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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 �1-integrin VLA-4 (Very Late Antigen-
4, CD49d/CD29) and the �2-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 �1-
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-1�, IL-8 and 
tumor necrosis factor-� 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-� (TNF-�), 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 �1- and �2-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, �1- 
and �2-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 
�v�3) 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 �v�3 (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 �3-integrin on platelets. However, the 
alloantibodies can also bind to the �3-integrin on endothelial cells, and might thereby affect the 
endothelium. The �3-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 �3-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 �3-integrin 
ligation. In agreement with this notion Wu et al. 37 have  reported increased endothelial 
permeability by ligation of �3-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 �3-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 �1- en �2-
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 �3-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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