-Rap pathway regulates serotonin-induced secretion of amyloid precursor protein as well 

as ERK activation 
15,16

. Interestingly, in addition to being a neurotransmitter, serotonin plays an 

important role in inflammation. It is secreted by mast cells and platelets and induces chemotaxis 

of eosinophils, lymphocytes and macrophages 
18-20

.  

In this study, we demonstrate that Epac1 is expressed in leukocytes, platelets and hematopoietic 

cells and we investigate its functionality in monocytic U937 cells and in primary monocytes. 

Our results show that activation of Epac1 promotes cell adhesion and polarization and enhances 

chemokine-induced migration. 

 
 

Materials and methods 
Reagents 

8CPT-2Me-cAMP and Rp-8-CPT-cAMPS were purchased from Biolog LSI (Germany). 

SQ22536 and 2’,5’-Dideoxyadenosine were from Calbiochem (Darmstad, Germany). Serotonin 

(5- hydroxytryptamine, 5-HT), PMA and H89 were from Sigma. Stromal cell-derived factor 1 

(SDF-1, CXCL12) and Monocyte chemoattractant protein-1 (MCP-1, CCL2) were from 

Strathman Biotech (Hannover, Germany). Recombinant tumor necrosis factor (TNF)-α was 

purchased from Boehringer Mannheim (Germany). 

 

Cell culture 

All cell lines were purchased from ATCC (Manassas, VA, USA) and were cultured at 37ºC and 

5% CO2. U937 cells (monocytic cell line) were maintained in RPMI 1640 medium (GIBCO) 

containing 10% (v/v) heat-inactivated FCS (GIBCO), 2 mM L-glutamine, 100 U/ml penicilin 

and 100 µg/ml streptomycin. HL-60 cells (leukemic cell line) and CHO (Chinese hamster 

ovary) cells were cultured in IMDM medium (BioWhittaker, Brussels, Belgium) containing 

10% (v/v) heat-inactivated FCS (GIBCO), 2 mM L-glutamine, 100 U/ml penicilin and 100 

µg/ml streptomycin. Human umbilical vein endothelial cells (HUVEC) were isolated from 

umbilical cord veins as previously described 
21

. Cells were cultured to confluency in M199 

medium (GIBCO) containing 20% (v/v) heat-inactivated FCS (GIBCO), 2 mM L-glutamine, 

100 U/ml penicillin, 100 µg/ml streptomycin,  100 µg/ml heparin and 50 µg/ml endothelial 

mitogen (Sanbio BV). Endothelial cells of second or third passage were used. HUVEC 

monolayers were stimulated for 16 h with 100 U/ml TNF-α prior to the perfusion experiments.  

 

Cell isolation 

Blood was obtained from healthy volunteers. Granulocytes and peripheral blood mononuclear 

cells (PBMC) were isolated from buffy coats of 500 ml of blood by density gradient 

centrifugation over isotonic Percoll (Pharmacia, Uppsala, Sweden) with a specific gravity of 

1.076 g/ml 
22

. For further purification of monocytes and lymphocytes, the PBMC fraction was 

incubated with magnetic beads coated with anti-CD14 antibodies and monocytes were purified 

with a MACS separation system according to the manufacturer’s instructions (Miltenyi Biotec 
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GmgH, Bergisch Gladbach, Germany). Previous experiments performed in our lab have shown 

that this isolation protocol does not induce monocyte activation 
24

. The remaining monocyte-

depleted fraction of PBMCs was labelled with anti-CD3 and anti-CD19 antibodies and B and T 

cells were subsequently sorted with a Mo Flo sorter (Dako Cytomation; Denver, CO, USA). 

After lysis of the erythrocytes with ice-cold lysis buffer containing 155 mM NH4Cl, 10 mM 

KHCO3 and 0.1 mM EDTA (pH 7.4), the granulocyte fraction was incubated with an anti-

CD16 antibody. Subsequently, neutrophils were sorted with a Mo Flo sorter. Eosinophils were 

isolated by means of the fMLP method 
23

. In brief, granulocytes were incubated for 30 minutes 

at 37ºC to restore initial cell density. Cells were then washed and resuspended in PBS 

containing 0.5% (w/v) HSA (human serum albumin, Sanquin, Amsterdam, The Netherlands) 

and 13 mM trisodium citrate and incubated for 10 minutes at 37°C after the addition of 10 nM 

fMLP to the cell suspension. Eosinophil and neutrophil fractions were separated by 

centrifugation (20 minutes, 1000 ×g) over isotonic Percoll (1.082 g/ml, pH 7.4). Platelets were 

isolated as previously described 
24

. CD34
+
 hematopoietic progenitor cells were isolated from 

cord blood by density gradient centrifugation over Ficoll-paque (1.077 g/ml) (Pharmacia 

Biotech, Upsala, Sweden) as previously described 
25

. 

The purity of all the isolated cell populations was greater than 95%.  

 

RT-PCR 

RNA was isolated from purified leukocyte fractions, platelets and CD34
+
 cells and the cell lines 

U937 and HL-60 by lysis of the cells in a solution containing guanidine isothiocyanate, 

followed by centrifugation over a layer of CsCl (5.7 M) in a Beckman OptimaTM L-100 XP 

Ultracentrifuge (Beckman Instruments Inc., Palo Alto, CA, USA) with an SW41 rotor. cDNA 

was synthesized using 2.5 µM oligo-dT primers and 10 U/ml Superscript III reverse 

transcriptase (Invitrogen, Carlsbad, CA, USA) (5 minutes, 65°C). Quantitative PCR was 

performed with the FastStart DNA Master Plus SYBR Green I kit in the LightCycler Instrument 

(Hoffman-La Roche, Basel, Switzerland). Epac1 RNA was amplified by PCR with the 

following protocol: 10 minutes at 95°C, followed by 50 cycles of 5 seconds at 95°C, 30 seconds 

at 65°C and 15 seconds at 72°C. The following Epac1-specific primers were used: forward 

primer-5’TTGGAGAATGGCTGTGGGAATGCATC3’ (exon 14); reverse primer 

5’CCGAGTTGCTGAGGCCAAACATGAC3’ (exon 19). The mRNA of the house-keeping 

gene β-glucuronidase was amplified as internal control using specific primers 
26

. Amplified 

Epac1-specific cDNA was compared to the standard β-glucuronidase. The specificity of the 

PCR products was checked by DNA sequencing with the Big-dye Terminator Sequencing kit 

v1.1  and analyzed on a Genetic Analyzer 3100 Platform (both from Applied Biosystems, 

Foster City, CA, USA).  

 

Western blot analysis  

Isolated primary leukocytes, platelets and cell lines were lysed in Laemmli sample buffer 

containing a protease inhibitor cocktail (Roche) and incubated for 15 minutes at 95°C. Cell 

lysates were separated on 10% SDS-PAGE gels and transferred onto PVDF membranes 

(BioRad Laboratories, Hercules, CA, USA).  Epac1 was detected with a rabbit polyclonal anti-

Epac1 antibody (Upstate). Actin was detected with a mouse monoclonal antibody against actin 

(Ab1, Oncogene, Darmstadt, Germany).  
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Integrin activation 

U937 cells were resuspended in IMDM medium containing 0.25% (w/v) BSA and stimulated 

with 8CPT-2Me-cAMP for various time periods at 37ºC. Stimulation was stopped by the 

addition of ice-cold PBS containing 0.5% (w/v) BSA, and cells were pelleted by centrifugation 

(490 ×g, 5 minutes, 4ºC). Cells were then resuspended in ice-cold PBS containing 0.5% BSA 

and incubated with a mouse monoclonal antibody against the activated conformation of β1-

integrins (12G10, IMGEN, The Netherlands; 
27

) or β2-integrins (CBRM1/5, a kind gift from 

Dr. Kevin L. Moore; University of Oklahoma, USA, 
28

) for 30 minutes at 4ºC. Total surface 

expression of β1- and β2-integrins was detected with mouse monoclonal antibodies specific for 

β1- or β2-integrins (Sanquin, Amsterdam, The Netherlands). After washing with ice-cold PBS-

0.5% (w/v) BSA, bound monoclonal antibodies were detected with PE-labeled goat-anti-

mouse-Ig (DakoCytomation, Denmark) for 30 minutes at 4ºC. The fluorescence intensity of 

labelled cells was measured with a FACScan flow cytometer (Becton and Dickinson, San Jose, 

CA, USA). Integrin activation was calculated by correcting for the amount of total integrins in 

every sample and was expressed as fold increase over control-unstimulated cells. 

 

Adhesion assay 

Flat-bottom 96-well plates (Maxi Sorp Nunc; Denmark) were coated with 20 µg/ml of human 

fibronectin (Sigma) for 16 hours at 4ºC and blocked with 0.5% BSA (Sigma) for at least 1 hour 

at 37ºC. U937 cells were washed in IMDM medium containing 0.25% BSA, labeled with 

Calcein-AM, according to the manufacturer’s instructions (Molecular Probes, Leiden, The 

Netherlands) for 30 minutes at 37ºC, and washed twice with IMDM-BSA. Labeled U937 cells 

were pre-incubated or not with 8CPT-2Me-cAMP for 15 minutes and subsequently added to the 

fibronectin-coated 96-well plates (2×10
5
 cells per well). Plates were centrifuged at 40 ×g for 1 

minute and stimuli were immediately added. After a further incubation for 30 minutes at 37°C, 

non-adhered cells were removed by washing three times with warm PBS. Adherent cells were 

lysed with 0.5% (w/v) Triton X-100 and fluorescence was measured on a GENios Plus plate 

reader (TECAN; Salzburg, Austria). The percentage of adhesion was calculated by dividing the 

measured fluorescence intensity by the fluorescence intensity of the input cells (set to 100%). 

VLA-5 and CD11b blocking experiments were performed by pre-incubating cells for 30 

minutes with the monoclonal antibodies SAM-1 (Sanquin, Amsterdam, The Netherlands) and 

44a (ATCC, Rockville, MD, USA), respectively. In order to block undesirable Fc receptor 

activation by the blocking VLA-4 antibody HP 2/1, cells were incubated for 10 minutes with 

the anti-Fc receptor antibodies anti-CD32 (Medarex, Annandale, NJ, USA) and anti-CD16b 

(Sanquin, Amsterdam, The Netherlands), prior to the incubation with a mixture of HP 2/1 and 

anti-Fc receptor antibodies for additional 30 minutes. 

 

Perfusion assay 

Perfusion experiments were performed as previously described 
24

. In brief, monocyte 

suspension (2×10
6
 cell/ml in incubation buffer) was aspirated from a reservoir through plastic 

tubing and perfused through a chamber (containing the HUVEC monolayer) with a Harvard 

syringe pomp (Harvard Apparatus, USA) at flow rate of at 0.8 dyn/cm
2
. During perfusions the 

flow chamber was mounted on a microscope stage (Axiovert 25, Zeiss, Germany), equipped 

with a B/W CCD video camera (Sanyo, Osaka, Japan) and coupled to a VHS video recorder 
29

. 

Video images were evaluated for the number of adherent monocytes and the rolling velocity per 
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cell, with dedicated routines made in the image analysis software Optimas 6.1 (Media 

Cybernetics Systems, USA). The number of surface-adherent monocytes was measured after 5 

minutes of perfusion at a minimum of 25 randomized high-power fields. To automatically 

determine the velocity of rolling cells, custom-made software was developed in Optimas 6.1. A 

sequence of 50 frames representing an adjustable time interval (δt, with a minimal interval of 

80 milliseconds) was digitally captured. The position of every cell was detected in each frame, 

and for all subsequent frames the distance traveled by each cell and the number of images in 

which a cell appears in focus were measured. The cut-off value to distinguish between rolling 

and static adherent cells was set at 1µm/s. With this method, static adherent cells, rolling and 

free-flowing cells could be clearly distinguished and quantified. 

 

Transmigration assay 

Migration assays were performed as previously described 
25

. In brief, Transwells of 6.5 mm 

diameter, with 5-µm pore size filters (Costar, Cambridge, MA, USA) were coated with 20 

µg/ml fibronectin (Sigma). Before use, cells were washed once with migration medium (IMDM 

containing 0.25% BSA). At the start of the assay, 10
5
 cells were placed in the upper 

compartment of the Transwells and allowed to migrate for 1 hour at 37 ºC to chemokine-

containing medium added to the lower compartment. Migrated cells were collected from the 

lower compartment and quantified by flow cytometric analysis in the presence of a fixed 

amount of control cells labeled with Calcein-AM (Molecular Probes, Leiden, The Netherlends). 

The percentage of migrated cells was calculated as a fraction of the total cell input as follows: 

% of migrated cells = [(number of transmigrated cells/number of input labeled cells)]/[number 

of not labeled input cells/ number of labeled input cells)] × 100%. 

For primary monocyte migration, transmigrated cells were collected from the lower 

compartment of the Transwell as well as from the bottom of the Transwell filter (since a 

fraction of transmigrated monocytes remains adhered to the bottom of the filter). Monocytes in 

the lower compartment were quantified by flow cytometric analysis as indicated above. Cells 

adhering to the bottom side of the filters were counted under a fluorescent microscope (three 

random fields) after removing cells on the top side of the filters with a cotton swab, followed by 

fixation and staining with Hoechst (Molecular Probes). The percentage of transmigrated 

monocytes that adhered to the filter was calculated as follows: % of migrated cells adhered to 

the filter = [(number of transmigrated cells counted per field/surface of the field)]/[number of 

input cells/ surface of the filter)] × 100%. The calculated percentages of the two fractions were 

added to give the total percentage of transmigrated monocytes. 

 

Rap1 activation assays 

Rap1 pull-down experiments were performed as previously described 
30

. In brief, following 

stimulation U937 cells were lysed in ice-cold lysis buffer containing 10 mM Tris-HCl, 150 mM 

NaCl, 1% (w/v) NP-40, 0.5% (w/v) deoxycholic acid, 0.1% (w/v) SDS, 1 mM NaF, 2 mM 

NaVO3 and protease inhibitor cocktail (Roche) for 10 minutes on ice. Lysates were clarified by 

centrifugation at 10,000 ×g for 10 minutes at 4ºC. GST-RalGDS-RBD coupled to glutathione-

Sepharose beads (Amersham Biosciences) was added to the supernatants and incubated for 1 

hour at 4ºC. Beads were washed three times in lysis buffer and bound proteins were eluted with 

Laemmli sample buffer. Rap1 in total cell lysates and precipitates was detected by Western 

blotting with a mouse monoclonal anti-Rap1 antibody (Santa Cruz Biotechnology). 
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Densitometric analysis was performed with a CanoScan LiDE20 scanner (Canon) and Gene 

Tools Analysis Software version 3.03.03 (SynGene, Cambridge, UK). 

 

Electroporation and Immunofluorescence 

A plasmid containing HA-Epac1 (pMT2SM-HA-Epac1, 30 µg) 
3
 was added to U937 cells (12 x 

10
6
 cells) resuspended in RPMI medium. Cells were subsequently electroporated with a BioRad 

Gene Pulser II electroporator (950 µF, 250 V) and cultured in RPMI medium containing 20% 

FCS for forty-eight hours. Subsequently, cells were collected by centrifugation, washed and 

resuspended in IMDM medium containing 0.25% (w/v) BSA. Transfected cells were allowed to 

adhere to fibronectin-coated coverslips for 10 minutes at 37ºC followed by a 20 minute 

incubation in the presence of stimuli. Cells were then washed with PBS containing 0.5% (w/v) 

BSA, fixed with 3.7% (w/v) formaldehyde for 10 minutes at RT and permeabilized with 0.1% 

(w/v) Triton X-100 for 5 minutes. For immunofluorescence staining of HA-Epac-1, cells were 

incubated with a mouse monoclonal antibody to HA (12CA5; Boehringer Mannheim Corp., 

Indianapolis, IN) followed by a goat-anti-mouse-Ig antibody labeled with Alexa 488 (Molecular 

Probes, Leiden, The Netherlands). F-actin was visualized with TexasRed-labelled phalloidin 

(Molecular Probes, Leiden, The Netherlands). Images were recorded with a Zeiss LSM 510 

confocal laser scanning microscope. Fluorescence distribution profiles were created with Zeiss 

LSM 510 confocal laser scanning microscope software. 

 

Statistical analysis 

All results were expressed as a mean ± SEM of at least three independent experiments. Where 

applicable, values were compared with paired two-tailed Student t-test. Multiple comparisons 

were analyzed with a two-way ANOVA test. A p value lower than 0.05 was considered 

significant. All statistical analyses were performed with GraphPad Prism version 3.0 software. 

 
 

Figure 2.1: Expression of Epac1 in 

primary leukocytes and leukocytic cell 

lines. (A) RT-PCR for Epac1 of cDNA 

derived from purified human primary 

neutrophils, monocytes, lymphocytes, 

CD34+ cells, eosinophils, platelets and the 

myelocytic cell lines U937 and HL60.  

The size of the amplified PCR  

fragment was 735 bp. As a control, cDNA  

for β-glucuronidase was amplified. 

Representative results of 3 independent 

experiments are shown. (B) Western blot 

detection of Epac1 in cell lysates from 

purified human primary neutrophils, 

monocytes, B cells, T cells, CD34+ cells, 

eosinophils, platelets and the myelocytic  

cell lines U937 and HL60. CHO cells were 

used as a positive control for Epac1 protein 

expression. Bands corresponding to Epac1 

are ~110 kDa. β-actin was used as a 

control for equal protein loading. 

Representative results of four independent 

experiments are shown.  
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Results 
Expression of Epac1 in human primary leukocytes and leukocytic cell lines 

We examined Epac1 mRNA and protein expression in peripheral blood leukocytes, platelets, 

cord blood-derived CD34-positive hematopoietic cells and two human myelocytic cell lines 

(HL60 and U937) by RT-PCR and Western blot analysis. RT-PCR was performed under 

optimized conditions for maximal sensitivity to enable the analysis of low copy number 

transcripts. In contrast to previous reports 
5
, we detected Epac1 mRNA in all cell populations 

examined, with CT values in the range between 30-34 (Figure 2.1A and Table 2.1). The analysis 

of the expression of Epac2 transcript resulted in very high CT values (CT higher than 38; 
31

), 

indicating that Epac2 is not expressed in leukocytes (data not shown). Western blotting 

experiments showed expression of Epac1 protein in all leukocyte populations examined with 

the exception of neutrophils, despite the presence of Epac1 mRNA in these cells (Figure 2.1B). 

Similarly, eosinophils and platelets showed low Epac1 protein expression levels, while CT 

values for Epac1 transcript in these cells were comparable to CT values of the other cell 

populations analyzed. These data suggest that Epac1 expression is differentially regulated 

among leukocytes at the posttranslational level. 
 

 

Table 2.1: CT values of Epac1 and β-glucuronidase. 

 

Epac 1
a 

β-Glucuronidase
b 

Cell type  
CT CT 

neutrophils 33.02 19.78 
monocytes 31.51 18.53 
B cells 31.83 21.40 
T cells 33.74 17.81 
eosinophils 33.63 27.04 
platelets 34.62 29.48 
CD34

+
 31.50 25.25 

U937 27.50 21.41 
HL60 33.80 25.12 

 

 

 

 

 

 

 

 

a slope -4.556; intercept 27.37 
b slope -3.457; intercept 18.08 

 
 

Epac1 enhances monocyte adhesion through integrin activation 

To study Epac signaling in leukocytes, we made use of the Epac-specific cAMP analogue 

8CPT-2Me-cAMP, which does not activate PKA 
32,33

. This analogue has been extensively used 

as a tool to study the role of Epac as a regulator of a variety of cellular processes 
5-14

. We 

verified the functionality of Epac1 in the monocytic cell line U937 by assaying Rap1 activation 

upon cell incubation with 8CPT-2Me-cAMP. U937 cells stimulated with 8CPT-2Me-cAMP for 

0.5, 1 and 5 minutes were lysed, and GTP-bound Rap1 was precipitated in a GST-RalGDS-

RBD pull-down assay. Thirty seconds stimulation of U937 cells with 8CPT-2Me-cAMP 

increased Rap1 activation. This induction was transient and declined to basal levels after 5 

minutes of stimulation (Figure 2.2A). Notably, the activation kinetics of Rap1 by Epac in U937 

cells is similar to the previously described kinetics in adherent cells 
6
. These data show that 

U937 cells express functional Epac1. 
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Figure 2.2: Epac1 activates Rap1 in U937 cells and promotes cell adhesion to fibronectin and endothelial 

cells. (A) U937 cells were treated with 100 M 8CPT-2Me-cAMP for the indicated time periods, and GTP-bound 

Rap1 was precipitated with GST-Ral-GDS-RBD, followed by western blotting and Rap1 detection by 

immunoblotting (upper panel). Total levels of Rap1 in whole cell lysates are shown (lower panel). Representative 

results of three independent experiments are shown. Bar graph represents densitometric analysis of Rap1 

activation. Data are mean of three independent experiments (± SEM). (B) U937 cells were pre-treated or not with 

100 µM 8CPT-2Me-cAMP for 15 minutes and placed in a fibronectin-coated plate for 30 minutes. As a positive 

control, PMA (100 ng/ml) was added at the time of plating. The percentage of adhesion was determined as 

described in Materials and methods. Data are mean (± SEM) of five independent experiments performed in 

triplicate. * p<0.05; ** p<0.005 (C) Primary monocytes were pre-treated or not with 100 µM 8CPT-2Me-cAMP 

for 30 minutes and perfused over TNF-α-stimulated monolayers of human umbilical vein endothelial cells for 5 

minutes at 0.8 dyn/cm2. Video images were evaluated for the number of adherent monocytes and cell rolling as 

described in Materials and methods. Data are mean (± SEM) of five independent experiments performed in 

duplicate. * p<0.05. 

 

 

Epac was recently shown to regulate integrin-mediated adhesion in ovarian carcinoma cells 
6,7

. 

To investigate whether Epac1 has a similar function in U937 cells, we analyzed cell adhesion to 

fibronectin after thirty minutes incubation with 8CPT-2Me-cAMP. In addition, stimulation with 

PMA was included as a positive control. Epac1 activation induced a 60% increase in adhesion 
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when compared to control untreated cells (Figure 2.2B). This indicates that Epac1 activation 

promotes adhesion of U937 cells to fibronectin. To further substantiate the role of Epac1-Rap1 

signaling in monocyte adhesion we studied the effect of 8CPT-2Me-cAMP in the adhesion of 

freshly isolated monocytes to cultured human umbilical vein endothelial cells under flow. 

Epac1 activation resulted in a clear induction of monocyte firm adhesion to endothelial cells, 

without affecting rolling, which is mainly mediated by selectins (Figure 2.2C) 
34-36

. This 

provides evidence for a role of Epac1-Rap1 signaling in the regulation of primary monocyte 

adhesion to endothelial cells under flow, and thus suggests that this pathway may also function 

in vivo. 

To gain insight into the mechanism by which Epac1 enhances U937 cell adhesion to fibronectin 

we analyzed the surface expression of total and activated β1- and β2-integrins upon treatment 

with 8CPT-2Me-cAMP. Epac1 activation resulted in a rapid and significant increase of 

activated β1-integrins on the cell surface followed by their down-modulation (Figure 2.3A). In 

contrast, nochanges were observed for β2-integrin activation (data not shown). Our results show 

a rapid but transient activation of integrins by Epac, while the effects on cell adhesion are 

prolonged for at least 30 minutes. This may be explained by the fact that integrin activation was 

measured in cells in suspension, where no integrin engagement takes place. Upon seeding, 

stable engagement of the activated integrins by fibronectin may induce a prolonged effect on 

adhesion. 

 
 

 

 

 

Figure 2.3: Epac1 induces β1-

integrin activation and β1-integrin-

mediated adhesion. (A) U937 cells 

were treated with 100 µM 8CPT-

2Me-cAMP for the indicated time 

periods. Surface expression of 

activated β1-integrins was determined 

by flow cytometry using a mouse 

monoclonal antibody that recognizes 

the activated state of β1-integrins 

(12G10). The activation of β1-

integrins is expressed as fold increase 

over control untreated cells and is 

corrected for total β1-integrin surface 

expression. Data are mean (± SEM) 

of three independent experiments. * 

p<0.05. (B-D) U937 cells were pre-

incubated with integrin-blocking 

monoclonal antibodies to VLA-5 (B), 

VLA-4 (C) or Mac-1 (D) for 30 

minutes before addition of the cells to 

fibronectin-coated plates. Data are 

mean (± SEM) of three independent 

experiments performed in triplicate. * 

p<0.05. 
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To confirm the role of β1-integrins in Epac1-mediated U937 cell adhesion to fibronectin, cells 

were incubated with blocking anti-integrin antibodies before their addition to fibronectin-coated 

wells. A blocking anti-VLA-5 (α5β1) antibody completely abrogated adhesion of both control 

and 8CPT-2Me-cAMP-treated cells (Figure 2.3B), indicating that VLA-5 is the main integrin 

involved in U937 cell attachment to fibronectin. However, an anti-VLA-4 (α4β1) antibody 

specifically reduced 8CPT-2Me-cAMP-induced increase of adhesion, which returned to control 

levels (Figure 2.3C), whereas an anti-Mac1 (αMβ2) antibody showed no inhibitory effect 

(Figure 2.3D). From these experiments we conclude that Epac1 activation triggers inside-out 

signaling resulting in the activation of β1-integrins, which leads to VLA-4, and likely VLA-5-, 

mediated adhesion of U937 cells to fibronectin. 

 

Epac1 induces cell polarization and localizes to the uropod 

Cell polarization plays a crucial role in directional cell movement. Polarized cells develop a 

leading edge where membrane extension and lamellipodia formation occur, and a retracting rear 

(uropod). Since Rap1 is proposed to play a central role in lymphocyte polarization 
37

, we 

analyzed whether Epac1 activation triggers polarization of U937 cells. Fibronectin-adherent 

U937 cells were treated with 8CPT-2Me-cAMP, fixed and stained for F-actin. The percentage 

of polarized cells was quantified by microscopy according to morphological criteria: non-

polarized cells are round in shape whereas polarized cells have a morphologically-defined 

leading edge and a uropod (cell images in Figure 2.4A). Quantitative analysis indicated that 

8CPT-2Me-cAMP induced a two-fold increase in the number of polarized cells (Figure 2.4A). 

We next investigated the intracellular distribution of Epac1 in polarized versus non-polarized 

cells. U937 cells were transfected with HA-tagged Epac1, seeded on fibronectin and stained 

with HA antibodies for microscopy analysis. Epac1 localized at the cell periphery in non-

polarized cells, whereas it concentrated at the uropod of polarized cells (Figure 2.4B). These 

observations suggest that Epac1 activates Rap1 at a perinuclear location. 

 

Epac1 promotes U937 cell and primary monocyte chemotaxis 

Rap1 plays a role in the regulation of chemokine-induced lymphocyte migration 
38,39

. To assess 

the role of Epac1 in monocyte chemotaxis, we analyzed the effect of 8CPT-2Me-cAMP on 

chemokine-induced migration of monocytic U937 cells and of freshly isolated monocytes. 

8CPT-2Me-cAMP was not chemotactic by itself (data not shown). However, treatment with 

8CPT-2Me-cAMP resulted in an 80% increase in migration of U937 cells to CXCL12 (stromal 

cell-derived factor 1, SDF-1) (Figure 2.5). To exclude the possibility that the Epac1-induced 

migration was due to the up-regulation of chemokine receptors, we analyzed whether 8CPT-

2Me-cAMP modulated the cell surface levels of CXCR4 in U937 cells. No differences in 

CXCR4 surface levels were detected between untreated or 8CPT-2Me-cAMP-treated cells (not 

shown). We next examined the effect of 8CPT-2Me-cAMP on the chemotaxis of freshly 

isolated human monocytes toward CCL2 (monocyte chemoattractant protein 1, MCP-1). 

Similar to the findings in U937 cells, Epac activation resulted in an 80% increase in CCL2-

induced chemotaxis. These data show that, although Epac1 activation does induce cell 

migration by itself, it significantly promotes chemokine-induced monocyte migration. 
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Figure 2.4: Epac1 induces cell polarization 

and redistributes to the uropod of polarized 

cells. (A) U937 cells were allowed to adhere 

to fibronectin-coated coverslips, and were 

stimulated or not with 100 µM 8CPT-2Me-

cAMP for 20 minutes, fixed, stained for F-

actin and analyzed by confocal microscopy. 

Data represent the percentage of polarized 

cells, scored on the basis of morphology, of a 

total of 100 to 120 cells per condition (left 

panel). Representative images of a polarized 

and a non-polarized cell stained for F-actin are 

shown (right panel, arrow indicates direction 

of migration). Data are mean (± SEM) of three 

independent experiments. (B) U937 cells were 

transiently transfected with HA-tagged Epac1 

and allowed to adhere to fibronectin-coated 

coverslips. Thereafter, U937 cells were 

stimulated or not with 100 µM 8CPT-2Me-

cAMP for 20 minutes, fixed and stained for 

Epac1. Fluorescence intensity profiles along 

the indicated dashed line between the points 

marked as a and b are shown. White arrows on 

images indicate direction of cell polarization. 

Images are representative of three independent 

experiments. Bars: 5 µm. * p<0.05 
 

 

Serotonin activates Rap1 and promotes CXCL12-induced adhesion and chemotaxis of U937 

cells 

We next investigated whether stimulation of leukocytes with cAMP-raising receptor agonists 

would induce similar effects as direct Epac1 activation. To test this, we used serotonin (5-

hydroxytryptamine, 5-HT), a neurotransmitter that has been shown to be an inflammatory 

mediator 
18,40,41

. Serotonin is released by activated platelets and can be found at micromolar 

concentrations within the inflammatory site. Notably, Epac1 has been implicated in signaling 

from serotonin receptors in neurons 
15,16

. We hypothesized that serotonin could enhance 

leukocyte chemotaxis through the Epac1-Rap1 pathway. To test this hypothesis we analyzed 

the effect of serotonin on U937 cell chemotaxis towards CXCL12. Serotonin was not 

chemotactic by itself, but significantly enhanced CXCL12-induced migration of U937 cells 

(Figure 2.6A). Furthermore, serotonin induced a small but significant increase in cell adhesion 

to fibronectin and cooperated with CXCL12 to enhance cell adhesion (Figure 2.6B). 

We next investigated whether serotonin was able to trigger cell polarization, similar to Epac 

activation. U937 cells seeded on fibronectin-coated coverslips were stimulated with serotonin 

for 30 minutes. Cells were fixed and stained for F-actin for confocal microscopy analysis. The 

number of polarized versus non-polarized cells was determined as described above. The results 

showed that serotonin induced a significant increase in the number of polarized cells (Figure 

2.6C). Thus, serotonin is able to induce a similar phenotype as activation of Epac. This 

suggested that serotonin signals through Epac to promote cell adhesion, polarization and 

chemotaxis. To test this hypothesis we first investigated whether serotonin is able to induce 

Rap1 activation.  Treatment of U937 cells with serotonin resulted in the rapid activation of 
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Rap1, observed already after 30 seconds of stimulation. This activation was sustained for at 

least 5 minutes, decreasing to basal levels after 10 minutes stimulation (Figure 2.6D). 

Interestingly, the kinetics of Rap1 activation by serotonin is similar to the kinetics observed 

upon Epac activation with 8CPT-2Me-cAMP (Figure 2.2A). In contrast, stimulation of cells 

with CXCL12 resulted in a strong but short activation of Rap1. The kinetics of Rap1 activation 

upon stimulation with serotonin and CXCL12 together resembled that induced by serotonin 

alone (Figure 2.6D). Thus, the enhancing effects of serotonin on CXCL12-induced adhesion 

and migration might be due to the ability of serotonin to induce a more sustained Rap1 

activation than CXCL12 alone, and therefore improved integrin-mediated adhesion. 

To unequivocally implicate Epac in the mediation of serotonin effects on adhesion and 

chemotaxis, we transfected U937 cells with a dominant negative Epac mutant. However, no 

quantitative data could be obtained due to very low transfection efficiencies. We then followed 

an indirect approach by demonstrating that serotonin-induced adhesion requires cAMP 

production but is PKA-independent. U937 cells were treated with two different adenylate 

cyclase inhibitors, SQ22536 and 2’-5’-deoxyadenosine, to block cAMP generation upon 

stimulation with serotonin. Treatment with either inhibitor abrogated the differences in 

adhesion between serotonin-stimulated and unstimulated cells and between CXCL12-stimulated 

and CXCL12/serotonin-stimulated cells (Figure 2.7A). These data suggest that cAMP 

production is required for the enhancing effects that serotonin has on adhesion. Since cAMP 

can activate both Epac1 and PKA, we excluded the possibility that serotonin-induced Rap1 

activation and cell adhesion were mediated by PKA by using the specific PKA inhibitor H89. 

Pre-treatment of cells with H89 did not inhibit serotonin-induced Rap1 activation (Figure 2.7B) 

or prevent the effects of serotonin on cell adhesion (Figure 2.7C). Similar results were obtained 

with the competitive PKA inhibitor Rp-cAMPS (data not shown). These data indicate that PKA 

is not involved in serotonin-induced Rap1 activation and adhesion of U937 cells to fibronectin.  

Together, these results suggest that serotonin enhances U937 cell adhesion and chemotaxis 

through the activation of the Epac1-Rap1 pathway. 

 
 

Figure 2.5: Epac1 promotes chemotaxis of 

U937 cells and primary monocytes. U937 

cells (left panel) or primary monocytes (right 

panel) were allowed to migrate for 1 hour to 

100 ng/ml CXCL12 (SDF-1) or 10 ng/ml 

CCL2 (MCP-1), respectively, in the presence 

or absence of 100 µM 8CPT-2Me-cAMP 

added to the cell suspension in the upper 

compartment of Transwell system. When no 

chemoattractant was present 1-2% U937 cells 

or primary monocytes migrated regardless of 

the presence of 8CPT-2Me-cAMP. In the 

presence of chemoattractant, 30-40 percent of 

untreated U937 cells and 6-7% of untreated 

monocytes migrated. Data represent the 

percentage of cell migration compared to the 

untreated cells (set at 100%). Data are mean 

(± SEM) of three to five independent 

experiments. * p<0.05; ** p<0.005 

 



Chapter 2   

 40 

 

 

 

 

 
 

Figure 2.6: Serotonin activates Rap1, induces U937 cell adhesion and increases CXCL12-induced 

chemotaxis. (A) U937 cells were allowed to migrate across fibronectin-coated filters towards CXCL12 (10 ng/ml), 

serotonin (5-HT; 1 µM) or a combination of both for the indicated time periods. The percentage of migration was 

determined as described in Materials and methods. Data are mean (± SEM) of three independent experiments. The 

percentage of migration toward CXCL12 was compared with the percentage of migration toward the combination 

of 5-HT and CXCL12 by a two-way ANOVA test (p<0.05). (B) U937 cells were assayed for adhesion to 

fibronectin in the presence of CXCL12 (100 ng/ml), 5-HT (10 µM) or a combination of both.  The percentage of 

adhesion was determined as described in Materials and methods. Data are mean (± SEM) of five independent 

experiments performed in triplicate. * p<0.05; ** p<0.005. (C) U937 cells were allowed to adhere to fibronectin-

coated coverslips, and were stimulated or not with 10 µM serotonin for 30 minutes, fixed, stained for F-actin and 

analyzed by confocal microscopy. Data represent the percentage of polarized cells, scored on the basis of 

morphology, of a total of 100 to 120 cells per condition. (D) U937 cells were stimulated with 5-HT (10 µM), 

CXCL12 (100 ng/ml) or combination of both stimuli for the indicated time periods and Rap1 GTP-loading was 

assayed (upper panel). Total levels of Rap1 in whole cell lysates are shown (lower panel). Representative results of 

three independent experiments are shown. Bar graph represents densitometric analysis of Rap1 activation. Data are 

mean of three independent experiments (± SEM).  
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Figure 2.7: Serotonin increases adhesion in a cAMP-

dependent, PKA-independent manner. (A) U937 cells were 

pre-incubated with the adenylate cyclase inhibitors SQ22536 or 

2’5’-deoxyadenosime (2’-5’-dd-Ado) for 1 hour before addition 

of the cells to fibronectin-coated plates. The percentage of 

adhesion was determined as described in Materials and 

methods. Data are mean (± SEM) of three independent 

experiments performed in triplicate. (B) U937 cells were pre-

treated or not with 10 µM H89 for 30 minutes, stimulated with 

5-HT (10 µM) and Rap1 GTP-loading was assayed (upper 

panel). Total levels of Rap1 in whole cell lysates are shown 

(lower panel). Representative results of three independent 

experiments are shown. Bar graph represents densitometric 

analysis of Rap1 activation. Data are mean of three independent 

experiments (± SEM). (C) U937 cells pretreated or not with 

H89 (10 µM) for 30 minutes were assayed for adhesion to 

fibronectin in the presence of CXCL12 (100 ng/ml) and 5-HT 

(10 µM).  The percentage of adhesion was determined as 

described in Materials and methods. Data are mean (± SEM) of 

five independent experiments performed in triplicate. * p<0.05; 

** p<0.005; *** p<0.0005  
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Discussion 
Our report provides the first comprehensive analysis of Epac expression in leukocytes and 

hematopoietic cells. We show that Epac1 is functional in primary monocytes and in monocytic 

U937 cells where it regulates β1-integrin dependent cell adhesion, cell polarization and 

chemotaxis. 

The small GTPase Rap1 is activated by almost all receptor types and regulates adhesion-related 

functions such as cell-cell contact and integrin-mediated adhesion 
42,43

. In lymphocytes, Rap1 

plays a crucial role in integrin-mediated adhesion, polarization and transendothelial migration 

downstream of chemokine receptors 
38,39

. Recently, Epac1 was identified as a Rap1 exchange 

factor directly activated by cAMP and shown to be involved in integrin-mediated adhesion in 

ovarian carcinoma cells through Rap1 activation 
6
. Although Epac1 is expressed in most 

tissues, previous studies failed to show Epac1 expression in primary leukocytes with the 

exception of B cells and macrophages 
5
. Here, we have used optimized RT-PCR conditions to 

detect low copy number transcripts and found Epac1 mRNA in circulating leukocytes 

(monocytes, eosinophils, neutrophils and B and T cells), platelets, CD34-positive hematopoietic 

cells and the myelocytic cell lines U937 and HL60. Importantly, we found Epac1 protein 

expression in all leukocytes with the exception of neutrophils. Epac1 protein levels did not 

always correlate directly with Epac1 mRNA levels, e.g. in eosinophils and platelets. This might 

be due to differential posttranslational regulation of Epac1 expression in different types of 

leukocytes and may have functional consequences during the response of different leukocyte 

types to cAMP-elevating agents.  

In this study, we have investigated the function of the Epac1-Rap1 pathway in the pro-

monocytic cell line U937 and in primary monocytes. We found that a cAMP analogue (8CPT-

2Me-cAMP) that specifically activates Epac1, and not PKA, was able to induce cell adhesion, 

polarization and chemotaxis. In U937 cells, Epac1 activation induced β1-integrin activation and 

VLA-4-mediated adhesion to fibronectin. Thus, Epac1 appears to have a similar role in 

leukocytes as in adherent cells, namely the activation of Rap1 and the consequent ‘inside-out’ 

signaling toward β1-integrins 
6,7

. 

In line with previous studies showing that Rap1 activation induces T cell polarization 
37

, we 

show that activation of the Epac1-Rap1 pathway induces polarization of U937 cells. 

Additionally, ectopically expressed Epac1 redistributes from the cell periphery to the 

perinuclear area upon cell polarization. This suggests that Epac1 activates Rap1 at a perinuclear 

location and that activated Rap1 subsequently translocates to the plasma membrane. 

Accordingly, wild type (active and inactive) Rap1 was shown to localize to a perinuclear 

vesicular compartment and to the plasma membrane in T cells, wheras activated GTP-bound 

Rap1 was found exclusively at the plasma membrane 
44

. 

We have used monocytic U937 cells for most of our studies; however, we have demonstrated 

that the Epac pathway is functional in primary human monocytes. We show that Epac1 

activation upregulates adhesion of freshly isolated monocytes to endothelial cells under flow as 

well as monocyte migration towards CCL2 (MCP-1). This chemokine is a potent monocyte 

chemoattractant that has a key role in the recruitment of monocytes to atherosclerotic lesions. 

Based on these data we postulate that Epac1 activation by cAMP-raising agonists plays a role in 

the pathophysiology of atherosclerosis. Supporting this notion, we have shown that Epac1 

activation induces β1-integrin-mediated adhesion to fibronectin. β1-integrins mediate the arrest 

and initial adhesion of monocytes to the endothelium 
35

. In addition, β1-integrins can bind to 
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the alternatively spliced connecting segment-1 (CS-1) domain of fibronectin, which contributes 

to monocyte-endothelium interactions 
45,46

. Both endothelial β1-integrins and CS-1-containing 

fibronectin have been suggested to play a crucial role in atherogenesis through the recruitment 

of circulating monocytes 
46-48

. Additionally, minimally modified LDL (MM-LDL) induces the 

deposition of CS-1 on the endothelial surface and the induction of β1-integrin-mediated 

monocyte binding to this integrin fragment 
46

. Interestingly, treatment of endothelial cells with 

MM-LDL has been demonstrated to cause a rapid increase in
 
cAMP that is necessary for the 

induction of monocyte binding
 
by MM-LDL 

49
. The same study showed that other cAMP-

elevating agents were also inducing monocyte, but not neutrophil, binding to endothelium. This 

is interesting, since we show here that neutrophils do not contain Epac1 protein. Together, these 

data suggest a model in which local concentrations of cAMP-elevating agonists in 

atherosclerotic lesions induce endothelial activation and monocyte recruitment, which is 

mediated by Epac1-induced activation of monocyte β1-integrin-mediated adhesion to 

fibronectin. 

Serotonin is a cAMP-elevating agonist secreted by activated platelets and mast cells, and 

increased plasma levels of serotonin are associated with the pathophysiology of atherosclerosis 

and asthma 
19,50

. Interestingly, serotonin was recently shown to be a chemotactic factor for 

eosinophils 
18

 and to modulate cytokine and chemokine release by monocytes 
51

. We show here 

that serotonin is able to induce adhesion, polarization and chemokinesis of U937 cells similarly 

to Epac activation. Although we could not directly implicate Epac1 in these effects, we show 

that serotonin-induced adhesion requires cAMP but is PKA independent, which suggests that 

Epac1 activation by cAMP mediates serotonin-induced adhesion of monocytes to fibronectin. 

Accordingly, Epac1 has previously been shown to be activated by serotonin receptors in 

neuronal cells 
15,16,52

. In the concentrations used in our study, serotonin did not show 

chemotactic properties for U937 cells, similar to the Epac activator 8CPT-2Me-cAMP. 

However, both agents increased CXCL12-induced chemotaxis, indicating that other signaling 

pathways engaged by chemokines are likely to be required for cell movement 
53-55

. The 

enhancing effects of serotonin on migration could be due to its ability to induce a more 

sustained Rap1 activation than does CXCL12. This may result in the improvement of Rap1-

mediated functions, such as polarization and adhesion, which are pre-requisites for directional 

migration. In conclusion, our data support a pro-inflammatory role for serotonin as an enhancer 

of monocyte adhesion and chemotaxis. 

Previous reports have shown that agents that increase cAMP such as forskolin, IBMX or 

prostaglandin E2 inhibit chemokine-induced monocyte adhesion and migration 
56,57

. However, 

other studies demonstrated that u-PA and relaxin stimulate monocyte adhesion and migration 

through cAMP-dependent pathways 
58,59

. An explanation for these contradictory observations 

may be the compartmentalization of cAMP signaling in cells 
60

. Different signaling receptors 

activate differentially located members of the adenylate cyclase family and specific 

phosphodiesterases degrade cAMP to prevent its diffusion. This results in the formation of 

cAMP ‘clouds’ at discrete sites within the cell, which activate only nearby located effectors. 

Thus, it may be that cAMP more potently activates either PKA or Epac1, depending on the 

stimulus, resulting in different outcomes for adhesion and migration. Interestingly, cAMP is 

known to consistently inhibit neutrophil migration, which may be explained by the fact that 

they do not express Epac1 protein, as shown here. 
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In conclusion, our work reveals a previously unrecognized cAMP-dependent signaling pathway 

in monocytes, regulating cell adhesion, polarization and chemotaxis through the activation of 

Epac1. Finally, our data suggest that cAMP-elevating receptor agonists may regulate 

inflammatory processes through the activation of Epac1-Rap1 signaling in monocytes.  
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Abstract 
Human monocytes adhere to activated platelets, resulting in the formation of platelet-monocyte 

complexes (PMC). Complex formation depends on the interaction between platelet-displayed 

P-selectin and the specific ligand for P-selectin on leukocytes, P-selectin glycoprotein ligand-1 

(PSGL-1). We have recently shown that monocytes within PMC have increased adhesive 

capacity to the activated endothelium. To better understand the effect of platelet binding on the 

capacity of monocytes to adhere to activated endothelium, the P-selectin-PSGL-1 interaction – 

induced changes in integrin functionality were studied. The binding of platelets to monocytes 

via P-selectin-PSGL-1 interactions was shown to increase expression and activity of α4β1 and 

αMβ2 integrin, with a concomitant decrease in L-selectin expression. Furthermore, the binding 

of platelets to monocytes resulted in increased monocyte adhesion to intercellular adhesion 

molecule-1, vascular cell adhesion molecule-1, and fibronectin. Platelet binding was also 

responsible for an increase in monocyte transendothelial migration. Similar effects were 

observed after engagement of PSGL-1 with specific antibodies or with P-selectin 

immunoglobulin protein. Our data suggest that platelets, by binding via P-selectin to PSGL-1 

on monocytes, induce up-regulation and activation of β1- and β2-integrins and increased 

adhesion of monocytes to activated endothelium. Hence, monocytes within PMC are in a higher 

state of activation and may have, therefore, an increased atherogenic capacity. 

 
 

Introduction 
Although monocyte adhesion to the damaged endothelium is essential for atherogenesis, 

platelet recruitment to atherosclerotic lesions is responsible for acute thrombo-embolic events 

causing myocardial infarction 
1-5

. The interactions between platelets and monocytes might 

therefore modulate thrombosis and atherogenesis. In this respect, platelet-leukocyte complexes 

in the circulation are known markers of platelet activation associated with vascular damage 

caused by atherosclerotic lesions 
6,7

.  

Activated platelets express P-selectin, a member of the selectin family, which upon activation, 

is translocated from the α-granules to the platelet surface 
8,9

. The main ligand for P-selectin is 

P-selectin glycoprotein ligand-1 (PSGL-1), a disulfide-linked homodimer with a molecular 

weight of ~220 kDa on platelets and most leukocytes 
10-12

. P-selectin and PSGL-1 are 

considered to mediate platelet-monocyte interactions, which not only mediate the binding of 

leukocytes to activated platelets or thrombi localized at the injured vessel wall but also the 

formation of platelet-leukocyte complexes [mainly platelet-monocyte complexes(PMC)] in the 

circulation 
2,13,14

.   

Monocytes, as other leukocytes, are recruited to cytokine-activated endothelium in a multistep 

process. Initially, monocytes in the blood stream have to be slowed down by a capturing 

mechanism and roll over the endothelial layer. Activation of the monocytes during the rolling 

phase will result in firm adhesion and transmigration 
15-17

. Although the latter process is 

mediated by interactions between the leukocyte integrins and their endothelial ligands, capture 

and rolling are mainly mediated by selectins and their respective receptors 
17-19

. By comparing 

monocytes and PMC regarding their capacity to adhere to the endothelium, we have previously 

shown that PMC are more adhesive. This increased adhesion is to a large extent dependent on 

enhanced monocyte-PMC interactions leading to the formation of flow-oriented monocyte and 
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PMC clusters. P-selectin – PSGL-1 interactions are involved in the formation of these 

secondary tethers 
14

. 

P-selectin has been shown to increase β2-integrin functionality on neutrophils 
20-22

 and to 

enhance the nuclear transcription of nuclear factor-κB, which is required for the production of 

cytokines such as monocyte chemoattractant protein-1 (MCP)-1 and tumor necrosis factor 

(TNF)-α 
23

. The idea of PSGL-1 ligation-mediated signaling has been emphasized by the 

observation that cross-linking of PSGL-1 on neutrophils induced protein-tyrosine 

phosphorylation, activated mitogen-activated protein kinases (MAPK), and stimulated 

interleukin (IL)-8 secretion. Moreover, PSGL-1 engagement on mouse neutrophils induces 

lymphocyte function-associated antigen-1 (LFA-1)- and membrane-activated complex-1 (Mac-

1)- dependent adhesion to intercellular adhesion molecule-1 (ICAM-1) 
24

. Furthermore, P-

selectin binding to its counterreceptor PSGL-1 promotes α4β1-dependent adhesion of 

monocytes to vascular cell adhesion molecule 1 (VCAM-1) 
25

. 

Altogether, these observations suggest a radical change, quantitatively and qualitatively, in the 

leukocyte repertoire of surface-expressed adhesion molecules upon platelet binding. In the 

present study, we focused on the P-selectin-PSGL-1 interaction to better characterize the effect 

of platelet binding on the adhesive capacity of monocytes to activated endothelium.  
 

 

Materials and methods 
Reagents 

Human serum albumin (HSA) was purchased from Sanquin Immunoreagents (Amsterdam, The 

Netherlands). Bovine serum albumin (BSA) and PMA were from Sigma-Aldrich (St. Louis, 

MO, USA). Recombinant TNF-α was from Boehringer Mannheim (Germany) and recombinant 

MCP-1 was from Strathman Biotech (Hannover, Germany). Alexa Fluor 488 phalloidin and 

Hoechst were from Molecular Probes (Eugene, OR, USA). Washing buffer contained PBS 

supplemented with 0.5% HSA and 13 mM trisodium citrate. Incubation buffer contained 20 

mM HEPES, 132 mM NaCl, 6 mM KCl, 1 mM MgSO4, and 1.2 mM KH2PO4 supplemented 

with 5 mM glucose, 1.0 mM CaCl2, and 0.5% (w/v) HSA. Iscove’s modified Dulbecco’s 

medium (IMDM) was from BioWhittaker (Verviers, Belgium) and other tissue-culture supplies 

(media, antibiotics, and trypsin) were from Gibco, Life Technologies Inc. (Paisley, UK).  

 

Cell culture 

Human umbilical vein endothelial cells (HUVEC) were isolated from human umbilical cord 

veins as described previously 
26,27

. Cells were cultured in RPMI 1640 containing 20% (v/v) 

human serum and 200 µg/ml penicillin and streptomycin (Gibco Life Technologies Inc.) and 

were grown to confluence in 5-7 days. Endothelial cells (EC) from the third passage were used 

in the experiments. TNF-α (100 U/ml) was added to the medium 6 hours prior to the 

experiments. U937 cells (a monocytic cell line derived from human histiocytic lymphoma) 

were purchased from the American Type Culture Collection (ATTC, Manassas, VA, USA). The 

cells were cultured in RPMI 1640 (Gibco Life Technologies Inc.) containing 10% (v/v) heat-

inactivated fetal calf serum (Gibco Life Technologies Inc.), 2 mM L-glutamine, 50 IU/ml 

penicillin and 50 µg/ml streptomycin (complete medium). 
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Proteins and Monoclonal antibodies 

Human P-selectin-Fc chimera , ICAM-1-immunoglobulin G (IgG) and VCAM-1-IgG were 

purchased from R&D Systems (Minneapolis, MN, USA). Human plasma fibronectin was from 

Sigma-Aldrich. The antibodies used in the present study are described in Table 3.1. The 

hybridomas for monoclonal antibodies (mAb) WASP12.2, DREG56, IB4, 44a and W6/32 were 

from the ATCC (Rockville, MD, USA). The CD11b conformation-dependent antibody 

CBRM1/5 and the antibodies against PSGL-1, PL-1 and PL-2, were kindly provided by Dr. 

Kevin L. Moore (University of Oklahoma, Norman, USA). KPL-1 was from Santa Cruz 

Biotechnology (Santa Cruz, CA, USA). Antibodies 1G11 and 84H10 were from Immunotech 

(Marseille, France). The β1-integrin conformation-dependent mAb HUTS21 was a kind gift of 

Dr. Francisco Sanchez-Madrid (Hospital de La Princesa, Madrid, Spain). The FITC-labeled 

44H6 mAb was from Chemicon International (Temecula, CA, USA) and the FITC-labeled 

DREG56 antibody was from Becton Dickinson (San Jose, CA, USA). The Alexa-488-labeled 

goat-anti-mouse Ig antibody was from Molecular Probes. All the other antibodies were 

purchased from Sanquin Immunoreagents. Human and mouse IgG were purchased from Sigma 

(St. Louis, MO, USA). Human and mouse IgG were purchased from Sigma-Aldrich. 

 
 

Table 3.1: Name and characteristics of all antibodies used in this study.  

 

Name Clone Function Form Isotype 

CD11b 44a blocking purified IgG1 
CD11b CBRM1/5 conformation-dependent purified IgG1 
CD14 CLB-mon/1  FITC

a
 IgG2a 

CD18 IB4 blocking purified IgG2a 
CD18 CLB LFA-1/1  FITC

a
 IgG1 

CD29 HUTS21 conformation-dependent purified IgG2a 
CD29 2A4  FITC

a
 IgG1 

CD42b CLB-MB45  PE
a
 IgG1 

CD49d HP2/1 blocking purified IgG1 
CD49d 44H6  FITC

a
 IgG1 

CD54 84H10 conformation-dependent purified IgG1 
CD62P WASP12.2 blocking purified IgG1 
CD62P CLB thromb/6  PE

a
 IgG1 

CD106 1G11 blocking purified IgG1 
CD162 PL-1 blocking purified IgG1 
CD162 PL-2 nonblocking purified IgG1 
CD162 KPL-1 blocking purified IgG1 
IgG1 CLB-203 isotype control FITC

a
/PE

a
/purified  

IgG2a CLB-713 isotype control FITC
a
/purified  

HLA-A,-B, -C W6/32 binding control purified  
Goat-anti-mouse Ig   Alexa 488

a
  

a Antibodies used for staining and detection by confocal microscopy and/or flowcytometry  

 

 

Monocyte isolation 

Whole blood, anticoagulated with 0.4% trisodium citrate (pH 7.4), was obtained from healthy 

volunteers from the Sanquin Blood Bank (Amsterdam, The Netherlands). Monocytes were 

negatively selected from human peripheral blood by means of a magnetic cell sorter monocyte 

isolation kit according to the manufacturer’s instructions (Miltenyi Biotech GMBH, Bergisch 

Gladbach, Germany). This procedure resulted in monocyte fractions containing more than 90% 
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monocytes (CD14
+
 cells in FACScan), the viability exceeding 95% (as determined by Trypan 

blue exclusion). The percentage of PMC present in these monocyte suspensions was determined 

by counting the CD14
+
/CD42b

+
 events. We observed that 10-20% of the monocytes had 

platelets bound to their surface. To obtain PMC-poor monocyte suspensions, the monocytes 

were incubated with a mouse IgG mAb against GPIIIa (platelet β3-integrin, clone AP3, 

hybridoma from the ATCC, Rockville, MD, USA), for 20 minutes at 4°C. After one washing 

step, the cells were incubated with goat-anti-mouse-IgG microbeads (Dynabeads, Dynal A.S., 

Oslo, Norway) at a ratio of two beads per platelet for 20 minutes at 4°C. After magnetic 

extraction of the beads, the number of PMC was less than 5% of the total number of monocytes. 

After isolation, the cells were resuspended in incubation buffer. For blocking experiments, 

monocyte suspensions with or without PMC were incubated with mAb for 10 minutes at 37°C 

prior to the perfusion experiments. In some instances, washed platelets were added to the 

monocyte suspension just before perfusion. Addition of one or three platelets per monocyte 

resulted in platelet binding to 10-20% or to 20-40% of the monocytes, respectively.  

 

Platelet isolation 

Whole blood was centrifuged at 150 ×g for 10 minutes to obtain platelet-rich plasma (PRP), 

which was diluted 1:1 in Krebs-Ringer solution [4 mM KCl, 107 mM NaCl, 20 mM NaHCO3, 2 

mM Na2SO4, 19 mM tri-sodium citrate, 0.5% (w/v) glucose in H2O, pH 5.0]. The mixture was 

centrifuged at 500 ×g for 10 minutes, and the supernatant was removed. The platelets in the 

pellet were resuspended in 2 ml Krebs-Ringer solution and centrifuged at 500 ×g for 10 

minutes. This process was repeated two times, and the final suspension was made up in Krebs-

Ringer (pH 6.1) solution to a concentration of 300,000 platelets/µl. 

 

Adhesion assay 

Adhesion assays were performed as described previously 
28-32

 with some modifications. Briefly, 

96-well microtiter plates (No. 3596, Corning Costar, Cambridge, MA, USA) were coated by 

incubation with fibronectin (10 µg/ml), VCAM-1 or ICAM-1/Fc chimera (1 µg/ml) for 1h at 

37°C or 4% HSA as control for 1 hour at 37°C. After incubation, the wells were washed with 

PBS and then blocked with 4% HSA at 37°C for 30 minutes. Control wells were filled with 4% 

HSA in PBS. Monocytes were labeled with calcein-acetoxymethyl (Molecular Probes) at a final 

concentration of 5 µg/1 ×10
7
 cells. In some instances, monocytes were incubated with platelets 

or P-selectin after calcein labeling. For PMA stimulation, cells were added to wells containing 

10 ng/ml PMA. For blocking experiments, cells were added to wells containing the function-

blocking mAb. Plates were then incubated at 37°C and the monocytes were allowed to settle for 

30 minutes. After incubation, non-adherent cells were removed by washing twice with PBS and 

adherent cells were lysed in 0.5% Triton X-100 for 10 minutes at room temperature. Adhesion 

was quantified with a microplate fluorescence plate reader (GENios Plus, Tecan Group Ltd, 

Männedorf, Switzerland). Fluorescence was measured at excitation wavelength 485 nm and 

emission wavelength 525 nm. The adhesion ratio (%) was calculated as follows: (fluorescence 

from experimental sample – fluorescence from negative control sample) ⁄ total fluorescence 

added to well × 100%. 
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Monocyte perfusion and evaluation of cell adhesion  

Monocytes in suspension (2 ×10
6
 cells/ml in incubation buffer at 37ºC) were aspirated from a 

reservoir through plastic tubing, a valve, and the flow chamber 
27,33

 with a Harvard syringe 

pump (Harvard Apparatus, South Natic, MA, USA). The flow rate through the chamber was 

controlled precisely (according to the manufacturer’s instructions), and the shear stress was 

kept at 0.8 dyn/cm
2
. The wall shear stress was calculated according to the Navier Stokes 

equation : t = (6Q.η)/(w.h
2
). In this equation, Q is the flow rate, η is the suspending-medium 

viscosity, w is the slit width, and h is the slit height of the flow chamber 
33

. The shear stress is 

proportional to the rate of flow of the cells and can be calculated as dyn/cm
2
. During perfusions, 

the flow chamber was mounted on a microscope stage (Axiovert 25, Zeiss, Germany), equipped 

with a black and whitecharged-coupled device video camera (Sanyo, Osaka, Japan) and coupled 

to a VHS video recorder. Video images were evaluated for the number of adherent monocytes 

and the rolling velocity per cell with dedicated routines made in the image analysis software 

Optimas 6.1 (Media Cybernetics Systems, Silver Spring, MD, USA). The monocytes, which 

were in contact with the surface, appeared as bright, white-centered cells after proper 

adjustment of the microscope during recording. The number of surface-adherent monocytes was 

measured after 5 minutes of perfusion at a minimum of 25 randomized, high-power fields. The 

rolling velocity of cells was measured as described previously 
34

. In short, a sequence of 50 

frames representing an adjustable time interval (δt, with a minimal interval of 80 ms) was 

captured digitally. The position of every cell was detected in each frame, and for all subsequent 

frames, the distance traveled by each cell and the number of images in which a cell appears in 

focus were measured. The cut-off value to distinguish between rolling and static adherent cells 

was set at 1 µm/s. With this method, static adherent, rolling, and free-flowing cells (which were 

not in focus) could be clearly distinguished.  

 

Flow cytometry and confocal microscopy to determine cell adhesion molecules expression upon 

PSGL-1 engagement on monocytes 

Calibration of the flow cytometer was performed according to a standard procedure which has 

been set and approved by the Dutch Foundation for Quality Assessment in Clinical 

Laboratories (SKML, Nijmegen, The Netherlands). Expression of adhesion molecules on the 

monocyte surface was investigated by flow cytometry (FACSVantage, Becton Dickinson) with 

cells that were incubated, or not, with platelets (see Monocyte isolation in Materials and 

methods) or with a P-selectin Ig. By distinguishing between monocytes with no platelets bound 

to their surface (CD42b
-
) and platelet-bound monocytes (CD42b

+
), two different populations of 

monocytes were characterized, regarding the expression of different adhesion molecules. The 

expression of CD62L, CD18, CD11a, CD11b, CD29, and CD49d was determined by incubating 

monocytes with specific, directly labeled antibodies for 1 hour at 4°C (according to 

manufacturer’s instructions). Samples were also incubated with isotypematched control 

antibodies (IgG1 and IgG2a, considering the antibody of interest, see Table 3.1). Integrin 

activation was investigated by incubating monocytes with the purified antibodies CBRM1/5 

(activation-dependent epitope on αM subunit) or HUTS21 (activation-dependent epitope on β1-

integrins) or the respective isotype control antibodies (unlabeled IgG1 and IgG2a, see Table 

3.1) for 1 hour at 4°C. After washing one time with washing buffer, cells were further incubated 

with Alexa-488-labeled goat-anti-mouse Ig antibody. 
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To further investigate the integrin expression and activation state induced by PSGL-1 

engagement by P-selectin, the distribution of αMβ2 (CD11b) and α4β1 (CD49d) was 

characterized by confocal microscopy. Monocytes, untreated or treated with P-selectin Ig or 

PMA (positive control) were fixed with 3.7% formaldehyde in PBS containing 1 mM Ca
2+

 and 

1 mM Mg
2+

 for 10 minutes at room temperature. After blocking with PBS containing 0.5% 

(w/v) BSA, 1 mM Ca
2+

 and 1 mM Mg
2+

, the expression of CD11b and CD49d was detected 

with the FITC-labeled antibodies. Images were recorded with a Zeiss LSM 510 confocal laser 

scanning microscope.  

 

Transmigration assay 

Monocyte transmigration was studied under flow and static conditions. Monocyte suspensions 

(containing <5%, 10-20%, or 20-40% PMC) were perfused over 6 hours – TNF-α-activated EC. 

After 5 minutes of perfusion, nonadherent cells were washed away, and incubation medium was 

perfused further for 10 minutes. The adherent cells that migrated through the EC layer were 

manually counted every 2 minutes.  

Transmigration assays under static conditions were performed in 6.5 mm, 5 µm pore Transwell 

plates (Corning Costar), coated with fibronectin. Freshly isolated monocytes or PMC (1 ×10
5
) 

were added to the upper compartment in 0.1 ml assay medium [IMDM medium with 0.25% 

(w/v) BSA], and 0.6 ml assay medium with 10 ng/ml recombinant human MCP-1 were added 

to the lower compartment. The Transwell plates were then incubated at 37°C, 5% CO2, for 

different time periods (30, 60, 90, and 120 minutes). Cells that migrated to the lower 

compartment were collected in a tube to which a fixed number of control U937 cells, labeled 

with calcein, were added. Flow cytometry analysis was used to determine the ratio between 

labeled and unlabeled cells. By comparing this ratio with that of the input control, the number 

of migrated cells was quantified. After the assay cells from the upper side of the filter were 

removed with a cotton swab. The filters were then fixed and stained with Hoechst 33258. The 

migrated cells on the bottom side of the filters were counted with a microscope equipped with a 

ultraviolet filter in different fields of the cell filter. 

 

Statistical analysis 

Data are represented as the mean ± SD of three to five independent experiments, and 

comparisons were analyzed using the Mann-Whitney U test. All effects were assessed at the 

0.05 level of significance.  

 
 

Results 
PSGL-1 ligation by P-selectin increases monocyte adhesion to immobilized fibronectin, VCAM-

1, and ICAM-1  

To test the effect of P-selectin in monocyte adhesiveness, we analyzed changes in monocyte 

adhesion to fibronectin. Freshly isolated monocytes were treated with various concentrations of 

P-selectin Ig and added to fibronectin-coated wells of tissue-culture plates. After incubation at 

37°C for 30 minutes, unbound cells were washed with PBS, and bound monocytes were 

quantified. P-selectin Ig enhanced monocyte adhesion to fibronectin in a concentration-

dependent manner. A maximal effect was obtained at 10 µg/ml (data not shown).  
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Figure 3.1: P-selectin/platelet binding induces monocyte adhesion to fibronectin, VCAM-1, and ICAM-1. 

Freshly isolated monocytes labeled with calcein, untreated (A, open bars) or incubated with platelets (10-20% or 

20-40% PMC; shaded and solid bars, respectively, A) or P-selectin Ig (10 µg/ml, B) were added to 96-well tissue-

culture plates coated with HAS (control), fibronectin (FN), VCAM-1 Ig, or ICAM-1 Ig. As a positive control, 

monocytes were treated with PMA before addition to the wells. This is represented by the line at 100%. All results 

are expressed as the mean ± SD values of percentage of adhesion of four independent experiments (** p<0.01; * 

p<0.05). 

 

 

We further characterized the adhesive capacity of monocytes after PSGL-1 engagement by 

platelets or P-selectin Ig, to various immobilized proteins (fibronectin, VCAM-1, and ICAM-1). 

Monocytes were incubated with different concentrations of platelets (allowing the formation of 

PMC, see Monocyte isolation in Materials and methods) or with P-selectin Ig (10 µg/ml). As 

shown in figure 3.1A, platelets enhance monocyte adhesion to the different protein surfaces in a 

concentration-dependent manner. The strongest effect was obtained when three platelets per 

monocyte were added (20-40% PMC). Similarly, the binding of P-selectin also enhanced 

monocyte adhesion to the different surfaces (Figure 3.1B).   

To verify the specificity of this effect, i.e., the role of platelets and integrins, the physical 

interaction of platelets with monocytes was inhibited by antibodies to cell surface receptors. A 

blocking antibody against P-selectin blocked the increment in monocyte adhesion to all 

immobilized proteins (Figure 3.2). When monocytes were incubated with HP2/1 (a mAb to 

integrin α4β1, which blocks leukocyte adhesion) the increment in monocyte adhesion to 

fibronectin or VCAM-1 was completely abrogated. Similarly, when monocytes were 

preincubated with IB4 (a mAb to the integrin β2 subunit that blocks leukocyte adhesion) or 44a 

(a blocking mAb to integrin αM) the monocyte adhesion to ICAM-1was very low. A mouse 

IgG1 antibody had no detectable effect. These data indicate that P-selectin specifically increases 

monocyte adhesion and suggests that the increased adhesion is mediated by both β1- and β2-

integrins.  
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Figure 3.2: Antibodies against integrins or 

P-selectin block the platelet-dependent effect 

on monocyte adhesion. Monocytes were left 

untreated (control, open bars) or were treated 

with P-selectin Ig (–). For antibody inhibition 

experiments P-selectin Ig was treated with 

WASP12.2 (a P-selectin-blocking antibody) 

prior to incubation with monocytes. Incubation 

with W6/32 (anti-HLA-A, -B, and -C, control 

antibody), HP2/1 (a CD49d-blocking antibody) 

and IB4 (a CD18-blocking antibody) or 44A (a 

CD11b-blocking antibody) was performed after 

binding of P-selectin Ig to the monocytes and 

before adding them to the wells on the tissue-

culture plate. As a control, monocytes were 

also incubated with mouse IgG (mIgG1), prior 

to addition to the coated wells. After incubation 

at 37°C, the plates were washed, and the bound 

cells were lysed with 0.5% w/v Triton X-100 

for 10 minutes at room temperature. Plates 

were then read on a microplate fluorescence 

plate reader at excitation wavelength 485 nm 

and emission wavelength 525 nm. All results 

are expressed as the mean ± SD values of 

percentage of adhesion of three independent 

experiments (** p<0.01; * p<0.05). 

 

 

 

Adhesion of monocytes to extracellular matrix and endothelial substrates under flow conditions 

We next examined the effects of PSGL-1 engagement on monocyte adhesiveness to fibronectin, 

VCAM-1, and ICAM-1 under flow conditions.  Similar to the results obtained under static 

conditions, also under flow conditions, we observed a significant increase in monocyte 

adhesion to the different protein surfaces (Figure 3.3, upper graphic).  

To determine whether integrin activation, modulated by PSGL-1 – P-selectin binding, changes 

the monocyte capacity to adhere to a model of inflamed endothelium, we perfused freshly 

isolated monocytes, incubated or not with platelets or with P-selectin Ig, over TNF-α-activated 

HUVEC (Figure 3.3, lower graphic). We have previously shown 
14

 that monocytes do not 

adhere to unstimulated endothelium under flow conditions. We have performed similar control 

experiments, which confirmed this (data not shown). Therefore, monocyte adhesion to the 

endothelium was used as control for proper stimulation of the EC by TNF-α. When the PMC 

content in the monocyte suspension was less than 5%, blocking antibodies to VLA-4 or Mac-1 

(on monocytes) and VCAM-1 or ICAM-1 (on HUVEC) reduced monocyte adhesion by 30%. 

As expected and as shown before
 14

, a P-selectin-blocking antibody (WASP12.2) did not have 

an effect on monocyte adhesion under these conditions. With a PMC content of 20-40%, the 

same integrin-blocking antibodies also inhibited monocyte adhesion to HUVEC. However, a 

stronger inhibitory effect (50%) was obtained by blocking P-selectin on platelets.  
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Figure 3.3. P-selectin/platelet binding 

induces monocyte adhesion to 

fibronectin, VCAM-1, and ICAM-1 

under flow conditions. Freshly isolated 

monocytes, untreated or incubated with 

platelets (10-20% or 20-40% PMC, see 

Materials and methods) or P-selectin Ig 

(10 µg/ml), were perfused over glass 

coverslips coated with albumin, 

fibronectin, VCAM-1 Ig, or ICAM-1 Ig 

(upper graphic) or with TNF-α-activated 

HUVEC (lower graphic).  For antibody 

inhibition experiments, platelets or P-

selectin Ig were treated with WASP12.2 

(P-selectin-blocking antibody) prior to 

incubation with monocytes. For all other 

conditions, incubation of monocytes 

with W6/32 (anti-HLA-A, -B, and -C, 

control antibody), HP2/1 (CD49d-

blocking antibody) or 44A (CD11b-

blocking antibody) and of HUVEC with 

1G11 (VCAM-1-blocking antibody) or 

84H10 (ICAM-1-blocking antibody) was 

performed for 10 minutes, at 37°C just 

before starting the perfusion. Results are 

expressed as the mean ± SD values of 

adherent cells/mm2 of three independent 

experiments (** p<0.01; * p<0.05). 

VLA-4, Very late antigen-4.  

 

 

 

Flow cytometric analysis of β1- and β2-integrin expression on P-selectin- or platelet-bound 

monocytes 

We analyzed the expression of α4β1 and αMβ2 integrins on monocytes and determined whether 

P-selectin binding enhanced the level of integrins expressed on the monocyte surface. PSGL-1 

ligation on monocytes was induced by incubation of monocytes with P-selectin Ig or with 

different amounts of platelets (see Materials and methods). In Figure 3.4, a histogram 

representative of the expression pattern of adhesion molecules on the surface of cells from the 

two distinct monocyte subpopulations (naked monocytes and monocytes with platelets on their 

surface, PMC) is shown. Clear difference regarding the expression of CD11a and CD62L on 

monocytes from the two subpopulations can be observed. After analyzing the expression of 

several other adhesion molecules, the differences between the two subpopulations were 

quantified and are indicated in Table 3.2. Platelet- or P-selectin-bound monocytes showed 

increased expression of both α4β1 and αMβ2 integrins (CD49d and CD11b, respectively, Table 

3.2, * p<0.05), and a decrease in L-selectin expression was observed, suggesting monocyte 

activation upon P-selectin binding. When P-selectin or platelet binding to monocytes was 

blocked by incubation of the cells with the anti-P-selectin mAb WASP12.2, no increase in 

integrin expression was observed, as shown previously 
14

. Although the increase in integrin 

expression on platelet-bound monocytes was stronger, an increase in β2-integrin expression was 
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also observed on the naked monocytes within the suspensions to which platelets were added, 

suggesting some degree of cell activation.  

Integrin activation was assessed by the use of specific antibodies such as CBRM1/5 and 

HUTS21. CBRM1/5 antibody reacts with an activation-dependent epitope on the αM subunit 

(Mac-1), and HUTS21 antibody reacts with an activation-dependent epitope on β1-integrins. 

Incubation of monocytes with platelets or with P-selectin-Ig resulted in a three to five fold 

increase in β1- and β2-integrin activation (Figure 3.5). Although the naked monocytes in PMC-

rich suspensions did show a partial increase in integrin expression, these integrins were not 

activated. 

 
 

 
 

Figure 3.4. Monocytes show a different pattern in the expression of adhesion molecules depending on the 

binding or absence of platelets on their surface. Monocytes were incubated with platelets to allow the formation 

of PMC (three platelets per monocyte, resulting in the formation of 20-40% PMC in the monocyte suspension; see 

Materials and methods). Incubation of this cell suspension with a CD42b/PE antibody was used to distinguish two 

populations of monocytes: monocytes (no platelets bound to their surface and thus, CD42b−) and PMC (monocytes 

with platelets bound to their surface and thus, CD42b+). To investigate whether monocytes belonging to the two 

subpopulations show differences in an integrin-expression pattern, monocytes belonging to each subpopulation 

were analyzed regarding the expression of LFA-1 (CD11a) and L-selectin (CD62L) as described in Materials and 

methods. The presented data are representative images of three independent experiments.  

 

 
Table 3.2: Influence of platelet binding on the expression of various adhesion molecules on the monocytes 

surface.  

 

Subpopulation: 
naked monocytes 

Subpopulation: 
monocytes within the PMC 

 
 

  
 

Adhesion 
molecule 

<5% 
PMC 

10-20% 
PMC 

20-40% 
PMC 

 
<5% 
PMC 

10-20% 
PMC 

20-40% 
PMC 

P-selectin Ig 
chimera 

(10 µg/ml) 

CD62L 150±14 114±10 132±14  n.d. 76±4 61±15* 65±7* 
CD18 323±60 404±10 417±164  n.d. 584±31* 726±29* 663±51* 
CD11a 327±65 307±13 462±58  n.d. 416±16 520±48* 443±26* 
CD11b 661±24 825±44 891±27  n.d. 987±31* 1068±42* 921±97 
CD29 141±34 128±14 165±21  n.d. 297±9* 387±27* 315±31* 
CD94d 118±14 118±21 132±21  n.d. 197±88 293±47* 225±29* 

All results are expressed as the mean ± SD values of MFI of five independent experiments (* p<0.05). 
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Figure 3.5. Platelet/P-selectin binding to 

monocytes induces integrin activation. 

Monocytes were incubated with platelets (10-

20% or 20-40% PMC, see Materials and 

methods), P-selectin Ig (10 µg/ml), or PMA 

(10 ng/ml). Within the monocyte suspensions 

to which platelets were added, incubation of 

monocytes with a CD42b/PE antibody was 

used to distinguish two populations of 

monocytes: monocytes with no platelets bound 

to their surface (open bars) and platelet-

monocytes complexes (solid bars). The 

expression of integrin activation-dependent 

epitopes was determined as described in 

Materials and methods. HUTS21 is a β1-

integrin conformational-dependent mAb (upper 

graphic), and CBRM1/5 is a CD11b 

conformational-dependent mAb (lower 

graphic). All results are expressed as the mean 

± SD values of MFI of three independent 

experiments (** p<0.01; * p<0.05).  

 

 

 

Besides the effect of P-selectin binding to PSGL-1, also the influence of specific PSGL-1 

antibodies (KPL-1, PL-1, and PL-2) on integrin up-regulation on monocytes was investigated. 

Addition of PL-2 (a nonblocking PSGL-1 antibody), KPL-1, or PL-1 (two blocking mAb to 

PSGL-1) to monocytes (no platelets present) also resulted in increased integrin expression and 

activation (Figure 3.6). These results indicate that mAb interaction with PSGL-1 on monocytes 

is sufficient to induce functional up-regulation of β1- and β2-integrins. 

 

Confocal microscopy analysis of integrin expression on P-selectin-bound monocytes 

To further characterize the integrin expression and activation induced by P-selectin binding to 

the monocytes, the distribution of α4β1 and αMβ2 integrins on the monocyte surface was 

investigated by confocal microscopy (Figure 3.7). Nontreated cells (control) stained for CD11b 

or CD49d showed only a weak and punctuated staining for both antibodies. As a positive 

control, PMA stimulation strongly induced a bright staining pattern. Stimulation by P-selectin 

Ig chimera resulted in an intermediate staining pattern, and the patches were larger and more 

abundant than in the control conditions. These data indicate induction of variable degrees of 

avidity of both αMβ2 and α4β1 integrins by P-selectin and PMA. As the effect of platelet 

binding to monocytes on integrin up-regulation was so clear, the results were not quantitated.   
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Figure 3.6: PSGL-1 antibodies enhance integrin expression and activation on monocytes. Washed monocytes 

were incubated with PL-1 or KPL-1 (blocking mAb to PSGL-1) or PL-2 (a nonblocking mAb to PSGL-1) 

antibody. Expression of CD11a, CD11b, and CD49d was determined by flow cytometry. Isotype-matched control 

antibodies (IgG1 and IgG2a) were taken as controls. Integrin activation was analysed by flow cytometry after 

incubation of cells with antibodies specific for activation-dependent epitopes of CD11b (CBRM1/5) and β1-

integrins (HUTS21) and subsequent staining with an Alexa-488-labeled goat-anti-mouse Ig antibody. Data are 

expressed as the mean ± SD values of MFI of three different experiments (** p<0.01; * p<0.05). 

 

 

Effect of platelet binding on monocyte transmigration 

We further investigated a possible correlation between the observed increase in monocyte 

adhesion to HUVEC upon PSGL-1 ligation and an increase in monocyte transmigration. An 

increase in monocyte transmigration was observed when 20-40% PMC were present. Under 

static conditions, the percentage of migration toward MCP-1 was 25% higher when PMC were 

present (Figure 3.8). PMC presence also influenced monocyte transmigration under flow 

conditions, as 50% of the cells migrated within the first 6 minutes of perfusion, and in the 

absence of PMC, this process took 10 minutes (data not shown).  

 
 

Discussion 
Interactions of PSGL-1 with P-selectin mediate the initial tethering of leukocytes to activated 

platelets or EC at sites of infection or tissue injury 
13,35

. We recently showed that PMC support 

monocyte adhesion by enhancing secondary tethering 
14

. In the present study, we extend our 

previous work by investigating the consequences of platelet binding on the monocyte 

phenotype regarding expression of β1- and β2-integrins and the adhesive capacity to an 

inflamed endothelium model. We demonstrated that platelet binding to monocytes induces a 

high monocyte-activation state, characterized by down-regulation of L-selectin and rapid 

activation of α4β1 and αMβ2 integrins. Similar effects on monocyte activation were observed 

after ligation of PSGL-1 by P-selectin Ig chimera or by specific antibodies to PSGL-1. This P-

selectin-triggered integrin activation was blocked completely by a blocking antibody to P-

selectin, indicating that physical binding of P-selectin to PSGL-1 on monocytes is essential for 

this process. In fact and although the naked monocytes within the monocyte suspensions to 
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which platelets have been added show a slight increase in integrin expression as a result of 

possible reversible platelet binding or platelet-released effectors, their integrin functionality 

remains unchanged.  

 
 

 

 

 

 

 

 

 

 

Figure 3.7: P-selectin induces β1- and β2-

integrin expression and clustering. 

Monocytes, untreated (control) or treated with 

P-selectin Ig and PMA, were fixed with 3.7% 

formaldehyde in PBS containing 1 mM Ca2+ 

and 1 mM Mg2+ for 10 minutes at room 

temperature. After blocking with PBS 

containing 0.5% w/v BSA, 1 mM Ca2+, and 1 

mM Mg2+, cells were incubated directly 

FITC-labeled IgG1, CD11b or CD49d mAb. 

Images were taken with a confocal laser 

scanning microscope. The presented data are 

representative images of three independent 

experiments (bar, 10 µm). 

 

 

P-selectin-triggered signaling and its stimulatory effects on human leukocytes have been 

described in several previous reports. P-selectin binding to PSGL-1 has been shown to promote 

β2-integrin-dependent homotypic neutrophil aggregation and neutrophil-platelet conjugation 
22,36

. Hidari et al. 
24

 demonstrated that ligation of PSGL-1 on human neutrophils with mAb or 

with P-selectin increased protein tyrosine phosphorylation, activated the extracellular signal-

regulated kinase and MAPK, and induced secretion of IL-8. Monocytes, upon binding of 

activated platelets, were shown to secrete MCP-1 and IL-8 
37

 and to express tissue factor 
38-40

.  

Various mechanisms for a role of P-selectin in influencing the activity of β1- and β2-integrins 

have been suggested. However, most studies have shown that P-selectin cannot stimulate 

integrin activation directly on human leukocytes 
20,37,40

. Instead, P-selectin was described as an 

anchoring molecule, allowing monocytes to bind to activated endothelium thus facilitating the 

binding of EC surface-bound platelet-activating factor (PAF) to its receptor on the leukocyte 

surface. Subsequently, immobilized chemoattractant PAF induced integrin activation 
20

. Our 

data indicate that the increase in integrin expression and activation occurs upon PSGL-1 

ligation by platelets, P-selectin or by PSGL-1-specific antibodies. We observed an increase in 

monocyte adhesion to immobilized fibronectin, VCAM-1, and ICAM-1, indicative of integrin 

conformational changes. Furthermore, upon platelet binding to monocytes, there was an 

increase in αMβ2- and α4β1-dependent adhesion of monocytes to activated EC under flow 

conditions. This is in agreement with previous studies showing induction of αMβ2 integrin 
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upon platelet binding to human neutrophils 
20,21,41

 and an increased affinity of monocytes to 

VCAM-1 by P-selectin binding under flow conditions 
4,25,42

.  

The presence of additional platelet-released, synergistic factors, such as the cytokines PAF and 

RANTES (regulated on activation, normal T expressed and secreted) 
4
 seem to be required to 

induce optimal leukocyte activation. This might explain the observed monocyte adhesion upon 

P-selectin-Ig binding or PSGL-1 antibodies, which was in some instances lower than the one 

obtained by adding freshly isolated platelets to monocytes. A recent study 
20

 about neutrophils 

suggested an intermediate state of integrin activation induced by engagement of PSGL-1 by P-

selectin Ig or antibodies to PSGL-1. This intermediate integrin activation state is compatible 

with a moderate increase in monocyte adhesion to immobilized proteins or activated EC. 

Furthermore, depending on the leukocyte type, PSGL-1 structure and subsequent affinity for its 

main ligand, P-selectin, seem to differ. When compared with neutrophils, PSGL-1 on 

eosinophils has been shown to bind ten fold stronger to P-selectin 
43

. Recently, platelets were 

shown to preferentially bind monocytes over neutrophils under flow 
44

, suggesting differences 

in structure/affinity of PSGL-1 on the two different cell types. These differences might result in 

the induction of different PSGL-1-mediated integrin-signaling pathways and explain the effect 

of platelet binding on integrin expression and activation observed by us, in contrast to others 
20

. 

In conclusion, our data show an increase in expression and adhesive capacity of α4 and αM 

integrins upon PSGL-1 ligation by P-selectin on human monocytes. PSGL-1 ligation by platelet 

binding results in increased integrin activation and subsequently, increased cell adhesion to 

fibronectin, VCAM-1, ICAM-1, and activated EC. Although an increase in monocyte 

transmigration was also observed, the exact role of platelets in this phenomenon needs further 

investigation.  

The concerted action of a variety of stimuli such as chemoattractants and P-selectin, provided 

by platelet binding, seems to modulate the activation of monocyte integrins relevant for the 

monocyte extravasation process and thus for their atherogenic capacity.  

 
 

Figure 3.8: Platelet binding to 

monocytes induces monocyte 

transendothelial migration. 

Transmigration of freshly isolated 

monocytes, untreated (monocytes) or 

incubated with platelets (PMC, see 

Materials and methods), was studied 

under static conditions and under flow. 

For studies under static conditions, 

monocytes were added to the upper 

compartment of a Transwell plate 

coated with fibronectin, and 10 ng/ml of 

recombinant human MCP-1 was added 

to the lower compartment. After 

incubation of the Transwell plates at 

37°C for different time periods (30, 60, 

90, and 120 minutes), the percentage of 

migration was quantified. All results are 

expressed as the mean ± SD values of 

percentage of migration of three 

independent experiments (* p<0.05).   
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Abstract 
Monocytes and platelets are both crucially involved in atherogenesis. Importantly, activated 

platelets bound to circulating monocytes, increase adhesion of the monocytes and thus mediate 

colocalization of both cell types at the vessel wall. We examined the fate of the platelets upon 

migration of these potentially pro-atherogenic platelet-monocyte complexes (PMC) across 

activated endothelium. Platelet-monocyte complex migration was studied both quantitatively by 

means of Transwell filters coated with endothelial cells, as well as qualitatively with different 

imaging techniques, and in the absence or presence of flow. Upon PMC transendothelial 

migration, platelets relocate with monocytic P-selectin glycoprotein ligand-1 (PSGL-1) to the 

rear of the monocyte, detach, and remain at the endothelial surface. Platelet dissociation 

appeared not to be due to reduced PSGL-1 expression or reduced platelet-binding capacity of 

the migrated monocytes. In addition, different endothelial matrix proteins with different platelet 

binding capacities coated on the Transwell filter, instead of endothelial cells, did not affect 

PMC dissociation. In contrast, lowering the mechanical stress that PMC experience during 

transmigration prevented dissociation of platelets. In conclusion, PMC dissociate during 

transendothelial migration as a result of monocytic PSGL-1 redistribution and mechanical 

stress. PMC-mediated deposition of activated platelets at sites of vascular inflammation is 

likely relevant for cardiovascular disease progression or vascular regeneration. 
 

 

Introduction 
The adhesion to and influx of circulating monocytes into the vascular wall are critical for 

initiation and progression of atherosclerosis. Besides monocytes, also platelets are found at sites 

of fatty streaks and are believed to be involved in the initiation and accelerated formation of the 

atherosclerotic lesions 
1-4

. Moreover, specific interactions between platelets and monocytes 

appear responsible for this co-localization. Activated platelets have been shown to effectively 

mediate monocyte tethering and rolling under physiological flow 
3,5

. Additionally, not only 

vessel wall-bound platelets bind monocytes, also activated platelets within the circulation lead 

to the formation of platelet-monocyte complexes (PMC) 
6
. Both adhesion of monocytes to 

vessel wall-bound platelets and PMC formation in the circulation have been shown to be 

dependent on the interaction between P-selectin, expressed on activated platelets, and its 

counter-receptor P-selectin glycoprotein ligand-1 (PSGL-1), constitutively expressed on 

leukocytes 
3,6

. 

The importance of these PMC is suggested by the fact that increased levels of circulating PMC 

are detected in patients after cardiovascular interventions and acute coronary syndromes, and 

that the presence of PMC is correlated with the cardiovascular outcome 
7-12

. From these 

findings, PMC were first regarded as marker for platelet activation in disease. Only recently, 

PMC were also suggested to be atherogenic. The delayed and reduced formation of 

atherosclerotic lesions in P-selectin knock-out mice 
13

 shows the importance of P-selectin-

ligand interactions. Besides the role of P-selectin and PSGL-1 interactions in enhancing rolling 

and adhesion of monocytes and PMC at the vascular wall 
3,14,15

, PSGL-1 ligation on the 

monocyte induces intracellular signaling. Ligation of PSGL-1 induces the release of 

inflammatory mediators, such as monocyte chemoattractant protein-1 (MCP-1), interleukin-8, 

and tumor necrosis factor-α (TNF-α), the production of coagulation-initiating tissue factor 
16-18

, 

and the up-regulation of β1- and β2-integrins on monocytes 
19,20

. The suggested proatherogenic 
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potential of PMC seems most clear from Huo et al. 
3
, who showed in animal models that 

infusion of activated platelets not only induced formation of PMC, but also accelerated 

formation of atherosclerotic lesions.  

The present study elaborates on the fate of the platelets in PMC following adhesion and 

endothelial transmigration of the PMC-monocytes. Platelets transmigrating with PMC within 

the vessel wall, as well as platelets released from PMC at the vascular wall upon PMC 

transmigration, could in principle have profound proinflammatory and proatherogenic effects 

through the release of chemokines and growth factors, e.g. RANTES (regulated upon 

activation, normal T cell expressed and secreted) and platelet-derived growth factor (PDGF) 
21,22

. Other effects on vascular regeneration for example are also thinkable. Therefore, we 

examined whether PMC-platelets transmigrate along with or dissociate from the monocytes, 

and if they dissociate, what causes this dissociation.  

Summarizing, our studies show that >94% of PMC detach their associated platelets upon 

transmigration and that these platelets are left behind on the endothelial cells. Moreover, we 

present evidence that the platelets are not released due to reduced binding capacity of the 

monocytes, or as a consequence of competitive binding to endothelial or to endothelial matrix 

adhesion molecules, but primarily by PSGL-1 redistribution to the rear end of the migrating 

monocyte and mechanical stress during the transmigration process.  
 

 

Materials and methods 
Antibodies 

Monoclonal antibodies (Ab) CD41 (CLB-thromb/7), CD14/FITC (CLB-mon/1), CD42b/PE 

(CLB-MB45), IgG/FITC, and IgG/PE were from Sanquin Reagents (Amsterdam, The 

Netherlands), monoclonal Ab VE-cadherin (c175) was from BD Biosciences Pharmingen 

(Erembodegem, Belgium). Monoclonal Ab PSGL-1/FITC (KPL1) was from Tebu-bio Santa 

Cruz Biotechnology (Santa Cruz, CA, USA). Anti-human IgG/FITC Ab was from Sigma-

Aldrich Chemie (Steinheim, Germany). Antibody PF4 was from PeproTech (Rocky Hill, NJ, 

USA). Ab RANTES was from Strathmann Biotech (Hannover, Germany). Monoclonal 

antibodies PSGL-1 (PL1) and ICAM-3 (HP2/19) were from Immunotech a Coulter company 

(Marseille, France). Alexa 488-conjugated goat-anti-mouse-IgG Ab, alexa 568-conjugated 

goat-anti-mouse-IgG Ab, alexa 633-conjugated goat-anti-rabbit-IgG Ab, bodipy phalloidin 

Texas Red, and bodipy phalloidin alexa 633 were from Molecular Probes Invitrogen (Leiden, 

The Netherlands). VCAM-1-Fc chimera, ICAM-1-Fc chimera, VE-cadherin-Fc chimera, and P-

selectin-Fc chimera were from R&D Systems (Minneapolis, MN, USA).  

 

Platelet isolation 

Platelet-rich plasma (PRP) was obtained from fresh whole blood, anticoagulated with 3.2% 

sodium citrate, obtained from healthy donors at the Sanquin Blood Bank (Amsterdam, The 

Netherlands). PRP was diluted 1:1 with Krebs-Ringer solution (4 mmol/l KCl, 107 mmol/l 

NaCl, 20 mmol/l NaHCO3, 2 mmol/l NaSO4, 19 mmol/l sodium citrate, 0.5% (w/v) glucose, pH 

5). After centrifugation, the platelets were washed twice in Krebs-Ringer solution pH 6 and in 

Hepes
+
 buffer [20 mmol/L HEPES, 132 mmol/L NaCl, 6 mmol/L KCl, 1.0

 
mmol/L MgSO4, 1.2 

mmol/L KH2PO4, 5 mmol/L glucose, 1.0 mmol/L CaCl2, and 0.5% (v/v) human serum albumin 

(Sanquin Reagents, Amsterdam, The Netherlands)]. 
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Monocyte isolation 

Monocytes were isolated from fresh whole blood by means of a MACS monocyte isolation kit 

(Miltenyi Biotec, Bergisch Gladbach, Germany) according to the manufacturer’s instructions. 

The isolated monocytes contained less than 10% PMC. To form more PMC, monocytes were 

incubated with 3 or 10 platelets per monocyte in Hepes
+
 buffer for 20 minutes, resulting in a 

PMC percentage of ±50% or ±75%, respectively. Monocytes double positive for the platelet 

surface marker CD42b or CD41 and the monocyte surface marker CD14 enabled us to 

determine the percentage of PMC. 

 

Endothelial cells 

Human umbilical vein endothelial cells (HUVEC) were isolated from umbilical veins as 

described 
23

 and maintained in Medium 199 supplemented with 300 µg/ml glutamine, 100 U/ml 

penicillin, 100 U/ml streptomycin (all from Gibco Invitrogen, Paisley, Scotland), 20% (v/v) 

heat-inactivated fetal calf serum (Bodinco, Alkmaar, The Netherlands), 50 µg/ml endothelial 

mitogen (Biomedical Technologies, Stoughton, MA, USA), and 100 µg/ml heparin (Sigma-

Aldrich, Steinheim, Germany).  

 

Fibrin gel migration assay  

A confluent HUVEC monolayer was cultured on a fibrin gel consisting of Medium 199 with 2 

mg/ml fibrinogen, 3 µg/ml plasminogen (both from Kordia Life Sciences, Leiden, The 

Netherlands), 2 mg/ml sodium citrate, 14 mM NaCl, and 0.1 U/ml thrombin (Sigma-Aldrich, 

Steinheim, Germany). The gel with HUVEC monolayer was incubated  with 10 ng/ml 

recombinant TNF-α (PeproTech, Rocky Hill, NJ, USA) for 20 hours and 100 ng/ml 

recombinant MCP-1 (Strathmann Biotec, Hamburg, Germany) for 30 minutes prior to the 

experiment. Before PMC formation, monocytes were labeled with calcein-acetoxymethyl red-

orange and platelets with calcein-acetoxymethyl (both from Molecular Probes Invitrogen, 

Leiden, The Netherlands). The PMC were incubated on the HUVEC on top of the gel for 30 

minutes at 37 ºC, 5% CO2. Next, the cells were fixed and immunostained (for VE-cadherin) to 

allow inspection of the HUVEC monolayer. Images of the cells were recorded by confocal laser 

scanning microscopy (CLSM; Axiovert 100M; Carl Zeiss, Jena, Germany). Imaging acquisition 

was performed with LSM 510 software (Carl Zeiss, Jena, Germany). 

 

Transwell migration assay 

Transwell migration assays were performed in plates with 5 µm-pore size Transwell filters 

(Corning Incorporated, Corning, NY, USA). Where indicated, 8 µm-pore and 12 µm-pore size 

filters were used. HUVEC were cultured to confluency on fibronectin-coated filters and 

stimulated with TNF-α 10 ng/ml for 20 hours. Where indicated, the HUVEC were not 

stimulated or were removed by exposure to 0.1 M NH4OH 
24

 prior to the experiment. 

Monocytes and PMC (total of 100,000) were placed in the upper compartment of the Transwell 

filters and allowed to migrate towards 10 ng/ml MCP-1 for 3 hours at 37 °C, 5% CO2, all in 

migration medium [Iscove's Modified Dulbecco's Medium (Lonza, Verviers, Belgium) with 

0.25% (w/v) bovine serum albumin (Sigma-Aldrich, Steinheim, Germany)]. After migration, 

cells in suspension or adhered to a coverslip on the bottom of the lower compartment were used 

for further analysis.   
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Flow cytometry 

Cells in suspension were washed with Hepes
+
 buffer and preincubated with mouse serum 

(Sanquin Reagents, Amsterdam, The Netherlands) when necessary. The cells were incubated 

with Ab, washed, and analyzed by flow cytomery (FACS LSRII or Canto, Becton Dickinson, 

San Jose, CA, USA).     

 

Immunofluorescence staining 

Cells adhered on a coverslip or filter were fixed with 3.7% (v/v) formaldehyde for 10 minutes 

at room temperature and blocked in phosphate-buffered saline containing 1 mM Ca
2+

, 1 mM 

Mg
2+

, and 0.5% (w/v) bovine serum albumin. The cells were incubated with Ab and washed 

before analysis by CLSM.   

 

Platelet-monocyte complex migration under flow conditions 

A confluent HUVEC monolayer was cultured on a coverslip and treated with TNF-α for 20 

hours. The coverslip was mounted in a perfusion chamber, with a slit width of 2 mm and slit 

height of 1 mm. Before PMC were formed, platelets were labeled with calcein-acetoxymethyl. 

The PMC were perfused over the endothelial cells at a shear rate of 0.35 dyn/cm
2
 in migration 

medium. Perfusion of migration medium was continued for 20 minutes. Images were made by 

time-lapse CLSM, at a frame-rate of 14 seconds. Multiple flow experiments were done with 3 

independent HUVEC and PMC donors.  

 

Statistical analysis 

Data are expressed as mean ± SEM. Differences between two groups were analyzed by two-

tailed Student’s t-test. Comparisons of multiple groups in Figure 4.1 were performed by 

Friedman test and in Figure 4.5 with One-way ANOVA, both with post hoc multiple 

comparison test. p values <0.05 were considered to be statistically significant. 

 
 

 

 

 

 

 

 

 

 

Figure 4.1: Transendothelial monocyte migration is increased 

by the presence of bound platelets. Bar graph shows the migration 

of <10%, 40-60%, and >70% PMC across TNF-α-stimulated 

HUVEC-coated filters towards 10 ng/ml MCP-1 for 3 hours. The 

relative migration was quantified by counting cells adherent to the 

bottom of the lower compartment in 50 microscope fields per 

sample. The relative migration of <10% PMC was set to 1. Data are 

mean ± SEM, n=3. * Significantly different from <10% PMC, 

p<0.05.  
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Results 
Platelets dissociate from PMC upon transendothelial migration 

In an earlier study, we showed that PMC, as compared to monocytes without platelets, cause 

increased adhesion of monocytes to endothelial monolayers under flow 
14

. Here we studied the 

transendothelial migration (TEM) of PMC. Since transmigrated monocytes are very adhesive, 

Transwell migration after 3 hours was based on the monocytes that were found adherent to the 

bottom of the lower compartment. The very small portion of the migrated monocytes (<2%) 

that was found to adhere to the lower side of the filter was not taken into consideration in 

further analysis. We observed that the migration of monocytes increased in relation to the 

percentage of PMC present in the input fraction. The migration of monocytes with a high 

percentage of bound platelets (>70% PMC) was increased 2-fold compared to the TEM of 

monocytes with low numbers of bound platelets (<10% PMC) (Figure 4.1). However, when 

comparing the percentage of PMC before and after migration, a strong decrease in PMC 

percentage was seen in the migrated fraction; a mean of 50% PMC before migration vs. 10% 

PMC after migration (Figure 4.2A). Given that spontaneous dissociation of platelets from 

monocytes in solution occurs at a low rate (data not shown), these findings suggest that PMC 

dissociate upon TEM.  

 
 

 
 

Figure 4.2: Platelets dissociate upon PMC transendothelial migration. (A) Platelet-monocyte complexes were 

allowed to migrate across TNF-α-stimulated HUVEC-coated filters towards 10 ng/ml MCP-1 for 3 hours. The 

percentage of PMC within the control (Input) and migrated monocyte fraction was quantified by scoring >200 cells 

adhered to the bottom of the lower compartment per sample. Data are mean ± SEM, n=7. * Significantly different 

from Input, p<0.001. (B-D) Platelet-monocyte complexes, formed from freshly isolated and fluorescently labeled 

monocytes (red) and platelets (green), were allowed to migrate across TNF-α- and MCP-1-treated HUVEC, grown 

to confluency on top of a fibrin gel. After 30 minutes, cells were fixed and stained for VE-cadherin (red) and 

analyzed by CLSM. The data are representative images from 3 independent experiments. *platelet, **HUVEC, 

#monocyte, #*PMC. Bars: 20 µm. Schematics indicate position of confocal image. (B) Top section. (C) Middle 

section. (D) X-Z section.  
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The platelet dissociation from migrating PMC was visualized in a fibrin gel migration assay. 

An endothelial monolayer was cultured on top of a fibrin gel to provide space underneath the 

endothelial cells for the monocytes to migrate into. This approach improved imaging of 

migrated and non-migrated monocytes. Moreover, by forming PMC from differently labeled 

monocytes and platelets, and by using CLSM imaging, we could monitor the fate of both cells 

types upon migration across a HUVEC monolayer. After migration, the HUVEC-covered fibrin 

gels with the migrated cells were fixed and immunostained. On top of the endothelial 

monolayer, PMC, platelets, and a small number of monocytes were observed (Figure 4.2B). 

Remarkably, in all experiments, transendothelial migrated monocytes in the fibrin gel were 

essentially devoid of bound platelets (Figures 4.2C and D). These observations are in agreement 

with the low percentage of PMC seen after migration in the Transwell migration assays. 

Moreover, platelets were not detected inside the fibrin gel. In conclusion, these experiments 

indicate that the platelets detach from the PMC before the monocytes enter the fibrin gel. 

The results in Figure 4.2 suggested that PMC dissociate upon TEM, leaving the platelets on the 

endothelial cell surface. To further investigate this, the number of platelets on top of the 

endothelial monolayer was quantified following TEM of the PMC (Figure 4.3A). In a PMC 

suspension also free platelets are present. To control for endothelial binding of these free 

platelets, the PMC suspension was immuno-depleted for CD14
+
 monocytic cells. The remaining 

suspension with only free platelets was incubated on a TNF-α stimulated endothelial 

monolayer. Under these conditions, half as much platelets remained at the endothelial 

monolayer as when incubated with PMC (Figure 4.3A). This confirms that upon PMC 

migration platelets, which were originally bound to monocytes, are deposited on the 

endothelium. Further analysis of the fibrin gels illustrated that free platelets were found on top 

of the HUVEC monolayer after PMC migration (Figure 4.3B), confirming the suggestion that 

platelets remain behind on the endothelial monolayer upon PMC transmigration.  

The PMC TEM was also examined under flow. Time-lapse images made with CLSM 

confirmed the results from the static migration assays (see Videos 1 and 2); still images of 

Video 1 are shown in Figure 4.3C. Platelets moved to the rear of migrating monocytes, but 

remained bound to the monocytes, both when the PMC were migrating over the endothelial cell 

surface as well as during the initial phases of TEM. However, as soon as the monocytes crossed 

the endothelial monolayer, most of the platelets detached from the PMC (in 48 of 50 

transmigrated PMC analyzed) and a large fraction remained adherent to the apical side of the 

endothelium at the site of monocyte transmigration (in 39 of 50 transmigrated PMC analyzed, 

for an example see Video 1. Some platelets were washed off after detachment from the PMC 

upon monocyte transmigration (in 8 of 50 transmigrated PMC, for an example see Video 2.  

From studying PMC TEM in three different models, it can be concluded that upon PMC TEM, 

platelets detach from the monocytes and do not transmigrate along with the monocytes across 

the endothelial monolayer. The mechanism of platelet dissociation from migrating PMC was 

further investigated. 
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Figure 4.3: Platelets remain on the endothelium following PMC transendothelial migration. (A) The number 

of platelets on the HUVEC monolayer following transmigration of PMC (PMC plus platelet suspension) or control 

(non-PMC-associated platelets) was quantified, 35 microscope fields were analyzed per sample. Data are mean ± 

SEM, n=4. * Significantly different from control, p<0.05. (B) X-Z section of endothelial cell surface in the fibrin 

gel migration assay. Dashed line indicates endothelial cell surface. *platelet, #monocyte. The data are 

representative images from 3 independent experiments. Bars: 20 µm. (C) Platelet-monocyte complexes formed 

from freshly isolated monocytes and fluorescently labeled platelets (green) were perfused over a TNF-α-treated 

endothelial monolayer, and imaged by time-lapse confocal microscopy. The data are representative images from 3 

independent experiments. *platelet, #monocyte. Bar: 20 µm.     
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Video 1: Platelets detach from PMC upon transendothelial migration and stay adhered on the endothelium. 

Platelet-monocyte complexes, formed from freshly isolated monocytes and fluorescently labeled platelets (green), 

were perfused over a TNF-α-treated endothelial monolayer. Imaging was performed by time-lapse confocal 

microscopy; images were taken every 14 seconds. Video shows 5 images per second.  

 
 

Video 2: Platelet detaches from PMC upon transendothelial migration and goes back in the flow. Platelet-

monocyte complexes, formed from freshly isolated monocytes and fluorescently labeled platelets (green), were 

perfused over a TNF-α-treated endothelial monolayer. Imaging was performed by time-lapse confocal microscopy; 

images were taken every 14 s. Video shows 5 images per second. 

 

 

PSGL-1 expression and activity are unchanged following monocyte transmigration 

Binding of platelets to monocytes is primarily mediated by P-selectin on the platelets and 

PSGL-1 on the monocytes 
6
. We therefore investigated whether PMC dissociation could be 

explained by a reduced PSGL-1 expression on monocytes after TEM. However, no loss of 

PSGL-1 surface expression was found when control and migrated monocytes were compared 

by flow cytometry (Figure 4.4A) or by CLSM (Figure 4.4B). Moreover, a potential reduction in 

the affinity of PSGL-1 on the monocytes for P-selectin was tested by measuring the capacity of 

the monocytes to bind P-selectin Fc-chimera or platelets. Monocytes that had migrated across a 

stimulated HUVEC monolayer bound the P-selectin-Fc chimera to the same extent as did 

control monocytes (Figures 4.4C and D). Consequently, the ability of transmigrated monocytes 

to form PMC was found similar to that of control monocytes (Figure 4.4E). Therefore, 

monocytes that have migrated across an endothelial monolayer have an unchanged surface 

expression of functional PSGL-1 and retain full capacity to bind platelets and form PMC.  

 

Platelets dissociate upon PMC transmigration by mechanical stress   

We further examined whether PMC dissociation could be explained by competitive binding of 

the platelets in the PMC to endothelial ligands or subendothelial matrix proteins during PMC 

TEM. We investigated this by using the Transwell migration assay with different filter coatings; 

HUVEC (TNF-α-stimulated or non-stimulated), fibronectin (Fn), subendothelial matrix, or no 

coating. Although the absolute monocyte migration changed from 20-25% migration across 

endothelium-coated filters, to ~10% migration across Fn and across subendothelial matrix-

coated filters, to ~5% migration across non-coated filters (Figure 4.5A insert), the low 

percentage of PMC within the pool of migrated monocytes (8.9% ± 1.2%) was similar for all 

conditions studied (Figure 4.5A). Moreover, this low percentage of PMC in the migrated 

monocyte population did not change when PMC formation was induced by incubating 

monocytes with thrombin-activated platelets, as a means to increase platelet activation and 

induce stronger binding to the monocyte (Figure S4.1A).  

Finally, we used Fn-coated Transwell filters with pore sizes of 5 µm, 8 µm, and 12 µm. As 

expected, we found that the absolute migration increased with increasing pore size; 10% 

migration across 5 µm-pore size filters, 18% migration across 8 µm-pore size filters, and about 

25% migration across the 12 µm-pore size filters (Figure 4.5B insert). Furthermore, we 

observed that with the large pore filters the percentage of PMC in the migrated fraction 

increased from 9.2% across a 5 µm-pore size filter, to 17.7% across an 8 µm-pore size filter, to 

53.0% across a 12 µm-pore size filter. This last figure equals the percentage of PMC in the non-

migrated fraction, i.e. 55.8% (Figure 4.5B). As observed before, migration across uncoated 
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filters with different pore sizes showed the same percentage of PMC as compared to 

transmigration across the Fn-coated filters (Figure S4.1B). As a control, we analyzed migration 

without MCP-1. No MCP-1 in the lower compartment resulted in a low absolute migration 

across the 5 µm and 8 µm-pore size filters (2.7% and 4.7% migration, respectively). Only a 

small contribution of chemotaxis to the total migration was observed with the 12 µm-pore size 

filter; 25% migration with MCP-1 vs. 20% migration without MCP-1. The percentage of PMC 

in the migrated fraction was similar to that observed with MCP-1 in the lower compartment 

(Figure S4.1C). This shows that MCP-1 has no influence on PMC dissociation and again shows 

that the fraction of PMC is increased after migration across filters with larger pore sizes.  

From these results, we conclude that, irrespective of the efficiency of PMC migration across 

endothelial ligands or matrix, the percentage of PMC that dissociate during this transmigration 

remains similar. In agreement with this notion, addition of vascular cell adhesion molecule 

(VCAM)-1 and intercellular adhesion molecule (ICAM)-1 Fc chimeric proteins, to ligate both 

β1- and β2-integrins on the PMC, did not change the percentage of PMC (Figure S4.2). On the 

contrary, introduction of different levels of mechanical stress, by varying the pore size of the 

Transwell filters, showed that mechanical stress on the PMC during TEM is the main cause of 

platelet dissociation.   

 

PSGL-1 and platelet redistribution of PMC upon cell polarization 

In the flow experiments we observed that PMC that are polarized and migrating over the 

endothelial monolayer carried platelets at the rear (Figure 4.6A and see Videos 1 and 2). 

Therefore, we immunostained PMC for ICAM-3 (Figure 4.6B), known to be redistributed to the 

uropod of leukocytes upon polarization 
25

. Since the binding of platelets to monocytes is 

mediated by platelet P-selectin binding to monocytic PSGL-1, we immunostained for PSGL-1 

(Figure 4.4B and 4.6C). In polarized PMC, platelets were found bound to the uropod of the 

monocyte, where PSGL-1 and ICAM-3 were localized as well. 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.4: PSGL-1 expression on and functionality of monocytes are unchanged after migration. Platelet-

monocyte complexes were allowed to migrate across TNF-α-stimulated HUVEC-coated filters towards 10 ng/ml 

MCP-1 for 3 hours. Cells in the lower compartment in suspension were used for flow cytometry analyses and 

adhered to a coverslip on the bottom of the well for confocal analyses. The data are representative of 3 independent 

experiments. (A-B) Transwell-migrated or control cells (Input) were labeled with Ab PSGL-1/FITC or IgG/FITC 

and analyzed by flow cytometry (A) or CLSM (B, Bar: 10 µm). (C-D) Transwell-migrated or control cells (Input) 

were incubated with P-selectin-Fc chimera or VE-cadherin-Fc chimera as a control and anti-human IgG/FITC, and 

analyzed by flow cytometry (C) or by CLSM (D, Bar: 10 µm) (E) Monocytes or Transwell-migrated cells were 

incubated with or without platelets for 30 min and analyzed for PMC formation by flow cytometry, with the 

antibodies CD42b/PE and CD14/FITC. Double positive cells are considered to be PMC.  
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Figure 4.5: Platelet-monocyte complex 

dissociation is independent of the matrix. 

Platelet-monocyte complexes were allowed to 

migrate across Transwell filters towards 10 ng/ml 

MCP-1 for 3 hours. The percentage of PMC among 

control (Input) and migrated cells (black bars) was 

quantified by scoring >100 cells adhered to the 

bottom of the lower compartment per sample. 

Inserts show mean percentage of migration from 3 

independent experiments. (A) Transwell migration 

of PMC across TNF-α stimulated HUVEC 

(EC+TNF), HUVEC (EC), Fn, endothelial 

extracellular matrix (EC-ECM), or non-coated (No 

coating) 5 µm-pore size Transwell filters. Data are 

mean ± SEM, n=3-10. * Significantly different from 

Input, p<0.001. (B) Platelet-monocyte complexes 

Transwell migration across Fn-coated filters with 5 

µm-, 8 µm-, or 12 µm-pore sizes.  Data are mean ± 

SEM, n=6-10. * Significantly different from input 

and from 5 µm, p<0.05. ** Significantly different 

from 5 µm and from 8µm, p<0.001. 

 

 

 

Discussion   
The adhesive and invasive capacity of monocytes to the vessel wall is strongly influenced by 

the binding of activated platelets on to the monocyte surface. First of all, the adhesion of these 

PMC is vastly superior compared to that of platelet-free monocytes, because of platelet P-

selectin mediated tethering and rolling interactions and because platelets induce expression of 

activated integrins on monocytes 
14,15,19,20

. Moreover, also transmigration of monocytes 

increases with PMC formation (Figure 4.1). The increased integrin expression on the activated 

monocyte upon platelet binding 
19,20

 is likely also a cause of this increased transmigration. In 

this report, we focus on the observation that the percentage of PMC of migrated monocytes is 

dramatically lower than of the input monocytes. The low percentage of PMC in the migrated 

cells could not be explained by increased migration of only platelet-free monocytes, as PMC 

not only adhere but also transmigrate much better than platelet-free monocytes. Furthermore, to 

quantitatively explain the observed monocyte migration from the >70% PMC suspensions, 

more than all free monocytes in the input fraction would have to migrate. Another less likely 

cause for lower percentages of PMC after migration could be massive phagocytosis of platelets 

by the migrating monocytes. Although Lang et al. 
26

 showed phagocytosis of platelets by PMC 
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after 2.5-day cultures, in our migration experiments (spanning only 3 hours), we did not 

observe this phenomenon.  

We show that PMC dissociate upon transmigration, under static as well as under flow 

conditions. Although this was suggested in another context by Bradfield et al. 
27

, our 

experiments reveal the mechanisms of the PMC dissociation as well. Our data show that the 

percentage of PMC dissociation is not different between transmigration over endothelial cells or 

over matrix protein-coated filters. This indicates that neither the binding of the platelets in the 

PMC to endothelial ligands or subendothelial matrix proteins nor the interaction of the 

monocytes with these ligands that causes PMC dissociation. In agreement with this, ligation of 

both β1- and β2-integrins on the PMC did not change the percentage of PMC. Rather, we show 

that mechanical forces generated during PMC transmigration across endothelial monolayers are 

the main cause for dissociation of the migrating PMC. This was most clear from our 

experiments in which we artificially reduced the mechanical stress on PMC during 

transmigration via the use of Transwell filters with lager pore sizes. Indeed, under these 

conditions, reduced PMC dissociation was observed.  
 

 

 
 

Figure 4.6: Platelets localize with PSGL-1 to the uropod of the monocytes during PMC migration. Platelet-

monocyte complexes were formed from freshly isolated monocytes and fluorescently labeled platelets (green). The 

data are representative of 3 independent experiments. (A) Platelet-monocyte complexes were perfused over a TNF-

α-treated endothelial monolayer, and imaged by confocal microscopy. Arrow indicates direction of migration. Bar: 

20 µm. (B-C) Platelet-monocyte complexes were allowed to adhere to Fn in the presence of 10 ng/ml MCP-1. 

Cells were fixed and immunostained for (B) ICAM-3 (red) or (C) PSGL-1 (red). Dashed line indicates cell border. 

Arrow indicates migration direction. Bars: 10 µm. 
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Another contributing mechanism for migration-induced PMC dissociation was revealed in real-

time imaging of the flow experiments. We observed that the platelets in the PMC relocated 

towards the rear of the monocytes migrating over the endothelial surface. This translocalization 

of platelets coincided with and is most likely explained by a similar surface redistribution of 

PSGL-1 towards the uropod of polarized monocytes, as has been shown before 
28-30

. This 

PSGL-1 and platelet translocation towards the trailing end of the monocyte very likely 

facilitates the mechanical detachment of platelets as soon as the trailing end of the monocyte 

starts to disappear into the narrow pore of the filter or in between the endothelial cells. Our 

time-lapse microscopy studies indeed show that platelets do not dissociate from the PMC 

during their migration over the endothelial monolayer prior to the transmigration event, again 

underscoring in the limited role of endothelial ligands in PMC dissociation. Although we did 

not observe substantial platelet shedding from the PMC and from the endothelial monolayer 

(16% of deposited platelets on the endothelium) under flow, our experiments were conducted at 

low shear rate. Higher hydrodynamic shear force might facilitate dissociation of adhered PMC 

and more shedding of platelets back into the circulation.   

Additional to the PSGL-1 translocation and mechanical stress-induced dissociation of the 

platelets, we studied if PSGL-1 was shed from the monocyte surface 
28,31

. This could promote 

PMC dissociation, since the binding of platelets to monocytes is mediated by P-selectin of the 

platelets binding to PSGL-1 on the monocytes 
6
. Although we cannot formally exclude a 

transient reduction in the total surface expression of PSGL-1 on the monocytes during 

transmigration, migrated monocytes did not show a change in PSGL-1 surface expression. 

More importantly, these monocytes show a normal capacity to bind P-selectin Fc chimera and 

can form new PMC, indicating unaltered functionality and surface expression of PSGL-1.  

In conclusion, we show that platelets in PMC, as pro-atherogenic and -inflammatory cells, do 

not migrate along with the monocytes. Our results indicate that the platelets detach from the 

monocytes primarily by mechanical stress during the transmigration process. This detachment 

is facilitated by PSGL-1 redistribution-mediated platelet translocation towards the trailing end 

of the migrating monocytes. Additionally and in agreement with this, video microscopy showed 

that more than 90% of the platelets dissociate at the endothelial surface and that the dissociated 

platelets remain firmly adhered to the endothelial monolayer. The consequences of the adhesion 

of platelets at the vascular wall, whether they are derived from dissociated PMC or not, have 

been the subject of many studies. Vessel wall bound platelets have been shown to play a critical 

role in promoting inflammation and progression of atherosclerosis 
3,4,32,33

. These platelets 

augment recruitment of circulating leukocytes by mediating rolling and adhesion 
3,5

, and 

increase expression of adhesion molecules and chemokines by the endothelium 
34,35

. 

Furthermore, activated platelets can release and deliver chemokines and growth factors, e.g. 

PDGF, RANTES and platelet factor 4 (PF4) (Figure S4.3) 
21,22

. These chemokines in turn not 

only attract and activate inflammatory cells, they also contribute in activating the endothelial 

cells to further secrete chemokines and express more adhesion molecules. Thus platelets 

adhering to the vascular wall stimulate leukocyte adhesion and migration with vascular 

remodeling effects. On the other hand, platelet adhesion to the vascular wall might help 

vascular repair. Platelets have been shown to adhere endothelial progenitor cells and induce for 

vascular regeneration 
36,37

. Increased levels of circulating activated platelets and PMC with 

platelet-endothelial interactions are observed in various inflammatory diseases, such as arthritis 

and atherosclerosis 
38-40

. Whether PMC-derived platelet deposition on the vascular wall can 
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play a similar and relevant pro-inflammatory or angiogenic role in vivo remains to be 

investigated.  

Concerning the phenotype of the migrated monocytes, we know that adhesion and 

transmigration interactions themselves as well as the local response of cytokines are strongly 

changing the monocytes. Whether migrated monocytes from PMC are additionally different by 

the platelet interaction, as compared to migrated platelet-free monocytes, is an intriguing 

question that remains to be studied. Taken together, PMC stimulate monocyte TEM and deposit 

platelets at sites of inflammation. 
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Supplementary figure 4.1: Filters with larger pore size dissociate PMC less efficiently. (A) Platelet-monocyte 

complexes, formed with non-stimulated or thrombin-stimulated platelets, were allowed to transmigrate towards 10 

ng/ml MCP-1 for 3 hours. The percentage of PMC among control (Input) or migrated cells was quantified by 

scoring >200 cells adhered to the bottom of the lower compartment per sample. Data are mean ± SEM, n=3. (B) 

Platelet-monocyte complexes were allowed to migrate across Fn-coated or non-coated 5 µm-, 8 µm-, or 12 µm-

pore size filters towards 10 ng/ml MCP-1 for 3 hours. The percentage of PMC among control (Input) or migrated 

cells was quantified by scoring >100 cells adhered to the bottom of the lower compartment per sample. Data are 

mean ± SEM, n=3-10. (C) Platelet-monocyte complexes were allowed to migrate across Fn-coated 5 µm-, 8 µm-, 

or 12 µm-pore size filters towards 10 ng/ml MCP-1 or migration medium (control) for 3 hours. The percentage of 

PMC among input or migrated cells was quantified by scoring >100 cells adhered to the bottom of the lower 

compartment per sample. Insert shows percentage of migration. Data are mean ± SEM, n=3. 
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Supplementary figure 4.2: PMC do not dissociate after ligation of β1- and β2-integrins. Platelet-monocyte 

complexes were incubated in suspension (A) or following adhesion (B) with VE-cadherin-Fc chimera (10 µg/ml, 

VE-cad.), ICAM-1-Fc chimera (10 µg/ml, ICAM-1), VCAM-1-Fc chimera (10 µg/ml, VCAM-1), both ICAM-1 Fc 

chimera (5 µg/ml) and VCAM-1 Fc chimera (5 µg/ml) (ICAM-1 + VCAM-1), or Fn (10 µg/ml, Fn). The 

percentage of PMC was determined by flow cytometry (A, data are mean ± SEM, n=3-7, upper panels are 

representative examples) or by CLSM imaging and quantification (B, scored >200 cells per sample, data are mean 

± SD, n=2). The percentage of PMC of the control is set to 1.  
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Supplementary figure 4.3: Platelets that remain on the endothelium following PMC transendothelial 

migration express RANTES and PF4. Following PMC migration across TNF-α-stimulated HUVEC-coated 

filters towards 10 ng/ml MCP-1 for 3 hours, Transwell filters were fixed and stained for CD41 to identify platelets 

(green), F-actin (red), and (A) PF4 (white) or (B) RANTES (white). Bars: 50 µm. The data are representative 

images from 5 independent experiments. 
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Abstract 
The interactions between the adhesion molecules P-selectin glycoprotein ligand-1 (PSGL-1) 

and P-selectin are implicated in cardiovascular disease. PSGL-1 ligation results in signalling 

and leukocyte activation. However, it is unknown whether there is similar ligand-induced 

signalling in endothelial cells, which recently were found to also express PSGL-1. Therefor we 

characterised the specific influence of PSGL-1 ligation on gene transcription in human 

umbilical vein endothelial cells (HUVEC). HUVEC were incubated with PSGL-1 or isotype 

control antibody for 4 or 24 hours, mRNA isolated and analyzed for genome-wide 

transcriptional changes with Illumina Human WG-6 v2 Expression BeadChips. Statistical 

analysis of the microarray data identified a total of 148 up-regulated and 92 down-regulated 

genes, of which most (124 genes up- and 79 genes down-regulated) were identified after 24 

hours. We selected 4 of the differentially expressed genes, two up-regulated [intercellular 

adhesion molecule (ICAM)-1 and E-selectin) and two down-regulated (endothelial NO synthase 

(eNOS) and Kruppel-like factor 2 (KLF2)], and confirmed the observed changes by quantitative 

RT-PCR. The down-regulation of ICAM-1 and E-selectin after 4 hours stimulation through 

PSGL-1 ligation was not reflected by flowcytometry analysis of protein expression at the cell 

surface. However, Western blots for ICAM-1 showed a decrease in the total protein level of 

ICAM-1. Similarly, increased expression of eNOS was observed by Western blot following 

PSGL-1 ligation. All taken together, we have shown for the first time that PSGL-1 ligation 

induces changes in gene transcription in HUVEC. Additionally, in contrast to previous studies 

in leukocytes, PSGL-1 ligation in HUVEC is shown to induce an anti-inflammatory phenotype 

as illustrated by the decreased transcription of adhesion molecules and the up-regulation of the 

vascular protective genes eNOS and KLF2.  

 
 

Introduction 
P-selectin glycoprotein ligand-1 (PSGL-1) is the high-affinity counter-receptor for P-selectin 

1
. 

It mediates rolling of leukocytes on activated endothelium under flow 
2
. PSGL-1 also mediates 

leukocyte-leukocyte interactions via binding to L-selectin and platelet-leukocyte interactions 

via binding to P-selectin 
3,4

. PSGL-1, however, is not only an adhesion molecule that supports 

cell-cell adhesion, it also transmits signals directly into leukocytes. Ligation of leukocyte 

PSGL-1 induces activation of the leukocyte, leading to L-selectin shedding, β1- and β2-integrin 

activation, and secretion of monocyte chemoattractant protein-1 (MCP-1), IL-8, tumor necrosis 

factor-α (TNF-α), and tissue factor 
5-9

.  

PSGL-1 expression is primarily defined on hematopoietic cells and believed to be only 

sporadically expressed on microvascular endothelial cells in some pathologic tissues 
1,10

. 

Recently, however, PSGL-1 was found on venules of the mesenteric lymph node and the small 

intestine of mice and on HUVEC (human umbilical vein endothelial cells) 
11,12

. Although the 

low expression of PSGL-1 on endothelial cells is not affected by inflammatory stimuli, the 

functional binding capacity of endothelial PSGL-1 to P-selectin is strongly increased by 

stimulation with TNF-α 
12

. PSGL-1 specifically requires both sulfation and specific O-

glycosylation to bind P- and L-selectin 
13

, a modification that is constitutive in leukocytes but 

one that needs to be induced in endothelial cells. Indeed, stimulation of HUVEC induces 

glycosylation of endothelial PSGL-1 thus enabling it to become a powerful substrate for rolling 

and adhesion of monocytes and platelets 
12

. Signalling via endothelial PSGL-1 was suggested 
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by platelet P-selectin-dependent Von Willebrand factor (VWF) release of Weibel-Palade bodies 

in vivo 
14

, but was not further investigated.  

Endothelial cells are actively involved in maintaining homeostasis, such as selective 

permeability, blood coagulation, and homing of immune cells to specific sites of the body. 

Endothelial response mechanisms and dysfunction are therefore critical in the pathogenesis of 

vascular diseases, such as atherosclerosis and thrombosis 
15

. Various stimuli can change the 

phenotype of endothelial cells. Laminar flow, compared to disturbed flow, induces the 

expression of endothelial NO synthase (eNOS), Kruppel-like factor 2 (KLF2) and 

thrombomodulin, maintaining the normal anti-thrombotic, anti-adhesive, and anti-inflammatory 

properties of the endothelium 
16-18

. Conversely, coagulation and inflammatory cytokines induce 

a pro-inflammatory increase in the expression of adhesion molecules, such as intercellular 

adhesion molecule-1 (ICAM)-1, vascular cell adhesion molecule (VCAM)-1 and E-selectin, 

and also induce secretion of chemokines, such as MCP-1 and IL-8, stimulating leukocyte 

recruitment and extravasation 
19,20

.  

In this study we explored whether PSGL-1 ligation, independent of additional stimuli, can 

change the endothelial phenotype. For this purpose, we incubated HUVEC with a PSGL-1-

binding antibody (clone PL1) that has been shown do induce activation signalling in leukocytes 
21,22

. Whole genome expression profiling combined with RT-PCR analysis and protein 

expression studied on selected target genes indicate that ligation of PSGL-1 on unstimulated 

HUVEC results in an anti-inflammatory phenotype.  

 
 

Materials and methods 
Endothelial cells 

HUVEC were obtained from Lonza (Basel, Switzerland) and maintained in EGM2 according to 

the manufacturer’s instructions. HUVEC were grown to confluency and – when indicated – 

were incubated with PSGL-1 antibody (10 µg/ml, PL1, Immunotech a Coulter company, 

Marseille, France), isotype control antibody (10 µg/ml, Sanquin Reagents, Amsterdam, The 

Netherlands) or recombinant TNF-α (PeproTech, Rocky Hill, NJ, USA).  

 

RNA purification and microarray hybridisation 

A pool of HUVEC from 4 donors was incubated with PSGL-1 or isotype control antibody (IgG) 

for 4 or 24 hours as described above. After the stimulation the HUVEC monolayers were 

directly lysed with Trizol (Invitrogen, Paisly, UK) and RNA isolated following manufacturer’s 

instructions and quantified with a Nanodrop spectrophotometer. One hundred ng of total RNA 

was subsequently amplified with the Illumina total prep RNA amplification kit following the 

manufacturer’s instructions (Ambion, Applied Biosystems, UK). A 16 hour in vitro 

transcription (IVT) reaction was used for all samples. The biotinylated cRNA (1500 ng per 

sample) was applied to Illumina Human WG-6 v1 Expression BeadChips and hybridized 

overnight at 58°C. Chips were washed, detected and scanned according to the manufacturer’s 

instructions.  

Statistical analysis of microarray data was carried out with R statistical package (http://www.r-

project.org). A paired analysis by student’s t-test was carried out for each of the pairings: 

PSGL-1 vs IgG at 4 hours and PSGL-1 vs IgG at 24 hours. Genes were considered to be 

significantly differentially expressed if they had a fold changes ≥2 and a p value ≤ 0.05.  



Chapter 5    

 88 

Validation of microarray data by light-cycler 

Changes in expression level of the 4 selected genes (ICAM-1, E-selectin, eNOS, and KLF2) 

were validated by relative quantitative RT-PCR in the LightCycler instrument (Roche, Almere, 

The Netherlands), with software version 3.5, as described 
23

. Selection was based on endothelial 

characteristic genes, endothelial protective or involved in adhesion of inflammatory cells. All 

validation assays were carried out on two independent samples sets that were not analysed on 

the BeadChips. Results were normalized against the housekeeping gene β-glucuronidase (GUS) 

to allow direct comparisons.  

 

Immunofluorescence staining 

Endothelial cells were cultured to confluency on glass coverslips. Cells were fixed with 3.7% 

(w/v) formaldehyde for 10 minutes at room temperature and permeabilized with 0.1% (w/v) 

Triton X-100 for 1 minute if necessary. Thereafter, cells were incubated with PSGL-1 (PL1) or 

isotype control antibody (50 µg/ml), followed by incubation with a goat-anti-mouse-Ig antibody 

conjugated to Alexa 488 (1:400 dilution, Molecular Probes Invitrogen, Leiden, The 

Netherlands). Images were recorded with a Zeiss LSM 510 confocal laser scanning microscope 

with a Plan-Neofluar 40x/1.3 oil objective and appropriate filters. Image acquisition was done 

with LSM 510 software (Carl Zeiss, Jena, Germany).   

 

Flow cytometry 

HUVEC monolayers, treated with antibodies or not, were washed with PBS and detached by 5 

mM EDTA in PBS. After detachment, cells were washed with PBS containing 1 mM Ca
2+

, 1 

mM Mg
2+

, and 0.5% (w/v) bovine serum albumin and incubated with the indicated PSGL-1 

antibody, IgG antibody, P-selectin Fc-chimera protein (R&D Systems Minneapolis, MN, USA), 

ICAM-1/FITC (Sanquin Reagents, Amsterdam, The Netherlands), E-selectin/PE (Millipore, 

Leiden, The Netherlands), IgG/FITC (Sanquin Reagents, Amsterdam, The Netherlands), 

IgG/PE (Sanquin Reagents, Amsterdam, The Netherlands), goat-anti-mouse-Ig antibody 

conjugated to Alexa 488 or anti-human IgG/FITC antibody (Sigma-Aldrich Chemie, Steinheim, 

Germany). After 30 minutes incubation with antibody or chimera protein at 4°C, the cells were 

washed and analyzed by flow cytomery (FACS Canto, Becton Dickinson, San Jose, CA, USA).  

 

Western blot 

Cells were lysed in sample buffer containing 4% β-mercaptoethanol and incubated for 15 

minutes at 95°C. Cell lysates were separated on 12.5% SDS-PAGE gels and transferred onto 

nitrocellulose membranes (BioRad Laboratories, Hercules, CA, USA). The following 

antibodies were used to detect ICAM-1, eNOS, E-selectin and actin: rabbit anti-human ICAM-1 

antibody from Tebu-bio Santa Cruz Biotechnology, Santa Cruz, CA, USA; mouse anti-human 

eNOS antibody from BD Biosciences Pharmingen, Erembodegem, Belgium; goat-anti-human-

E-selectin antibody from R&D Systems, Minneapolis, MN, USA; mouse-anti-actin from 

Oncogene, Darmstadt, Germany; goat-anti-mouse-IgG HRP; swine-anti-rabbit-IgG HRP; and 

rabbit-anti-goat-IgG HRP, all 3 from Dako, Carpinteria, CA, USA. 
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Figure 5.1: Expression of functional PSGL-1 on 

HUVEC. (A) HUVEC were grown to confluency on a 

glass coverslip. Cells were fixed and immuno-stained for 

PSGL-1 and analyzed by immunofluorescence. The data 

are representative images from 3 independent 

experiments. Bar, 50 µm. (B) HUVEC monolayers were 

detached with EDTA. Cells were incubated with PSGL-1 

antibody (filled) or isotype control antibody (open) and 

goat-anti-mouse alexa 488, and analyzed by flow 

cytometry. The data are representative images from 4 

independent experiments. (C) TNF-α (10 ng/ml for 6 

hours) treated HUVEC monolayers were detached with 

EDTA. Cells were incubated with P-selectin-Fc chimera 

protein (filled) or isotype control antibody (open) and 

anti-human IgG/FITC, and analyzed by flow cytometry. 

The data are representative images from 4 independent 

experiments. 

 

 

 

Results 
In this study we investigated the effect of PSGL-1 ligation on HUVEC by analyzing genome 

wide changes in gene transcription. First, we confirmed the clear but low expression of PSGL-1 

in HUVEC by flowcytometry and CLSM (Figure 5.1A and B). This shows that the antibody 

used in the subsequent stimulations binds to HUVEC. The functionality of the expressed PSGL-

1 to bind natural ligands was established by the binding of P-selectin-Fc chimera protein to 

TNF-α stimulated endothelial cells (Figure 5.1C). Transcription profiling of HUVEC incubated 

with PSGL-1 or isotype control antibody for 4 or 24 hours was carried out on Illumina Human 

WG-6 v1 Expression BeadChips. A visual representation to identify significantly differentially 

expressed genes (fold-change ≥ 2 and p value ≤ 0.05) is shown in the Volcano plots which plot 

–log(P-value) against log2 fold-change (Figure 5.2). These indicate that 4 and 24 hours 

stimulation with the PSGL-1 antibody results in moderate but differential gene expression when 

compared to incubation with an isotype control antibody. In total of the both 4 and 24 hours of 

PSGL-1 antibody incubation 149 genes were significantly up-regulated compared to incubation 

with isotype control antibody, 27 genes were up-regulated after 4 hours and 124 after 24 hours 

of PSGL-1 ligation. Significant down-regulation was seen in 92 genes in total upon both 4 and 

24 hours PSGL-1 antibody incubation, 20 after 4 hours and 79 after 24 hours. Only 3 genes 

(KLF2, cytochrome P450 26B1 and period circadian protein homolog 2) were up-regulated at 

both 4 and 24 hours, while 7 genes [MCP-1, macrophage inflammatory protein (MIP)-2α, 

nuclear localized factor 2, Ephrin-A1, IL8, IκBζ (nuclear factor of kappa light polypeptide gene 

enhancer in B cells inhibitor, zeta isoform b) and neutrophil-activating protein-3 (NAP-3, 
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CXCL1)] were down-regulated at both time points. These results indicate a difference in short 

and long term response in HUVEC upon PSGL-1 ligation.  

 

Gene expression analysis after short-term PSGL-1 stimulation of endothelial cells 

HUVEC were treated for a 4-hour period with PSGL-1 antibody to investigate the early 

molecular changes upon treatment. PSGL-1 stimulation for 4 hours was associated with the 

modulation of 47 genes, with 27 genes up-regulated and 20 genes down-regulated, see Table 

5.1. The pool of 20 down-regulated genes contained several cytokines, including MIP2α, NAP-

3, IL-8, MCP-1 and granulocyte-monocyte colony-stimulating factor. Also the adhesion 

molecules ICAM-1, E-selectin and fractalkine were down-regulated after 4 hours. The 

transcriptional activity of many cytokines and adhesion molecules is known to be mediated by 

NFκB. Interestingly genes involved in the regulation of nuclear factor kappa B (NFκB) activity, 

NF-kappa-B inhibitor alpha (IκBα) and nuclear factor of kappa light polypeptide gene enhancer 

in B cells inhibitor, zeta isoform b (IκBζ), were found to be down-regulated after 4 hours of 

PSGL-1 antibody incubation compared to the isotype control. Furthermore, KLF2 was found to 

be up-regulated after 4 hours of PSGL-1 antibody incubation compared to the isotype control. 

 

Long-term PSGL-1 stimulation of endothelial cells 

The long-term PSGL-1 antibody stimulation (24 hours) had more effect on the HUVEC 

transcriptome than the 4 hours stimulation, and was associated with the modulation of 203 

genes, with 124 genes up-regulated and 79 genes down-regulated (top 20 are listed in Table 5.2, 

all in Supplementary Table 5.1). After 24 hours of PSGL-1 antibody incubation, again some 

cytokines were found to be down-regulated, including IL-8, NAP-3, MCP-1, IL-32, 

angiopoietin-2, and granulocyte chemotactic protein 2. KLF2 was up-regulated, similar as after 

the short-term incubation. Furthermore, eNOS was up-regulated and heme oxygenase 1 was 

down-regulated after 24 hours of PSGL-1 incubation.  

 
 

 
 

Figure 5.2: Volcano plots PSGL-1 versus control antibody incubation for 4 and 24 hours. Transcriptome 

analyses of HUVEC incubated with PSGL-1 or isotype control (IgG) antibody for 4 or 24 hours. Volcano plots 

were generated by plotting the log2 fold change (x-axis) against –log10 p values (y-axis). The horizontal line is at 

p=0.05 and the vertical lines show the 2-fold cutoff (-1 and +1 on a log2 scale) for down-regulation and up-

regulation, respectively. 
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Table 5.1: Genes identified as differentially expressed after 4 hours incubation with PSGL-1 antibody. 

 

Gene ID Gene name 
fold change 
PSGL-1/IgG 

Down-regulated   
CXCL2 Macrophage inflammatory protein 2-alpha 0.07

a
 

CXCL1 Neutrophil-activating protein 3 0.09
 a
 

IL8 Interleukin-8 0.15
 a
 

CCL2 Monocyte chemotactic protein 1 0.17
 a
 

SELE E-selectin 0.17 
NLF2 Nuclear localized factor 2 0.22

 a
 

CX3CL1 Fractalkine 0.27 
CEBPD Nuclear factor-IL6-beta 0.30 
CSF2 Granulocyte-macrophage colony-stimulating factor 0.33 
NFKBIA NF-kappa-B inhibitor alpha 0.35 
EFNA1 Ephrin-A1 0.41

 a
 

ICAM1 Intercellular adhesion molecule 1 0.42 
NFKBIZ Nuclear factor of kappa light polypeptide gene enhancer in B cells 

inhibitor, zeta isoform b  
0.43

 a
 

ZFP36 Tristetraproline 0.43 
TNFAIP3 Tumor necrosis factor alpha-induced protein 3 0.44 
CLOCK Circadian locomoter output cycles protein kaput 0.45 
DOC2A Double C2-like domain-containing protein alpha 0.46 
SIPA1L1 Signal-induced proliferation-associated 1-like protein 1 0.47 
ILMN_36232 Ensembl Gene ID:ENSG00000174556 0.50 
CLIC1 Chloride intracellular channel protein 1 0.50 

Up-regulated   
CYP26B1 Cytochrome P450 26B1 3.47

 b
 

EEF1B2 Elongation factor 1-beta 3.42 
SLC45A3 Solute carrier family 45 member 3 2.64 
ILMN_131812 No description 2.60 
TXNIP Thioredoxin-interacting protein 2.56 
FAM83D Protein FAM83D 2.40 
HSPA1A Heat shock 70 kDa protein 1 2.40 
CCNF G2/mitotic-specific cyclin-F 2.34 
KPNA2 Importin alpha-2 subunit 2.29 
SFRS6 Splicing factor, arginine/serine-rich 6 2.27 
CHP Calcium-binding protein p22 2.19 
ILMN_32593 Ensembl Gene ID: ENSG00000118928 2.17 
MT2P1 Metallothionein-2 2.16 
RPS3A 40S ribosomal protein S3a 2.13 
CIAPIN1 Cytokine induced apoptosis inhibitor 1 2.10 
LRRFIP1 Leucine rich repeat (in FLII) interacting protein 1 2.09 
PPIL1 Peptidyl-prolyl cis-trans isomerase-like 1  2.08 
SPRYD3 SPRY domain-containing protein 3 2.07 
NFIX Nuclear factor 1 X-type 2.06 
C7orf38 Uncharacterized protein C7orf38 2.06 
PER2 Period circadian protein homolog 2 2.05

 b
 

KLHDC5 Kelch domain-containing protein 5 2.04 
KLF2 Kruppel-like factor 2 2.04

 b
 

ILMN_77841 No description 2.03 
ILMN_108014 No description 2.02 
ILMN_34544 Ensembl Gene ID: ENSG00000184306 2.00 
a
 also significantly up-regulated at 24 hours 

b
 also significantly down-regulated at 24 hours  
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Table 5.2: Genes identified as differentially expressed after 24 hours incubation with PSGL-1 antibody (Top 

20 up- and down-regulated only). 

 

Gene ID Gene name 
fold chance 

PSGL-1/IgG 

Down-regulated   

PLA2G4A Cytosolic phospholipase A2 0.15 

IL8 Interleukin-8 0.17
 a
 

CPA3 Mast cell carboxypeptidase A 0.21 

CCL2 Monocyte chemotactic protein 1 0.26
 a
 

FABP4 Adipocyte lipid-binding protein 0.27 

AKR1C3 Aldo-keto reductase family 1 member C3 0.28 

LOC375449 LOC375449 0.29 

SOD2 Superoxide dismutase  0.30 

TM4SF18 Transmembrane 4 L6 family member 18 0.30 

CXCL1 Neutrophil-activating protein 3 0.30
 a
 

AKR1C1 Aldo-keto reductase family 1 member C1 0.31 

FLJ10260 Schlafen family member 12 0.32 

RPS3A 40S ribosomal protein S3a 0.32 

NFKBIZ 
Nuclear factor of kappa light polypeptide gene enhancer in B cells 

inhibitor, zeta isoform b 
0.34

 a
 

HMOX1 Heme oxygenase 1 0.34 

MCTP1 Multiple C2-domains with two transmembrane regions 1 isoform L 0.35 

GLIPR1 Glioma pathogenesis-related protein 1 0.35 

CHMP5 Charged multivesicular body protein 5 0.35 

IL32 Interleukin-32 0.35 

SLC7A11 Cystine/glutamate transporter 0.35 

Up-regulated   

KLF2 Kruppel-like factor 2 3.83
 b
 

E2F2 Transcription factor E2F2 3.78 

NOS3 Endothelial nitric-oxide synthase 3.65 

DNMT1 DNA (cytosine-5)-methyltransferase 1 3.59 

POLE DNA polymerase epsilon, catalytic subunit A 3.45 

PFAS Phosphoribosylformylglycinamidine synthase 3.42 

UHRF1 E3 ubiquitin-protein ligase UHRF1 3.35 

TMEM118 Transmembrane protein 118 3.31 

MDC1 Mediator of DNA damage checkpoint protein 1 3.28 

ATP6V0E2 ATPase, H+ transporting V0 subunit e2 3.12 

NR2F1 COUP transcription factor 1 3.07 

AQP1 Aquaporin-1 3.06 

C17orf53 Uncharacterized protein C17orf53 3.04 

REC8 Meiotic recombination protein REC8-like 1 3.03 

ZNF467 Zinc finger protein 467 2.99 

BTBD12 BTB/POZ domain-containing protein 12 2.96 

NACAD Nascent polypeptide-associated complex subunit α-like protein  2.92 

CIT Citron Rho-interacting kinase 2.79 

LMNB2 Lamin-B2 2.77 

ASF1B Histone chaperone ASF1B 2.74 
a
 also significantly up-regulated at 4 hours 

b also significantly down-regulated at 4 hours  
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Validation of selected transcripts 

A number of genes differentially regulated after PSGL-1 antibody incubation were selected for 

validation by RT-PCR. Selection was based on endothelial characteristic genes, involved in 

endothelial protective or adhesion of inflammatory cells. These genes included the adhesion 

molecules ICAM-1 and E-selectin, as well as the cytoplasmic proteins eNOS and KLF2. Pooled 

HUVEC, differently from array-based analysis, were incubation with PSGL-1 or isotype 

control antibody for 4 or 24 hours. For each of the selected genes we confirmed the microarray 

data (Figure 5.3). Up- or down-regulation was similar in all samples tested, although the 

quantitative changes sometimes varied.  

 
 

 

 

Figure 5.3: Confirmation of 

ICAM-1, E-selectin, eNOS and 

KLF2 differential expression by 

LightCycler RT-PCR. HUVEC 

cells were incubated with PSGL-1 

or isotype control (IgG) antibody for 

4 or 24 hours. Data present the fold 

change induced by PSGL-1 vs IgG 

in ICAM-1, E-selectin, eNOS and 

KLF2 mRNA (corrected for GUS), 

as detected by RT-PCR. Data are 

mean ± SD of duplo experiments.  

 

 

 

Protein expression 

The array data and RT-PCR showed that the gene expression of the adhesion molecules ICAM-

1 and E-selectin was down-regulated upon 4 hours of PSGL-1 antibody stimulation compared 

to isotype control antibody. With flow cytometry, however, we did not detect a difference in 

surface expression of ICAM-1 and E-selectin on HUVEC after 4, 6, or 24 hours of PSGL-1 

antibody stimulation compared to untreated or isotype control antibody-treated cells (Figure 

5.4A and data not shown).  

Western blot analysis showed that incubation with PSGL-1 antibody for 4, 6, or 24 hours did 

result in reduced ICAM-1 expression when compared to the isotype control antibody-incubated 

cells, especially after the 24 hours incubation period (Figure 5.5). In contrast, and different from 

the gene-transcription data, no obvious change was observed in the E-selectin protein level 

upon PSGL-1 compared to isotype control antibody incubation at any time point (Figure 5.5). 

Upon stimulation with TNF-α, as a positive control, an increase in both ICAM-1 and E-selectin 

was observed. The eNOS protein level in HUVEC decreased upon stimulation by TNF-α and 

increased upon stimulation with PSGL-1 antibody as compared to the isotype control antibody 

stimulation (Figure 5.5). Unfortunately, we were unable to detect any KLF2 protein in HUVEC 

by Western blot. 

Because stimulation of HUVEC increases the PSGL-1 binding capacity for natural ligands, we 

next questioned whether incubation with the PSGL-1 antibody could also diminish the increase 

in ICAM-1 and E-selectin upon stimulation of the HUVEC with TNF-α. As expected, 
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stimulation with TNF-α for 6 hours resulted in increased ICAM-1 and E-selectin expression 

determined by flow cytometry (Figure 5.4B). However, 24 hours of pre-treatment with PSGL-1 

did not attenuate or prevent the up-regulation of ICAM-1 and E-selectin surface expression 

upon TNF-α stimulation (Figure 5.4B).  

 
 

 

 

Figure 5.4: No effect of PSGL-1 incubation on ICAM-1 and E-selectin surface expression, with or without 

TNF-α treatment. HUVEC monolayers were incubated with PSGL-1 or isotype control (IgG) antibody for 24 

hours in the absence (A) or presence (B) of TNF-α (5 ng/ml) for the last 6 hours. Cells were detached with EDTA, 

incubated with ICAM-1\FITC and E-selectin/PE (filled) or IgG/FITC and IgG/PE (open), and analyzed by flow 

cytometry. The data are representative images from 3 independent experiments. 

 
 

Discussion 
PSGL-1, expressed on leukocytes, is a strong binding ligand for P-selectin, and, to a lesser 

extent, for L-selectin. Ligation of PSGL-1 has been shown to lead to intracellular signalling in 

the leukocytes. Recently, PSGL-1 was also observed to be expressed on endothelial cells 
11,12

. 

When endothelial cells are stimulated, the endothelial PSGL-1 has been shown to mediate 

strong adhesion of activated platelets, monocytes and platelet-monocyte complexes 
12

. Our aim 
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was to investigate the effect of PSGL-1 ligation on HUVEC. To this end, we used a PSGL-1-

activating antibody (PL1) to cross-link PSGL-1 on HUVEC, and we studied the resultant 

changes in gene expression by microarray. PL1 binding was shown in earlier studies to be both 

independent of TNF-α activation-mediated PSGL-1 glycosylation 
12

, and able to induce 

signalling and gene expression in leukocytes, including an increase in serum-response element-

dependent transcriptional activity and IL-8 secretion 
21,22

. Moreover, leukocyte stimulation with 

PL1 and other PSGL-1 antibodies or P-selectin also induces phosphorylation of various 

proteins, activation of integrins and expression of tissue factor and colony-stimulating factor-1 
7,21,22,24-28

. We therefore used the PL1 antibody to study the effect of PSGL-1 ligation on 

HUVEC.  

Although PSGL-1 expression is low on HUVEC and antibody-mediated signalling might not be 

optimal, PSGL-1 ligation induced both short term (4 hours) as well as longer term (24 hours) 

changes in gene transcription in HUVEC. In contrast to the PSGL-1 signalling in leukocytes, 

we found that PSGL-1 ligation on HUVEC induces a more anti-inflammatory phenotype. We 

observed in the array data reduced expression of various cytokines (at 4 and 24 hours), 

including IL-8 and MCP-1. Furthermore, we found reduced expression of E-selectin and 

ICAM-1 (both at 4 hours), both confirmed by RT-PCR. The reduced expression of ICAM-1 

was also confirmed at the protein level, in the long-term incubation time. In addition, upon 

PSGL-1 ligation, an increase in expression of KLF2 (4 and 24 hours) and eNOS (4 hours) was 

observed, both confirmed by RT-PCR. The increased expression of eNOS was also confirmed 

at the protein level, in the long-term incubation time. KLF2 and eNOS are considered important 

mediators involved in vascular integrity and anti-inflammatory and anti-thrombotic properties 

of the endothelium 
29-31

.  

 
 

 
 

Figure 5.5: ICAM-1 and eNOS protein expression in HUVEC upon PSGL-1 antibody incubation. HUVEC 

monolayers were incubated with TNF-α (10 ng/ml for 6 hours), PSGL-1 (for 4, 6, or 24 hours) or isotype control 

antibody (IgG for 4, 6 or 24 hours). (A) Western blot detection of eNOS (band ~130 kDa, upper panel), ICAM-1 

(band ~95 kDa, upper panel) and E-selectin (band ~115 kDa, lower panel). Alpha-actin (band ~45 kDa, lower 

panel) was used as a control for equal protein loading. Representative results of two independent experiments are 

shown. (B) The graph indicates the fold change induced by PSGL-1 vs IgG in ICAM-1, E-selectin and eNOS 

protein level (corrected for equal loading), as detected by Western blot in two independent experiments. 
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While KLF2 increases eNOS expression and decreases VCAM-1 and E-selectin expression, its 

role as an inhibitor of NFκB function is particularly interesting 
17,29,32,33

. NFκB activity results 

in gene transcription of a variety of pro-inflammatory genes, including adhesion molecules and 

cytokines 
34

. The eNOS product NO in its turn inhibits NFκB activity by stabilizing inhibitor of 

κB (IκB)-α 
35

. The activity of NFκB is regulated by members of IκB family. By association 

with IκB, the NFκB proteins are sequestered in the cytoplasmic compartment 
36

. In response to 

a stimulus, e.g. inflammatory cytokines, IκBs are degraded and free NFκB translocates to the 

nucleus and activates gene transcription 
36

. The differences in PSGL-1-induced changes in gene 

expression as reported for HUVEC and in leukocytes clearly indicate differential signalling 

towards NFκB activity between the two cell types. In leukocytes, following PSGL-1 ligation, in 

the presence of the additional stimuli PAF or RANTES, NFκB mobilization and subsequent 

secretion of TNF-α, IL-8 and MPC-1 is observed 
9,24,37

. Stimulation of endothelial cells with 

pro-inflammatory stimuli can induce IκB degradation, activate NFκB and increased gene 

transcription of genes such as ICAM-1, E-selectin, MCP-1 and IL-8 
34

. Although all these genes 

are down-regulated upon 4 hours of PSGL-1 stimulation, suggestive for a reduced NFκB 

activity, the observed NFκB related data are not all straightforward, since in HUVEC, a reduced 

IκBα transcription level is observed after 4 hours of PSGL-1 stimulation. This indicates an 

increase in NFκB activity, since IκB decreases NFκB activation. Additionally, we found 

another member of the IκB family to be reduced, IκBζ. IκBζ is also reduced after 4 and 24 

hours of PSGL-1 stimulation. However, IκBζ is also shown to be up-regulated upon TNF-α 

stimulation 
38

, inducing a negative feedback loop by NFκB. This reduction in IκBζ would 

indicate induction of an anti-inflammatory phenotype.  

Remarkably, the gene expression profile, induced by PSGL-1 in unstimulated HUVEC, shows 

similarity with an endothelial protective phenotype that is known to be induced by long 

exposure of endothelial cells to laminar shear. Indeed, changes induced by laminar shear on 

endothelial cells versus static or turbulent flow showed a similar anti-inflammatory pattern, 

with induction of KLF2 and eNOS and reduced expressions of IL-8 and claudin-5 
17,39,40

.  

Both mRNA and protein levels of eNOS were up-regulated after 24 hours PSGL-1 stimulation. 

The protein expression might be even more up-regulated after a longer incubation time. The 

kinetics of mRNA and protein levels of eNOS were different from ICAM-1 and E-selectin. The 

maximum effect on the protein expression of ICAM-1 and E-selectin might be in between the 

short- and long-term PSGL-1 incubation and could explain the absence of changes in surface 

expression of both and total protein expression of E-selectin. Furthermore changes in E-selectin 

and ICAM-1 expression are regulated at both transcriptional and translational level in a 

different way by various stimuli 
41-43

.  

In HUVEC, the influence of pro-inflammatory stimuli might be attenuated by the change in 

PSGL-1 affinity for its natural ligand. To investigate this, we used TNF-α-pre-treated HUVEC 

before incubating them with P-selectin Fc-chimera protein. However, we did not detect PSGL-

1-induced modulation of expression of E-selectin or ICAM-1 against the background of 

powerful TNF-α-induced transcription (data not shown).  

Taken together, we conclude that our data for the first time show that PSGL-1 ligation on the 

surface of non-stimulated endothelial cells results in signalling at both transcriptional as well as 

protein expression level, with clear anti-inflammatory characteristics. Given that the PSGL-1 

expression on endothelial cells is low and ligand binding is stimulation dependent, we 
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hypothesize that the in vivo relevance of PSGL-1 signalling will strongly depend on the 

presence, timing and strength of additional stimuli.   
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Supplementary table 5.1: Genes identified as differentially expressed after 24 hours incubation with PSGL-1 

antibody. 

 

Gene ID Gene name 
fold chance 
PSGL-1/IgG 

Down-regulated   

PLA2G4A Cytosolic phospholipase A2 0.15 

IL8 Interleukin-8 0.17
 a
 

CPA3 Mast cell carboxypeptidase A 0.21 

CCL2 Small inducible cytokine A2 0.26
 a
 

FABP4 Adipocyte lipid-binding protein 0.27 

AKR1C3 Aldo-keto reductase family 1 member C3 0.28 

LOC375449 LOC375449 0.29 

SOD2 Superoxide dismutase  0.30 

TM4SF18 Transmembrane 4 L6 family member 18 0.30 

CXCL1 Neutrophil-activating protein 3 0.30
 a
 

AKR1C1 Aldo-keto reductase family 1 member C1 0.31 

FLJ10260 Schlafen family member 12 0.32 

RPS3A 40S ribosomal protein S3a 0.32 

NFKBIZ Nuclear factor of kappa light polypeptide gene enhancer in B cells inhibitor, zeta isoform b 0.34
 a
 

HMOX1 Heme oxygenase 1 0.34 

MCTP1 Multiple C2-domains with two transmembrane regions 1 isoform L 0.35 

GLIPR1 Glioma pathogenesis-related protein 1 0.35 

CHMP5 Charged multivesicular body protein 5 0.35 

IL32 Interleukin-32 0.35 

SLC7A11 Cystine/glutamate transporter 0.35 

PMCH Melanin-concentrating hormone 0.36 

ATP5J2P5 ATP synthase, H+ transporting, mitochondrial F0 complex, subunit F2 pseudogene 5 0.36 

CTHRC1 Collagen triple helix repeat-containing protein 1 0.36 

PLA2G4C Cytosolic phospholipase A2 gamma 0.37 

B2M Beta-2-microglobulin 0.37 

ILMN_2588 No description 0.37 

LRRC17 Leucine-rich repeat-containing protein 17 0.38 

LOC641849 LOC641849 0.38 

LOC91561 Ribosomal protein S2 pseudogene 0.39 

CXCL2 Macrophage inflammatory protein 2-alpha 0.39
 a
 

LOC389672 Ensembl Gene ID: ENSG00000188856 0.39 

OCIAD2 OCIA domain containing 2 isoform 2 0.39 

LOC391356 Similar to CG14903-PA 0.39 

ILMN_7210 No description 0.40 

TRIM22 Tripartite motif-containing protein 22 0.41 

LOC647673 LOC647673 0.41 

SPHK1 Sphingosine kinase 1 0.42 

F2RL1 Proteinase-activated receptor 2 0.42 

LOC650654 Ensembl Gene ID: ENSG00000214896 0.43 

ILMN_108758 Ensembl Gene ID: ENSG00000210678 0.43 

TSPAN6 Tetraspanin-6 0.43 

IL6ST Interleukin-6 receptor subunit beta 0.43 

CAPG Macrophage-capping protein 0.43 

RELB Transcription factor RelB 0.44 

ILMN_24848 No description 0.44 

RIT1 GTP-binding protein Rit1 0.44 

RB1CC1 RB1-inducible coiled-coil protein 1 0.45 

EFNA1 Ephrin-A1 0.46
 a
 

PTGS2 Prostaglandin G/H synthase 2 0.46 

NP Purine nucleoside phosphorylase 0.46 

OCIAD2 OCIA domain containing 2 isoform 2 0.46 

FAM89B Protein FAM89B 0.46 

TAF7 Transcription initiation factor TFIID subunit 7 0.46 

NME1 Nucleoside diphosphate kinase B  0.46 

LARP6 La-related protein 6 0.47 

CTSK Cathepsin K 0.47 

PGF Placental growth factor 0.47 

C4orf34 Uncharacterized protein C4orf34 0.47 

SDSL Serine dehydratase-like 0.47 

RWDD2 RWD domain-containing protein 2 0.48 

C2orf27 Uncharacterized protein C2orf27 0.48 
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ANGPT2 Angiopoietin-2 0.48 

YPEL5 Protein yippee-like 5 0.48 

TNPO1 Transportin-1 0.48 

NDUFB2 NADH-ubiquinone oxidoreductase AGGG subunit 0.49 

CLDN5 Claudin-5 0.49 

MMP10 Stromelysin-2 0.49 

C21orf7 TAK1-like protein 0.49 

LIMS3 LIM and senescent cell antigen-like-containing domain protein 3  0.49 

ILMN_29226 No description 0.49 

TMPIT Transmembrane protein induced by tumor necrosis factor alpha 0.49 

NLF2 Nuclear localized factor 2 0.49
 a
 

NOX4 NADPH oxidase 4  0.49 

MDK Midkine 0.49 

CXCL6 Granulocyte chemotactic protein 2 0.50 

ABHD7 Abhydrolase domain-containing protein 7 0.50 

RPAIN RPA-interacting protein  0.50 

CHKB Choline/ethanolamine kinase 0.50 

LOC645968 40S ribosomal protein S3a pseudogene 0.50 

Up-regulated   

KLF2 Kruppel-like factor 2 3.83
 b
 

E2F2 Transcription factor E2F2 3.78 

NOS3 Endothelial nitric-oxide synthase 3.65 

DNMT1 DNA (cytosine-5)-methyltransferase 1 3.59 

POLE DNA polymerase epsilon, catalytic subunit A 3.45 

PFAS Phosphoribosylformylglycinamidine synthase 3.42 

UHRF1 E3 ubiquitin-protein ligase UHRF1 3.35 

TMEM118 Transmembrane protein 118 3.31 

MDC1 Mediator of DNA damage checkpoint protein 1 3.28 

ATP6V0E2 ATPase, H+ transporting V0 subunit e2 3.12 

NR2F1 COUP transcription factor 1 3.07 

AQP1 Aquaporin-1 3.06 

C17orf53 Uncharacterized protein C17orf53 3.04 

REC8 Meiotic recombination protein REC8-like 1 3.03 

ZNF467 Zinc finger protein 467 2.99 

BTBD12 BTB/POZ domain-containing protein 12 2.96 

NACAD Nascent polypeptide-associated complex subunit α-like protein  2.92 

CIT Citron Rho-interacting kinase 2.79 

LMNB2 Lamin-B2 2.77 

ASF1B Histone chaperone ASF1B 2.74 

MCM5 DNA replication licensing factor MCM5 2.68 

IQGAP3 Ras GTPase-activating-like protein IQGAP3 2.68 

SLC25A23 Solute carrier family 25, member 23 2.67 

PLK1 Serine/threonine-protein kinase PLK1 2.66 

PARP1 Poly [ADP-ribose] polymerase 1 2.66 

TROAP Trophinin-associated protein 2.60 

RBPMS2 RNA-binding protein with multiple splicing 2 2.58 

SLC26A6 SH3 adapter protein SPIN90 2.57 

CYP26B1 Cytochrome P450 26B1 2.54
 b
 

UBE2L3 Ubiquitin-conjugating enzyme E2 L3  2.54 

SEPW1 Selenoprotein W 2.54 

B3GNT1 N-acetyllactosaminide beta-1,3-N-acetylglucosaminyltransferase 2.53 

CDT1 DNA replication factor Cdt1  2.52 

SLC29A2 Equilibrative nucleoside transporter 2 2.51 

ADCY3 Adenylate cyclase type 3  2.51 

TMEM97 Transmembrane protein 97 2.47 

MCM7 DNA replication licensing factor MCM7 2.44 

CDCA7 Cell division cycle-associated protein 7 2.42 

PHF19 PHD finger protein 19 isoform a 2.41 

CDCA3 Trigger of mitotic entry 1 2.41 

RIS1 Transmembrane protein 158 2.40 

PAQR4 Progestin and adipoQ receptor family member 4 2.40 

MYADM Myeloid-associated differentiation marker 2.40 

ZNF342 Zinc finger protein 342 2.39 

NRM Nurim 2.38 

RAD54L DNA repair and recombination protein RAD54-like 2.37 

CDC25B M-phase inducer phosphatase 2 2.36 

C17orf68 Uncharacterized protein C17orf68 2.35 



                                                           Transcriptional profiling of HUVEC upon PSGL-1 ligation 

 

 

 

101 

SRRM1 Serine/arginine repetitive matrix protein 1 2.34 

LOC399942 LOC399942 2.32 

MCM4 DNA replication licensing factor MCM4 2.32 

CDCA5 Sororin 2.30 

PFKFB4 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 4 2.30 

C9orf127 Nasopharyngeal carcinoma related protein 2.29 

TACC3 Transforming acidic coiled-coil-containing protein 3 2.29 

ZDHHC8 Probable palmitoyltransferase ZDHHC8 2.28 

STEAP3 Dudulin 2 isoform b 2.28 

NLGN2 Neuroligin-2 2.28 

CDC20 Cell division cycle protein 20 homolog 2.28 

LITAF Lipopolysaccharide-induced tumor necrosis factor-α factor 2.27 

SUV39H1 Histone-lysine N-methyltransferase SUV39H1 2.26 

C1orf2 Protein COTE1 2.25 

ACOT11 Acyl-coenzyme A thioesterase 11 2.24 

ORC1L Origin recognition complex subunit 1 2.24 

TRIP13 Thyroid receptor-interacting protein 13 2.24 

UBE2C Ubiquitin-conjugating enzyme E2 C 2.24 

FOXM1 Forkhead box protein M1 2.23 

ENO2 Gamma-enolase 2.21 

RAD23A UV excision repair protein RAD23 homolog A 2.21 

PPP1R13L RelA-associated inhibitor 2.21 

PRR14 Proline rich 14 2.20 

ESPL1 Separin 2.20 

KIF20A Kinesin-like protein KIF20A 2.20 

POLA2 DNA polymerase subunit alpha B 2.20 

GINS2 DNA replication complex GINS protein PSF2 2.20 

AURKB Serine/threonine-protein kinase 12 2.19 

C16orf75 C16orf75 protein 2.18 

ILMN_29509 Novel protein 2.18 

HEATR2 HEAT repeat-containing protein 2 2.17 

ITGB4 Integrin beta-4 2.16 

PRR3 Proline-rich protein 3 2.16 

FRAG1 FGF receptor activating protein 1 2.16 

PER2 Period circadian protein homolog 2 2.16
 b
 

STARD8 StAR-related lipid transfer protein 8 2.16 

HSPA12B Heat shock 70 kDa protein 12B 2.16 

TOMM40 Probable mitochondrial import receptor subunit TOM40 homolog 2.16 

TUBG1 Tubulin gamma-1 chain 2.15 

SCARA3 Scavenger receptor class A member 3 2.15 

NEFH Neurofilament heavy polypeptide 2.14 

NICN1 Nicolin-1 2.14 

GTPBP3 Mitochondrial GTP-binding protein 1 2.13 

TPX2 Targeting protein for Xklp2 2.13 

TUBA4A Tubulin alpha-1 chain 2.12 

MED25 ARC/mediator transcriptional coactivator subunit 2.12 

DUS2L tRNA-dihydrouridine synthase 2-like 2.11 

DHCR7 7-dehydrocholesterol reductase 2.11 

TYMS Thymidylate synthase 2.10 

HIRIP3 HIRA-interacting protein 3 2.10 

TUBB2C Tubulin beta-2C chain 2.09 

WBP2 WW domain-binding protein 2 2.09 

REEP2 Receptor expression-enhancing protein 2 2.09 

DBNDD2 Dysbindin domain-containing protein 2 2.09 

CHAF1B Chromatin assembly factor 1 subunit B  2.08 

NLRP2 NACHT, LRR and PYD-containing protein 2 2.08 

SCRIB Protein LAP4 2.08 

CCNB1 G2/mitotic-specific cyclin-B1 2.07 

HEATR2 HEAT repeat-containing protein 2 2.07 

MICB MHC class I polypeptide-related sequence B 2.06 

DARS2 Mitochondrial aspartyl-tRNA synthetase 2.05 

PLCXD1 Phosphatidylinositol-specific phospholipase C 2.05 

GPR4 Probable G-protein coupled receptor 4 2.05 

NAT10 N-acetyltransferase 10 2.04 

BCKDK Branched-chain alpha-ketoacid dehydrogenase kinase 2.04 

FLJ36070 Likely ortholog of MEF2-activating SAP transcriptional regulator 2.03 

KIAA1522 KIAA1522 2.03 
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TIMELESS Timeless homolog 2.02 

GABBR2 Gamma-aminobutyric acid type B receptor, subunit 2 2.02 

C6orf136 Uncharacterized protein C6orf136 2.02 

MX1 Interferon-induced GTP-binding protein Mx1 2.02 

GPD1L Glycerol-3-phosphate dehydrogenase 1-like 2.01 

UCP2 Mitochondrial uncoupling protein 2 2.01 

WASH6P Uncharacterized protein CXYorf1 2.01 

SF3A1 Splicing factor 3 subunit 1 2.01 

C16orf57 UPF0406 protein C16orf57 2.01 
a
 also significantly up-regulated at 4 hours 

b
 also significantly down-regulated at 4 hours 
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Abstract 
Maternal human platelet antigen (HPA)-1a alloantibodies causing neonatal alloimmune 

thrombocytopenia can bind also to endothelium, via the β3-integrin (CD61). The aim of this 

study was to investigate the effect of HPA-1a Abs on endothelial cell function, with emphasis 

on monolayer integrity. We used a CD61 mAb as a model for the HPA-1a alloantibodies and 

confirmed the results with purified IgG fractions from HPA-1a alloimmunized women. The 

effect of these antibodies was examined by monitoring the adhesion, spreading, and monolayer 

integrity of primary HUVECs with conventional adhesion assays as well as Electrical Cell-

substrate Impedance Sensing. We found that both the mAb CD61 and the HPA-1a antibodies 

caused a significant reduction in HUVEC spreading. Moreover, addition of the mAb CD61 and 

the HPA-1a antibodies prior to or following formation of a stable endothelial monolayer 

negatively affected endothelial monolayer integrity, which was accompanied by a redistribution 

of junctional proteins. Inhibiting Rho kinase as well as the Rac1 GTPase also reduced the 

endothelial monolayer integrity. Our data suggest that HPA-1a alloantibodies have a direct 

effect on endothelial cell spreading and monolayer integrity, which may contribute to the 

increased bleeding tendency in children with neonatal alloimmune thrombocytopenia. 
 

 

Introduction 
Neonatal alloimmune thrombocytopenia (NAIT) occurs at an estimated frequency of 1/1000 

live births and results from maternal immunization against fetal human platelet antigens (HPA), 

inherited from the father, primarily HPA-1a 
1-3

. Maternal IgG alloantibodies against HPA-1a 

cross the placenta and can bind to fetal HPA-1a-positive platelets, causing immune-mediated 

fetal platelet destruction. The consequences can range from mild thrombocytopenia to massive 

intracranial hemorrhage (ICH), both postnatal and as early as after 16 weeks of pregnancy. 
2-4

 

The HPA-1a polymorphism results from a mutation from cytosine to thymidine at position 196 

of the gene for platelet glycoprotein (GP) IIIa (β3-integrin), causing the substitution of proline 

for leucine at amino acid 33 of the protein 
5
. The β3-integrin appears on the cell surface of 

platelets as part of the GPIIb/IIIa-complex 
6
, but also on vascular endothelial cells (ECs) in the 

αvβ3-integrin complex 
7,8

. Since it is known that ECs express the β3-integrin carrying the HPA-

1a antigen, it was suggested that ECs, like platelets, may be involved in the pathophysiology of 

alloimmune thrombocytopenia and that vascular damage could be an important aspect of this 

disease 
8-10

.  

The integrin αvβ3 is involved in blood vessel development during vasculogenesis and 

angiogenesis 
11,12

. The αvβ3 integrin is constitutively expressed in large vessels, but also in the 

microvascular endothelium from skin and lung 
13-15

. The surface expression of αvβ3 on ECs 

increases during an inflammatory response and during angiogenesis, induced by, among others, 

vascular endothelial growth factor and basic fibroblast growth factor 
13,16

. The integrin is 

equally distributed on both the luminal and basolateral surface of the cells 
14,17

. ECs in culture 

often express the αvβ3 integrin, located on both the abluminal and luminal surfaces 
7,17,18

. The 

αvβ3 integrin binds the Arg-Gly-Asp (RGD) sequence in a variety of ligands, such as 

vitronectin (Vn), fibronectin (Fn), fibrinogen, Von Willebrand factor, thrombospondin, 

osteopontin and collagen 
19

. 

We made use of electric cell-substrate impedance sensing (ECIS), which has been used to 

monitor cell attachment and spreading 
20

, monolayer integrity 
21-23

 and wound healing 
24,25

. We 
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examined cell adhesion, spreading, and monolayer integrity in real-time in primary human 

endothelial cells upon treatment with a CD61 mAb or with HPA-1a alloantibodies from 

maternal sera. Our results show that the CD61 mAb as well as the HPA-1a Abs reduce EC 

spreading and impair EC monolayer integrity. Thus, HPA-1a Abs could well contribute 

significantly to the bleeding tendency associated with NAIT through their binding to the αvβ3 

integrin on ECs.  
 

 

Materials and methods 
Antibodies 

The following Abs were used: CD31 (CLB-HEC/75, IgG1), CD61 (CLB-thromb/1, C17, IgG1), 

control IgG1, CD31/FITC, control IgG/FITC (Sanquin Reagents, Amsterdam, The 

Netherlands); CD29 (P4C10, β1-integrin) (Gibco BRL, Breda, The Netherlands); FAK (Upstate 

Millipore, Lake Placid, NY, USA); β-catenin (Santa Cruz Biotechnology, Santa Cruz, CA, 

USA); VE-cadherin (Cayman, Ann Arbor, MI, USA); VE-cadherin/FITC (Bender 

MedSystems, Vienna, Austria); CD31/APC (eBioscience, San Diego, CA, USA); goat-anti-

rabbit-Ig conjugated to Alexa 488, goat-anti-mouse-Ig conjugated to Alexa 488 (Molecular 

Probes Invitrogen, Leiden, The Netherlands); anti-human IgG/FITC (Sigma-Aldrich Chemie, 

Steinheim, Germany); and control IgG/APC (BD Biosciences, Erembodegem, Belgium). CD61 

F(ab’)2 fragments were prepared by pepsin (Sigma-Aldrich Chemie, Steinheim, Germany) 

digestion, residual whole mAb and Fc fragments were removed with Protein-G Sepharose (GE 

Healthcare Biosciences, Uppsala, Sweden). 

 

Endothelial cells 

Human umbilical vein endothelial cells (HUVECs) were isolated from umbilical veins as 

described 
26

 and maintained in Medium 199 supplemented with 300 µg/ml glutamine, 100 U/ml 

penicillin, 100 U/ml streptomycin (all from Gibco Invitrogen, Paisley, Scotland), 20% (v/v) 

heat-inactivated fetal calf serum (Bodinco, Alkmaar, The Netherlands), 50 µg/ml endothelial 

mitogen (Biomedical Technologies, Stoughton, MA, USA) and 100 µg/ml heparin (Sigma-

Aldrich, Steinheim, Germany). 

 

Serum samples and purification of IgG 

Maternal serum samples were selected from a panel of mothers with NAIT due to anti-HPA-1a 

Abs (n=8) and from one woman who developed HPA-1a antibodies, with high titers maintained 

for years, after an episode of post-transfusion purpura. The patients’ characteristics are listed in 

Table 6.1. Also nine control samples, seven sera from donors with blood group AB, one from a 

patient with HPA-3a Abs (recognizing an epitope expressed by GPIIb, CD41) and one with 

HPA-5b Abs (recognizing an epitope expressed by GPIa, CD49b) were collected. The latter 

two served as negative controls. HPA-3a and HPA-5b Abs can cause NAIT, but are not reactive 

with CD61. Samples containing HPA Abs were obtained from immunized women after 

informed consent. 

Immunoglobulin was purified from the serum samples by affinity chromatography over a 

protein-G column (Protein-G Sepharose). After elution from the column the fractions were 

dialyzed in phosphate buffered saline (PBS), and the IgG concentration was measured by 

NanoDrop (ND-1000; NanoDrop Technologies, Wilmington, DE, USA). The purity of the IgG 
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was assessed by SDS-PAGE, followed by coomassie staining. The presence of HPA-1a Abs in 

the maternal sera and purified total IgG fraction was detected by the monoclonal antibody-

specific immobilization of platelet antigens (MAIPA) test 
27

. Titers varied from 1:8 to 1:512 

(Table 6.1).   

 
 

Table 6.1. Clinical characteristics and flow cytometric data of maternal serum samples with HPA-1a 

antibodies.  

 

Patient 
Titer in 
serum

a 

Titer in 
purified 

IgG
b 

Binding to 
endo-

thelium
b 

Platelet 
count at 

birth
c 

Complication
d
 

Treatment
 

after 
birth

e
 

1 512 256 42,000 8 petechiae Ivig 
2 512 64 31,000 2 hematomas, ICH Ivig 
3 256 128 80,000 not known not known not known 
4 256 64 29,000 24 none Tx 
5 256 64 23,000 12 hematomas Tx, pred 
6 128 64 47,000 <10 hematomas Tx 
7 32 32 18,000 2 not known not known 
8 32 8 15,500 55 none none 
9 64 128 60,000 identified upon episode of PTP 

a Titer of antibodies measured by MAIPA, for example 1 in 128.  
b Data are mean fluorescence intensity measured by flow cytometry, see also figure 6.6A.  
c Data *109/L.  
d ICH = intracranial hemorrhage, PTP = post transfusion purpura. 

e 
Ivig = intravenous immunoglobulins, Tx = trombocyte transfusion, pred = prednisone. 

 

 

Adhesion assay 

Flat-bottom Maxisorp 96-well plates (Nunc, Roskilde, Denmark) were coated with Fn (10 

ng/ml) (Sanquin Reagents, Amsterdam, The Netherlands) o/n at 4°C. After coating, the wells 

were washed with PBS and then blocked with 4% (v/v) human serum albumin (Sanquin 

Reagents, Amsterdam, The Netherlands) at 37°C for 30 minutes. HUVECs were labeled with 

calcein-acetoxymethyl ester (Molecular Probes Invitrogen, Leiden, The Netherlands). The 

indicated Abs were added to the cells in the Fn-coated 96-well plates (30,000 cells per well). 

After 60 minutes at 37 °C, non-adherent cells were removed by washing twice with PBS, and 

adherent cells were lysed in 0.5% (v/v) Triton X-100 for 10 minutes at room temperature. 

Plates were then read on a microplate fluorescence plate reader (Tecan GENios plus, Tecan 

Group Ltd, Maennedorf, Switzerland) at excitation wavelength 485 nm and emission 

wavelength 525 nm. The adherent ratio (%) was calculated as follows: (fluorescence from 

experimental sample) ⁄ fluorescence from control-untreated cells-sample) × 100%.  

 

Transendothelial electrical resistance measurement 

HUVEC were seeded at 1×10
5
 cells per well (0.8 cm

2
) for analysis of seeding, and 0.6×10

5
 cells 

per well for analysis of stable monolayers on Fn- or Vn-coated electrode arrays (8W10E, unless 

stated otherwise; Applied Biophysics, Troy, NY, USA). Measurements of transendothelial 

electrical resistance (TER) were performed in real time by means of an ECIS system (ECIS, 

Applied Biophysics, Troy, NY, USA) at 37ºC, 5% CO2 
22

. Briefly, the small measuring 

electrode and the larger counter electrode were connected to a phase-sensitive lock-in amplifier, 
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and a 1-V, 4000-Hz signal was supplied by a 1-MΩ resistor to approximate a constant current 

source of 1 µA. The in-phase and out-phase voltages between the electrodes were monitored in 

real time, followed by conversion to scalar measurements of transendothelial resistance. 

Spreading of the cells upon treatment and seeding was analyzed at the maximal resistance 

value, around 1 hour after seeding. For analysis of HUVEC monolayers, the average resistance 

over 5 hours was compared. The effect of treatment of stable HUVEC monolayers was 

analyzed by comparing the average resistance before treatment, set to 100%, to the average 

resistance after treatment. Occasionally, upon addition of IgG Ab a transient increase in 

resistance was observed. As measured with 8W10E electrodes, HUVEC monolayer values read 

around 1000 ohm, with 8W1E around 6000 ohm. This last value is higher compared to that 

measured with the 8W10E electrodes, as resistance is measured over a smaller area.  

For the wound healing assay HUVEC monolayers grown on Fn-coated 8W1E electrodes were 

subjected to a high field current of 3 V at a frequency of 40 kHz for 15 seconds. Such an 

electrocution results in the death of cells covering the electrode, leaving the rest of the 

monolayer intact. Subsequently, the increase in TER resulting form cells migrating into the 

wound was recorded in real time. When indicated, TER was normalized by subtracting the 

resistance at time t=0 from every resistance value in the successive time points. The resistance 

values differed around 8% between wells.  

The used ROCK inhibitor Y27632 and Rac1 inhibitor NSC23766 were purchased from 

Calbiochem (San Diego, CA, USA). 

 

Immunofluorescence staining 

HUVECs were seeded on glass coverslips. After treatment, cells were fixed with 3.7% (w/v) 

formaldehyde for 10 minutes at room temperature and permeabilized with 0.1% (v/v) Triton X-

100 for 1 minute if necessary. Thereafter, cells were incubated with the indicated primary Abs, 

followed by incubation with a goat-anti-rabbit-Ig or goat-anti-mouse-Ig conjugated to Alexa 

488 (1:400 dilution). F-actin was visualized with Texas Red-X phalloidin or Alexa 488 

phalloidin (1:200 dilution; Molecular Probes Invitrogen, Leiden, The Netherlands). Images 

were recorded with a Zeiss LSM 510 confocal laser scanning microscope with a Plan-Neofluar 

40x/1.3 or 63x/1.4 oil objective and appropriate filters. Image acquisition was performed and 

fluorescence distribution profiles were created with LSM 510 software (Carl Zeiss, Jena, 

Germany). The mean maximal cell diameter was measured by Imagepro AMS 6.1 software 

(Media Cybernetic, Breda, The Netherlands).  

 

Flow cytometry 

HUVEC monolayers were washed with PBS containing 1 mM Ca
2+

, 1 mM Mg
2+

, and 0.5% 

(w/v) bovine serum albumin and were incubated with VE-cadherin/FITC and CD31/APC 

mAbs. After 30 minutes incubation at 4°C the cells were washed with PBS and detached by 5 

mM ethylenediaminetetraacetic acid (EDTA) in PBS. For HPA-1a Abs binding analyses, cells 

were detached before incubation with purified IgG from patients and control sera. Cells were 

analyzed by flow cytometry (FACS Canto, Becton Dickinson, San Jose, CA, USA).  

 

Statistical analysis 

All results were expressed as the mean ± SEM of the indicated number of independent 

experiments. Differences between two groups were analyzed by two-tailed Student’s t-test.  
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p values <0.05 were considered to be statistically significant. Pearson correlation coefficients 

were calculated for data in Figure 6.6B and 6.7C. 

 
 

Results 
CD61 antibody reduces adhesion and spreading of HUVEC  

The HPA-1a Abs bind to endothelium via the β3-integrin (CD61) 
8
. We used a CD61 mAb 

(clone C17 
28

 10 µg/ml) as a model for the HPA-1a Abs, and analyzed the effect of the anti-

CD61 mAb on the adhesion, spreading, and cell-cell contact of ECs. HUVEC, seeded in the 

presence of the CD61 mAb or F(ab’)2 fragments thereof, showed an approximately two-fold 

reduction in adhesion compared to the control (56% and 54%, respectively, Figure 6.1A). A 

CD31 mAb, used as a control, had no influence on adhesion, in contrast to the β1-integrin 

blocking mAb (P4C10), which reduced adhesion to 22%.  

Subsequently, the effect of the CD61 mAb on HUVEC spreading was analyzed by 

(immuno)fluorescence microscopy. CD61 mAb-treated cells showed significantly less 

spreading than control-treated cells (Figure 6.1B). Moreover, cells treated with the CD61 mAb 

showed an increase in cortical actin compared to control cells. We could not detect a significant 

increase in the overall number of actin stress fibers, suggesting that the reduction in cell 

spreading is not the result of increased contractility. Quantification of the spreading response 

showed that the average diameter of CD61-treated cells was 36 µm ±4.0 (mean ±SEM n=5) and 

of CD61 F(ab’)2-treated cells was 43 µm (±7.6), compared to 58 µm (±5.1) of control-treated 

cells (Figure 6.1C). Since focal adhesions are important structures regulating cell adhesion and 

spreading we studied the distribution of the focal adhesion kinase (FAK) in control and CD61-

treated HUVECs. However, we found no gross differences in the overall distribution of FAK 

between CD61-treated and isotype control-treated cells (Figure 6.1D). 

To quantitatively study the spreading of the cells in real-time, we seeded HUVEC on Fn-coated 

electrodes and measured electrical resistance by ECIS 
20

. When cells adhere and spread, an 

initial peak in the electrical resistance, induced by maximal spreading, was observed. After 

initial adhesion and spreading, cells form a confluent monolayer and the TER stabilizes (Figure 

6.2A). In the presence of the CD61 mAb, a dose-dependent reduction in the electrical resistance 

values at maximal spreading, at t=20-100 minutes, and also in the TER of the monolayer (at 

t=10-15 hours), was observed (Figure 6.2A). The specificity of the response was confirmed by 

the use of the CD31 mAb, which also binds to ECs, but induces no change in TER (Figure 

6.2B). The effect of the CD61 mAb was also not Fc-receptor mediated, since F(ab’)2 fragments 

of the CD61 mAb induced similar changes in TER reduction as seen with the complete CD61 

mAb. Since the β3-integrin binds to different ligands 
19

 we analyzed the effect on spreading and 

TER of the CD61 mAb following seeding of the cells on Fn- or Vn-coated electrodes. 

However, we found no differences between the effects on cells seeded on Fn- or Vn-coated 

electrodes (Figure 6.2C).   

From these results we conclude that the CD61 mAb impairs adhesion and spreading of 

HUVECs. Moreover, addition of the CD61 mAb results in the formation of an electrically more 

permeable HUVEC monolayer.   
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Figure 6.1: Reduced adhesion and 

spreading in the presence of CD61 

antibody. (A) HUVECs, labeled with 

calcein, were seeded on Fn and allowed 

to adhere for 1 hour in the presence of 

isotype control (IgG) mAb, CD31 mAb, 

CD61 mAb, F(ab’)2 fragments of CD61 

mAb, or CD29 (β1-integrin blocking) 

mAb. The adhesion of control cells was 

arbitrarily set to 100% as described in 

Materials and methods. Data are mean 

±SEM, n=3-6. *Significantly different 

from IgG, p<0.05. (B) HUVECs were 

seeded on Fn-coated glass coverslips in 

the presence of isotype control (IgG) or 

CD61 mAb. After 1 hour, cells were 

fixed and stained for F-actin. The data are 

representative images from 8 independent 

experiments. Bar, 20 µm. (C) HUVECs 

were seeded on Fn-coated glass 

coverslips in the presence of isotype 

control mAb (IgG), CD31 mAb, CD61 

mAb, or F(ab’)2 fragments of CD61 

mAb. Cells were fixed after 1 hour, 

stained for F-actin, and the diameter of at 

least 100 cells per condition was 

measured. Data are mean ±SEM, n=3. 

Representative images are shown. 

*Significantly different from IgG, 

p<0.05. Bar, 100 µm. D, HUVECs were 

seeded on Fn-coated glass coverslips in 

the presence of isotype control (IgG) or 

CD61 mAb and were fixed after 1 hour. 

Cells were stained for F-actin (red) and 

immuno-stained for FAK (green). Bar, 20 

µm. Boxes are magnified in the right 

panels. Bar, 5 µm. 
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CD61 antibody increases permeability of an established HUVEC monolayer 

The effects on endothelial integrity, described in Figure 6.2, were observed when cells were 

seeded in the presence of the CD61 mAb. To test whether the CD61 mAb also affected 

established endothelial monolayers, we examined the effect of the mAb on the integrity of 

HUVEC monolayers with a stabilized electrical resistance, as measured by ECIS. Treatment 

with increasing concentrations of the CD61 mAb caused the TER to drop in a dose-dependent 

manner (Figure 6.3A). This effect was biphasic: a rapid loss of resistance within 20-40 min was 

followed by a more gradual reduction of monolayer resistance over the next 10-15 hours. A 

similar reduction in TER was also seen when F(ab’)2 fragments of the CD61 mAb were added, 

while the control CD31 mAb had no effect (Figure 6.3B). This again underscored the Fc-

independent and CD61 mAb-specific effect on ECs. Also the coating (Fn or Vn) made no 

difference in the effect of CD61 mAb on the TER of a stable monolayer (Figure 6.3C). From 

these data it can be concluded that the CD61 mAb impairs the electrical resistance of a stable 

HUVEC monolayer.  

Increased contractility could explain the effect of the CD61 mAb on the transendothelial 

resistance. The GTPase RhoA and its downstream effector Rho kinase (ROCK), key mediators 

of EC contractility, are important regulators of endothelial cell-cell contact and have been 

associated with increased permeability and reduced TER 
21,29

. To test whether ROCK mediates 

the loss of TER induced by the CD61 mAb, we used the well established ROCK inhibitor, 

Y27632. The Y27632 inhibitor was added to the HUVEC monolayer one hour prior to addition 

of the CD61 mAb. However, inhibition of ROCK already by itself reduced the TER of a stable 

HUVEC monolayer (Figure 6.3D), mimicking the effect of the CD61 mAb. In line with this, 

pretreatment of HUVEC monolayers with Y27632 followed by addition of the CD61 mAb 

reduced monolayer TER even further (Figure 6.3D). Thus, blocking the Rho-Rho-kinase 

pathway augmented rather than reversed the loss in TER, induced by the CD61 mAb.  

Since the treated cells showed reduced spreading, suggestive for reduced Rac1 activity, we next 

explored whether inhibition of Rac1 function might be involved in the reduced monolayer 

integrity which followed CD61 Ab treatment. We therefore added the pharmacological Rac1 

inhibitor NSC23766 
30

 to a stable HUVEC monolayer and monitored the TER. Addition of 

NSC23766 induced a rapid and significant loss of TER (Figure 6.3E), which was qualitatively 

comparable to the effects observed with the CD61 Ab. Thus, inhibition of Rac1 activity may 

underlie the loss of TER in EC monolayers, treated with the CD61 Ab. The fact that the effect 

of the NSC compound was transient, compared to the effects we observed with the antibodies, 

is most likely due to a more rapid breakdown of the Rac1 inhibitor.   

Endothelial monolayer integrity and TER are significantly dependent on VE-cadherin, which is 

concentrated at adherens junctions 
31

. Since CD61 mAb induced a decrease in TER, we 

explored whether the organization of adherens junctions was altered after CD61 mAb 

incubation. Immunofluorescence analysis of HUVEC monolayers incubated with the CD61 

mAb showed no induction of F-actin stress fibers (Figure 6.4A). However, the levels of β-

catenin (Figure 6.4B) and VE-cadherin (Figure 6.4C) at cell-cell contacts were decreased, 

which is in agreement with the decrease in TER. In contrast to β-catenin and VE-cadherin, 

CD31 showed no change in junctional distribution upon CD61 mAb treatment (Figure 6.4D). 

The distribution of CD61 itself, which was detected over the cell surface as well as at cell-cell 

contacts, was also not influenced by the CD61 mAb (Figure 6.4E). Flow cytometric analysis of 

VE-cadherin and CD31 showed no change in cell-surface expression upon incubation with the 
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CD61 mAb (Figure 6.4F), indicating that there was no increased internalization of VE-

cadherin. These data suggest that the CD61 mAb induces a relocalization of VE-cadherin from 

the cell-cell junctions to a more diffuse distribution over the cell membrane, leading to a 

reduction of monolayer integrity.  

 
 

 

 
 

Figure 6.2: CD61 antibody 

impairs HUVEC spreading 

and monolayer integrity. (A) 

TER of HUVECs was measured 

following seeding on Fn-coated 

ECIS electrodes in the presence 

of increasing doses of isotype 

control (IgG; only maximal dose 

is shown in the line graph) or 

CD61 mAb.Dashed line indicates 

time point for analysis of TER at 

maximal spreading, shown in the 

left bar graph. Grey box indicates 

the time frame (t=10-15 hour) 

used for analysis of average TER 

of the monolayer, shown in right 

bar graph. Open bars, IgG mAb; 

closed bars, CD61 mAb. (B) 

TER of HUVECs was measured 

after seeding on Fn-coated ECIS 

electrodes in the presence of 

isotype control mAb (IgG), 

CD31 mAb, CD61 mAb, or 

F(ab’)2 fragments of CD61 mAb 

and was analyzed for spreading 

(left panel) and monolayer 

formation (right panel), as in A. 

The TER of control, untreated 

cells, was set to 100%. Data  

are mean ±SEM, n=7-15. 

*Significantly different from 

IgG, p<0.01. (C) HUVECs were 

seeded on Vn (open) or Fn 

(closed) coated ECIS electrodes 

in the presence of isotype control 

(IgG) or CD61 mAb and were 

analyzed for spreading (left 

panel) and monolayer formation 

(right panel), as in A. The TER 

of control, untreated cells, was 

set to 100%. Data are mean 

±SEM, n=5-6. *Significantly 

different from IgG, p<0.005. 
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Figure 6.3: CD61 antibody reduces HUVEC monolayer resistance. (A) TER of a stable HUVEC monolayer 

cultured on Fn-coated ECIS electrodes was measured prior to and following treatment with increasing doses of 

isotype control (IgG; only maximal dose is shown in the line graph) or CD61 mAb. Arrow indicates time point of 

mAb treatment. Bar graph (right panel) indicates the difference in average TER before (left grey box indicates time 

frame) and after (right grey box indicates time frame) mAb treatment. Open bars, IgG mAb; closed bars, CD61 

mAb. (B) TER was measured prior to and following treatment of HUVEC monolayers on Fn-coated ECIS 

electrodes, with isotype control mAb (IgG), CD31 mAb, CD61 mAb or F(ab’)2 fragments of CD61 mAb. The 

average TER after treatment is expressed as percentage of average TER before treatment, as indicated in A, set to 

100%.  Data are mean ±SEM, n=3-8. *Significantly different from IgG, p<0.05. C, TER was measured prior to and 

following treatment of HUVEC monolayers cultured on Vn (open) or Fn (closed) coated ECIS electrodes treated 

with isotype control (IgG) or CD61 mAb. Data are mean ±SEM, n=3-4. *Significantly different from IgG,  

(continued on next page) 
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CD61 antibody impairs re-formation of a stable monolayer following wound healing 

The αvβ3 integrin plays an important role in EC migration and wound healing 
32

. Therefore, we 

investigated the effect of the CD61 mAb on EC migration in a model based on wound closure. 

A HUVEC monolayer, cultured on an ECIS electrode, was locally wounded by electrocution of 

the cells located at the electrode (diameter 250 µm). Subsequent wound closure by surrounding 

cells was monitored by ECIS, which represents migration of cells into the wound, followed by 

subsequent restoration of monolayer integrity 
24,25

.  

We treated endothelial monolayers with CD61 or control mAb directly after wounding and 

monitored wound closure by ECIS (Figure 6.5). The slope of the curve, as an indicator for the 

speed of migration during wound closure, was not significantly different between CD61 mAb 

and control treated cells (data not shown). This suggests that the migration of the ECs was not 

significantly affected by the CD61 mAb. However, the restoration of monolayer integrity 

following wound closure was impaired in the presence of the CD61 mAb, compared to control. 

This reduced monolayer integrity was similar as seen in HUVEC monolayer formation upon 

seeding in the presence of the CD61 mAb and in stable HUVEC monolayers treated with the 

CD61 mAb (Figures 6.2 and 6.3). Thus, the CD61 mAb appears to primarily affect formation of 

stable cell-cell contact, rather than EC migration. 

 

Effect of maternal HPA-1a antibodies on HUVEC 

In addition to CD61 mAb, we used sera from allo-immunized women with HPA-1a Abs and 

control sera with no HPA Abs , or with HPA-3a or HPA-5b Abs. To exclude effects of 

components in the sera other than the Abs, we purified the IgG with protein-G sepharose 

columns. The ability of the HPA-1a Abs to bind to HUVEC was confirmed by flow cytometry 

(Figure 6.6A). The anti-HPA-1a-containing purified IgG fractions showed a donor-dependent 

level of binding to HUVEC, and significantly higher levels of binding than IgG fractions from 

control donors (Figure 6.6A). Although not statistically significant, a positive correlation was 

observed between the binding of the HPA-1a Abs to HUVEC and the titer of the purified IgG 

(R=0.54) (Figure 6.6B).  

 

 

 

 

 
 

 

Figure 6.3 ( continued from previous page) 

p<0.05. D, TER was measured prior to and following treatment of HUVEC monolayers cultured on Fn-coated 

ECIS electrodes treated with Y27632 (Y27) 1 hour prior to the treatment with isotype control (IgG) or CD61 mAb. 

A representative result from 7 independent experiments is shown (left panel). Arrows indicate time points of 

addition of Y27632 or mAb, respectively. The average TER before (left grey box indicates time frame) and after 

(right grey box indicates time frame) Y27632 and mAb treatment was compared. Bar graph (right panel) represents 

the average TER after treatment. Data are mean ±SEM, n=7. *Significantly different from IgG, p<0.05. 

**Significantly different from IgG Y27, p<0.01. E, TER was measured of stable HUVEC monolayers cultured on 

Fn coated ECIS electrodes. Cells were treated with increasing doses of NSC23766 (NSC) and analyzed prior to 

and following treatment. Representative results from 3 independent experiments are shown (left panel). Arrow 

indicates time point of NSC treatment. Bar graph (right panel) indicates the average TER after treatment (time 

point indicated by dashed line) expressed as percentage of average TER before treatment (grey box indicates time 

frame) set to 100%. Data are mean ±SEM, n=3. *Significantly different from 0 µM NSC, p<0.05. 
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Figure 6.4: Reduced junctional VE-cadherin upon CD61 antibody treatment. (A-E) HUVEC monolayers 

were treated with isotype control (IgG) or CD61 mAb for 20 hours, fixed and immuno-stained for F-actin (A) β-

catenin (B), VE-cadherin (C), CD31 (D), or CD61 (E). Fluorescence intensity profiles along the indicated arrow 

are shown below the images and serve as a semi-quantitive means to underscore the differences in junctional 

staining. The data are representative images from 3 independent experiments. Bar, 20 µm. (F) HUVEC monolayers 

were treated with isotype control (IgG) or CD61 mAb for 20 hours, immuno-stained with VE-cadherin/FITC and 

CD31/APC (filled) or IgG/FITC and IgG/APC (open), detached with EDTA, and analyzed by flow cytometry. The 

data are representative images from 3 independent experiments. 
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HUVEC monolayers, cultured on Fn-coated ECIS arrays were incubated with increasing doses 

of HPA-1a Abs (Figure 6.6C). TER decreased in a dose-dependent manner. In subsequent 

experiments we used a concentration of 1 mg/ml of total IgG. No statistically significant 

difference was found in the adhesion of cells treated with HPA-1a Abs compared to control IgG 

treatment (Figure 6.6D). However, cells treated during seeding on Fn with HPA-1a Abs showed 

reduced spreading compared to cells treated with control IgG (HPA-1a,  mean diameter of 51 

µm (± 2.0); control,  66 µm (± 2.5), data are mean ±SEM, 9 patients and 5 controls) (Figure 

6.6E). 

Next, cells were seeded on Fn-coated ECIS electrodes and incubated, during seeding, with 

HPA-1a Abs or control IgG. The TER at maximal spreading after incubation with HPA-1a Abs 

was not significantly reduced compared to control IgG treated cells (Figure 6.7A). However, 

the TER of the monolayers in the presence of HPA-1a Abs was lower compared to the control 

IgG (81% (±3.6) vs. 99% (±3.8), data are mean ±SEM, 8 patients and 8 controls) (Figure 6.7A). 

Subsequently, stable HUVEC monolayers on Fn-coated electrodes were treated with HPA-1a 

Abs or control IgG. The TER after addition of the HPA-1a Abs was reduced compared to 

monolayers treated with control IgG (71% (±4.7) and 87% (±3.9) data are mean ±SEM, 9 

patients and 9 controls, respectively) (Figure 6.7B). This effect of the IgG fractions on the 

endothelial monolayer correlated significantly with the ability of the Abs to bind to HUVEC 

(Figure 6.7C).  

From these results we conclude that HPA-1a Abs from allo-immunized women impair 

spreading and cell-cell contact of ECs. This effect correlates with the ability of the Abs, in a 

concentration-dependent fashion, to bind to ECs and may well be directly related to the 

pathogenesis of bleeding tendency in NAIT.  

 
 

 

 

 

Figure 6.5: CD61 antibody impairs restoration of monolayer integrity after wounding. TER was measured 

prior to and following treatment of stable HUVEC monolayers cultured on Fn-coated 1E ECIS electrodes. 

HUVECs were left untreated (control) or treated with isotype control (IgG) or CD61 mAb directly after wounding 

(arrow). Representative results from 4 independent experiments are shown (left panel). The average TER before 

(left grey box indicates time frame) and after (right grey box indicates time frame) mAb treatment was compared. 

Bar graph (right panel) represents the average TER after treatment expressed as percentage of average TER before 

treatment, set to 100%. Data are mean ±SEM, n=4. *Significantly different from IgG, p<0.05. 
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Figure 6.6: HPA-1a antibodies from allo-immunized women reduce spreading and monolayer integrity of 

HUVECs. (A) HUVECs were incubated with IgG from controls (IgG, open) or patients (HPA-1a, filled) and with 

anti-human IgG/FITC, and were analyzed by flow cytometry. Representative results from at least 5 independent 

controls or patients are shown. Dot plot (lower panel) shows the individual mean fluorescent intensity (MFI) and 

the average (line) of IgG from 5 controls (IgG; closed circles, no HPA; open circle, HPA-5b; open square, HPA-

3a) and 9 patients (HPA-1a). *Significantly different from IgG, p<0.01. (B) The binding to HUVECs of purified 

IgG from patient sera was analyzed with respect to the HPA-1a titer. Regression analysis indicates a non-

significant positive correlation between HPA-1a titer and the binding of IgG to HUVECs (R=0.54, p=0.13). (C) 

TER of a stable HUVEC monolayer cultured on Fn-coated ECIS 1E-electrodes was measured during treatment 

with increasing doses of IgG from a control (IgG; only maximal dose is shown in the line graph) or a patient 

(HPA-1a). Use of the 1E-electrode commonly results in additional fluctuation in the resistance values and a high 

value of relative resistance (see also the Materials and methods section). Arrow indicates time point of Abs 

addition. (D) HUVECs, labeled with calcein, were seeded on a Fn coating and allowed to adhere for 1 hour in the 

presence of IgG from controls (IgG; closed circles, no HPA; open circle, HPA-5b; open square, HPA-3a) or 

patients (HPA-1a). Line indicates average. (E) HUVECs were seeded on Fn-coated glass coverslips in the presence 

of IgG from controls (IgG) or patients (HPA-1a). Cells were fixed after 1 hour, stained for F-actin, and the 

diameter of at least 100 cells per condition was measured. Representative images are shown. Bar, 100 µm. Dot plot 

(right panel) shows the diameter of cells treated with IgG from controls (IgG; closed circles, no HPA; open circle, 

HPA-5b; open square, HPA-3a) or patients (HPA-1a). Line indicates average. *Significantly different from IgG, 

p<0.01. 



                                                                                          HPA-1a Abs affect endothelial integrity 

 

117 

 

Discussion 
Patients with NAIT suffer from thrombocytopenia, bleedings, and in some cases even ICH 
1,33,34

. The thrombocytopenia may well explain the bleeding disorder, but may not be the only 

cause. HPA-1a maternal Abs recognize a platelet antigen, expressed by the β3-integrin (CD61), 

which is also expressed on other cell types, including ECs 
8
. Since β3-integrins on ECs are 

important for angiogenesis and vascular repair 
11,12,32

, it is not unlikely that some 

pathophysiologic characteristics of alloimmune thrombocytopenia are caused by effects of 

HPA-1a Abs on the vascular endothelium and that systemic vascular damage could underlie 

part of the NAIT-associated pathology. To investigate this, we used patient-derived anti HPA-

1a Abs as well as a mAb to human β3-integrin to test for effects on endothelial integrity.  

Our data show that both the mAb to CD61, which is known to be a blocking Ab for platelet 

aggregation and binding to fibrinogen 
28

, as well as the patient-derived, purified IgGs 

comprising HPA-1a Abs, negatively regulate endothelial integrity. For these studies, we made 

use of a sensitive technique, based on real time, non-invasive analysis of TER. The Abs 

consistently caused a 25-30% decrease in transendothelial resistance. The effect was observed 

for prolonged periods of time and was already detectable with 0.5-1 mg/ml IgG containing 

HPA-1a Abs, which is well below normal IgG concentrations in human plasma (~10 mg/ml). 

The CD61 mAb binds to the β3-integrin, albeit to another epitope than the HPA-1a Abs 
28

, 

indicating that the effects observed are not epitope specific.  

It is important to underscore that the effects of the CD61/HPA-1a Abs on TER may appear 

relatively mild when compared to, e.g., thrombin 
35

. However, whereas thrombin-induced 

leakage resolves in a few hours 
35

, the effects of the Abs did not reverse for periods of up to 40 

hours (data not shown). Moreover, in our hands the effects of the CD61/HPA-1a Abs are faster 

and more pronounced than those of, e.g., TNF-α or vascular endothelial growth factor, which 

cause a gradual loss of endothelial permeability, as measured by Transwell-based assays, only 

several hours to days after addition to preexisting monolayers 
36,37

. Finally, we show that the 

reduction in transendothelial resistance by the CD61/HPA-1a Abs is not only observed when 

these are added to ECs upon seeding, but also when added to pre-existing, stable endothelial 

monolayers. This indicates that the Abs to CD61 impair formation of new as well as steady-

state endothelial cell-cell contacts and thus may affect the intact vasculature.  So, the effects of 

the CD61/HPA-1a Abs on primary human endothelial monolayers are likely physiologically 

significant and may well be an important cause of the bleeding disorders occurring in patients 

with NAIT. 

Endothelial cell attachment and spreading on Vn is mediated by the αvβ3 
38

. Therefore, HPA-1a 

Abs might block the adhesion and spreading of endothelial cells. In contrast to the effect of the 

CD61 mAb, we observed no effect of the HPA-1a Abs on cell adhesion, but there was a clear 

effect on cell spreading as quantified by microscopy (Figure 6.6D-E). This is in line with the 

notion that the majority of HPA-1a Abs have no β3-integrin blocking capacity 
39

. The Abs 

appeared to have a signaling rather than a blocking effect, also since the subcellular matrix, be 

it Fn, Vn, or poly-L-lysin, made no difference in the CD61 mAb effects detected by ECIS 

(Figure 6.2 and data not shown). Therefore assuming that integrin-mediated adhesion is not 

involved in these effects, this would suggest that CD61 compromises endothelial cell spreading 

and integrity through the regulation of cell signaling, rather than by blocking αvβ3. In line with 

this notion, HPA-1a Abs have been shown to trigger platelet activation upon binding to 
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platelets 
40

. Thus, HPA-1a Abs likely regulate intracellular signaling in HUVECs, which results 

in reduced spreading and monolayer integrity.    

A defect in cell spreading could be easily caused by increased activation of the RhoA GTPase, 

which controls acto-myosin-based contractility 
41

. However, the defect in spreading, induced by 

the CD61 mAb, was not accompanied by formation of actin stress fibers or a contractile 

morphology. In contrast, the cells displayed clearly a rim of cortical actin. In addition, the 

distribution and size of the focal adhesions, which are increased following RhoA activation 
42

, 

was not significantly altered after incubation with the CD61 mAb.  

The RhoA-Rho kinase pathway has been associated with increased permeability and reduced 

TER 
21,29

. However, blocking the RhoA target ROCK in endothelial monolayers did not impair 

the loss of TER induced by the CD61 mAb. In fact, the ROCK inhibitor induced a similar 

response, i.e. a reduction in TER, suggesting that the effect of the CD61/HPA-1a Abs may even 

involve inhibition of RhoA signaling. Recently, van Nieuw-Amerongen et al. 
43

 showed that 

there are local differences in ROCK activity within the cell, suggesting a dual role for ROCK in 

the regulation of endothelial barrier function; ROCK is required for proper barrier activity, but 

also mediates cell contraction and barrier disruption upon activation. Similar to our results, 

Arg-Gly-Asp (RGD) peptides, activating β1- and β3-integrins, were found to increase 

endothelial permeability 
44

, in the absence of reorganization of the actin cytoskeleton 
45

.  

Alternatively, the CD61 or HPA-1a Abs may act independently of RhoA and impair spreading 

and cell-cell contact by other means, e.g. through the inhibition of Rac1 activity. Preliminary 

data indicate that Rac1-GTP levels were reduced following incubation with the CD61 mAb, but 

the low basal levels of active Rac1 in endothelial monolayers preclude a proper biochemical 

analysis of this effect. However inhibition of Rac1 by a pharmacological inhibitor resulted in 

increased endothelial permeability, suggesting that the CD61 and HPA-1a Abs may act by 

negatively regulating Rac1 activity. 

The loss in monolayer integrity induced by the CD61 mAb is accompanied by the 

dislocalization of VE-cadherin and β-catenin from the cell-cell contacts. Since total surface 

expression of VE-cadherin was not reduced, this indicates that it is the distribution of VE-

cadherin at cellular contacts that is affected through the β3-integrin. Loss of VE-cadherin from 

adherens junctions was also demonstrated upon αvβ3 integrin ligation by Vn-coated beads, 

which induce focal clustering of the αvβ3 integrin 
46

. Loss of junctional VE-cadherin through 

redistribution over the cell surface is known to cause increased endothelial permeability 
31,47,48

. 

Integrins can influence cell-cell contacts by inducing contractility that disrupts cadherin-

mediated adhesions 
49

 or by inducing signaling that modulates the cadherin/catenin complex 
46

. 

The observation that CD61 was found, by immunostaining, at endothelial cell-cell junctions 
50,51

 (Figure 6.4) suggests that one of the functions of β3-integrins in endothelial monolayers is 

to regulate VE-cadherin-based cell-cell contacts. Previously, only Radder et al. 
52

 have studied 

the effect of HPA-1a Abs on ECs. They showed that maternal sera with HPA-1a Abs did not 

affect the expression of intercellular adhesion molecule-1, vascular cell adhesion molecule-1 

and tissue factor, the release of Von Willebrand factor and interleukin-8 or the monolayer 

integrity evaluated by light microscopy. The discrepancy with our results may be explained by 

the use of the more sensitive ECIS technique. 
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Figure 6.7: HPA-1a antibodies increase monolayer permeability. (A) TER was measured following seeding of 

HUVECs on Fn-coated ECIS electrodes in the presence of medium (control) or IgG from controls (IgG) or from 

patients (HPA-1a). Representative results from 8 independent controls or patients are shown. Dashed line indicates 

time point for analysis of TER at maximal spreading, shown in left bar graph. Grey box indicates the time frame 

taken for analysis of average TER of the monolayer, shown in right bar graph. Data are mean ±SEM, 8 controls, 8 

patients.*Significantly different from IgG, p<0.01. (B) TER was measured of stable HUVEC monolayers cultured 

on Fn-coated ECIS electrodes. Cells were either left untreated (control) or treated with IgG from controls (IgG) or 

from patients (HPA-1a). Representative results from 9 independent controls and 9 patients are shown (left panel). 

Arrow indicates time point of Abs treatment. Bar graph (right panel) indicates the average TER after treatment 

expressed as percentage of average TER before treatment, set to 100%, as in Figure 6.3B. Data are mean ±SEM, 9 

controls, 9 patients. *Significantly different from IgG, p<0.05. C, The binding capacity to HUVECs of purified 

IgG from control and patient sera was analyzed with respect to the effect on monolayer TER, as in B. Regression 

analysis indicates a significant negative correlation, R=-0.58, p=0.03.  
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HPA-1a Abs are by far the most common cause of severe alloimmune thrombocytopenia 

associated with ICH. Incompatibility to HPA-5b (expressed by GPIa, CD49b), another relative 

common cause of NAIT, causes a milder disease 
53,54

. Cases with ICH have also been described 

for the less common platelet antigen incompatibilities, such as HPA-3a (expressed by GPIIb, 

CD41) 
55

, in which endothelial activation will not be relevant. 

In hemolytic disease of the newborn due to anti-rhesus D, the titer of Abs correlates with 

disease severity 
56

. The predictive value of the titer of HPA-1a Abs for severity of NAIT is not 

clear 
10,33,57-61

. We found no clear correlation between Ab titer and its binding to or effect on 

ECs. However, a significant correlation was seen with the binding to the endothelium and the 

effect on the barrier function of the endothelium. This could be explained by a difference in 

affinity due to heterogeneity of the HPA-1a alloantibodies 
39,62

.  

We conclude from this study that HPA-1a Abs not only induce platelet degradation but also 

compromise vascular integrity. These effects may well contribute to the increased bleeding 

tendency in children with NAIT.  
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In the circulation, platelet-monocyte complexes (PMC) can be formed by the adhesion of 

activated platelets to monocytes. Complex formation depends on the interaction between 

platelet-expressed P-selectin and the specific ligand for P-selectin on leukocytes, P-selectin 

glycoprotein ligand-1 (PSGL-1) 
1
. The importance of PMC is suggested by the fact that 

increased levels of circulating PMC are detected in patients after cardiovascular interventions 

and acute coronary syndromes 
2-4

, and because the presence of PMC is correlated with  

cardiovascular risks 
5,6

. Monocyte adhesion to and influx into the vascular wall is critical for the 

initiation and progression of atherosclerosis as the main cause of cardiovascular disease. 

Monocyte extravasation is also of key importance to the immunological defence. In this thesis 

we explored the effects of PMC formation on monocyte extravasation and found that platelet 

binding increases the adhesive and migratory capacity of the monocytes. Furthermore, we 

discovered that, upon PMC transendothelial migration, platelets are shed from the monocyte 

surface and remain attached to the endothelium.  

 
 

Platelet-monocyte complex adhesion 
Apart from their role in the initial tethering and cluster formation, platelet-monocyte complexes 

have an increased capacity to support firm and stable adhesion to activated endothelium 
7
. The 

most relevant integrins for monocyte adhesion are the β1-integrin VLA-4 (Very Late Antigen-

4, CD49d/CD29) and the β2-integrins 
8
. Integrin activation in monocytes is induced by 

chemokines or by ligation of adhesion molecules. Chemokines act by inducing signalling 

through G-protein-coupled receptors. Signalling via the heterotrimeric Gs proteins induces a 

rise in intracellular cyclic adenosine monophosphate (cAMP) levels. Such a rise in cAMP in 

mononuclear cells has also been observed upon the addition of platelets 
9
. cAMP can directly 

activate Rap1 via the exchange factor Epac1 
10

. In lymphocytes, Epac has been reported to 

activate the integrins LFA-1 and VLA-4 and to play a role in lymphocyte adhesion and motility 
11

. In Chapter 2 we show that Epac1 is expressed in different subsets of leukocytes, including 

monocytes. Moreover, we demonstrate that the cAMP-Epac1-Rap1 pathway increases β1-

integrin activity in monocytes. This monocyte activity results in increased monocyte adhesion 

to endothelium under physiological flow and stimulates monocyte polarization. Furthermore, 

we made use of the cAMP-elevating agonist serotonin, because serotonin has been shown to 

signal through Epac1 in neurons 
12

. Serotonin is also secreted by activated platelets, and 

increased levels of serotonin are associated with the pathophysiology of atherosclerosis 
13

. 

Serotonin induces the release a series of cytokines from monocytes, including IL-1β, IL-8 and 

tumor necrosis factor-α 
14

. We show that serotonin initiates Rap1 activation, most likely 

through Epac1, and increases cell adhesion, polarization and transmigration. It can be 

concluded that also platelet-derived chemokines such as serotonin can induce monocyte 

adhesion and polarization via the Epac1-Rap1- cAMP pathway.   

Besides monocyte activation by platelet-derived cytokines, direct contact with activated 

platelets also activates monocytes 
15

. In particular PSGL-1 ligation induces activating signalling 

in leukocytes. Direct PSGL-1 ligation on leukocytes induces production of super-oxide anion 

radicals 
16

, activation of  the GTPase Ras 
17

, and tyrosine phosphorylation of various 

cytoplasmic proteins, such as pp125 focal adhesion kinase, ERK, Syk, and paxillin 
17-19

. 

Ligation of monocyte PSGL-1 with platelet P-selectin also induces monocyte activation, as can 

be deduced from  secretion of monocyte chemoattractant protein-1 (MCP-1), IL-8, tumor 
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necrosis factor-α (TNF-α), and tissue factor 
20-22

. Furthermore, the binding of platelets to 

monocytes results in increased monocyte adhesion to vascular cell adhesion molecule 

(VCAM)-1 and to endothelial cells under physiological flow 
7,23

. In Chapter 3 we show that 

the binding of platelets to monocytes via P-selectin – PSGL-1 results in L-selectin shedding and 

an increase in the expression and activity of the β1- and β2-integrins. This results in increased 

monocyte adhesion to intercellular adhesion molecule (ICAM)-1, VCAM-1 and endothelial 

cells, and enhanced transmigration compared to that of platelet-free monocytes. The induced 

integrin expression and activity on monocytes by the ligation of PSGL-1 through platelet P-

selectin is in line with the intergrin activation seen upon leukocyte P- and L-selectin mediated 

rolling over the endothelium to facilitate leukocyte arrest and firm adhesion 
24

.   

Taken together, we can conclude that platelet-derived chemokines together with the ligation of 

PSGL-1 on the monocyte induces activation of monocytes, resulting in L-selectin shedding, β1- 

and β2-integrins activation and increased adhesion.  

 
 

Transendothelial migration of platelet-monocyte complexes 
In Chapter 2 and 3 we observed an increase in monocyte adhesion upon activation of the Rap1-

Epac1 pathway or PSGL-1 ligation. As has been shown in lymphocytes, the small GTPase 

Rap1 also plays a crucial role in the stimulation of chemotaxis towards SDF-1 
25

. In Chapter 2 

we also observed an increase in transmigration of monocytes towards MCP-1 upon stimulation 

of the Epac1-Rap1 pathway. Furthermore we observed that PMC show increased adhesion 

(Chapter 3) and increased transendothelial migration (Chapter 4) compared to platelet-free 

monocytes. Monocyte transmigration involves a series of steps. These include first of all firm 

and stable integrin-mediated adhesion to the endothelium, polarization toward the source of 

chemokines followed by leukocyte locomotion, and finally diapedesis. Integrins have a critical 

role in the adhesion and locomotion 
26

; therefore, enhanced integrin activation potentially 

explains the effect on PMC adhesion. In addition, cAMP-stimulated cells show more 

polarization. It remains to be studied whether PMC have additional properties compared to 

platelet-free monocytes that favour their capacity to transmigrate the endothelial lining of the 

vessel wall.  

In Chapter 4 we investigated the fate of the platelet within the PMC upon PMC transmigration. 

We observed that the platelets in the PMC dissociate upon transmigration of the monocytes and 

that the platelets remain on the endothelium. Although PMC dissociation was also suggested in 

another context by Bradfield et al. 
27

, we investigated the mechanism of this dissociation and 

discovered that it is facilitated by transfer of platelets bound to PSGL-1 towards the rear of the 

polarized and migrating monocyte, after which mechanical stress during the transendothelial 

migration induces the actual platelet dissociation. As described above, monocytes are activated 

upon platelet binding. Whether the monocytes from dissociated PMC retain their platelet-

induced activated state after transmigration, as compared with transmigrated platelet-free 

monocytes, is another interesting issue we did not further investigated.   

The platelets deposited on the endothelium upon PMC transmigration might have profound 

effects. Beyond a key role in haemostasis and thrombosis, platelets are also implicated in 

inflammatory reactions, immune responses, and in the initiation and accelerated formation of 

atherosclerotic lesions 
28

. The platelets adhered to the endothelium augment recruitment of 

circulating leukocytes by mediating rolling and adhesion 
29,30

 and deliver RANTES (regulated 
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upon activation, normal T cell expressed and secreted) and platelet factor 4 (PF4) that attract 

and activate inflammatory cells 
31

. In addition, binding of activated platelets to the endothelium 

increases expression of adhesion molecules (ICAM-1, VCAM-1, E-selectin, P-selectin and 

αvβ3) and chemokines (MCP-1, granulocyte macrophage colony-stimulating factor, IL-8, IL-6 

and Von Willebrand factor (VWF)) by the endothelium 
32-35

. All in all, platelets deposited by 

this mechanism on the vessel wall will further stimulate monocyte recruitment and 

extravasation.  

In Chapter 6 we explored the effect of ligation of αvβ3 (vitronectin receptor) on endothelial 

cells by using a specific monoclonal antibody and maternal serum with human platelet antigen 

alloantibodies (HPA-1a). These latter alloantibodies induce neonatal alloimmune 

thrombocytopenia and bleedings by binding to the β3-integrin on platelets. However, the 

alloantibodies can also bind to the β3-integrin on endothelial cells, and might thereby affect the 

endothelium. The β3-integrin on endothelial cells can bind platelets and monocytes via indirect 

binding through bridging molecules, such as fibronectin and VWF 
36

. We show that ligation of 

the β3-integrin with a monoclonal antibody or with HPA-1a alloantibodies has direct effects on 

endothelial spreading and monolayer integrity. This mechanism may contribute to the increased 

bleeding tendency in children with neonatal alloimmune thrombocytopenia. The redistribution 

of junctional proteins seems to be the cause of the loss of endothelial integrity by β3-integrin 

ligation. In agreement with this notion Wu et al. 
37

 have  reported increased endothelial 

permeability by ligation of β3-integrins in their studies with a Arg-Gly-Asp (RGD) peptide, 

while also vitronectin-coated beads have been shown to induce loss of VE-cadherin from 

adherens junctions 
38

. In addition, we observed an increase in the endothelial surface expression 

of ICAM-1 and VCAM-1 upon ligation of the β3-integrin (data not shown). Thus, platelets, 

adhering to the vascular wall, can change the endothelial permeability and the expression of 

chemokines and adhesion molecules. This endothelial phenotype favours leukocyte adhesion 

and migration.  

On the other hand, platelet adhesion to the vascular wall is also considered to have  endothelial 

cell protective effects, as shown by the positive effect on endothelial integrity by platelet 

derived angiopoietin-1 and sphingosine-1 phosphate 
39,40

. Furthermore, we show in Chapter 5 

that ligation of endothelial PSGL-1 changes the endothelial phenotype towards a more anti-

inflammatory phenotype. This is in contrast to the PSGL-1 signalling in leukocytes, which 

results in monocyte activation by stimulating adhesion and transmigration. Signalling of 

endothelial PSGL-1 was suggested by platelet P-selectin-dependent VWF release and P-selectin 

expression by endothelial cells 
32

, however the signalling pathway is still unknown. We show in 

Chapter 5 that PSGL-1 ligation results in transcriptional changes, including a decrease of E-

selectin and ICAM-1 expression and an increase in expression of Kruppel-like factor 2 and NO 

synthase (eNOS). We also show that the transcriptional changes of ICAM-1 and eNOS were 

reflected in changes at the protein level. A decrease in the inflammatory-cell adhesion 

molecules ICAM-1 and E-selectin, together with an increase in the endothelial protective 

proteins eNOS and Kruppel-like factor 2 indicate an anti-inflammatory effect upon platelet 

binding to the endothelium via PSGL-1. Although the PSGL-1 expression is low in endothelial 

cells, and binding to P-selectin only occurs after endothelial stimulation, the anti-inflammatory 

effect upon ligation might have an important role in preventing chronic inflammation of the 

endothelium. PSGL-1 signalling is therefore an interesting topic for future research and 

potential therapeutic applications.    
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All taken together, we can conclude from this thesis that platelet binding to monocytes results 

in pro-atherogenic PMC, as shown by increased adhesion and transmigration to the 

endothelium, and deposition of platelets on the endothelium during transmigration.  
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In de bloedcirculatie kunnen geactiveerde bloedplaatjes aan monocyten binden en complexen 

vormen: plaatjes-monocyt complexen (PMC). Deze complexen worden op dit moment 

beschouwd als belangrijke factoren in de ontwikkeling en progressie van hart- en vaatziekten.  

In dit proefschrift is onderzocht wat het effect is van PMC-vorming op de adhesie van 

monocyten aan, en transmigratie door, het endotheel. Chemokinen die door plaatjes worden 

uitgescheiden, zoals serotonine, leiden in de monocyten, via de cyclisch AMP-Epac1-Rap1 

signaleringscascade, tot verhoogde adhesie. Tevens veroorzaakt binding van plaatjes via het 

eiwit PSGL-1 op de monocyten een verlaagde expressie van het adhesiemolecuul L-selectine. 

Daarnaast geeft binding van plaatjes verhoogde expressie en activering van de β1- en β2-

integrinen en een verhoogde adhesie aan, en transmigratie door, endotheel. Dus, binding van 

bloedplaatjes aan monocyten kan de ontstekingsreactie, waar monocyt-adhesie en transmigratie 

onderdeel van uitmaken, belangrijk stimuleren.  

Daarnaast is uit het onderzoek gebleken dat bloedplaatjes, gebonden aan monocyten, niet 

meegaan als de monocyten door de endotheellaag heen migreren; de bloedplaatjes blijven 

achter op het endotheel. We hebben ontdekt dat deze dissociatie van PMC veroorzaakt wordt 

door de verplaatsing van de, aan PSGL-1 gebonden, plaatjes naar de achterkant van de 

gepolariseerde monocyten, en door mechanische stress tijdens de transmigratie over het 

endotheel.  

Bloedplaatjes kunnen aan het endotheel binden via PSGL-1 op endotheelcellen. De binding van 

plaatsjes aan het PSGL-1 verandert het fenotype van de endotheelcellen in een meer ‘anti-

ontstekings’ fenotype. Dit suggereert dat de binding van plaatjes aan het endotheel, in 

tegenstelling tot de binding aan monocyten, een ontstekingsremmende functie kan hebben.  

Tenslotte hebben we nog experimenten gedaan aan de adhesiereceptor β3-integrine, die vooral 

ook op bloedplaatsjes voorkomt, maar ook op endotheelcellen aanwezig is. Met behulp van 

zogenaamde human platelet antigen-1a antistoffen hebben we gevonden dat deze integrine de 

permeabiliteit van de endotheellaag kan reguleren. Deze verhoogde permeabiliteit kan 

ontstekingsbevorderend werken.  

Uit dit promotieonderzoek kan worden geconcludeerd dat de binding van bloedplaatjes aan 

monocyten resulteert in pro-atherogene PMC. Dit is aangetoond door de verhoogde adhesie aan 

en transmigratie door het endotheel en de afzetting van bloedplaatjes op het endotheel tijdens en 

na de transmigratie. 
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vergeten. 
 

 

Tevens wil ik de donoren bedanken, jullie bloed was onmisbaar. 
 

 

Paula en Magdalena van jullie heb ik veel geleerd en dan niet alleen plaatjes isoleren en PMC 

maken. Het was vooral ook gezellig om met jullie op het lab te hebben gewerkt en ook de 

lady’s avondjes waren altijd erg leuk.  
 

 

Graag wil ik ook Anita, Janine en Judith bedanken voor jullie stage bij mij, het was ook voor 

mij zeer leuk en leerzaam. Anita, bedankt voor je confocaal en migratie werk met de PMC. 

Janine, jou motivatie en ijver om proeven te doen en er een artikel van te maken waren 

geweldig. Judith, ook jij bedankt voor je goede en gezellige stage met de ECIS en hersen-

endotheel cellen.  
 

 

Mijn mede lab-, kamer- en CLB-genoten wil ik natuurlijk ook bedanken voor de gezelligheid 

en hulp. Mar bedankt voor je hulp, vooral tijdens mijn eerste jaar. Erik, altijd opgewekt en vol 

creatieve oplossingen, bedankt voor al je hulp met de confocaal en facs. Trynette veel succes 

met je eigen promotie. Eloise bedankt voor je hulp met PSGL-1. Masja, jij hebt mij de wereld 

van de HPA-1 laten zien, bedankt. Judy, leuk nog met je te hebben samengewerkt.  
 

 

Rachel wat hebben wij een navelstrengen ‘geïsoleerd’en buffy’s opgewerkt. De mono’s waren 

steeds sneller klaar en voor een paar navelstrengen draaide we onze hand niet meer om. Erg 

bedankt voor al je steun, gezelligheid en kopjes thee. 
 

 

Marit, leuk dat je ook naar Amsterdam kwam. Kon ik mijn wereld op het lab en Sanquin met je 

delen. Ontzettend bedankt dat ik altijd alles bij je kwijt kon en dat ik vaak kon blijven logeren. 

In de toekomst een keer samen wat proeven doen? 
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Ik wil hierbij ook al mijn vrienden bedanken voor hun interesse en luisterend oor. Op nog veel 

gezellige uitjes, weekendjes en wintersporten.  
 

 

Paps en Mams jullie hebben altijd het volste vertrouwen in me gehad. Jullie waren altijd 

geïnteresseerd, ook al was het niet altijd duidelijk waar ik nu precies mee bezig was.  
 

 

Wouter, ik vind het ontzettend fijn dat jij er bent. Je liefde, steun, begrip en hulp, met o.a. die 

verdomde computers, hebben me erg geholpen tijdens mijn promotie. En dan nu saampjes op 

groot avontuur.  

 
 

 

 

 

 

Iedereen bedankt! 
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