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HHoommeeoossttaassiiss  aanndd  bblloooodd    
Our bodies thrive on oxygen and nutrients, transported throughout our body to distant 
organs by our blood. Next to red blood cells transporting oxygen and carbon dioxide, 
blood contains leukocytes, platelets, and plasma, containing a vast array of different 
proteins, carrying out an even greater number of functions that all more or less aid in 
maintaining health and homeostasis [1]. Transportation of blood throughout the body 
occurs through a complex closed network of arteries, veins, and capillaries. Although 
first described by William Harvey in 1628 as a closed circulatory system and 
differentiating the pulmonary and the systemic circulation, it was the Greek philosopher 
Aristotle who first postulated the importance of the heart and speculated about a 
circulatory system in his partibus animalium [2, 3]. With a surface coverage area of 
4,000-7,000 m2, the endothelium is the first and arguably most important barrier 
separating blood and tissue [4]. Extensive communication between components of the 
blood and underlying tissue is vital to ensure physiological functions are carried out. 
Organs have to be provided with their nutrients, leukocytes need to extravasate to sites 
of inflammation, and pH and body temperature have to be kept constant. Ultimately, 
blood must remain fluid inside the vessel, and only clot when vessel integrity is lost, and, 
not least important, resolve again when vessel integrity is restored. Needless to say, with 
the enormous vascular surface area and precarious balance in maintaining homeostasis, 
disturbed communication of endothelial cells with their surroundings due to endothelial 
dysfunction, can lead to various forms of cardiovascular disease (CVD).  

CCaarrddiioovvaassccuullaarr  ppaatthhoollooggyy  
Cardiovascular disease includes many well-known disorders that contribute to high 
morbidity and mortality worldwide, such as ischemic stroke, coronary artery disease, 
atherosclerosis, deep vein thrombosis, pulmonary embolism, and heart valve diseases. 
Thrombotic diseases are the underlying common cause in many of these pathologies 
and play a major role in atherothrombosis, myocardial infarction, stroke, venous 
thromboembolism, and even diseases outside the category of CVD like cancer. 
Worldwide, approximately 17.9 million people die from CVD annually, which 
corresponds to 31% of all deaths, making it the number 1 cause of death [5, 6]. To 
combat thrombotic disease, pharmacologic antithrombotic therapy can be used as 
treatment in acute settings, or as primary or secondary prevention. All antithrombotic 
therapies have one major risk in common, namely the risk of bleeding, as the main goal 
of antithrombotic therapy is to reduce the formation of blood clots. When therapy is 
started, the benefits have to outweigh the risk of bleeding, especially when patients 
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receive prolonged preventive treatment. Imaging can play a major role in the treatment 
decision-making process. Besides the role of imaging in clinical settings, it is also 
important in pre-clinical and fundamental research settings. From microscopic 
techniques to image the smallest morphologic features, different (immuno) 
histochemistry stains to visualize specific proteins or cells within tissues, ex vivo 
microscopy to image molecular processes, towards full in vivo morphological or 
molecular imaging. One feature many imaging approaches for CVD have in common is 
that they are based on communication between platelets or blood components and the 
vasculature. Many molecular mechanisms are used by different cells to communicate 
with each other, for example, cytokines or chemokines, plasma proteins, and direct cell-
cell contact through activation of receptors. Different targets can be used for imaging to 
elucidate pathways and structures underlying CVD, and are used throughout this thesis 
and elaborated on below.  
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CCoommmmuunniiccaattiioonn  ooff  ppllaatteelleettss  aanndd  eennddootthheelliiaall  cceellllss  
PPllaatteelleettss  aanndd  eennddootthheelliiaall  cceellllss  
A disturbed hemostatic balance is at the root of all thrombotic disease. An equilibrium 
between pro- and anticoagulant factors ensures proper hemostasis. Endothelial cells 
and platelets play an important role in this balance, which provides hemostasis only at 
the site of vascular injury. Dysfunctional communication between platelets and 
endothelial cells can lead to abnormal hemostasis. Platelets are small, anucleate cells 
circulating in the blood, originating from megakaryocytes in the bone marrow. Their 
primary function is the first line of defense in blood loss, in which they adhere and 
aggregate at the site of vascular injury, where they interact with fibrin to form a firm 
platelet plug. The primary role of endothelial cells is to provide an anticoagulant surface 
lining blood vessels to prevent platelets from adhering and aggregating in physiologic 
conditions. Endothelial dysfunction or disruption of vascular integrity will induce the 
activation of platelets. Dysfunction can be caused by trauma or by abnormal shear stress, 
inducing either von Willebrand Factor (vWF) secretion by the endothelium, or contact 
with the highly adhesive sub-endothelial matrix like collagen. Platelets will interact with 
these molecules by their numerous surface receptors which results in platelet activation 
and/or aggregation. Although very different in morphology and function, both platelets 
and endothelial cells share a common progenitor cell, they have common proteins and 
receptors, like vWF and P-Selectin, indicating their collaborative function. Endothelial 
cells in small numbers even have been found to circulate in blood, which increase upon 
vascular damage [7].  

Next to the canonical role of platelets and endothelial cells in the regulation of 
hemostasis, both cells have an important immunomodulatory role, a function beyond 
hemostasis that has received increased attention in recent years. Continuous 
communication between endothelial cells, platelets, and leukocytes is indispensable for 
an adequate and balanced immune response. Moreover, endothelial cells have roles in 
angiogenesis and the regulation of blood pressure. Endothelial cells have such a high 
variety in morphology and physiology that some researchers propose to classify the 
endothelium as a distinct organ with a heterogeneous group of dynamic cells that have 
defined functions, depending on localization and signaling [8, 9].  

CCeellll--cceellll  ccoommmmuunniiccaattiioonnss  
Healthy endothelial cells release nitric oxide (NO) and prostacyclin (PGl2), giving the 
endothelium a predominantly anticoagulant state. In contrast, endothelial cells can be 
activated through receptors on the cell surface which triggers an intracellular response 
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that can drive the endothelial cell towards a procoagulant state. Activating triggers can 
be extracellular vesicles, cytokines or chemokines, plasma proteins or peptides, or direct 
cell-cell interactions with platelets or leukocytes. 

Extracellular vesicles 
Extracellular vesicles (EVs) can be released by all cells, and their composition depends 
on the parent cell they are secreted from. EVs can roughly be classified into three 
different classes; microvesicles which are formed by budding of the parental cell, 
exosomes which are from endosomal/intracellular organelle origin, and apoptotic 
bodies which are cellular fragments that are formed during programmed cell death [10]. 
In the circulatory system, the majority in the pool of EVs are derived from platelets, 
which are released upon platelet activation or by aging. They carry a similar variation of 
surface markers compared to parental platelets, however not identical, and the vesicles 
can be used to transfer information from the platelets to endothelial or vascular cells 
under different inflammatory conditions. EVs can as such be regarded as novel, complex 
regulators of cellular communication, as recipient cells have been shown to change 
protein expression, induce differentiation or inflammatory responses like angiogenic 
outgrowth and platelet deposition [11]. In many different diseases, especially 
cardiovascular and inflammatory diseases, a sharp increase in plasma levels of EVs has 
been shown, mainly derived from endothelial cells, platelets, and leukocytes. A shift in 
composition has also been identified in many diseases, e.g. cystatin C, serpin F2, and 
CD14 have been correlated to a higher risk of acute coronary syndrome [12], myocardial 
infarction, or ischemic stroke [13]. EV numbers and protein composition or markers can 
thus be used as biomarkers as EVs are packed with information depending on the 
pathophysiological context of the parental cell. However, the use of EVs as biomarkers 
for CVD comes with several challenges, most notably due to their small size and lack of 
standardization of sample preparation and handling [14]. 

Platelet chemokines CCL5 and CXCL4 
Chemokines are small chemotactic cytokines, which are signaling proteins secreted by 
cells. Some have a pro-inflammatory function and mediate chemotaxis to attract 
immune cells to inflammatory tissue, others have a pro-angiogenic role or promote 
wound healing. Platelets are packed with biomolecules, most stored in α-granules or 
dense granules which can be released upon activation. Chemokines CCL5 (RANTES) and 
CXCL4 (platelet factor 4; PF4) are present in the α-granules. Upon activation of platelets 
through their numerous receptors, α-granules are released and their contents are 
deposited into circulation or onto endothelial cells. These chemokines have different 



1

Introduction 

13 

roles, and where CCL5 possesses classical chemotactic properties and can recruit 
monocytes to sites of inflammation, the role of CXCL4 remains elusive despite having a 
classic chemokine structure. Its chemotactic properties have been debated for decades 
as Deuel and colleagues have shown CXCL4 chemotactic activity toward monocytes and 
neutrophils that reaches nearly the levels of complement factor 5a, where others have 
failed to reproduce these experiments [15]. Next to chemotactic properties, CXCL4 has 
a great functional diversity as it promotes monocyte survival [16], and induces 
macrophage differentiation with a distinct phenotype classified into M4 macrophages 
next to the classic M1 and M2 macrophages. Furthermore, its presence in 
atherosclerosis correlates with vulnerable plaque phenotypes [17, 18].  

Galectin-1 
Galectin-1 (Gal-1) is a carbohydrate-binding protein present in both platelets and 
endothelial cells [19, 20]. It plays a role in diverse cellular functions, including 
immunomodulation, (tumor) angiogenesis, hemostasis, and inflammatory cell 
recruitment [20-24]. Gal-1 has been shown to interact with platelets and can activate 
through integrin αIIbβ3 [25]. Other binding partners for Gal-1 have also been described 
that are heavily glycosylated, being vWF [22] and factor VIII [26]. In mice, functional 
knockouts of Gal-1 show normal platelet counts but prolonged bleeding time, indicating 
that Gal-1 plays an important role in platelet activation [24]. Recently, Eckardt and 
colleagues investigated the interaction of different galectins with several chemokines, 
as both galectins and chemokines are upregulated in inflammatory diseases [27]. Gal-1 
can activate platelets, and a study by Sanjurjo and colleagues, which is published as pre-
print, shows specific binding of Gal-1 to CXCL4, where CXCL4 seems to enhance the Gal-
1-mediated apoptosis of CD8+ T-cells in vitro [28]. As both Gal-1 and CXCL4 have the 
potential to activate platelets, the possibility of a specific interaction between the two is 
of interest in platelet activation. 

DDiissttuurrbbeedd  ccoommmmuunniiccaattiioonn  lleeaaddss  ttoo  ppaatthhooggeenneessiiss  
A disturbance in physiological communication between blood cells and the vasculature 
can lead to thrombotic disease. Endothelial cells have an intricate sensory system and 
have anticoagulant properties in resting conditions. When the cells are activated, they 
shift to a more procoagulant state. Activation (figure 1A) is initiated when cells 
experience or sense one or more of the factors in Virchow’s triad; stasis, endothelial 
injury, or hypercoagulability [29]. These factors drive formation of thrombosis, the 
underlying pathology of many CVDs. Thrombosis can lead to ischemic disease, either 
local or embolized (for example pulmonary embolism). Moreover, endothelial 
dysfunction occurs often as a result of organ or systemic disease, leading to an 
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exacerbation of pathologies and a vicious cycle of disease [30]. Atherosclerosis (figure 
1D) is a common systemic vascular pathology causing endothelial dysfunction [31]. 
Calcification and plaque formation underneath the endothelial barrier will drive the 
endothelium to a more procoagulant and proinflammatory state, thereby activating 
platelets (figure 1A) and attracting leukocytes (figure 1B) [32]. In turn, EVs and 
chemokines from activated platelets drive vascular inflammation (figure 1C), 
demonstrating the positive feedback loop and vicious cycle in endothelial pathologies 
[11]. Prolonged endothelial dysfunction and increased inflammatory responses will 
trigger endothelial cell apoptosis, causing plaque erosion. Eventually, endothelial 
integrity is lost, unstable plaque rupture will cause massive platelet aggregation to the 
highly procoagulant surface exposed, causing atherothrombosis which is a severe and 
life-threatening condition that often precedes myocardial infarction or stroke.    

  

  

  

  

  

  

  

  

  

  

  

  

  

  

>>  FFiigguurree  11..  SScchheemmaattiicc  rreepprreesseennttaattiioonn  ooff  tthhee  vviicciioouuss  ccyyccllee  ooff  eennddootthheelliiaall  ddyyssffuunnccttiioonn  lleeaaddiinngg  ttoo  
aatthheerroosscclleerroossiiss..  (A) Endothelial dysfunction leads to the activation of platelets. (B) Platelet EVs and 
platelet releasates attract monocytes. (C) Macrophages turn into foam cells and inflammation is exa-
cerbated by platelet EVs. (D). Atherosclerotic plaque drives endothelial dysfunction. Design with aid of 
Servier medical art. 
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IImmaaggiinngg  tteecchhnniiqquueess  
For decades, conventional invasive angiography that uses an intravenous dye to visualize 
arteries and veins using X-rays has been the gold standard for atherothrombotic diseases 
[33]. Non-invasive imaging strategies for atherothrombotic disease was limited to mainly 
coronary and carotid arteries and has relied on anatomical imaging techniques like 
computed tomography (CT) or coronary computed tomography angiography (CCTA) 
[34], magnetic resonance imaging (MRI) [35], or ultrasound, the latter having the 
advantage of not relying just on morphology but also on mechanical properties [36, 37]. 
For example, arterial stiffness measured by pulse-wave velocity using Doppler-
ultrasound has shown to be an independent risk factor for cardiovascular events [38]. 
The main disadvantage of ultrasound imaging is that it is limited to proximal veins and is 
not sensitive to small thrombi [39]. Most clinical imaging techniques are based on the 
presence of a sufficient thrombus size present or some degree of stenosis [35]. However, 
it is widely considered inadequate to measure vessel lumen alone on diagnosing or 
staging atherothrombotic disorders, as arteries are known to compensate for narrowing 
of the lumen by enlargement of the vessel [40]. Moreover, plaque composition appears 
to be an independent risk predictor for plaque rupture, thus being a more suitable 
diagnostic value for risk analysis. MRI has the advantage that both vessel lumen and 
plaque composition, as combined analysis of the different relaxation times T1 and T2 
can provide information on anatomy and composition of the vessel wall. In addition, the 
imaging technique is based on nuclear spin relaxation of hydrogen atoms in a strong 
magnetic field and does not rely on ionizing radiation, and can thus be used safely and 
routinely on patients [35]. Current challenges on a clinical level are to image and 
diagnose CVD at an earlier onset of disease and disease progression when processes 
occur at a cellular level, increasingly shifting the focus to molecular imaging techniques. 
At a fundamental research level, a better understanding of molecular and cellular 
composition and signaling pathways can aid in a better understanding of the 
physiological and pathophysiological processes underlying communication of cells. 
Imaging techniques that are used to unravel these pathways range from electron and 
super-resolution microscopy to image on a molecular level, to in vivo imaging of 
laboratory animals to image physiology, and more elusive imaging techniques focusing 
on receptor binding, activation markers, or physiologic processes of platelets. 

IInn  vviittrroo  iimmaaggiinngg  
To study cell-cell interactions in close detail, cells can be imaged in vitro. Imaging in vitro 
using microscopy has the major advantage that the resolution can be in nanometer 
range. With conventional light microscopy, the highest theoretical resolution that can 
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be obtained is 200 nm, limited by the wavelength of light. With a typical mammalian cell 
ranging from 10 – 20 µm, this technique is widely utilized to visualize (sub)cellular 
structures. Manipulations to cells can be done to enhance contrast and to identify 
molecular targets, and a wide range of different stains and dyes are used to identify 
structures. Different combinations of dyes are widely used in pathology to visualize 
different cellular structures in tissue samples. A step further, using immunohistology or 
immunocytology, specific molecular structures can be distinguished with antibodies or 
nanobodies. Labeling these antibodies with different fluorescent stains enables 
visualization of several molecular targets in one specimen when excited with light of 
different wavelengths. Using molecular probes, we can even image live cells, which 
makes live cell-cell contact imaging technically possible. 

Platelets are approximately tenfold smaller than endothelial cells, but light microscopy 
still has a sufficient resolution to distinguish single platelets. Under physiologic 
conditions, endothelial cell communication with platelets or leukocytes occurs under 
flow conditions, and it depends on the shear which receptors are involved and 
interactions take place [41]. Therefore, it can be very important to study cell-cell 
interaction under flow conditions. Light- or fluorescence microscopy is an ideal 
technique to image these interactions, as the use of molecular probes enables the 
possibility to study blood cells under flowing conditions in real life, including the study 
of leukocyte recruitment which is a hallmark of vascular inflammation.  

When studying subcellular structures, the resolution of conventional light microscopy 
might become a limiting factor. For example, α-granules in platelets which are the 
storage vesicles for chemokines or EVs, have a size closely approaching the maximal 
resolution of light microscopy. To image these structures, a higher resolution is 
necessary, which can be reached with super-resolution microscopy (~30 nm). Super-
resolution comprises a variety of techniques that exploit the physical properties of 
fluorophores to overcome the diffraction limit of light. One way to increase resolution is 
to use the specific excitation properties of fluorophores and selective deactivation 
around the fluorophore to narrow the illumination field. For example, stimulated 
emission depletion microscopy (STED). The other category uses the temporal properties 
of fluorophores that enables computational reconstruction with high resolution, like 
stochastic optical resolution microscopy (STORM). An even higher resolution is achieved 
with electron microscopy, which has a theoretical resolution of 2 pm due to the small 
wavelength of electrons, compared to the wavelength of light. Due to lens corrections, 
the practical resolution is 0.1 nm at best, which is still considerably higher than 
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microscopy based on light. Molecular targeting in electron microscopy is possible using 
immunogold labeling, however, due to this high resolving power, the spatial targeting 
might not be very precise, as usually the nanogold is attached to a secondary antibody 
that labels the primary antibody. With an antibody of 10 nm, targeting a molecule can 
be off by 20 nm, a considerable distance in electron microscopy. The use of nanobodies, 
for example, llama antibodies, can be used to overcome this spatial limitation. Labeling 
of multiple targets simultaneously is possible using different-sized gold particles, as gold 
nanoparticles are available between 5 to 400 nm in diameter. With super-resolution 
microscopy, the use of different fluorophores is possible, depending on lasers and the 
stokes shift of the fluorophores. Theoretically, up to eight fluorophores can be imaged 
in one sample. However, the major advantage of super-resolution microscopy over 
electron microscopy is the ability of live-cell imaging, as electron microscopy requires 
fixation and sectioning of samples. 

IInn  vviivvoo  iimmaaggiinngg  
To image the vasculature in vivo, special techniques are required that can penetrate skin 
and tissue. Molecular imaging can be used to target physiological or pathological 
processes. With the recent advances in imaging techniques and the rapid development 
of specific molecular tracers, molecular imaging is gaining a more and more prominent 
role in both research and (pre-)clinical applications. Successful molecular imaging relies 
on three components, the molecular target reflecting the pathological process of 
interest, the molecular imaging agent, and the imaging technique used to visualize the 
pathology. Careful consideration of the choice of the target and the technique are vital 
to ensure high sensitivity and specificity.  

Molecular targets 
The key property for a good molecular target for thrombosis research is its specificity. 
Fibrin is a suitable target used in many developments towards live thrombotic imaging, 
since it is practically absent in healthy circulation, and is present in thrombotic disease, 
thereby enabling high specificity. The disadvantage of fibrin as a target is that fibrin 
formation occurs at any end-stage of thrombus development, so depending on the 
research question, a target more upstream of fibrin development would be more 
suitable. Another molecular target towards the development of disease-specific imaging 
is to focus on the underlying pathology of atherosclerosis, thus focusing more on 
inflammatory or macrophage markers. For example, the use of 68Ga-DOTATATE as a 
target for macrophages in atherosclerotic lesions [42], but also integrin αIIbβ3 as a target 
for activated platelets is used [43]. Alternatively, focusing on endothelial inflammation 
markers like VCAM-1, ICAM-1, or JAM-A, resulted in an ICAM-tracer being tested in a 



1

Introduction 

19 

rabbit atheroma model, using near-infrared fluorescence imaging [44]. Also, JAM-A 
targeted microbubbles showed early endothelial activation in a mouse carotid 
atherosclerosis model using ultrasound [45]. Following technical progress, in recent 
years a lot of research has been done to develop novel molecular tracers to image 
different processes on a pathophysiological level [43, 46, 47]. 

Imaging 
In a preclinical research setting, especially with small laboratory animals, two-photon 
imaging is among the techniques with the highest resolution. With the physical ability of 
two photons of near-infrared light exciting a fluorophore, imaging living tissue up to 1 
mm in depth can be achieved. Using the autofluorescence of different structures (for 
example collagen emits green fluorescent light) and the relatively easy infusion of 
fluorescent proteins or antibodies in the blood, thrombus formation can be visualized 
with high resolution, in real-time. This technique is mainly applicable in small, superficial 
veins, for example, in microvascular thrombosis research. Due to its limited penetration 
depth, the technique is not suitable to study thrombotic disease in larger animals or 
vessels and has limited applicability in a clinical setting.  

The most utilized clinical technique is nuclear imaging using either positron emission 
tomography (PET) or single-photon emission tomography (SPECT). Both modalities are 
usually combined and overlayed with CT or MRI to add anatomical information. The most 
well-characterized molecular clinical imaging technique is PET/CT, with the widely used 
radiolabeled tracer 18F-fluorodeoxyglucose (18F-FDG), targeting all metabolically active 
sites. Originally developed to image malignant tumors, nowadays it is also used to 
visualize different inflammatory processes, such as vascular inflammation. Advantages 
of nuclear imaging include the high diagnostic sensitivity and specificity, and the exciting 
applicability as a theranostic, which combines diagnostic and therapeutic techniques 
with the same target, which is already used today in oncology and image-guided surgery. 
The disadvantage of a nuclear tracer is that it is not easy to handle and to dispose of, 
usually has a relatively short half-life, and is therefore not easy to use in an acute clinical 
setting, which is commonly the case in thrombotic or thromboembolic disease. In some 
cases, radiotracers for CVD are used in a clinical setting, for example, 99mTc sestamibi, 
which is taken up by active myocardial cells, to assess myocardial perfusion and to 
distinguish perfused from infarcted myocardium. Assessment of ventilation/perfusion of 
the lungs in patients with a suspected pulmonary embolism combines inhaling a gaseous 
radionuclide (to image ventilation) with an IV injection of 99mTc-macro aggregated 
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albumin, to image perfusion. Imaging is performed with a gamma camera or a SPECT 
scan.  

In thrombosis research, we can use the knowledge and experience from both the nuclear 
and the oncologic fields to develop imaging and even theranostic approaches that can 
apply to our field, for example in molecular ultrasound. This is a fairly new technique 
that has been tested in atherosclerosis mouse models. VCAM-1, ICAM-1, JAM-A or P-
Selectin targeted microbubbles or nanobubbles in ApoE–/– mice on a 
hypercholesterolemic diet were visible in contrast-enhanced ultrasound (CEU) and could 
be used quantitatively as a marker for vascular inflammation and thereby as an early 
marker for atherosclerosis [48-50]. CEU could double as photoacoustic imaging and 
antithrombotic therapy. Molecularly engineered nanoparticles targeting fibrin, making 
use of H2O2-triggered CO2-bubble formation that amplifies the signal, is one such 
example that has been studied in a thrombosis mouse model showing the use of 
nanoparticles as imaging agent with antithrombotic activities [51, 52]. Contrast agent 
translation from a pre-clinical to a clinical setting remains challenging, as 
immunogenicity towards the microbubble material or the spacer for ligand coupling is a 
big drawback [53].  

Disease models 
To study thrombosis in vivo, a model is required that mimics the human clinical setting. 
Prerequisites for a good thrombosis model are reliability, consistency, and the similarity 
of the thrombus onset, formation, and composition to the clinical setting to be studied. 
Since each of the three factors in Virchow’s triad leads to a functional and structural 
different thrombus, it is of utmost importance that the disease model is carefully chosen. 
Many animal thrombus models have been developed over the years, all with their 
advantages and disadvantages, and specific properties [54, 55]. Animals used in 
thrombosis research are typically rodents, although larger animals or zebrafish have also 
been used [56]. Locations of thrombus formation are usually in limbs for easy 
accessibility, in the vena cava for the formation of a thrombus of substantial size, or in 
areas that are prone to plaque formation in studying atherothrombosis, like the aortic 
arch or carotids. Ischemia models use a location suitable for the specific area to be 
studied, like myocardial infarction. The largest distinction is the deep vein thrombosis 
(DVT) versus atherothrombosis models. A widely used DVT model is stasis or stenosis, 
induced in the inferior vena cava (IVC). In this model, a ligature is placed around the IVC, 
distal to the left renal vein. The ligature is closed for a stenosis model to induce complete 
stasis, or the ligature is closed around a spacer which is subsequently removed to induce 
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90% stenosis of the IVC. This model results in occlusive thrombi with a typically layered 
white (platelet-rich) and red (fibrin and red blood cell-rich) structure, thus resembling 
human venous thrombosis on a cellular level [57]. In this model, endothelial dysfunction 
as a response to reduced venous blood flow can be studied, including early inflammatory 
cell and platelet recruitment [58]. Another widely used model to study DVT is endothelial 
damage by the application of 3.5%-10% FeCl3 to the IVC. This application leads to 
endothelial injury, resulting in very rapid, platelet-rich thrombus formation, similarly to 
the arterial thrombosis model [59]. As the two described models are both induced in the 
IVC, shear and vessel wall are equal, and the thrombi induced can be compared for their 
cellular components after thrombus formation due to abnormal flow or endothelial 
injury. Translation from bench to bedside has to be taken very carefully, as mice do not 
simply represent the human situation. Even though they have many physiologic 
similarities to humans, molecular and cellular differences between rodents and humans 
can lead to unexpected surprises [60].  
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AAiimmss  aanndd  oouuttlliinnee  ooff  tthhiiss  tthheessiiss  
This thesis aims to explore and utilize different imaging strategies to study physiologic 
and pathophysiologic processes underlying hemostasis and cardiovascular disease. 
Imaging is accompanied and complemented with several different techniques to aid and 
confirm findings in cellular and molecular pathways, since imaging is a versatile tool to 
visualize molecules and processes, however, it has the potential to fall short in providing 
mechanistic answers if an incorrect target or technique is used. As such, different 
imaging techniques will be accompanied by different molecular biology techniques, to 
prevent imaging artifacts leading to false conclusions.  

In chapter one we provide a framework for this thesis by describing background on the 
(patho)physiology of the interaction between platelets and endothelial cells, and 
different imaging techniques that are used to study these interactions. Furthermore, we 
describe the difference between in vitro and in vivo imaging and briefly touch upon 
murine DVT models, which are used further along in this thesis. Chapter two provides a 
literature review on extracellular vesicles (EVs) as biomarkers in CVD. In our review, we 
describe several advantages and drawbacks of using EVs as biomarkers for disease or 
disease progression. In chapter three, we describe the fate of platelet chemokines CCL5 
and CXCL4 after deposition on endothelial cells. Chapter four describes an in vitro 
laminar flow assay using light and fluorescent microscopy, which can be used to study 
platelet-leukocyte interactions or endothelial cell–leukocyte interactions. Chapter five 
zooms in on the platelets and their alpha granules. In this chapter, we use light-, 
confocal-, electron, and combined light- and electron microscopy to study the 
localization of the chemokines CCL5 and CXCL4 in platelets. In chapter six, the chemokine 
CXCL4 and its interaction with Gal-1 on platelet activation is studied. In chapter seven 
we use molecular imaging to study deep vein thrombosis in two mouse models using 
SPECT/CT. Finally, chapter eight discusses the main findings and observations of this 
thesis, and the rationale and/or clinical relevance of the studies. The future perspectives 
of this work are discussed in relation to literature, and the prospect of bench-to-bedside 
translation. 
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AAbbssttrraacctt  
The field of extracellular vesicles (EV) is rapidly expanding, also within cardiovascular 
diseases. Besides their exciting roles in cell-to-cell communication, EV have the potential 
to serve as excellent biomarkers, since their counts, content, and origin might provide 
useful information about the pathophysiology of cardiovascular disorders. Various 
studies have already indicated associations of EV counts and content with cardiovascular 
diseases. However, EV research is complicated by several factors, most notably the small 
size of EV. In this review, the advantages and drawbacks of EV-related methods and 
applications as biomarkers are highlighted.  
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IInnttrroodduuccttiioonn  
After having been disregarded for decades, extracellular vesicles (EV) are now in sharp 
focus as mediators of cell-to-cell communication and their importance is currently being 
investigated for many diseases. Progress is quick, particularly in the field of tumor 
biology, but also in other areas e.g., cardiovascular diseases, EV-related findings are 
gathering strong interest [1-3]. Being identified as mere cellular “dust” in the 1960s, it 
has become clear that EV are much more than that. Extracellular vesicles are derived 
from parent cells and tissues and can be classified into roughly 3 classes: (I) microvesicles 
that originate from budding of the cell membrane, (II) exosomes, that have 
endosomal/intracellular organelle origin and (III) apoptotic bodies, that are generated 
during programmed cell death. However, there appears to be quite some overlap 
between those classifications, in a sense that microvesicles can be in the size range of 
exosomes or vice versa and/or carry supposed endosomal markers [4]. All body fluids 
have been found to contain EV, hinting toward their abundance and their possible 
physiologic roles. In addition, given the specific cellular origin of the EV, they may contain 
interesting information, reflecting cellular functions or health status and thus ultimately 
revealing physiologic or pathophysiologic disease states. This would make EV excellent 
biomarkers. Whereas most biomolecular biomarkers (e.g., circulating proteins) do not 
contain information about the original cellular and tissue context, such information is 
often contained in EV, in the form of a palette of cell-specific surface markers and 
corresponding membrane-enclosed EV content. A sole determination of the cellular 
origin of EV e.g., in plasma could provide information about the nature, severity and 
prognosis of a particular disorder. A further perspective is offered by the analysis of the 
content of EV from patient specimen, since proteins or nucleic acids within EV can yield 
clues about the pathophysiologic mechanisms underlying the disease. The range of 
cardiovascular pathologies in which EV are suspected to play a role is very wide and still 
expanding. However, as the field of EV is still developing, the methods for optimal analysis 
of EV determination, purification, and analysis are heavily debated. As established 
biomarkers such as circulating proteins have validated methods (e.g., ELISA) and clearly 
defined pre-analytical variables (e.g., concerning sample preparation), these are much 
less clearly defined in the field of EV. In this overview, the current chances and risks of 
the use of EV as biomarkers will be discussed. 
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IIssoollaattiioonn  aanndd  mmeeaassuurreemmeenntt  ooff  EEVV  --  aarree  wwee  ggeettttiinngg  cclloosseerr  
ttoo  aa  ggoolldd  ssttaannddaarrdd??  
IIssoollaattiioonn  ooff  EEVV  
At first sight, the isolation of EV from biologic fluids appears rather straightforward. In 
theory, EV can be isolated to purity solely based on their physicochemical properties, 
because they are larger in size than the protein fraction yet smaller than whole cells, 
more dense than the lipid fraction, with a rather defined density range and quite robust 
due to their membrane encapsulation. In addition to these physical properties, EV 
possess a palette of surface markers specific for the parent cell type. Thus, there are 
many possible approaches for EV isolation (summarized in table 1). The most widely used 
method remains centrifugation in its variants density gradient, differential and 
ultracentrifugation. The small size of EV is exploited in a number of sequential 
centrifugation steps, starting at low speed (300 x g) to remove any intact cells and 
continuing at higher speeds to obtain fractions enriched in microvesicles (20,000 x g) 
and exosomes (100,000 x g). The sedimentation behavior of EV can be modified by using 
density gradients, allowing separation from proteins and other components. Although 
processing times can be quite long, a clear advantage of centrifugation is the possibility 
to process larger volumes, such as collected cell culture supernatants. The use of 
centrifugation is somewhat losing its popularity since the report of (lipo)protein and/or 
RNA-protein complex contaminations and loss of EV integrity after pelleting [5, 6]. 

Gaining ground is size-exclusion chromatography (SEC), which is a quick and 
straightforward method for removing proteins and other contaminations from EV-
containing fluids. Columns for SEC can be ordered commercially or easily cast in the lab, 
using common 10-50mL syringes, SEC-medium and fine gauze to retain the gel in the 
column. Depending on the column length (and diameter), they can handle volumes in 
the mL range, although the use of a large column inherently leads to dilution of the EV-
containing eluate. There is still some debate whether SEC-purified EV are free of 
(lipo)protein contaminations [7, 8] and it is recommended to perform appropriate 
controls. Conventional and ultrafiltration has also been used successfully to isolate EV 
[9]. The principle is similar to SEC, as EV are separated based on their size properties. In 
a recent study, the use of a set of sequential filters with different pore sizes resulted in 
preparations of pure and size-defined EV [10]. Although the filter system described in 
this study is custom made and thus not commercially available (as many published 
experimental setups), the approach appears to have potential to become a standard 
method for EV isolation. 



2

Extracellular vesicles as biomarkers in cardiovascular disease; chances and risks 

33 

TTaabbllee  11.. Overview of current isolation methods of EV from plasma 

IIssoollaattiioonn  mmeetthhoodd  PPrriinncciippllee  AAddvvaannttaaggeess  ((AA))  //  DDrraawwbbaacckkss  ((DD))  

ddiiffffeerreennttiiaall  
cceennttrriiffuuggaattiioonn  
  

sedimentation and/or 
density 

A: large volumes can be processed 
A: widely used and facile method 
D: risk of contaminations with plasma proteins 
D: risk of EV aggregation/loss of integrity 
D: quality depends on rotor type 

ssiizzee  eexxcclluussiioonn  
cchhrroommaattooggrraapphhyy  
  

size (largest elute first) 
 

A: well-accepted and facile method 
A: good separation/recovery of EV  
A: preserves integrity of EV 
D: sample volumes small to medium 
D: does not discriminate between EV origins 
D. results in sample dilution 

ffiilltteerrss  
  

size 
 

A: processing of large volumes possible 
A: allows size fractionation of EV 
D: does not discriminate between EV origins 
D. risk of EV fragmentation 

mmiiccrroofflluuiiddiiccss  
  

physical behavior of 
EV (size) 
 

A: high sample recovery 
A: suitable for small sample volumes 
A: maintains EV integrity and properties 
D: low sample throughput 
D: not appropriate for large volumes 
D: need of equipment for flow cell construction 

EExxooQQuuiicckkTTMM  
  

precipitation using 
polyethylene glycol  
 

A: quick and straightforward sample handling 
A: can be scaled up for larger samples 
A: amenable to larger sample numbers 
D: risk for contaminations with plasma proteins 

mmaaggnneettiicc  bbeeaaddss  //  
aaffffiinniittyy  
cchhrroommaattooggrraapphhyy  
  

immuno-affinity by 
surface markers 
 

A: discriminates between EV origins 
A: less contamination with plasma proteins 
A: amenable to larger sample numbers 
D: does not discriminate between EV sizes 
D: often needs highly specific antibodies 

FFlluuoorreesscceennccee--
aaccttiivvaatteedd  cceellll  ssoorrttiinngg  
((FFAACCSS))  

Light scattering, 
fluorescence 

A: Size- and surface marker-based sorting 
D: Long processing times 
D: Costly equipment 
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Considering the increasing interest in microfluidics, it is not surprising that this principle 
is implemented in the design of novel EV isolation techniques (reviewed in Gholizadeh 
et al. [11]. An elegant study made use of microfluidic mixing cells in combination with 
visco-elastic sheath fluids, in which the smaller exosomes were driven to the walls of the 
flow cells, while larger particles (microvesicles) and the sample fluid remained in the 
center of the flow path. The 3 fluid streams (from the 2 walls and the center) were 
collected separately and the 2 sample streams originating from the walls contained the 
isolated exosomes [12]. The recovery of EV was found to be very high using this method, 
yet the actual setup is still designed for small sample volumes and low throughputs. 
Another widespread method for EV, and particularly exosome isolation is precipitation. 
Here, polymers (e.g. polyethylene glycol) and proprietary chemicals are used to cause 
specific precipitation of EV by disturbing the solvation layer around the membranes. 
Although this method is quickly and easily performed on low as well as higher sample 
volumes, there is a considerable risk of co-precipitation of contaminants.  

All techniques mentioned above are based on the physicochemical characteristics of EV 
(e.g. size, surface potential, density) and inherently do not distinguish between different 
cellular origins. Yet since EV also share many cellular (surface) markers with their parent 
cells, the opportunity is created to specifically isolate EV using these markers (see 
below). Thus, the use of affinity chromatography or labeled magnetic beads is an 
attractive alternative or a complement to physical techniques such as centrifugation and 
SEC. One study took advantage of the binding affinity of EV for heparin and could enrich 
EV from biologic samples using heparin coupled to agarose, which is a commonly used 
reagent in protein purifications [13]. Although this method is straightforward and 
resulted in highly enriched EV preparations, there are many abundant plasma and serum 
proteins with high affinity for sulfated glycosaminoglycans, e.g. antithrombin, CXCL4 and 
apolipoproteins. A higher level of specificity can be achieved by using antibodies against 
specific surface markers to isolate EV. Needless to say, this requires markers unique for 
a particular EV subset and corresponding antibodies with high specificity. The potential 
to separate exosomes from extracellular vesicles depends on the cellular origin of the 
EV preparations (e.g. the exosome marker CD9 is present both on exosomes and 
microvesicles from platelets). However, physicochemical separation principles can be 
used to enrich or deplete the EV preparations in/from exosomes prior to implementing 
an affinity-based isolation method. Alternatively, EV have been sorted using sorting by 
FACS, combining scattering and marker-based detection methods [14]. However, apart 
from the limitations described below, a modern FACS sorter might not be accessible due 
to high costs and the processing times per sample might be quite long. 
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Taken together, there is as yet no golden standard for EV isolation. The optimal method 
of EV purification depends, as often, on the characteristics of the starting material and 
the demands of the downstream applications. The good news in this respect is that 
many, often multidisciplinary research groups are in the course of developing innovative 
methods to achieve high quality EV preparations. 

MMeeaassuurreemmeenntt  aanndd  cchhaarraacctteerriizzaattiioonn  ooff  EEVV  
A similar story can be told for the measurement and isolation of EV. The distinct 
properties of EV can likewise be used to measure and characterize EV. A summary of the 
current methods is summarized in table 2. In general, their small dimensions and rather 
heterogeneous size distribution rather hampers accurate measurement of EV [15]. This 
particularly applies for flow cytometry, as older generation machines (that are still 
commonly used) generally lack the capability to (accurately) measure particles sized 
below 300 nm. Another complication is the low refractive index of EV and thus the rather 
low capability to scatter light in aqueous solutions. In addition, common cytometer 
optics poorly distinguish single EV from EV swarms, which complicates the exact 
determination of EV counts in samples [16]. On the other hand, modern flow cytometers 
have optics that allow the measurement of single particles as small as 100 nm and 
combined with careful apparatus setup and parameter adjustment (the authors refer to 
www.exometry.com), reliable characterization of EV using flow cytometry is possible. 
This, combined with the use of fluorescently-labeled antibodies and the high throughput 
of the method, makes flow cytometry still a method of choice for EV determinations. 

Two other commonly used techniques are tunable resistive pulse sensing (TRPS) and 
nanoparticle tracking analysis (NTA). The former is based on the current of ions over a 
permeable membrane with pores that have tunable size. Particles that block the pores 
result in increased membrane resistance, from which a distribution of size and numbers 
can be derived. The method is quite reliable over a range of EV sizes and concentrations, 
yet care should be taken not to clog the pores of the membrane or to apply excessive 
pressure [15]. The detection of EV by NTA is based on light scattering combined with 
recording of their Brownian motion paths using a microscope-camera setup. Knowing 
the viscosity and temperature of the sample medium, the EV size can be derived from 
their diffusion coefficients calculated using the Stokes-Einstein equation. A prerequisite 
is that viscosity and temperature are exactly defined and that the machine is calibrated 
using particles that have similar size and scatter characteristics as the EV analyzed [15, 
17]. Nevertheless, the inaccuracies in EV counts obtained by NTA can be quite high, but 
protocols have been developed to minimize sample-to-sample variations [18, 19]. A 
similar technique is dynamic light scattering, which like NTA is based on elastic Rayleigh 
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scattering and makes use of the Stokes-Einstein equation for calculating the diffusion 
coefficients. A further with potential method is Raman spectroscopy, which is based on 
inelastic light scattering making this method attractive also for analyzing EV, since 
inelastic light scattering contains information about the molecular composition of the 
EV [17, 20]. Drawbacks are the high technical and mathematical complexity of the 
method and the long processing times of the analyses.  

The same may apply for electron microscopy. Although electron micrographs of EV 
preparations are recommended to be included in EV-focused publications, the proper 
sample preparation and recording of (transmission) electron micrographs of EV requires 
a high level of technical proficiency. The images do reveal useful information about EV 
ultrastructures and if combined with immunologic detection methods (immunogold 
labeling), even information about molecular composition may be obtained. An 
interesting evolution of electron microscopy is cryo-electron tomography, in which a 
series of electron micrographs is recorded at various angles and then composed to a 3D 
image [21]. A recent study has proven cryo-electron tomography to be feasible for EV, 
at least those derived from platelets, revealing a surface covered with platelet receptors 
linked to the actin cytoskeleton [22]. A final non-optical microscopy method worth 
discussing is atomic force microscopy (reviewed in Sharma et al. [23]). The technique 
works by a microscopic tip at the end of a cantilever that scans (surface immobilized) 
biologic specimen, somewhat like a microscopic turntable. The force exerted on the tip 
and cantilever is used to reconstruct an image of the specimen. The microscope can be 
set in various modes, each with their specific properties for obtaining information. Major 
advantages of this technique are that it is optimally suited for nanoscale specimen and 
that both structural features and information about surface molecules can be recorded, 
as the tips can be functionalized with specific antibodies.  

 

  



2

Extracellular vesicles as biomarkers in cardiovascular disease; chances and risks 

37 

TTaabbllee  22.. Overview of current measurement principles of EV. 

DDeetteeccttiioonn  mmeetthhoodd  PPrriinncciippllee  AAddvvaannttaaggeess  ((AA))  //  DDrraawwbbaacckkss  ((DD))  

FFllooww  ccyyttoommeettrryy  Light scattering, 
fluorescence 

A: Fast recording and high throughput 
A: Combined size and surface marker analysis 
D: Limited possibilities using older machines 
D: Artifacts possible due to swarm detection  

TTuunnaabbllee  rreessiissttiivvee  
ppuullssee  sseennssiinngg  
  

Coulter effect 
(electrical 
resistance 
changes) 

A: Feasible and accurate size determination 
D: Membranes may clog 
D: Accurate measurements are slow 

NNaannooppaarrttiiccllee  
ttrraacckkiinngg  aannaallyyssiiss  
  

Light scattering, 
(fluorescence) 

A: Feasible and accurate size determination 
D: Requires careful calibration 
D: Accurate measurements are slow 

DDyynnaammiicc  lliigghhtt  
ssccaatttteerriinngg  aanndd  
RRaammaann  
ssppeeccttrroossccooppyy  

(In-)elastic light 
scattering 

A: Feasible and accurate size determination 
A: Raman yields information about composition 
D: Low throughput  
D: Requires high technical proficiency 

TTrraannssmmiissssiioonn  
eelleeccttrroonn  mmiiccrroossccooppyy  

Transmission of 
accelerated 
electrons 

A: Size and structure determination 
A: Yields impressive images 
D: Low throughput  
D: Requires high technical proficiency 

AAttoommiicc  ffoorrccee  
mmiiccrroossccooppyy  
  

Power exerted to 
cantilever 

A: Size and structure determination 
A: Gives information about surface markers 
D: Low throughput  
D: Requires high technical proficiency 

EEnnzzyymmee--lliinnkkeedd  
iimmmmuunnoossoorrbbeenntt  
aassssaayy  

Antigen binding 
to antibodies, 
fluori-
/colorimetric 

A: Highly specific and facile method 
A: High throughput 
D: Limited information about counts and size 

WWeesstteerrnn  bblloottttiinngg  Antigen binding 
to antibodies, 
chemiluminescen
ce 

A: Facile method for composition analysis 
A: Medium throughput 
D: Limited information about counts and size 

SSuurrffaaccee  ppllaassmmoonn  
rreessoonnaannccee  

Proteins binding 
to ligands,  

A: Highly specific and facile method 
A: High throughput 
D: Limited information about counts and size 
D: Rather expensive and specialized equipment 
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Besides physical (optical) techniques, EV can also be determined using biochemical 
(immunologic and enzymatic) techniques. By making use of the presentation of 
negatively charged phospholipids (notably phosphatidyl serine) on their surface, EV can 
be captured e.g. using immobilized annexin A5 and subsequent detection using the 
prothrombinase reaction, which is highly dependent on negatively charged 
phospholipids [24]. However, since not all EV express phosphatidyl serine, a significant 
fraction might be missed using this method. In addition to enzymatic assays, 
immunologic methods or "bulk immunologic assays" (BIA) might also be applied [25]. 
The many surface molecules presented on EV and their small size can be exploited to 
design specific ELISAs for EV subgroups. In addition, EV content can be resolved on SDS 
PAGE gels followed by western blotting. A more sophisticated method is surface 
plasmon resonance spectroscopy, which measures refractory index changes as a result 
of mass bound to a golden surface under flow conditions. When the surfaces are 
functionalized with specific antibodies against EV surface markers, EV can be measured 
specifically within biologic samples, as was recently demonstrated for endothelial EV 
[26]. Although the above assays have the advantage that they allow the qualitative and 
specific analysis of EV, the results of BIA may be difficult, if not impossible, to translate 
to absolute counts and to particle sizes.  

Similar to their isolation, the measurement of EV is accompanied by restrictions that lie 
in their small size and their physicochemical properties. Also here, a gold standard of EV 
determination is not clearly defined. Chances are offered by the exploitation of the 
palette of surface markers carried by EV combined with a technique that specifically 
scans particles in the correct size range. As technology stands now, flow cytometry still 
has the highest potential to become a standard method. 
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DDiiffffeerreennttiiaattiioonn  ooff  tthhee  cceelllluullaarr  oorriiggiinn  ooff  EEVV  
As mentioned in the introduction, EV can originate from virtually every cell or tissue. In 
the vasculature, the primary cell types that would release EV eligible as biomarkers are 
red blood cells, platelets, leukocytes and vascular cells. Among those cell types, red cells 
and platelets greatly outnumber the others. Thus, EV derived from red cells and platelets 
are common in plasma. Some studies provide an estimation of the relative numbers of 
EV from different cell types in blood, yet due to the uncertainties and variations (as 
outlined above), the authors refrain from listing numbers in this overview. For example, 
it is still debated whether the platelet-derived EV found in plasma actually originate from 
platelets or from megakaryocytes [27]. 

Crucial for a meaningful exploitation of circulating EV as biomarkers is the differentiation 
of cellular origin. Many studies use surface molecules that function as indicators of the 
parental cells of the EV investigated. Although many cells are successfully being typed 
using surface markers, the use of such markers might be accompanied by difficulties. 
First, EV and in particular exosomes, are much smaller, making their measurement by 
e.g. flow cytometry technically more challenging (see below). Second, while aggregates 
of whole cells can readily be excluded from a flow cytometric analysis, the exclusion of 
EV aggregates is hampered by the large variation of EV size, meaning that a pair of 2 
smaller EV can have a size similar to another larger EV. This might give rise to seemingly 
double-positive EV, which are in fact aggregates composed of EV from different cellular 
origins. Third, cellular activation is often required for EV formation, yet is also 
accompanied by activation of proteases (e.g. of the ADAM family), as is reported for 
platelets and endothelial cells (EC) [28, 29]. Residual protease activity on EV might lead 
to loss of surface markers in time, which is relevant as a physiologic factor, but also as a 
pre-analytical variable to be taken into account. The latter even impacts characterization 
of EV from isolated cells, as surface molecules may be lost during storage, giving rise to 
day-to-day variations. A fourth difficulty is the availability of cell-specific markers (and 
corresponding specific antibodies). Platelets and EC for example, share quite a number 
of surface markers (e.g. P-selectin, CD31, β3 integrins, thrombospondin, von Willebrand 
factor and many more), which complicates a clear differentiation, particularly in samples 
where platelet-derived and EC-derived EV outnumber those from other sources. 
Platelet- and EC-derived EV are often distinguished by the use of a common (e.g. CD31) 
and a platelet-specific marker (CD41 or CD42), bearing the risk that platelet-derived EV 
with poor antibody binding (e.g. by loss of a marker) can falsely be counted as EC-derived 
EV. This also applies in cases that cell-specific EV need to be isolated from biologic fluids. 
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Since the common techniques of differential centrifugation or size exclusion 
chromatography do not distinguish between EV from different cell types, the correct use 
of markers for the enrichment of cell-specific EV from platelet- or erythrocyte-derived 
contaminants or protein aggregates is crucial. 

PPootteennttiiaall  ooff  EEVV  aass  bbiioommaarrkkeerrss  --  rreecceenntt  eexxaammpplleess  
Despite the above reservations, surface markers are widely used in studies exploring 
levels of particular EV in health and disease. An accurately adjusted flow cytometer with 
size calibration and optics suitable for small particle analysis considerably facilitates EV 
determination. The number of flow cytometers that are capable of measuring EV 
available on the market is increasing. By combining small particle measurement with 
specific surface markers, information about EV content in biologic fluids can be obtained 
with a satisfactory level of accuracy. Several reported markers used for the 
determination of EV from particular cell types are summarized in table 3. Although a 
large variety of techniques for EV analysis is available (table 2), almost every patient 
sample-based study has been performed using flow cytometry. A recent multicenter 
collaborative workshop was organized by the International Society on Thrombosis and 
Haemostasis (ISTH) Vascular Biology Standardization Subcommittee to evaluate a new, 
universal standardization protocol to measure platelet EV counts using flow cytometry 
[30]. This new standardization protocol was based on side scatter (SSC) and forward 
scatter (FSC) of pre-defined beads rather than only FSC before, dependent on which 
parameter is used as the best resolving size parameter in specific flow cytometers 
present in the laboratories. The study showed that this bead-based assay has potential 
for standardization of measurement of platelet EV numbers, however this procedure is 
not suitable to measure particle size. 

Altered levels of EV were found in cohorts of patients with variety of cardiovascular 
diseases. Several recent reviews provide an excellent and comprehensive overview of 
the relevant studies [3, 7, 31-33] and highlights of original work are listed in table 4. In 
general, the origin of the EV investigated in most studies is derived from 3 main cell 
types: endothelial cells, leukocytes and platelets. This is not surprising, since all 3 cell 
types are in direct contact with the blood. In addition, the endothelial lining of the vessel 
wall constitutes a huge surface (approx. 7,000 m2) and in the case of (systemic) 
inflammation, cytokines may increase the activation state of the endothelium, giving rise 
to the release of numerous EV. The same counts for platelets, since their sheer numbers 
combined with their capability to release EV upon activation can result in steep increases 
in EV numbers during pathologic conditions such as arterial and venous thrombosis. 
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When surface markers become more defined and the analysis techniques more refined, 
also EV from rare cell types that are underrepresented in biologic samples may be 
detected.  

TTaabbllee  33.. Examples of markers used for the determination of the cellular origin of EV. 

CCeellll  ttyyppee  MMaarrkkeerrss  RReeffeerreennccee((ss))  

MMoonnooccyyttee  AnxA5, CD11b, CD14, CD31, CD64, CD142 [34-36] 
LLyymmpphhooccyyttee  CD3, CD45 [35] 
NNeeuuttrroopphhiill  AnxA5, CD35, CD66b, MPO [36-38] 
PPllaatteelleett  AnxA5, CD31, CD41, CD42, CD61 [35] 
MMeeggaakkaarryyooccyyttee  CD62P-, LAMP-1, full-length filamin A [27] 
EEnnddootthheelliiaall  cceellll  VCAM-1, CD62E, CD144, CD31, CD41-, CD42- [36, 39] 

RReedd  bblloooodd  cceellll  AnxA5, CD235a [40, 41] 
AnxA5: annexin A5, MPO: myeloperoxidase, LAMP: lysosome-associated membrane protein, VCAM: 
vascular cell adhesion molecule.  

TTaabbllee  44. Cardiovascular disorders (CVD) with involvement of EV 

PPaatthhoollooggiicc  sseettttiinngg  EEVV  ffrroomm  cceellll  ttyyppeess  iinnvvoollvveedd  RReeffeerreennccee((ss))  

EEVV  aass  rriisskk  ffaaccttoorr  ffoorr  
CCVVDD  
  

Endothelial cells [14, 40, 42-48] 

Platelets [14, 40, 42, 46-48] 
Leukocytes (unspecified) [42, 46, 47] 
Monocytes [46, 48] 
Lymphocytes [43] 
Hematopoietic cells [43] 
Smooth muscle cells [43] 
Erythrocytes [40] 

VVaassccuullaarr  
ccaallcciiffiiccaattiioonn  
  

Smooth muscle cells [49-52] 
Macrophages [53]  
Endothelial cells [54] 
Platelets [54] 
Leukocytes (unspecified) [54] 

CCoorroonnaarryy  aarrtteerryy  
ddiisseeaassee  aanndd  aaccuuttee  
ccoorroonnaarryy  ssyynnddrroommee  

Endothelial cells [41, 44, 55-58] 
Platelets [44, 55, 57, 58] 
Erythrocytes [41] 
Leukocytes (unspecified) [55, 58] 

Monocytes [35] 
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Most of the studies show a positive correlation between EV counts and the 
cardiovascular disorder investigated, regardless of the cell type of origin. This may reflect 
the common observation that cells show an increase release of EV after activation. EVs 
have shown to be upregulated in patients with endothelial dysfunction or 
atherosclerosis [42, 59], in patients with deep vein thrombosis or pulmonary embolism 
[60-62], in patients with cerebrovascular diseases [63-66] or in patients that show 
cardiovascular risk factors like type-2 diabetes mellitus [67], severe hypertension [68] or 
obesity [69]. Determining the EV's parent cells harbors the possibility to obtain 
additional information about the pathophysiology of a particular disorder. For example, 
in a small case-control study of one of the study arms of the PREDIMED trial with 
participants following a Mediterranean Diet, the EV levels of different cell types were 
measured. Participants suffering a cardiovascular event (CVE) within one year of 
intervention, showed increased EV release from lymphocytes and smooth muscle cells. 
Participants that did not have a future CVE within the follow-up time showed reduced 
EV release from these cells [43]. In a case-control study at the NIH Stroke program, even 
different subtypes of EVs from endothelial parent cells could be distinguished. This study 
compared endothelial cell-derived EV levels in 20 patients with a mild stroke (NIHSS 
score < 5) to the EV levels of 21 patients with moderate to severe stroke (NIHSS score ≥ 
5), and to the levels of 23 age-matched healthy volunteers. Using flow cytometry, they 
observed significantly higher phosphatidyl serine+ EV counts in patients compared to the 
controls, and all endothelial derived EV counts were elevated in the moderate to severe 
stroke group compared to controls.  

In patients with acute ischemic stroke, three endothelial cell microparticle (EMP) 
phenotypes (Endoglin+ EMP, phosphatidyl serine+ EMP, and ICAM-1+ EMP) correlated 
significantly with brain lesion volume, with ICAM-1+ EMP (P = 0.002) showing the 
strongest correlation. These data combined suggest a possible role of endothelial-
derived EV numbers as a biomarker for severity and brain lesion size in patients with 
ischemic stroke [64]. Endothelial dysfunction is an independent predictor of vascular 
disease. Therefore, quantitative measurements of CD31+/Annexin A5+ EVs were 
assessed by Sinning and colleagues in patients with stable coronary artery disease (CAD). 
EV levels were higher in patients that later developed a major adverse cardiovascular 
and cerebral event [44]. This study also finds that the presence of diabetes and male 
gender are significantly positively correlated to the number of EVs, a factor that has to 
be taken into account during risk stratification. In addition, since EVs can be purified, 
their numbers and contents can be enriched manifold, which opens the possibility for 
the identification and determination of biomarkers that were previously too dilute to be 
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measured in biologic fluids. Some studies have exploited this to identify miRNAs with 
prognostic value for cardiovascular diseases [14, 40]. EVs of thrombin-stimulated 
platelets have elevated levels of miR-223 in complex with Argonaute 2, are taken up by 
HUVEC cells in vitro, and regulate gene expression levels through regulatory elements in 
the 3’UTR region of two specific mRNAs [70]. This is only one of the examples in which 
platelets can alter specific gene regulation in HUVEC cells. Moreover, the proteins 
cystatin C, serpin G1 and F2, and CD14 found in EVs have been identified as potential 
biomarkers by Kanhai and colleagues in 2013, using the Athero-Express discovery cohort 
[71]. This was the first large, single-center cohort of 1060 patients, to describe the 
protein content of EVs is related to increased risk of secondary cardiovascular events. 
Increased levels of cystatin C, serpin F2 and CD14 were correlated to an increased risk 
of myocardial infarction, vascular events and all-cause mortality, whereas increased 
levels of CD14 was also correlated to an increased risk of the occurrence of an ischemic 
stroke. This study only takes total EV protein levels in account, and not the number of 
EV. Another prospective single-center cohort study showed that the EV protein levels 
polygenic immunoglobulin receptor, cystatin C and complement C5a were 
independently associated with acute coronary syndrome [72]. This study also indicates 
an important discrepancy between male and female patients, where male patients show 
a strong correlation between the aforementioned proteins and ACS, whereas female 
patients did not. 

Patients at risk for CVD with high LDL levels are often treated with statins. Statins prevent 
cardiovascular events, possibly not only by reducing plasma LDL levels. The METEOR trial 
aims to determine the effect of rosuvastatin on subclinical atherosclerosis. Patient 
serum samples and LDL-EVs were analyzed for their protein content of von Willebrand 
factor (vWF), Serpin C1 and plasminogen. Rosuvastatin-treated patients have higher 
levels of plasminogen and vWF in LDL-associated EVs, serum plasminogen levels were 
also increased but to a lesser extent and serum vWF levels were not increased [73]. This 
study concludes that this could be a possible new intermediate between statin therapy 
and coagulation.  

Possibly the most studied potential biomarker is the coagulation potential of EVs 
exposing tissue factor (TF+ EV) in cancer patients, to evaluate the relative risk on 
developing venous thromboembolism (VTE) which is a complication in many cancer 
patients. In a multinational, prospective cohort study, the procoagulant activity of TF+ EV 
was evaluated using an in-house TF+ EV activity assay based on fibrin generation. The TF+ 
EV activity was measured in patients with various types of advanced cancer, and 
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correlated with the development of venous thromboembolism (VTE). A high fibrin 
generation test outcome was associated with a two-fold increased risk for VTE, with the 
strongest association in patients with pancreatic cancer (four-fold increase) compared 
to patients with other tumor types (1.5 fold increase). The activity of TF+ EV measured 
using the fibrin generation test correlated poorly with the more commonly used TF-
dependent Xa assay [74]. However, there are also studies that do not find correlation of 
EVs with risk for VTE [75], or only a correlation with mortality but not with thrombosis 
[76]. Therefore the role of TF+ EV as biomarker for VTE in cancer patients remains a 
matter of debate. Not only EVs derived from cancer cells but also EVs from monocytes 
expose TF. Although platelets were found to express TF [77], EVs from platelets and 
erythrocytes lack TF but did induce thrombin generation in a FXII-dependent matter [78]. 

Despite these examples of protein content in or on EVs, most of the current studies are 
limited to absolute counts of EV from particular cell types. The number of studies 
showing correlations or associations of EV numbers with disease prognosis, severity or 
occurrence is steadily increasing. It must be noted that the majority of studies have a 
relatively low number of subjects included in the investigation. The largest study to date 
on EV numbers in CVD is the study of Amabile et al (2014) where 844 individuals in the 
Framingham Offspring cohort were studied [45]. In this cohort, endothelial-derived EVs 
were associated with the presence of several cardiometabolic risk factors, including 
higher triglyceride levels, hypertension, and metabolic syndrome. The highest 
correlation was found with elevated triglycerides. However, this study only focused on 
large vesicles ≥ 500 nm, thereby risking that a substantial amount of the sample consists 
of apoptotic bodies. Another complication is the lack of standardization of sample 
processing and measurement, making it difficult to compare studies from different 
laboratories. The same counts for the selection of surface markers analyzed and the 
corresponding allocation to the EV's parent cell types. A final issue is the heterogeneity 
of the sample populations investigated, meaning that there are quite some indications 
that EV are associated with a particular cardiovascular disease, yet hard evidence for 
such association in large cohorts of defined subjects is still largely lacking. It has to be 
noted that the above complications largely apply for biomarker research in general. 
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CCoonncclluuddiinngg  rreemmaarrkkss  
Without doubt, the potential of EV as biomarkers is considerable. They may contain 
information about the original tissues, the pathophysiologic context and the severity of 
disease. On the other hand, the field is still relatively young and the progress in 
technologic development for accurate analysis is somewhat lagging behind the desires 
and ambitions of the investigators working in the area. Still, there is increasing consensus 
about the standardization of sample preparation and analysis of EV, meaning that 
studies are becoming more and more reliable and comparison between study locations 
becomes increasingly feasible. Taken together, interesting and exciting times are 
awaiting us, as EV do seem to be a big step towards the highly anticipated liquid biopsies. 
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  AAbbssttrraacctt  
The chemokines CCL5 and CXCL4 are deposited by platelets onto endothelial cells, 
inducing monocyte arrest. Here, the fate of CCL5 and CXCL4 after endothelial deposition 
was investigated. Human umbilical vein endothelial cells (HUVECs) and EA.hy926 cells 
were incubated with CCL5 or CXCL4 for up to 120 min, and chemokine uptake was 
analyzed by microscopy and by ELISA. Intracellular calcium signaling was visualized upon 
chemokine treatment, and monocyte arrest was evaluated under laminar flow. Whereas 
CXCL4 remained partly on the cell surface, all of the CCL5 was internalized into 
endothelial cells. Endocytosis of CCL5 and CXCL4 was shown as a rapid and active process 
that primarily depended on dynamin, clathrin, and G protein-coupled receptors (GPCRs), 
but not on surface proteoglycans. Intracellular calcium signals were increased after 
chemokine treatment. Confocal microscopy and ELISA measurements in cell organelle 
fractions indicated that both chemokines accumulated in the nucleus. Internalization did 
not affect leukocyte arrest, as pretreatment of chemokines and subsequent washing did 
not alter monocyte adhesion to endothelial cells. Endothelial cells rapidly and actively 
internalize CCL5 and CXCL4 by clathrin and dynamin-dependent endocytosis, where the 
chemokines appear to be directed to the nucleus. These findings expand our knowledge 
of how chemokines attract leukocytes to sites of inflammation. 

KKeeyywwoorrddss:: RANTES; platelet factor 4; chemokine; endothelial cell; monocyte 
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IInnttrroodduuccttiioonn  
Chemokines are small chemotactic cytokines that have an important role in regulating 
leukocyte trafficking during health and disease [1, 2]. Through binding and activation of 
their cognate G protein-coupled receptors, they can rapidly induce leukocyte responses 
e.g. integrin activation, flow-resistant arrest, cell polarization, and trans-endothelial 
migration to sites of inflammation or infection. On a structural level, chemokines are 
hallmarked by a disordered N-terminus, a 3-strand antiparallel β-sheet, and a C-terminal 
α-helix. In addition, stretches of basic amino acids mediate binding to 
glycosaminoglycans (GAGs), e.g. heparin, heparan sulfate, and similar sulfated 
polysaccharides that constitute the cellular glycocalyx [3, 4]. This warrants 
immobilization of the chemokines to the cell surface, e.g. of endothelial cells (EC) of the 
vessel wall, allowing them to be visible by rolling leukocytes. Besides this concept of 
chemokine presentation on the endothelial surface, constituting a message for 
leukocytes, some chemokines might be produced by the EC themselves and stored in 
small vesicles be-low the apical cell surface, which can be located by adherent 
monocytes prior to diapedesis [5]. In addition, chemokines on the vessel wall might 
originate from the sub-endothelial tissue and move to the vascular surface by 
transcytosis [6, 7], yet they can also be deposited on the vessel wall by rolling platelets, 
as was shown for CCL5 (RANTES) [8]. This chemokine transfer to EC by activated platelets 
was shown to facilitate subsequent monocyte arrest [8, 9]. Infusion of activated platelets 
into hyper-lipidemic mice resulted in an accelerated development of atherosclerosis, 
which could be attributed in part by an increased immobilization of CCL5 onto the 
atherosclerotic vessels [10]. Interestingly, CCL5 and CXCL4 (platelet factor 4), one of the 
most abundant chemokines in platelets, can interact with each other to form 
heterodimers, which are particularly potent in the recruitment of monocytes [11] and 
were shown to modulate the severity of atherosclerosis, stroke, abdominal aneurysm 
and myocardial infarction in mice [12-16]. Although the interaction of CCL5 with GAGs 
has been postulated as essential for a function in vitro and in vivo [17], the exact 
mechanism of CCL5 presentation to the cell surface and recognition by immune cells is 
incompletely characterized. Although the presence of CXCL4 led to increased binding of 
CCL5 to the surface of monocytic cells, it is unclear whether this explains the synergy 
between those chemokines [11]. A previous study has indicated that CCL5 is immobilized 
on the surface of human umbilical vein endothelial cells (HUVEC) in filamentous flow-
resistant polymers, which might form a scaffold for leukocyte recruitment [18]. 
Interestingly, part of the CCL5 was observed intracellularly. To elaborate on the previous 
findings and to further investigate the mechanisms that underlie chemokine-induced 
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leukocyte recruitment, we investigated the fate of exogenously added CCL5 and CXCL4 
to EC. We found that incubation of EC with CCL5 and CXCL4 under static conditions led 
to rapid internalization of the chemokines, where CXCL4 remained partly presented on 
the cell surface. Internalization was an active process and dependent on G protein-
coupled receptor (GPCR) signaling and classic endocytosis and resulted in calcium 
signaling within endothelial cells. Remarkably, internalized CCL5 and CXCL4 were 
targeted to the nucleus. Leukocyte arrest was not altered upon pretreated with 
chemokines. 
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MMaatteerriiaall  aanndd  MMeetthhooddss  
CCeellllss  
EA.hy926 cells ("EAHy", ATCC® CRL-292) were cultured in Dulbecco modified Eagle 
medium (DMEM; Thermo Fisher Scientific, Waltham, MA) supplemented with 10% fetal 
bovine serum (FBS), 2 mM L-glutamine, 1x HAT (5 mM sodium hypoxanthine, 20 µM 
aminopterin and 0.8 mM thymidine) and 100 U/ml penicillin-streptomycin (Thermo). 
Cells were used between passage 7-25. Human Umbilical Vein Endothelial Cells (HUVEC) 
(Promocell GmbH) were grown in endothelial cell growth medium (Promocell) 
supplemented with 100 U/ml penicillin-streptomycin. Cells were used between passage 
4 and 7. MonoMac-6 cells (DSMZ, ACC124) were cultured in RPMI supplemented with 
10% FBS, 2 mM L-glutamine, non-essential amino acids, 1 mM sodium pyruvate, and 10 
μg/ml human insulin. Cells were used between passage 7 and 25. Bimonthly samples 
were measured for the absence of mycoplasma using the MycoAlert Mycoplasma 
Detection Kit as per manufacturer’s protocol (Lonza, Walkersville, MD). All cells were 
maintained in a humidified incubator at 37°C and 5% CO2.  

CChheemmookkiinnee  iinntteerrnnaalliizzaattiioonn  
Cells were cultured on 8-well Falcon Chambered Cell Culture slides or in 6 well cell 
culture plates, and incubated with 500 ng/ml recombinant human CCL5/RANTES (R&D 
Systems, Minneapolis, MN) or recombinant human CXCL4/PF4 (Peprotech, Rocky Hill, 
NJ), at 4°C or 37°C for indicated times, specific per experiment. The chemokine 
concentration of 500 ng/mL (63 nM) was found optimal for triggering monocyte arrest 
on endothelial cells in previous studies[9, 11, 14, 15]. Native low-density lipoprotein 
(nLDL) labeled with 1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine (Dil-nLDL, 5 
µg/ml - Sigma SAE0053) was used as a positive control and to assess the functionality of 
the endocytosis inhibitors. In some experiments, it was investigated whether pre-
incubation with chemokines could influence internalization. Before the experiment, all 
culture plates were coated with Attachment Factor (AF, from Gibco). Cells were seeded 
in a black 96-well plate at a density of 15.000 cells/well and incubated in DMEM, 
supplemented with 10% FCS for 24 hours. The next day, the cells were starved in DMEM 
supplemented with 0.5% FCS overnight. The following day, the cells were pre-treated 
with vehicle or 500 ng/ml of the first chemokine (CXCL4 or CCL5) for 30 minutes. Then, 
the fresh medium (DMEM + 0.5% FCS) containing 500 ng/ml of the other chemokine 
(CXCL4 or CCL5) was added to the cells and the culture plates were incubated for 
additional 2 hours at 37°C. Then, the cells were incubated with 200 U/ml heparin for 5 
minutes, in order to remove of the remaining chemokines from the cell surface. 
Subsequently, cells were fixed with 4% paraformaldehyde for 10 minutes and blocked 
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with a blocking buffer (PBS containing 2% BSA and 0.1% Triton X-100) for 1 hour at room 
temperature. Then, the primary antibody (rabbit anti-human PF4 from Peprotech or 
rabbit anti-human CCL5 from Abcam) was added at a final concentration of 2 µg/ml and 
incubated overnight at 4°C. After washing, the secondary antibody was added (goat anti-
rabbit, con-jugated with AF532 from Life technologies) at a final concentration of 5 
µg/ml for 1 hour. Next, cells were washed and nuclei were stained with Hoechst solution. 
Then, the cell count and the fluorescence were analyzed using a CytationTM imager. In 
negative control wells, the addition of primary antibody was omitted.  

IInnhhiibbiittoorrss  
Cells were incubated with Dynasore (324410 Merck, Darmstadt, Germany), Pit-Stop2 
(ab120687, Abcam, Cambridge, UK), Bordetella pertussis toxin blocking G proteins (Gαi, 
Gαo, and Gαt, BML-G101-0050 Enzo Life Sciences, Farmingdale, NY), DAPTA (2423 R&D 
Systems). TAK-779 (SML0911), blocking anti-CXCR3 [19] (clone 49801, R&D systems), 
heparinase III from Flavobacterium heparinum (H8891), chondroitinase ABC from 
Proteus vulgaris (C2905), hyaluronidase Type VI-S (H3631) were all obtained from 
Merck. neuraminidase (C. perfringens) was from (P5289 Abnova, Taipei City, Taiwan). 

LLooccaalliizzaattiioonn  
Cells were incubated with recombinant human CCL5/RANTES or recombinant human 
PF4/CXCL4, as described above, and fractionated using the subcellular protein 
fractionation kit for cultured cells (78840 – Thermo) as per manufacturer’s protocol. 
Chemokine quantification in the different subcellular fractions was performed using 
chemokine-specific sandwich ELISA. 

IImmmmuunnooccyyttoocchheemmiissttrryy  
EA.hy926 cells were cultured on 8-well Falcon Chambered Cell Culture slides (Thermo) 
and fixed and permeabilized using BD Cytofix/Cytoperm™ as per manufacturer’s 
instructions. Cells were blocked for 30 min at room temperature using PBS 
supplemented with 5% FCS. CCL5 was detected using a rabbit polyclonal antibody 
against RANTES (Abcam ab9679), and CXCL4 was detected using a rabbit polyclonal 
antibody against platelet factor 4 (Peprotech) at 2 μg/ml. CXCR3 was detected using a 
monoclonal mouse anti-CXCR3 (R&D systems) at 10 µg/ml. Visualization was performed 
using donkey-anti-rabbit Alexa Fluor 647 (Thermo) at 5 μg/ml, or goat-anti-mouse FITC 
(Jackson) at 6 µg/ml. F-actin was visualized using phalloidin Alexa Fluor 488 (Thermo). 
Antibodies were diluted in PBS supplemented with 5% FCS. Finally, cells were mounted 
using Vectashield mounting medium containing 4′,6-diamidino-2-phenylindole (DAPI; 
Vector Laboratories, Burlingame), or stained with Hoechst 33342 (Thermo) and 
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mounted with a glycerol-based mounting medium containing Mowiol 4-88 (Merck). Cells 
were then imaged using an EVOS FL Cell imaging system, using an Olympus 60X oil 
objective (1.42 NA) and standard filter cubes for DAPI (ex/em 357/447 nm), GFP (ex/em 
470/525 nm), and Cy5 (ex/em 628/692 nm). Image overlays and cross-sections were 
made using Fiji V1.52k [20]. Fluorescence quantification per cell count was analyzed with 
a Cytation 3 Cell Imaging Multi-Mode Reader (Biotek Instruments Inc., Winooski, VT, 
USA) using donkey-anti-rabbit Alexa Fluor 532 (Thermo) and Hoechst 33342. 

LLiivvee  cceellll  iimmaaggiinngg  
EA.hy926 cells were grown on 8-well Falcon Chambered Cell Culture slides (Thermo) and 
incubated for 60 min with CCL5 or CXCL4. Briefly, cells were washed with PBS alone or 
PBS with 1 mg/ml Heparin to wash away membrane-bound chemokines. Cells were then 
stained with the respective primary antibodies and an Alexa Fluor 647-coupled 
secondary antibody and nuclei were visualized with Hoechst 33342 as described before, 
at 37°C and 5% CO2. Cells were then imaged using an EVOS FL Cell imaging system, using 
the 20X objective (0.45 NA) and standard filter cubes for DAPI (ex/em 357/447 nm) and 
Cy5 (ex/em 628/692 nm). Image overlays and cross-sections were made using Fiji V1.52k 
[20]. All antibodies against CCL5 and CXCL4 used did not detect the bovine chemokine 
orthologs. 

CCoonnffooccaall  IImmaaggiinngg    
EAhy cells were fixed and stained for CCL5 and CXCL4 as described above, visualization 
was performed using Goat-anti-Rabbit FITC (Thermo). Cells were imaged on a Leica TCS 
SP8 Confocal microscope with a 100X oil immersion/1.4 NA objective and 2X optical 
zoom, with excitation at 405 or 488 nm, and emission was collected at 413-480 nm and 
498-580 nm respectively. Images of 512 x 512 pixels were obtained with a pixel size of 
0.09 µm, standard pinhole size, and scan speed of 400 Hz. Z-stacks were made with a 
step size of 0.219 µm (Supplementary movie 1) or 0.3 µm (Figure S1B).  

CCaallcciiuumm  iinnfflluuxx    
For the influence of chemokines on intracellular calcium concentrations [Ca2+]i, HUVECs 
were cultured in 8 well glass-bottomed Ibidi culture slides, coated with 30 µg/ml 
collagen. After reaching confluency, cells were incubated with 8 µM Fluo-4 
acetoxymethyl ester in the presence of 0.4 mg/ml pluronic for 40 min at 37°C and 5% 
CO2. Changes in [Ca2+]i were recorded for 10 min, using a Zeiss LSM 510 confocal micro-
scope (488nm excitation). At the start of the recording, PBS, chemokines (500 ng/mL 
each), or thrombin (10 nM), were added to the well. Changes in fluorescence intensity 
indicated a spike in cytosolic [Ca2+]i and were represented as false-color images (blue: 
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low, green: high). Fluorescence images were analyzed with ImageJ/Fiji software. [Ca2+]i 
spikes were classified based on the type of oscillatory signal in cytosolic-free calcium 
concentration. Score 1 indicated no to minimal rise of [Ca2+]i, Score 2 was indicative of 
short and low amplitude rises of [Ca2+]i, a score of 3 was a single, high rise of [Ca2+]i, and 
a score of 4 was a repetitive and high rise of [Ca2+]i.  

QQuuaannttiiffiiccaattiioonn  ooff  iinntteerrnnaalliizzeedd  cchheemmookkiinneess  
EA.hy926 cells were cultured in 6 well cell culture plates (Corning, Glendale, AZ), treated 
with chemokines and/or inhibitors according to experiment, and washed with 1 mg/ml 
heparin (180 U/ml), to remove membrane-bound chemokines, prior to cell lysis using 
400 μl CytoBuster protein extraction reagent (71009 - Merck). Cell lysates were 
centrifuged for 5 minutes at 16.000 x g and stored at -20°C for ELISA. Sandwich ELISA 
was performed using human CCL5/RANTES (DY278) or human CXCL4/PF4 (DY795) 
DuoSet ELISA protocols, respectively, (R&D Systems) as described [21, 22]. Both ELISAs 
were found to detect neither CCL5 nor CXCL4 in samples of fetal bovine serum.  

LLaammiinnaarr  FFllooww--bbaasseedd  LLeeuukkooccyyttee  AAddhheessiioonn  AAssssaayy  
Laminar flow-based leukocyte adhesion assay was performed as in detail described 
previously [23]. Briefly, HUVEC cells were cultured in 35 mm TC-treated cell culture 
dishes (Thermo) with a density of 1x105 cells/cm2 for 48 h before stimulating with TNFα 
(10ng/ml) for 4 h. Chemokines CCL5 or CXCL4 (both 500 ng/ml) were added for 1 h. 
MonoMac6 cells were stained with Syto 13 (Thermo) for 30 min at 37°C, washed and 
perfused in Hank’s buffer pH 7.45, containing 10 mM Hepes, 3 mM CaCl2, 2 mM MgCl2, 
and 0.2% human serum albumin for 3-6 min at 3 dynes/cm2. Adherent cells were 
counted in 6 view fields and expressed in cells/mm2. 

SSttaattiissttiiccaall  aannaallyyssiiss  
Data are presented as mean ± SD unless stated otherwise. Statistical analysis was 
performed using Graphpad Prism 9 (San Diego, USA), using one-way analysis of variance 
ANOVA and Sidak’s (parametric) or Dunn's (non-parametric) post hoc analysis, as 
indicated. Differences were considered statistically significant at P<0.05 (*). 
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RReessuullttss  
SSuurrffaaccee  pprreesseennttaattiioonn  ooff  tthhee  cchheemmookkiinneess  CCCCLL55  aanndd  CCXXCCLL44  oonn  EECC  
To initially investigate the interaction of chemokines with endothelial cells, cells from 
the line EA.hy926 (EAHy) were incubated without or with CCL5 and CXCL4, for a 
prolonged time of 60 min at 37°C. The cells were subsequently stained using specific 
fluorescent antibodies without prior permeabilization. Thus, only the extracellular 
fraction of CCL5 and CXCL4 will be visible. Absence of exogenous chemokines before 
staining did not result in a notable fluorescent signal for either CCL5 or CXCL4 (Fig. 1A,F). 
Likewise, the fluorescent intensity did not notably increase after 60 minutes treatment 
of EAHy cells with CCL5 (Fig. 1B). However, incubation of EAHy with CXCL4 led to a robust 
fluorescent signal (Fig. 1G). Washing the EAHy cells with heparin after incubation with 
chemokines, but prior to antibody staining, led to loss of fluorescent signal (Fig. 1C, H). 
Co-staining of confluent EAHy cells with CD31 and CCL5 or CXCL4, respectively, revealed 
a cytoplasmic staining pattern of the chemokines that was distinct of the typical 
accumulation of the CD31 signal at the cell-cell contacts (Fig. 1D,E and 1I,J). Imaging 
along the z-axis implied faint CCL5 at the luminal aspect of the EAHy cells and increased 
staining intensities towards the basolateral side (Fig. S1B). 
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FFiigguurree  11..  SSttaaiinniinngg  ooff  cchheemmookkiinneess  aafftteerr  aaddddiittiioonn  ttoo  eennddootthheelliiaall  cceellllss.. EAHy were grown on a cell culture 
slide, mock-treated (AA,,  FF), or incubated with the chemokines CCL5 (BB,,  CC,,  DD) or CXCL4 (GG,,  HH,,  II) for 60 
minutes at 37 °C, and cells were washed with PBS alone or PBS with 1 mg/ml Heparin (C, H). External 
chemokines on living cells were then stained with the respective primary antibodies and an Alexa Fluor 
647-coupled secondary antibody, nuclei were visualized with Hoechst 33342. (AA,,  BB,,  CC,,  FF,,  GG,,  HH). 
Internalized chemokines were stained after fixation and permeabilization of cells using a FITC-coupled 
secondary antibody (green), cell membrane was visualized with APC-coupled CD31 (red), using confocal 
microscopy (DD,,  II). Intensity profile through adjacent endothelial cells indicated by line a-b in D and I 
respectively, showing cell membrane (red) and CCL5 (EE) or CXCL4 (JJ) resp. (green). Scale bar: 100 µm 
(AA,,  BB,,  CC,,  FF,,  GG,,  HH) or 50 µm (DD,,  II). (n=4) 
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PPeerrmmeeaabbiilliizzaattiioonn  ooff  EEAAHHyy  iinnccrreeaasseess  tthhee  CCCCLL55  aanndd  CCXXCCLL44  aannttiiggeenn  ssiiggnnaall  
Since chemokines are known to be retained by EC, the EAHy cells were permeabilized in 
order to investigate an intracellular presence. After permeabilization and addition of the 
fluorescent antibodies, minimal staining of CCL5 and CXCL4 was observed in the absence 
of exogenous chemokines (Fig. 2A). This signal might reflect low levels of endogenous 
CCL5 or CXCL4 (or variant CXCL4L1 [24]) present in EAHy. Interestingly, incubation of 
EAHy with exogenously added CCL5 and CXCL4 at 37°C for 60 minutes, followed by 
permeabilization and staining, resulted in high signal intensity of the respective 
chemokine (Fig. 2B). Incubation of EAHy with chemokines at 4°C did not lead to an 
increase in fluorescent signal (Fig. 2C), suggesting that the intracellular accumulation of 
CCL5 and CXCL4 is an active and energy-requiring cellular process. 

 

 

 

FFiigguurree  22..  AAddddiittiioonn  ooff  CCCCLL55  aanndd  CCXXCCLL44  ttoo  EECC  lleeaaddss  ttoo  iinntteerrnnaalliizzaattiioonn.. EAHy incubated with buffer (AA) or 
the chemokines CCL5 (top row) or CXCL4 (bottom row) at 37 or 4 °C (BB,  CC respectively) for 60 min and 
washed with heparin (1 mg/ml) prior to fixation, permeabilization, and staining. CCL5 (red, upper row), 
CXCL4 (red, lower row), F-actin (green), and nuclei (blue). Scale bar: 50 µm. (n=4) 
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IInnttrraacceelllluullaarr  aaccccuummuullaattiioonn  ooff  CCCCLL55  aanndd  CCXXCCLL44  iiss  ttiimmee--ddeeppeennddeenntt  
In further experiments, the uptake of CCL5 and CXCL4 was followed in time. The 
chemokines were added and remained present at various increasing time points at 37°C. 
Then, surface-bound and excess chemokines were removed by washing with heparin, 
and cells were fixed, permeabilized, and stained with specific fluorescent-labeled 
antibodies. Subsequently, the presence of the chemokines was visualized using 
fluorescent microscopy. In addition, the chemokine-treated cells were lysed after 
washing, and intracellular chemokine concentrations were measured by ELISA.  

Both CCL5 and CXCL4 appeared to be taken up in a time-dependent manner (Fig. 3). An 
increase in subcellular fluorescent signal was already observed after 5 min of incubation 
and increased over the 120 min duration of the experiment (Fig. 3A, C). This was 
paralleled by an increase of intracellular CCL5 and CXCL4 antigen as observed with ELISA, 
with an apparent maximal uptake of CXCL4 after 60 min (Fig. 3B, D). This supported the 
idea that EAHy cells actively and rapidly take up the chemokines CCL5 and CXCL4. For 
clarity, images with separate color channels are shown in Fig. S1. Bovine chemokines 
from FCS did not cross-react with either antibodies used for fluorescence or ELISA (data 
not shown).    

 

FFiigguurree  33..  TTiimmee--ddeeppeennddeenntt  uuppttaakkee  ooff  CCCCLL55  aanndd  CCXXCCLL44  iinn  EECC.. CCL5 and CXCL4 were added to EAHy for 
indicated times at 37°C. After washing with heparin, cells were fixed, permeabilized, and stained. 
Fluorescent signals of CCL5 (AA, red) and CXCL4 (CC, red), actin (green), and nuclei (blue) (n=3). Scale bar: 
50 µm. Quantification of intracellular chemokine concentrations of CCL5 (BB) and CXCL4 (DD) by ELISA. 
***P<0.001 (n=3), ANOVA with Sidak’s post-test. 
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IInntteerrnnaalliizzaattiioonn  ooff  CCCCLL55  aanndd  CCXXCCLL44  iiss  ddeeppeennddeenntt  oonn  ddyynnaammiinn--  aanndd  ccllaatthhrriinn--
mmeeddiiaatteedd  eennddooccyyttoossiiss  
In order to investigate the manner of chemokine uptake, the EAHy cells were pretreated 
with inhibitors of clathrin- (Pitstop2) or dynamin-mediated endocytosis (Dynasore) for 
15 min, after which the cells were incubated with the chemokines in presence of the 
inhibitors. Then, the same procedure for fixation, staining, and imaging as described 
above was followed. Of note, the pre-treatment with endocytosis inhibitors led to some 
detachment of the EAHy cells and loss of monolayer properties. Both inhibitors 
abolished the intracellular uptake of CCL5 and CXCL4 (Fig. 4A-H). In addition, blockade 
of chemokine receptor- and other GPCR-induced signaling by pertussis toxin also led to 
a reduced internal presence of CCL5 and CXCL4. Effective inhibition of clathrin- and 
dynamin-dependent endocytosis by the above inhibitors was demonstrated by 
measurement of DiI-labeled nLDL uptake (Fig. 4I).  

Surprisingly, enzymatic removal of GAGs from the cell surface resulted in an increased 
uptake of both CCL5 and CXCL4 into EAHy cells (Fig. S1). Although chemokine uptake was 
abolished by pertussis toxin, antagonists of the CCL5 receptor and of the putative CXCL4 
receptor CXCR3 neither prevented CCL5 nor CXCL4 internalization (Fig. S2). Interestingly, 
pre-incubation of EAHy cells with CXCL4, prior to the addition of CCL5 led to a significant 
reduction of subsequent CCL5 uptake (Fig. 5A). By contrast, pre-incubation of the cells 
with CCL5 prior to CXCL4 addition did not affect CXCL4 uptake. This indicates that CXCL4 
can desensitize EAHy cells for the uptake of CCL5 (Fig. 5B). 
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FFiigguurree  44..  IInntteerrnnaalliizzaattiioonn  ooff  CCCCLL55  aanndd  CCXXCCLL44  iiss  ddeeppeennddeenntt  oonn  ddyynnaammiinn--  aanndd  ccllaatthhrriinn--mmeeddiiaatteedd  
eennddooccyyttoossiiss,,  aanndd  oonn  GG  pprrootteeiinn--ccoouupplleedd  rreecceeppttoorr  ssiiggnnaalliinngg  ((AA––HH)).. EAHy were pre-incubated without (AA,,  
EE) or with inhibitors to dynamin (BB,,  FF), clathrin (CC,,  GG), or GPCR (DD,,  HH) prior to incubation with CCL5 (top 
row) or CXCL4 (bottom row) at 37 °C. Cells were then washed with heparin prior to fixation and 
permeabilization and stained for the chemokines (red), F-actin (green), and nuclei (blue). Scale bar: 100 
μm..Panel (II) shows the internalization of LDL in EAHy, and the blocking thereof by the inhibitors to 
dynamin or clathrin, as a positive control. * p < 0.05, ANOVA with Dunn’s post-hoc test (n=6) 
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FFiigguurree  55..  PPrree--iinnccuubbaattiioonn  wwiitthh  CCXXCCLL44  iinnhhiibbiittss  ssuubbsseeqquueenntt  uuppttaakkee  ooff  CCCCLL55.. EAHy cells were preincubated 
with CXCL4 for 30 min prior to incubation with CCL5 for 120 min and its uptake, measured by antibody 
staining after heparin washing (AA), or vice versa (BB). *** p < 0.001 (n = 4), ANOVA with Sidak’s post-
test. n.s. = non-significant. 

 

 

To investigate whether EC showed evidence of intracellular signaling upon treatment 
with CCL5 or CXCL4, HUVECs were loaded with a calcium-sensitive dye and treated 
with buffer, thrombin as a positive control, or chemokines (Fig. 6A-D). Upon 
stimulation with CCL5 and CXCL4, the HUVECs showed a notable and lasting increase in 
intracellular calcium levels, which was comparable to that induced by thrombin, as 
evidenced by classification of the individual cellular calcium mobilization profiles (Fig. 
6E). 
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FFiigguurree  66..  CChheemmookkiinneess  iinndduuccee  ccaallcciiuumm  ssiiggnnaalliinngg  iinn  EECC. HUVECs loaded with Fluo-4 were stimulated with 
PBS (control, AA), thrombin (IIa, BB), CCL5 (CC), and CXCL4 (DD), and intensity profiles (in arbitrary units, AU) 
were recorded of >30 cells in over 3 independent experiments. Representative traces are shown in (AA–
DD) and traces were classified as described in the methods section and summarized in (EE). 

 

CCCCLL55  aanndd  CCXXCCLL44  aarree  ttaarrggeetteedd  ttoo  tthhee  nnuucclleeuuss  aafftteerr  eennddootthheelliiaall  uuppttaakkee  
Since uptake of chemokines appeared to be an active process accompanied by cell 
signaling events, the intracellular fate of CCL5 and CXCL4 was investigated further. 
Confocal microscopy indicated that the chemokines accumulated in the nucleus, 60 
minutes after addition (Fig. 7A). This is supported by a high optical resolution Z-stack 
movie that suggests accumulation of CXCL4 in the nucleoli (Supplementary movie 1). In 
order to further elucidate the subcellular localization of CCL5 and CXCL4, EAHy were 
lysed after 30 and 120 minutes of treatment. Subcellular fractions were isolated and 
measured. Interestingly, both CCL5 and CXCL4 show an association with the 
cytoskeleton after 30 minutes, with a slight further increase at 120 minutes. However, 
the nuclear content was only barely increased after 30 minutes, but strongly increased 
after 120 minutes (Fig. 7B, C). These data suggest that both CCL5 and CXCL4 are 
transported to the nucleus through cytoskeletal associations. To investigate whether 
inflammatory conditions could affect the uptake of chemokines, EAHy were activated 
using TNFα for 4 or 18 hours, prior to addition of CCL5 or CXCL4. However, no difference 
in chemokine uptake was observed compared with resting cells (Fig. S3). 
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FFiigguurree  77..  CCCCLL55  aanndd  CCXXCCLL44  aarree  ttaarrggeetteedd  ttoo  tthhee  nnuucclleeuuss.. (AA) EAHy were incubated with CCL5 or CXCL4 for 
60 min at 37 °C, fixed, and stained for nuclei (blue), chemokine CCL5, and CXCL4 (green). Shown are 
confocal micrographs. Scalebar = 10 µm. (n = 3) (BB,CC) EAHy were incubated without (white bars) or with 
CCL5 (BB) or CXCL4 (CC) for 30 or 120 min (gray and black bars, respectively), lysed, and chemokines were 
determined in subcellular fractions (n = 3, ** p < 0.01, *** p < 0.001, ANOVA with Dunn’s post-test). 
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CCCCLL55  aanndd  CCXXCCLL44  iinntteerrnnaalliizzaattiioonn  ddooeess  nnoott  aaffffeecctt  lleeuukkooccyyttee  aarrrreesstt  
Previous findings suggested that chemokines e.g. CCL2, stored in subluminal vesicles, 
could guide lymphocyte tracking on EC [5]. In order to investigate whether a similar 
mechanism could regulate CCL5- and CXCL4-induced monocyte arrest, HUVECs were 
incubated with these chemokines for 120 minutes, treated without or with heparin to 
remove residual surface chemokines, and were subsequently perfused with monocytic 
MonoMac6 cells. Addition of chemokines for 120 minutes did not affect MonoMac6 
adhesion to HUVECs (Fig. 8), indicating that internalized chemokines neither make 
HUVECs competent for leukocyte interactions nor directly induce leukocyte arrest. 
Similar results were observed after activation of the HUVECs with TNF for 4 hours, prior 
to the addition of chemokines (Fig. 8). The combined addition of CCL5 and CXCL4, which 
is a potent stimulus for monocyte arrest, did not increase MonoMac6 adhesion, which 
indicates that TNFα activation might already support maximal monocyte arrest. These 
results suggest that at least CCL5 and CXCL4 require surface presentation for leukocyte 
recruitment. 

 

FFiigguurree  88..  CCCCLL55  aanndd  CCXXCCLL44  iinntteerrnnaalliizzaattiioonn  ddooeess  nnoott  aaffffeecctt  mmoonnooccyyttiicc  cceellll  aarrrreesstt  ttoo  eennddootthheelliiaall  cceellllss..  
HUVECs were stimulated with 10 ng/ml TNFα for 4 hours and/or CCL5 or CXCL4 for 1 hr and washed 
without (black bars) or with heparin (white bars) prior to perfusion of Syto 13-labeled MonoMac-6 cells 
at 3 dynes/cm2. Arrested cells were counted in 6 different fields (n=4). 
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DDiissccuussssiioonn  
In this study, we have observed that chemokines are taken up by EC in an active manner 
since uptake did not occur at 4°C. At 37°C, intracellular chemokines were detectable as 
soon as 10 minutes after addition and internalized levels approached a steady state after 
60 minutes. This indicates that internalization of the chemokines CCL5 and CXCL4 is a 
rapid and actively triggered process. Co-staining with CD31 indicated that the 
chemokines did not co-localize with the cell-cell contacts and z-stack imaging suggested 
intracellular rather than luminal localization. The active character of chemokine uptake 
is further supported by the observed increase of intracellular calcium upon chemokine 
addition and the blockade of chemokine uptake by the G protein inhibitor pertussis 
toxin. Together with the observation that chemokine internalization was blocked by 
inhibitors of clathrin-mediated endocytosis, these findings imply that specific (G protein-
coupled) receptors for the uptake of chemokines are involved. However, blockade of 
CCR5, a receptor for CCL5, by small molecular antagonists did not influence CCL5 uptake, 
implying that CCR5 does not play a role. In addition, enzymatic removal of GAGs from EC 
even increased the uptake of CCL5 and did not affect the uptake of CXCL4. Thus, these 
findings suggest either that binding to GAGs is not important for the uptake of 
chemokines, that the GAGs involved are not targeted by the enzymatic treatment, or 
that the remainder of the glycocalyx is sufficient to absorb the chemokines prior to their 
uptake[3]. Given the highly positive charge of both CCL5 and CXCL4 at physiologic pH, 
there might be additional molecules that mediate binding of chemokines and support 
uptake through electrostatic interactions, e.g. negatively charged phospholipids or 
membrane proteins. In addition, since the endothelial cells were cultured under static 
conditions in this study, it cannot be excluded that flow-dependent adaptations of the 
glycocalyx [25] support chemokine binding in a physiologic setting involving blood flow. 
The absence of flow can be considered a limitation of this study, as well as the 2-
dimensional culture conditions under which the endothelial cells were grown. The 
development of innovative blood vessels-on-a-chip, e.g. to study blood-brain-barrier 
physiology [26] has opened the possibility to investigate chemokine uptake and 
subsequent monocyte arrest in a system of continuous flow. In addition, molds and 
tissue supports now enable the culture of cells in 3 dimensions, which is a further 
approximation towards physiology [27, 28]. Future studies will take these aspects into 
account, as well as the possible influence of membrane water flux in endothelial cells on 
chemokine uptake, as can be measured by a recently established calcein-quenching-
based method [29].  
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In EC, an alternatively spliced variant of CXCR3, termed CXCR3B, was suggested to serve 
as a receptor for CXCL4 [19]. However, whether CXCR3 acts as a bona fide receptor for 
CXCL4 and other angiostatic chemokines is still unclear [30]. In addition, the expression 
of CXCR3 in EC depends on the cell cycle [31] and CXCR3B signaling is not inhibited by 
pertussis toxin [19]. Thus, these findings and our observations in this study speak against 
the involvement of CXCR3B in the internalization of CXCL4. Alternatively, galectins might 
be involved in chemokine uptake into EC. Galectins are a family of β-galactoside-binding 
lectins that are involved in various physiologic processes and are established mediators 
of endocytosis of plasma membrane proteins and glycolipids [32, 33]. Recent studies by 
us and others have shown an interplay between galectins and chemokines [22, 34]. For 
example, there is an interplay between galectin-1 and CXCL4 in platelet activation [22] 
and CCL5 was shown to undergo physical interactions with galectin-3 [34]. However, 
whether galectins play a role in the uptake of CCL5 and CXCL4 remains a subject for 
future investigations.  

A somewhat surprising observation is that pre-incubation with CXCL4 can apparently 
inhibit subsequent CCL5 internalization, but not vice versa. These results show that there 
is an interdependency between the uptake of CXCL4 and CCL5. We do not have a 
conclusive mechanistic explanation, but we speculate that a potent internalization 
induced by CXCL4 may exhaust the uptake machinery for CCL5, or that a CCL5 receptor 
is co-internalized along with CXCL4 making it less available for CCL5. Future studies are 
needed to further unravel the mechanisms of chemokine uptake by endothelial cells. 

Interestingly, CCL5 was no longer detectable on the surface of EC 60 minutes after its 
addition. This appears to be somewhat at odds with the common notion that chemokine 
presentation onto the luminal surface of the vessel wall directs leukocyte recruitment 
[35, 36]. For CCL5 in particular, binding to GAGs is essential for its leukocyte-recruiting 
functions [17] and a GAG-binding mutant of CCL5 was shown to act as a dominant-
negative antagonist [37]. However, other studies have demonstrated that also 
subluminal presentation of chemokines can affect leukocyte trafficking. After 
stimulation with cytokines, the chemokines CCL2 and CXCL10 are stored in vesicles 
underneath the endothelial membrane in HUVECs [5]. Being localized below the 
membrane associated with actin, these chemokines are no longer accessible to blocking 
antibodies yet are still able to trigger the transmigration of lymphocytes by localized 
release in the tight immunologic synapse [5]. This possibility was also investigated by 
determining monocytic cell arrest, a well-established function of CCL5, on endothelial 
cells after incubation with chemokines, without or with removal of residual surface 
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chemokine. After 60 minutes, no CCL5 was detectable on the surface of EC, implying 
complete uptake. Possible residual chemokine was removed. Under these conditions, 
our findings suggest that internalized CCL5 does not induce arrest of MonoMac6 cells 
on EC, both under resting conditions and after cytokine stimulation. In addition, neither 
CXCL4 nor CCL5 increase the adhesiveness of EC for monocytic cells under resting or 
inflammatory conditions.  

Internalization of chemokines has been observed in several studies and is considered a 
physiologic mechanism for their transport from inflamed tissues towards the endothelial 
lining of the vasculature [6, 7]. In polarized Madin-Darby Canine Kidney cells, rapid 
internalization within 30 minutes of the chemokine CCL2 was demonstrated and CCL2 
was transported from the basolateral side to the apical side within 120 minutes [7]. The 
atypical chemokine receptor ACKR1, which is also known as Duffy Antigen Receptor for 
Chemokines (DARC), was shown to mediate the cellular transport of CCL2. Since ACKR1 
can both bind CCL5 and CXCL4 [38, 39], an involvement of this atypical receptor appears 
plausible. A previous study has indeed demonstrated an involvement of ACKR1 in the 
uptake of CXCL1, which is structurally related to CXCL4, in an immortalized HUVEC cell 
line, yet only when these cells were stably transfected with ACKR1 [40]. Interestingly, 
the endothelial internalization of CXCL1 was not found to depend on clathrin and only 
partially on dynamin. Thus, although ACKR1 appears to be a plausible candidate receptor 
for CCL5 and CXCL4 uptake into EC, it is unclear whether basal expression levels support 
internalization.  

An interesting observation is the nuclear accumulation of the chemokines after uptake 
into EC. Previous studies have observed a nuclear targeting of the chemokine CXCL12 
gamma [41], a splice variant of CXCL12 with a nuclear translocation signal in its C-
terminus, and an alternatively spliced form of CCL27, which is targeted to the nucleus by 
an endogenous nuclear targeting signal [42]. Interestingly in the latter study by Gortz et 
al., CCL5 was not targeted to nucleus when expressed in Chinese Hamster Ovary cells, 
indicating an absence of an endogenous nuclear translocation signal. Apart from the 
different cell type, the mechanisms of nuclear targeting might be different in the 
experimental setting of the two studies and ours. Endogenous expression from a cDNA 
might sort the newly produced chemokine (precursors) in the endoplasmatic reticulum 
for secretion or for transport to the nucleus, whereas exogenously added chemokine 
enters the cell through an endocytic pathway. Of note, the association of CCL5 and 
CXCL4 with the cytoskeletal fractions is indicative for a transport mechanism towards 
the nucleus. Association of chemokine-loaded vesicles with actin has been observed 
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before [5], yet our experiments yielded no evidence of a packing of CCL5 or CXCL4 into 
vesicles. Within the nucleus, CXCL4 appeared to accumulate in the nucleolus. The 
significance of these findings is currently unknown, but CXCL4 is known to have a high 
affinity for nucleic acids [43] and CXCL4/DNA complexes were recently shown to serve 
as a ligand for toll-like receptor 9 in the inflammatory activation of dendritic cells [44]. It 
is tempting to speculate on an active involvement of CXCL4 in transcriptional processes. 
In monocytes/macrophages, CXCL4 is able to induce considerable changes in the 
transcriptional landscape, leading to pro-inflammatory and pro-fibrotic phenotypes [45, 
46]. It is worth noting that unlike other chemokines, no single receptor has been 
identified that explains all of CXCL4 functions. Other cytokine(-like) or danger-associated 
molecules have intra- and extracellular actions (reviewed in [47]), and it is conceivable 
that CXCL4 might act in a similar fashion. Alternatively, chemokine uptake by EC might 
serve to maintain or regulate local chemokine levels in a similar fashion as the ACKRs 
[47, 48] and might be targeted to the nucleus for proteasomal degradation [49]. 

In conclusion, the results in this study suggest an active and directed uptake of the 
chemokines CCL5 and CXCL4, resulting in an accumulation toward the nucleus. Although 
the (patho)physiologic relevance needs to be further characterized, these findings add a 
further dimension to the cell regulating activities of the chemokine system in health and 
disease. 
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SSuupppplleemmeennttaall  mmaatteerriiaallss  
 

 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

FFiigguurree  SS11.. (AA) Images of EAHy and 
chemokines split into individual color 
channels. Indicated images from main 
figures 2 and 3 split into red, green and 
blue channels. Blue: nuclei (DAPI), green: 
actin (phalloidin-AF488), red: chemokine 
(CCL5 or CXCL4). Scale bar: 50 μm. (BB) 
Fluorescence of cellular CCL5 (green) and 
CD31 (red) along the z-axis in EAHy at 
indicated relative distance, recorded by 
confocal microscopy after 60 minutes of 
incubation. Scale bar: 50 μm. 
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FFiigguurree  SS22..  IInntteerrnnaalliizzaattiioonn  ddooeess  nnoott  ddeeppeenndd  oonn  GGAAGGss  oorr  CCXXCCRR33  aanndd  iiss  iinnccrreeaasseedd  bbyy  aann  iinnhhiibbiittoorr  ooff  CCCCRR55.. 
EAHy were grown on a coverslip (AA,,  CC), in a 35 mm dish (BB,,DD), or in a 96-well plate (EE--FF) and incubated 
with the enzymes heparinase III, chondroitinase ABC, hyaluronidase, and neuraminidase to cleave 
glycosaminoglycans (GAG), or DAPTA or TAK-779, inhibitors of CCR5 for 3 hours at 37°C. Blocking of 
CXCR3 was accomplished with antibodies for 15 minutes at 37°C. Cells were then incubated in presence 
of the inhibitors with CCL5 or CXCL4 for 60 minutes at 37 °C. Cells were washed with heparin prior to 
fixation and permeabilization (AA,,  CC,,  EE,,  FF,,  GG) or lysis (BB,,  DD). (AA,,  CC) Cells were stained for the respective 
chemokine (red), F-actin (green), and nuclei (blue). Scale bar: 50 μm. (BB,,  DD) Quantification of CCL5 and 
CXCL4 levels using ELISA. (EE,,  FF,,  GG) Cells were stained for the receptors, CCL5 or CXCL4 respectively, 
using Alexa Fluor 532, and nuclei (Hoechst). The cell count and fluorescence was analyzed with 
Cytation™. (n=6, p<0.05, Kruskal Wallis test). 
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FFiigguurree  SS33..  TTNNFFαα--ttrreeaattmmeenntt  ddooeess  nnoott  aalltteerr  iinntteerrnnaalliizzaattiioonn  ooff  cchheemmookkiinneess.. EAHy cells were incubated 
with 10 ng/ml TNFα for 4 h or 18 h and were subsequently treated with the chemokines CCL5 (top row) 
or CXCL4 (bottom row) for 60 min 37 °C. (AA) Cells were then washed with heparin prior to fixation and 
permeabilization and stained against CCL5 (top-red), CXCL4 (bottom red), F-actin (green), and nuclei 
(blue). Scale bar: 50 μm (BB) Cells were washed with heparin. Subsequently, CCL5 and CXCL4 levels in 
cell lysates were determined using ELISA. (n=6, ns, Kruskal Wallis). 
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SSuummmmaarryy  
Leukocytes avidly interact with vascular cells and platelets after vessel wall injury or 
during inflammation. Here, we describe a straightforward laminar flow-based assay to 
characterize the molecular mechanisms that underlie the interactions between 
leukocytes and their cellular partners. 

AAbbssttrraacctt  
The recruitment of leukocytes upon injury or inflammation to sites of injury or tissue 
damage has been investigated during recent decades and has resulted in the concept of 
the leukocyte adhesion cascade. However, the exact molecular mechanisms involved in 
leukocyte recruitment have not yet been fully identified. Since leukocyte recruitment 
remains an important subject in the field of infection, inflammation, and (auto-) immune 
research, we present a straightforward laminar flow-based assay to study underlying 
mechanisms of the adhesion, de-adhesion, and transmigration of leukocytes under 
venous and arterial flow regimes. The in vitro assay can be used to study the molecular 
mechanisms that underlie the interactions between leukocytes and their cellular 
partners in different models of vascular inflammation. This protocol describes a laminar 
flow-based assay using a parallel-flow chamber and an inverted phase-contrast 
microscope connected to a camera to study the interactions of leukocytes and 
endothelial cells or platelets, which can be visualized and recorded then analyzed offline. 
Endothelial cells, platelets, or leukocytes can be pretreated with inhibitors or antibodies 
to determine the role of specific molecules during this process. Shear 
conditions, i.e. arterial or venous shear stress, can be easily adapted by the viscosity and 
flow rate of the perfused fluids and the height of the channel. 
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IInnttrroodduuccttiioonn  
Upon injury, inflammation, or infection, leukocytes quickly respond to pathogen- or 
damage-associated molecular patterns (PAMPs, DAMPs), change into an activated state, 
and move out of the blood stream to sites of inflammation and tissue damage. The ability 
of leukocytes to interact with their cellular and molecular environment is essential for 
their correct function as immune cells, as highlighted by genetic disorders such as 
leukocyte adhesion deficiency [1]. Leukocyte adhesion has been the subject of intense 
investigation during the past decades and this has resulted in the concept of the 
leukocyte adhesion cascade in the early 1990s [2, 3]. Leukocyte adhesion is initiated by 
the selectin-mediated capture of leukocytes to the endothelium, causing the cells to roll 
over the vascular surface. This rolling enables leukocytes to scan for endothelium bound 
migratory cues, e.g., chemokines, which induce the activation of integrins. Subsequently, 
the activated integrins mediate the binding to endothelial ligands, resulting in firm 
leukocyte arrest. Leukocytes may subsequently prepare to extravasate by crawling and 
spreading, before penetrating the endothelial monolayer and transmigrating into the 
underlying tissue. The basic concept of the canonical leukocyte cascade has remained 
largely unchanged since its introduction, with some intermediate steps added [4]. 
Nevertheless, the exact molecular mechanisms and the roles of the many players 
involved in leukocyte recruitment have not been clarified thus far, and leukocyte 
recruitment remains an important subject in the field of infection, inflammation, and 
(auto-) immune research. 

For example, during vascular inflammatory diseases such as atherosclerosis, increased 
leukocyte recruitment into the vessel wall drives plaque development. Unstable 
atherosclerotic plaques might rupture, leading to massive activation of platelets and the 
coagulation system, and subsequently to occlusion of the vessel [5]. This may result in 
severe cardiovascular outcomes such as myocardial infarction or stroke. In addition, 
endothelial denudation as it occurs clinically, e.g. after stenting of a coronary artery, 
leads to a multitude of interactions of leukocytes and platelets to the exposed vessel 
wall interior (e.g., matrix components and smooth muscle cells) and of leukocytes with 
platelets covering the vascular injury. These interactions are important for the further 
development of the disease as monocyte-platelet interactions might drive neointima 
formation [6, 7]. In addition, platelet-leukocyte interactions mediated by leukocyte 
integrin Mac-1 (αMβ2) and platelet GPIbα have recently been identified as novel drivers 
of thrombosis in mice [8]. 
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Given the wide availability of human and animal blood as a source of leukocytes and 
platelets for research, and the broad spectrum of isolated matrix molecules and 
immortalized cell lines of leukocyte and vascular origin, it is feasible to simulate 
leukocyte interactions under flow in a laboratory setting, using specially designed flow 
perfusion chambers. Many variants have been designed over the past decades, ranging 
from vacuum-driven to self-adhesive perfusion chambers. All variants have in common 
that the immobile part (e.g., cultured vascular cells or matrix proteins) is assembled into 
a larger leak-proof chamber equipped with a pre-defined channel enabling perfusion of 
fluids over the immobile part. In addition, advances in molding technology enabled the 
development of custom-made solutions based on silica polymers [9]. The viscosity and 
flow rate of the perfused fluids and the height of the channel mainly determine the shear 
stress characteristics of the flow perfusion device [10]. 

In this article, we present an in vitro method to study underlying mechanisms of the 
adhesion, de-adhesion, and transmigration of leukocytes under venous and arterial flow 
regimes. The advantage of the methods presented here is that they can be performed 
using a common camera- connected fluorescence microscope, and do not require 
experimenters to possess high technical proficiency. The in vitro assay can be 
manipulated in many ways (e.g., by adding inhibitors or blocking antibodies), and is thus 
applicable in different models of vascular inflammation and allows the investigation of 
adhesion protein functions or the evaluation of specific compounds. 
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PPrroottooccooll  
All methods described here have been approved by the Medical Ethical and Animal 
Ethical Boards of Maastricht University. 

1. Flow-Based Assay with Human Cells 
1. IIssoollaattiioonn  ooff  ppllaatteelleettss  ffrroomm  hhuummaann  bblloooodd  
1. Draw venous blood in citrate (3.2%) anticoagulant. 
2. Add 1/15 volume of Acid Citrate Dextrose (ACD: 80 mM trisodium citrate, 52 mM 

citric acid and 183 mM glucose) to the blood. 
3. Centrifuge at 350 x g without brake for 15 min to obtain platelet rich plasma (PRP). 
4. Transfer the supernatant to a 15 mL conical tube and add 1/20 volume of ACD. 
5. Centrifuge at 1,110 x g without brake for 15 min to obtain platelet poor plasma (PPP). 
6. Discard the supernatant. Cut off the end of the pipet tip (P 1000), making it wide 

bore, which aids in the prevention of platelet activation, and carefully suspend the 
platelet pellet in the same volume as PRP in platelet buffer pH 6.6 (PB: 13 6mM NaCl, 
10 mM Hepes, 2.7 mM KCl, 2 mM MgCl2, 0.1% bovine serum albumin and 0.1% 
glucose). Add 1/20 volume of ACD and gently mix. 

7. Pellet the platelets at 1,110 x g without brake for 15 min. 
8. Discard the supernatant and carefully suspend the platelets as above in 1mL platelet 

buffer (pH 7.5). 
9. Measure the platelet concentration in a 1/10 dilution with an automated hematology 

analyzer. 
10. Adjust the volume with platelet buffer (pH 7.5) to achieve a count of 2 x 107/mL. 

2. IIssoollaattiioonn  ooff  ppoollyymmoorrpphhoonnuucclleeaarr  cceellllss  ffrroomm  hhuummaann  bblloooodd  ((aaddaapptteedd  
ffrroomm  BBrriinnkkmmaannnn  eett  aall..  [[1111]]  ))  
1. Draw 24 mL of blood in heparin (10 U/mL) as anticoagulant. 
2. Add 6 mL of 1.077 g/mL density polysucrose-sodium diatrizoate medium (see Table 

of Materials) to a 15-mL conical tube, and carefully layer 5-6 mL whole blood on top. 
3. Centrifuge for 20 min at 800 x g without brake. 
4. Aspirate and discard the clear yellowish top layer and transfer the lower reddish 

phase containing granulocytes into fresh 15-mL conical tubes. Wash cells by adding 
PBS containing 2 mM EDTA to a final volume of 14 mL, and centrifuge for 10 min at 
300 x g without brake. 

5. In the meantime, prepare a density gradient medium (e.g., percoll, see Table of 
Materials) working solution by mixing 18 mL density gradient medium with 2 mL 10x 
PBS stock solution. Dilute this working solution with PBS (1x) to obtain 4.25 mL each 
of 85%, 80%, 75%, 70%, and 65% gradient medium solutions. 
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6. Prepare 2 conical tubes with the density gradient by layering 2 mL of every medium 
percentage on top of each other. Start with the highest concentration and continue 
in decreasing order. Mark the layers on the tube with a water-proof marker. 

7. Carefully layer 2 mL of the cell suspensions onto each of the two prepared gradients. 
8. Centrifuge for 20 min at 800 x g without brake in a carefully balanced centrifuge. 
9. After centrifugation, remove the top layer and most of the 65% layer (first ring) with 

PBMCs, and collect into new tubes the white remaining interphases until the 85% 
layer (second ring, PMN). 

10. Wash cells by filling up the tubes with PBS 2 mM EDTA, and centrifuge for 10 min at 
300 x g without brake. 

11. Remove the supernatant and suspend the sedimented cells (typically ≥95% are PMN) 
in 1mL of Hank's buffer (pH 7.45), containing 10mM Hepes and 0.2% human albumin 
(Assay buffer). 

12. Count the cells using a hemocytometer and suspend cells at 1 x 106/mL. 
13. Continue with fluorescent labeling and perfusion of leukocytes (step 3.3). 

3. PPrreeppaarraattiioonn  ooff  aaddhheerreenntt  ppllaatteelleett--  aanndd  vvaassccuullaarr  cceellll--mmoonnoollaayyeerrss  
1. Cell culture dish preparation (cultured cells) 
1. Pre-coat the 35 mm cell culture dishes with 1 mL of diluted rat tail collagen (30 µg/mL 

diluted in PBS filtered over a 0.2 µm filter). 
2. Incubate for 30 min at 37 °C, discard the collagen solution, and wash the dish once 

with PBS. 

2. Culture of vascular cells in culture dishes 
1. Detach primary (e.g., HUVEC, HAoEC, HAoSMC) or immortalized vascular cells (e.g., 

EA.Hy926, SVEC) grown to confluence in a T75 flask with 1.5 mL cell detachment 
solution (e.g., accutase). Add 4.5 mL of appropriate growth medium to neutralize the 
cell detachment solution and determine the cell concentration with a cell counting 
chamber. Suspend the cells at 0.5 x 105 cells/mL in appropriate growth medium (e.g., 
complete endothelial cell growth medium). 

2. Add 2 mL of cell suspension to each 35 mm dish. Culture the cells in a humidified 
incubator at 37 °C with 5% CO2 until confluence (taking 24–48 h, depending on the 
cell type). 

3. Glass coverslip preparation (adherent platelets) 
1. Immerse the glass coverslip once in HCl-EtOH (1.2 M / 50% v/v). 
2. Rinse the coverslip 2 times in ultrapure water. 
3. Dry the coverslip under N2. 
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4. Pre-coat the glass coverslip with 100 µL, in accordance with the position of the 
channel of the perfusion chamber of diluted rat tail collagen type I (30 µg/mL diluted 
in PBS filtered over a 0.2 µm filter).  

5. Incubate for 30 min at RT, discard the collagen solution, and wash the coverslip 3x 
with PBS. 

6. Block the collagen coated coverslip with 1% BSA in HEPES for 0.5 h at RT. 
7. Wash and dry the coverslip and mount it into the perfusion chamber. Isolate platelets 

from human or mouse blood as outlined in step 1.1 or 2.1, respectively. 

4.  Immobilization of platelets 
1. Add 70 µL of a 2 x 107/mL platelet suspension per channel, and incubate for 1.5 h at 

37 °C and 5% CO2. 
2. Carefully replace non-adherent platelets with blocking solution (5% BSA in HEPES) 

for at least 30 min at RT. Continue with fluorescent labeling and perfusion of 
leukocytes (step 3.3). 

5.  Stimulation of vascular cell monolayer 

1. Stimulate the vascular cells by replacing the media with fresh media containing 10 
ng/mL tumor necrosis factor α (TNFα) for 4 h at 37 °C and 5% CO2. 
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2. Flow-based Assay with Murine Cells 
11.. IIssoollaattiioonn  ooff  ppllaatteelleettss  ffrroomm  mmoouussee  bblloooodd  
1. Draw blood by cardiac puncture using a 21 G needle (~1 mL) from anesthetized 

(ketamine 80 mg/kg and medetomidine 0.3 mg/kg) 6–8 week-old mice (C57Bl/6) in 
citrate (3.2%) as anticoagulant. 

2. Add 1/6 volume of ACD. 
3. Centrifuge at 220 x g, medium brake for 5 min to obtain platelet rich plasma (PRP). 
4. Transfer the supernatant (~600 µL) plus 1/3 of red blood cells to a new tube 
5. Centrifuge at 95 x g without brake for 6 min. 
6. Transfer the supernatant (PRP) and measure the platelet concentration in a 1/10 

dilution in Tyrode's buffer (TH buffer: 136 mM NaCl, 5 mM Hepes, 2.7 mM KCl, 0.42 
mM NaH2PO4*H2O, 2 mM MgCl2, 0.1% bovine serum albumin and 0.1% glucose) with 
an automated hematology analyzer. 

7. Wash the platelets by adding 1/25 volume of ACD + 0.1U/mL apyrase, and centrifuge 
at 2,870 x g, medium brake for 2 min. 

8. Discard the supernatant and add 600 µL TH buffer, 1/10 volume of ACD, and 0.1 U/mL 
apyrase. Cut off the pipet tip (P 1000), making it wide bore, which aids in the 
prevention of platelet activation, and gently suspend the pellet. 

9. Centrifuge at 2,870 x g, medium brake for 2 min 
10. Discard the supernatant and gently suspend the platelets in TH buffer. 
11. Adjust the volume with TH buffer to achieve a count of 2 x 107/mL. 

22.. PPrreeppaarraattiioonn  ooff  aaddhheerreenntt  ppllaatteelleett  mmoonnoollaayyeerrss  
1. Prepare glass coverslip (adherent platelets) as per 1.3.3. 

33.. IImmmmoobbiilliizzaattiioonn  ooff  ppllaatteelleettss  
1. Add 100 µL of a 2 x 107/mL platelet suspension per channel, and incubate for 1.5 h 

at 37 °C and 5% CO2. 
2. Carefully replace non-adherent platelets with blocking solution (5% BSA in HEPES) for 

at least 30 min at RT. Continue with fluorescent labeling and perfusion of leukocytes 
(step 3.3) 

44.. SSttiimmuullaattiioonn  ooff  mmoouussee  ppllaatteelleett  mmoonnoollaayyeerr  
1. Prior to perfusion of leukocytes (step 3.3), stimulate the platelets by perfusion of 

thrombin (0.5 nM) in HHHSA buffer for 3 min at 37 °C. 
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3. Fluorescent Labeling and Perfusion of Leukocytes (PMN or THP-
1 for Human and RAW264.7 or Primary Mouse Monocytes for 
Murine Flow-Based Assay) 

11.. FFlluuoorreesscceenntt  llaabbeelliinngg  
1. Label the leukocytes (1 x 106/mL) with the cell-permeant green fluorescent nucleic 

acid stain (1 µM). Incubate the cells for 30 min at 37°C. 
2. Wash the cells with PBS by centrifugation at 300 x g for 5 min, and suspend cells to a 

concentration of 0.5 x 106 cells/mL (5 mL per test condition, depending on flow rate) 
in assay buffer. 

22.. FFllooww  cchhaammbbeerr  aassssaayy  pprreeppaarraattiioonn  
1. For leukocyte adhesion on a cell monolayer, discard the cell culture medium from 

the dish, and assemble it into the flow chamber. Connect tubing to the syringe. For 
leukocyte adhesion on immobilized platelets, connect the micro slide to the syringe. 
Pre-warm a water bath to 37 °C. 

2. Take a perfusion syringe (50 mL), install syringe on the syringe holder, and set the 
pump on withdraw mode. Set the pump volume to 0 mL, and set the diameter to 
26.70 mm for the 50 mL syringe. 

3. Connect an elbow luer connector to one end of the tubing. Place a luer lock coupler 
to the syringe and connect the tubing with the elbow luer connector to the luer lock 
coupler. Connect the free tubing end to the flow chamber. 

33..  LLeeuukkooccyyttee  ppeerrffuussiioonn  aanndd  aaddhheessiioonn  
1. Leukocyte perfusion and adhesion on a cell monolayer, discard the cell culture 

medium from the dish, and assemble it into the flow chamber. Connect tubing to the 
syringe. For leukocyte adhesion on immobilized platelets, connect the micro slide to 
the syringe. 

2. For leukocyte perfusion and adhesion over a vascular- or platelet monolayer, place 
the second tubing into a 50 mL conical tube containing assay buffer and fill tubing 
with 1 mL pipet, then squeeze the tubing and connect it to a flow chamber. 

3. Prior to leukocyte perfusion, add 3 mM CaCl2 and 2 mM MgCl2 to the cell suspension 
and incubate for 5 min at 37 °C. 

4. Perfuse assay buffer prior to perfusion of cells to remove possible air from the 
chamber and tubing. 

5. Close tube ends by squeezing them tight and switch tubing from assay buffer to cell 
suspension, preventing air bubbles from being trapped. Perfuse cells with 
appropriate flow rate/shear stress until the first cells arrive. 
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6. Perfuse cells with appropriate flow rate/shear stress for 2 min, and capture at least 
6 pictures between 2–6 min of rolling and adherent cells with an inverted phase 
contrast/fluorescence microscope (e.g., EVOS-FL) using 100X magnification 
connected to a digital CCD or CMOS camera. 

NOTE: Flow rate/shear stress depends on flow chamber dimensions and viscosity of 
perfusate. For perfusion chamber used here (see Table of Materials): 

τ=η*97.1*Φ 

τ: shear stress (1 dyn/cm2) 

η: viscosity (0.015 dyn*s/cm2) 

Φ: Flow rate (0.67 mL/min) 

4. Leukocyte de-adhesion 
1. For de-adhesion, switch tubing from cell suspension to assay buffer by squeezing the 

tubing, preventing air bubbles from becoming trapped. 
2. Detach cells by perfusion with assay buffer with an appropriate flow rate/shear stress 

(See 3.3.7 Note). 

5. Leukocyte transmigration 
1. For leukocyte transmigration, perfuse leukocytes (step 3) until an adequate quantity 

of leukocytes adhere (~50 cells/view field). 
2. Replace leukocyte suspension with assay buffer. 
3. Record transmigrating cells by time lapse every 10–15 s for 30–60 min at 37 °C. 
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RReepprreesseennttaattiivvee  RReessuullttss  
To study endothelial-leukocyte adhesion, fluorescently labeled THP-1 cells were 
perfused over a TNFα- or non-stimulated endothelial monolayer for 2 min at 3 dyne/cm2. 
The total number of adherent monocytic cells was determined after 2 min of perfusion 
by capturing 6 independent fields over a period of 2-6 min. The adherent cells were 
quantified in at least 6 pictures captured with an inverted phase contrast/fluorescence 
microscope (e.g., EVOS-FL) using 10X magnification connected to a digital CCD or CMOS 
camera and the average was expressed as adherent cells/mm2. Upon endothelial 
stimulation with TNFα, THP-1 arrest significantly increased compared to unstimulated 
endothelium. Representative micrographs and the quantification of firmly adherent 
THP-1 to non- or TNFα-stimulated endothelial cells is presented in Figure 1. Platelet-
leukocyte adhesion was assessed by perfusion of fluorescently labeled neutrophils over 
a TRAP-6- or non-stimulated platelet monolayer for 2 minutes at 1 dyne/cm2. Adherent 
neutrophils were quantified as mentioned above. TRAP-6 stimulation significantly 
increased the adhesion of neutrophils relative to unstimulated platelets. Representative 
videos and the quantification of firmly adherent neutrophils to non- or TRAP-6- 
stimulated platelet monolayer is presented in Figure 1B. 

 

FFiigguurree  11..  EEnnddootthheelliiaall--  aanndd  ppllaatteelleett--lleeuukkooccyyttee  aaddhheessiioonn  uunnddeerr  ffllooww  ccoonnddiittiioonnss..  Quantification and 
representative micrographs of adhesion of human monocytic cells (THP-1) to endothelial cells (HUVEC) 
seeded on collagen-coated culture dishes under flow conditions, with or without TNFα activation (10 
ng/mL) (AA). Quantification and representative micrographs of adhesion of human neutrophils to human 
platelets immobilized on collagen-coated glass slides under flow conditions, without or with TRAP-6 
activation (50 µM) (BB). P values were calculated by the unpaired t- test (n = 3; mean ± SD). Scale bar: 
100 µm. 
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Moreover, this assay can be implemented to study the role of adhesion molecules, such 
as platelet junctional adhesion molecule A (JAM-A). The adhesion of RAW264.7 mouse 
monocyte/macrophage to a platelet monolayer from JAM-A (trJAM-A+/+) and JAM-A-
deficient (trJAM-A-/-) mice was assessed in our former study [7]. As observed therein, 
platelet JAM-A deficiency increased the adhesion of mouse monocytes to the platelet 
monolayer compared to wild type mice (Figure 2A-B). Alternatively, primary mouse 
neutrophils can be isolated from mice as described [12]. 

To study underlying mechanisms, such as adhesion molecules involved in platelet-
leukocyte interactions, specific surface receptors can be blocked. In the aforementioned 
study, blocking of platelet GPIbα and leukocyte αMβ2 significantly decreased monocyte 
adhesion, identifying a role for the GPIbα-αMβ2 axis in the increased monocyte 
recruitment to JAM-A-/- platelets (Figure 2A-B). Moreover, cell detachment experiments 
can be performed to investigate shear stress dependence of platelet-leukocyte 
interactions. For the measurement of flow-dependent detachment of monocytes, shear 
stress was incrementally increased from 0 to 20 dynes/cm2. In this study, the adhesion 
of RAW264.7 cells on JAM-A-/- platelets was more resistant to shear stress compared to 
JAM-A+/+ platelets (Figure 2C). 

 

  

FFiigguurree  22..  JJAAMM--AA--ddeeffiicciieennccyy  pprroommootteess  ffllooww--rreessiissttaanntt  mmoonnooccyyttiicc  cceellll  aaddhheessiioonn..  Adhesion of mouse 
monocyte/macrophage RAW264.7 cells to platelets from JAM-A+/+ and JAM-A-/- mice immobilized on 
collagen-coated glass slides under flow conditions, with or without thrombin activation (IIa, 0.5 nM) in 
the presence of indicated inhibitors (AA). Representative micrographs of mouse monocyte/macrophage 
RAW264.7 cells adherent to JAM-A+/+ and JAM-A-/- platelets after treatment with isotype control or 
anti-GPIbα antibodies (BB). Cell adhesion expressed as percentage of initially adherent cells under 
incrementally increased shear stress (dyne/cm2) on immobilized platelets after thrombin activation (IIa, 
0.5 nM). P values were calculated by ANOVA with Tukey's post-test (n=3-5; mean ± SEM). Scale bar: 
100 µm. This figure has been modified from Zhao et al. [7] 
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The prolonged recording time (30–60 min) of single fields following leukocyte perfusion 
and adhesion allows the study of leukocyte crawling and spreading behavior and final 
transmigration across the endothelial layer. Within this study, we have analyzed the 
transmigration of primary human monocytes (isolated with the monocyte isolation kit, 
according to the manufacturer's instructions as described [13]) across an endothelial 
layer. As presented in Figure 3, following firm arrest to the endothelium, monocytes 
prepare to extravasate by crawling and spreading until the preferred site for 
transmigration is reached. Subsequently, monocytes penetrate the endothelial cell 
barrier either by para- or transcellular migration. Transmigrating cells were defined as 
cells that spread out over endothelial cells, by extending their pseudopodia and passing 
through the endothelial barrier, thereby decreasing their brightness. 

 

 

 

 

  
FFiigguurree  33::  IInn  vviittrroo  ttrraannssmmiiggrraattiioonn  ooff  pprriimmaarryy  mmoonnooccyytteess  aaccrroossss  aann  eennddootthheelliiaall  mmoonnoollaayyeerr..  Monocyte 
crawling and spreading and final transmigration across the endothelium was recorded every 15 s for 
30 min. 
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DDiissccuussssiioonn  
This in vitro assay is a straightforward method to investigate underlying mechanisms of 
leukocyte recruitment during vascular inflammation, but there are some critical points 
to be noted. The first requirement for successfully performing this assay is the perfusion 
of leukocytes over an intact and confluent vascular or platelet monolayer. This can be 
achieved by prior coating of the surfaces with collagen type I. In general, when working 
with primary vascular cells, it is important to gently detach cells using the recommended 
collagenase-containing detachment solution (see the Table of Materials), which is less 
rigorous, but as effective as trypsin. For platelet monolayers, it is important to gently 
wash platelets during isolation to prevent platelet activation and aggregation. 

Another critical consideration is maintaining the continuity of the pump withdrawal 
mode used for the perfusion, since a discontinuity leads to disturbed flow rate and shear 
conditions. Thus, this results in inaccuracy of actual shear stress and, subsequently, to 
misinterpretation of physiologically shear-dependent processes. This can be prevented 
by regular maintenance of the pump. Additionally, critical for the continuity during 
perfusion is the use of a fresh syringe for every experiment. Since the texture of the 
rubber within the syringe changes with increasing use and time in between experiments, 
it prevents a continuous withdrawal. 

A further critical step is the prevention of air becoming trapped during the perfusion of 
leukocytes, since air will subsequently tear cells off from the surface and alter shear 
conditions. This can be prevented by rinsing all tubing prior to use with ultra-pure water 
and then with assay buffer. Also, when connecting tubing from assay buffer to cell 
suspension, or from one condition to the other, it is important to maintain liquid 
interfaces during connection. This can be achieved by squeezing the tubing or by not 
altering the liquid levels within tubing. Further, the fluid volume of the perfusate should 
always be sufficient to prevent the level falling below the tubing end and, thus, air being 
taken up in the system. 

A possible limitation of this assay might be the use of cultured cells that are maintained 
in an artificial environment, i.e. cultured on a plastic surface surrounded by a medium 
that does not accurately model the in vivo state. Although the physiochemical and 
physiological environment can be precisely controlled, cultured cells have a rapid growth 
rate, which increases genetic variation and thus the heterogeneity of cells within a 
population. Moreover, the vascular- or platelet monolayer consists of a single cell type 
only. In particular, when investigating endothelial-leukocyte interactions, i.e., 
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transmigration of leukocytes across the endothelial cell barrier, the physiologically 
relevant role of the underlying endothelial-cell basement membrane and pericytes 
cannot be taken into account. Alternatively, it might be interesting to create a 
multicellular environment by implementing 3D-cell culturing techniques in this assay. 

To summarize, taking these points into account, the laminar flow-based assay can be 
efficiently applied in different models of vascular inflammation. In particular, it can be 
easily modified to address specific research questions, i.e. the adjustment of the shear 
stress by either varying the flow rate of the perfusate, the fluid viscosity, or the channel 
height and width. Particularly, the latter is of importance since changes in flow chamber 
dimensions reduce fluid volume or cells needed. Further, different fluorescence labeling 
of leukocytes, or of specific molecules of vascular or platelet monolayers can be used to 
study cell-cell interactions. 
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AAbbssttrraacctt  
Galectin-1 (gal-1) is a carbohydrate-binding lectin with important functions in 
angiogenesis, immune response, hemostasis and inflammation. Comparable functions 
are exerted by platelet factor 4 (CXCL4), a chemokine stored in the α-granules of 
platelets. Previously, gal-1 was found to activate platelets through integrin αIIbβ3. Both 

gal-1 and CXCL4 have high affinities for polysaccharides, and thus may mutually influence 
their functions. The aim of this study was to investigate a possible synergism of gal-1 and 
CXCL4 in platelet activation. Platelets were treated with increasing concentrations of gal-
1, CXCL4 or both, and aggregation, integrin activation, P-selectin and phosphatidyl serine 
(PS) exposure were determined by light transmission aggregometry and by flow 
cytometry. To investigate the influence of cell surface sialic acid, platelets were treated 
with neuraminidase prior to stimulation. Gal-1 and CXCL4 were found to colocalize on 
the platelet surface. Stimulation with gal-1 led to integrin αIIbβ3 activation and to robust 

platelet aggregation, while CXCL4 weakly triggered aggregation and primarily induced P-
selectin expression. Co-incubation of gal-1 and CXCL4 potentiated platelet aggregation 
compared with gal-1 alone. Whereas neither gal-1 and CXCL4 induced PS-exposure on 
platelets, prior removal of surface sialic acid strongly potentiated PS exposure. In 
addition, neuraminidase treatment increased the binding of gal-1 to platelets and 
lowered the activation threshold for gal-1. However, CXCL4 did not affect binding of gal-
1 to platelets. Taken together, stimulation of platelets with gal-1 and CXCL4 led to 
distinct and complementary activation profiles, with additive rather than synergistic 
effects. 
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IInnttrroodduuccttiioonn  
Galectins are an evolutionary conserved family of carbohydrate-binding lectins, with 
binding specificity for β-galactoside-containing glycans. Although structurally diverse, all 
members of the galectin family contain either one or two so-called carbohydrate 
recognition domains (CRD), which are highly conserved and specific for each lectin. 
Homodimerization or multimerization of the CRDs increases the binding valency and 
facilitates complex interaction with glycoconjugates, like glycoproteins and glycolipids. 
This allows galectins to contribute to e.g. cell-matrix and cell-cell interactions as well cell 
signaling. Galectin-1 (gal-1) is the first family member to be described and one of the 
best studied galectins. The CRD of gal-1 (±14 kD) has a binding affinity for type I and type 
II N-acetyllactosamine disaccharides (LacNAc) and the protein exists as a non-covalent 
homodimer [1, 2]. It is expressed by different cell types and plays distinct roles in 
different cellular functions. For example, gal-1 is expressed by endothelial cells and was 
shown to have a key role in angiogenesis, as knockdown in zebrafish results in vascular 
defects and in gal-1–/– mice, tumor growth is delayed [3, 4]. In addition, gal-1 is an 
important regulator of the immune response and inflammation, by controlling the 
recruitment, survival and function of distinct immune cell populations [5-7]. Currently, 
gal-1 is also emerging as a regulator of platelet function. Proteomics and 
immunoblotting have shown that gal-1 is present in human [8] and mouse platelets [9]. 
Moreover, the presence of gal-1 mRNA in platelets and megakaryocytes is also described 
in the blueprint database (https://blueprint.haem.cam.ac.uk/bloodatlas). It was 
previously shown by Pacienza and colleagues that gal-1 has the ability to induce platelet 
aggregation [10]. This effect is completely abolished when gal-1 is incubated with 
lactose, indicating that binding is dependent on specific carbohydrate ligands present on 
platelets. The authors narrowed down possible gal-1 binding targets on platelets to the 
integrin αIIbβ3, which is not only important for platelet aggregation but also potentiates 

platelet responses through outside-in signaling [9, 11]. Moreover, gal-1–/– mice have a 
prolonged bleeding time with a normal platelet count [9]. In addition to integrin αIIbβ3, 

other binding partners for gal-1 have also been described that are heavily glycosylated, 
being von Willebrand factor [12] and factor VIII [13]. Gal-1 (and also gal-3) have been 
shown to modulate the activity of these proteins. Thus, gal-1 appears to have a function 
as a regulator of (tumor) angiogenesis, hemostasis and inflammatory responses. A 
structurally distinct protein acting in the same biological processes is platelet factor 4 
(PF4, CXCL4). CXCL4 is present in the α-granules of platelets in amounts that constitute 
up to 2% platelet protein mass. After platelet activation, local concentrations can 
increase over a 100-fold and serum levels can reach up to 1.9 µM [14]. On a structural 
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level, CXCL4 belongs to the family of chemokines, i.e. small chemotactic cytokines, which 
has more than 50 members. However, whereas other chemokines induce intracellular 
calcium mobilization, chemotaxis and leukocyte recruitment in picomolar to nanomolar 
concentration ranges, CXCL4 does not appear to act on cells in these low concentrations. 
Nevertheless, CXCL4 mediates several physiologic processes e.g. by inhibiting (tumor) 
angiogenesis and by promoting inflammation [15, 16]. With regard to hemostasis, pf4-/- 
mice do not show impaired bleeding, but have impaired thrombus formation in an in 
vivo thrombosis model [17]. CXCL4 has also been shown to modulate the activation of 
protein C [18, 19]. These studies indicate that CXCL4 also plays a role in thrombus 
formation and coagulation. Some of these functions are thought to be mediated by 
interactions of CXCL4 with other biomolecules, e.g. negatively charged polysaccharides 
(glycosaminoglycans) [20, 21], nucleic acids [16], angiogenic factors (e.g. FGF2) [22], 
integrins [23] or other chemokines (e.g. CCL5) [24]. Of note, the interaction of CXCL4 
with polyanions is crucially involved in the pathophysiology of heparin-induced 
thrombocytopenia (HIT), a threatening (auto-)immune reaction with a strongly 
increased risk for thrombosis [20, 25]. Given the high affinity of CXCL4 for 
polysaccharides and the similarity of exerted functions, we aimed to investigate whether 
gal-1 and CXCL4 can influence each other’s activities during platelet activation.  
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MMaatteerriiaallss  aanndd  mmeetthhooddss  
BBlloooodd  ccoolllleeccttiioonn  aanndd  hhaannddlliinngg  
Human blood was collected from healthy volunteers by venepuncture using a vacutainer 
tube containing 3.2% trisodium citrate, after obtaining informed consent in accordance 
with the Helskini declaration. The study was approved by the medical ethics committee 
of the Maastricht University Medical Center+ (MUMC+). The first 3 mL of blood were 
discarded, and washed platelets were prepared as described before [26]. Briefly, blood 
was centrifuged for 15 minutes at 240 x g, to obtain platelet-rich plasma (PRP). PRP was 
then supplemented with 1:10 acidic citrate dextrose (ACD, 80 mM trisodium citrate, 52 
mM citric acid and 180 mM glucose) and centrifuged for 2 minutes at 2230 x g. The 
platelets were then resuspended in Hepes buffer pH 6.6 (10 mM Hepes, 136 mM NaCl, 
2.7 mM KCl, 2 mM MgCl2, 5 mM glucose and 0.1% BSA) and supplemented with 1:15 
ACD and 1 U/mL apyrase (Sigma-Aldrich A6535, St. Louis, MO, USA). After another 
centrifugation at 2230 x g, the platelets were finally placed in Hepes buffer pH 7.5. 
Platelet count was determined using a Sysmex XP300 hematology analyzer (Kōbe, 
Japan).  

CCoonnffooccaall  mmiiccrroossccooppyy  
Washed platelets (50x109 platelets/L) were allowed to spread over poly-L-lysine (Sigma-
Aldrich P4707)-coated 12 wells plate for 30 minutes at 37 °C, and next incubated with 
recombinant 3 μM Oregon Green-labeled gal-1. Platelets were then fixed for 20 minutes 
at room temperature with 1% paraformaldehyde in PBS. CXCL4 was detected using a 
rabbit polyclonal antibody against CXCL4 (2 µg/ml, Peprotech 500-P05, Rocky Hill, NJ, 
USA), and visualization was performed using donkey-anti-rabbit Alexa Fluor 647 (5 
µg/mL, Thermo Fisher Scientific A-31573, Waltham, MA, USA). Recombinant gal-1 was 
expressed in E. coli and purified essentially as described [27]. 

EELLIISSAA  aannaallyyssiiss  ooff  ppllaatteelleett  rreelleeaassaatteess  
Washed platelets were incubated with 1, 3 or 6 µM gal-1, or type I collagen (5 µg/mL 
"Horm" – Takeda diagnostics, Tokio, Japan) for 30 minutes at 37°C under stirring 
conditions, and subsequently centrifugated for 2 minutes at 2230 x g. Supernatants were 
frozen until further analysis. Sandwich ELISA analysis was performed using a human 
CXCL4/CXCL4 DuoSet ELISA (R&D systems, Minneapolis, MN, USA) and a serotonin ELISA 
kit (Abnova, Taipeh, Taiwan) according to the manufacturers’ instructions. 
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FFllooww  ccyyttoommeettrryy  
Washed platelets (100x109 platelets/L) were incubated for 1 hour at 37°C without or 
with α2-3–α2-6-neuraminidase from C. perfringens (200 mU/109 platelets, Abnova 
P5289), and next with gal-1 (0.1-6 µM), CXCL4 (1-12 µM), and/or Tirofiban (1µg/mL – 
Merck, Darmstadt, Germany) and 1 µg/mL cross-linked collagen-related peptide (CRP-
XL, obtained from the Dept. Biochemistry, Cambridge University) for 15 minutes. Some 
experiments were carried out in the presence of 10 µg/mL of heparin (LeoPharma, 
Ballerup, Denmark) in order to block endogenously released CXCL4 [28]. Integrin αIIbβ3 

activation was determined using a FITC-conjugated PAC1 mAb (1:10, BD Biosciences 
#340507, Heidelberg, Germany), P-Selectin expression was determined using a FITC-
conjugated CD62-P mAb (1:10, Beckman Coulter #65050, Brea, CA, USA) and 
phosphatidylserine (PS) exposure was determined using a FITC-conjugated annexin A5 
(1 µg/mL, PharmaTarget, Maastricht, The Netherlands) in the presence of 5 mM calcium 
chloride. The data was expressed as percentage fluorescence-positive platelets of the 
total platelet count, with the marker set at approx. 0.67 times the fluorescence of 
quiescent platelets. Binding experiments were carried out by adding increasing 
concentrations of FITC-labeled gal-1 (0-1 µM), without or with pre-incubation with 
equimolar amounts of CXCL4 for 60 min, prior to addition to washed platelets, without 
or with neuraminidase treatment. The αIIbβ3 inhibitors eptifibatide (10µM, 

GlaxoSmithKline, Brentford, UK), tirofiban (1 µg/mL, Merck), or abciximab (50 µg/mL, 
Johnsson&Johnsson, New Brunswick, NJ, USA) were incubated with the platelets prior 
to addition of labeled gal-1 or gal-1/CXCL4. Flow cytometry was performed with 
standardized methods using an AccuriTM flow cytometer (BD Biosciences) and 
accompanying software. 

LLiigghhtt  ttrraannssmmiissssiioonn  aaggggrreeggoommeettrryy  
Washed platelets (250x109 platelets/L) were incubated for 1 hour at 37°C with or 
without the presence of neuraminidase (200 mU/109 platelets). Aggregation was 
measured using a Chronolog optical aggregometer (Havertown, PA, USA) under constant 
stirring at 37°C, after the addition of collagen (5 µg/mL), gal-1 (0.25 – 6 µM) or 
recombinant human CXCL4 (1-12 µM) as indicated. In some experiments, PRP was 
stimulated with collagen (5 µg/mL) or gal-1 (1 – 6 µM). For stimulation of platelets with 
the combination of gal-1 and CXCL4, the proteins were incubated together for 1 hour (at 
4°C) in order to allow any potential interactions to take place.  
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SSuurrffaaccee  ppllaassmmoonn  rreessoonnaannccee  
Binding studies of CXCL4 to heparin were carried out on a BiaCore T100 (GE Healthcare 
Life Sciences, Chicago, IL) using a CMD200M chip (XanTec bioanalytics GmbH, 
Düsseldorf, Germany). First, streptavidin (100 µg/mL, Sigma) in 10 mM sodium acetate, 
pH 4.5 was immobilized to approx. 6000 resonance units (RU). Then, biotinylated 
heparin (1 µg/ml) Sigma-Aldrich B9806) was perfused at 5 µL/min for 300 sec to achieve 
approx. 500 RU immobilization. CXCL4 was perfused in varying concentrations (0-50 nM) 
in 10 mM Hepes, 150 mM NaCl pH 7.4 and 0.002% tween-20 (HBS-T) in the absence or 
presence of 500 nM gal-1 at 10 µL/min for 180 sec followed by 30 sec dissociation. 
Complete regeneration was achieved by 2 sequential wash steps (1) heparin (50 µg/mL, 
LeoPharma) in HBS-T (180 sec) followed by (2) 0.1 M Tris, 2 M NaCl pH 9.5 for 180 sec. 
A flow cell containing only streptavidin served as background control. Next, CXCL4 (50 
nM) was perfused for 60 sec to obtain a stable CXCL4/heparin baseline. Then, the 
heparin-induced thrombocytopenia model antibody KKO (Thermo Fisher Scientific) [20, 
25] was perfused in HBS-T from 0-125 nM in the absence or presence of 500 nM gal-1 
at 10 µL/min for 900 sec followed by 300 sec dissociation. The flow cell was regenerated 
as described above. Binding traces were recorded as independent triplicates. 

SSttaattiissttiiccaall  aannaallyyssiiss  
Data is presented as mean ± SD, unless stated otherwise. Statistical analysis was 
performed with Graphpad Prism v 8.3.1 (San Diego, USA), using one way non-parametric 
analysis of variance (Kruskal Wallis) and Dunn’s post hoc analysis. Stimulations of gal-1 
or CXCL4 in presence or absence of neuraminidase were compared to control. 
Differences were considered statistically significant at P<0.05 (*), P<0.01 (**) or P<0.001 
(***). 
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RReessuullttss  
GGaalleeccttiinn--11  ccaauusseess  rreelleeaassee  ooff  αα--ggrraannuulleess  aanndd  ccoollooccaalliizzeess  wwiitthh  CCXXCCLL44  oonn  tthhee  
ppllaatteelleett  ssuurrffaaccee  
As it has been described that gal-1 activates platelets and induces P-selectin expression 
[9], we investigated whether gal-1-mediated platelet activation can induce CXCL4 
release from α-granules. Gal-1 (1, 3, and 6 µM ) was found to dose-dependently trigger 
CXCL4 release from platelets (Fig 1A). The addition of gal-1 at these concentrations 
resulted in released levels of CXCL4 similar to those observed for collagen, an established 
stimulus for CXCL4 release from α-granules [29]. The release of serotonin, stored in 
dense granules, was not dose-dependently induced by gal-1 (Fig 1B). To further 
characterize the functional relationship between gal-1 and CXCL4 in platelet function, 
we investigated the binding of gal-1 and CXCL4 to platelets by confocal microscopy. 
Platelets were allowed to spread on a poly-L-lysine-coated surface and were incubated 
with fluorescently labeled gal-1, and subsequently fixed and co-stained for CXCL4. 
Staining of gal-1 was found to colocalize with that of released CXCL4, since a cross-
sectional intensity profile through three platelets showed a clear correlation between 
the green and red markers (Fig 1C-F). Thus, gal-1 induces the release of CXCL4 from 
platelets, which can be found both in the supernatant and on the platelet surface, where 
it colocalizes with gal-1. 
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FFiigguurree  11..  GGaalleeccttiinn--11  bbiinnddss  ttoo  ppllaatteelleettss,,  ccoo--llooccaalliizzeess  ttoo  CCXXCCLL44  aanndd  ccaauusseess  CCXXCCLL44  rreelleeaassee.. Absolute levels 
of CXCL4 (AA) and serotonin (BB) released from platelets activated with gal-1 (1, 3 or 6 μM), or 5 μg/mL 
collagen as a control α-granule release agent. (CC,  EE) Confocal microscopy of spread platelets on poly-L-
lysine. Platelets were then incubated with OG-gal-1 (green), then fixed and stained with a primary 
antibody against CXCL4, and AF-647 labeled secondary antibody (red). Inset: enlarged section of image. 
(DD, FF) Intensity profile through 3 adjacent platelets, indicated by line a-b in CC and EE, showing gal-1 levels 
(green) and CXCL4 levels (red).*p<0.05, ***p<0.001 as compared to control (Kruskal Wallis/Dunn’s 
test).Scale bar: 25 µm, inset: 5 µm. 
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FFiigguurree  22..  GGaalleeccttiinn--11  iinndduucceess  ddiiffffeerreenntt  ppllaatteelleett  rreessppoonnsseess..  Flow cytometry measurements of platelets, 
assessing activation of integrin αIIbβ3 and P-selectin using fluorescently labeled PAC-1 (AA, EE), anti-
CD62-P (BB, FF), and annexin A5 (CC, GG), respectively. Representative histograms represent washed 
platelets incubated with different concentrations of gal-1 (AA-CC) or 1 μg/mL CRP-XL for 15 minutes and 
bar graphs represent the percentage of platelet αIIbβ3 activation (EE), P-selectin expression (FF) and PS-
exposure (G) by gal-1. Light transmission aggregometry of washed platelets (DD) and quantification (HH), 
incubated with different concentrations of gal-1 or 5 μg/mL collagen for 15 minutes. Bars represent 
mean±SD (n=3-5 measured in duplo). *p<0.05, **p<0.01, ***p<0.001 as compared to control (Kruskal 
Wallis/Dunn’s test). 

GGaalleeccttiinn--11  aanndd  CCXXCCLL44  aaccttiivvaattee  ppllaatteelleettss  tthhrroouugghh  ddiiffffeerreenntt  ppaatthhwwaayyss  
Since gal-1 has the ability to induce α-granule release and colocalizes with CXCL4, we 
hypothesized that these proteins activate platelets through similar pathways. To test 
this, αIIbβ3 activation, P-selectin expression and phosphatidylserine (PS)-exposure were 

measured after treatment of washed platelets with CRP-XL, and either gal-1 (Fig 2) or 
CXCL4 (Fig 3) using flow cytometry. Interestingly, gal-1 treatment induced a robust 
activation of integrin αIIbβ3 (Fig 2A, E) without surface P-selectin presentation (Fig 2B, F), 

whereas CXCL4 treatment induced an opposite response with low levels of active 
integrin αIIbβ3 (Fig 3A, E) and high levels of surface P-selectin (Fig 3B, F). Neither gal-1 

nor CXCL4 treatment induced notable PS-exposure (Fig 2C, G, Fig 3C, G). The response 
of platelets to gal-1 was not altered in the presence of heparin (S1 Fig), which was added 
to block endogenously released CXCL4 (cf. Fig 1A). Since gal-1 and CXCL4 treatment 
induced integrin αIIbβ3 activation or P-selectin presentation, respectively, it was 

investigated whether these proteins can also induce platelet aggregation. Indeed, 
exposure of washed platelets to either protein induced a dose-dependent aggregation 
response up to 80% with 6 µM gal-1 (Figure 2D, H) and up to 50% with 12 µM CXCL4 
after 15 minutes (Fig 3D, H).  



6

Galectin-1 and platelet factor 4 (CXCL4) induce complementary platelet responses in vitro 

131 

 

FFiigguurree  33..  CCXXCCLL44  iinndduucceess  ddiiffffeerreenntt  ppllaatteelleett  rreessppoonnsseess.. Flow cytometry measurements of platelets, 
assessing activation of integrin αIIbβ3 and P-selectin using fluorescently labeled PAC-1 (AA), anti-CD62-
P (BB), and annexin A5 (CC), respectively. Representative histograms represent washed platelets 
incubated with different concentrations of CXCL4 (A-C) or 1 μg/mL CRP-XL for 15 minutes and bar 
graphs showing the percentage of platelet αIIbβ3 activation (EE), P-selectin expression (FF) and PS-
exposure (G) by CXCL4. Light transmission aggregometry of washed platelets (DD) and quantification (HH), 
incubated with different concentrations of CXCL4 or 5 μg/mL collagen for 15 minutes. Bars represent 
mean ±SD (n=3-5 measured in duplo). *p<0.05, **p<0.01, ***p<0.001 as compared to control (Kruskal 
Wallis/Dunn’s test). 

Of note, the aggregation levels did not further increase after this time point for up to 24 
minutes measured. Interestingly, in contrast to the positive control collagen, platelet 
aggregation in response to gal-1 and CXCL4 displayed a biphasic pattern, with a lag time 
of 5 minutes for gal-1 and 11-12 minutes for CXCL4, pointing towards secondary 
secretion-dependent effects. Unlike collagen, gal-1 did not induce aggregation of 
platelets in PRP (S2 Fig). 
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GGaalleeccttiinn--11  aanndd  CCXXCCLL44  hhaavvee  aaddddiittiivvee  aaccttiivvaattiioonn  eeffffeeccttss  oonn  ppllaatteelleettss  
After determining the separate effects of gal-1 and CXCL4 on platelet activation and 
aggregation, the proteins were co-incubated prior to addition to platelets, in order to 
explore whether they had mutually influencing effects, e.g. resulting in an altered 
platelet response. Co-incubation of 1 μM gal-1, which triggered intermediate platelet 
responses in previous experiments, with increasing concentrations of CXCL4 resulted in 
a dose-dependent increase of integrin αIIbβ3 and P-selectin responses (Fig 4A, B). The 

activation of integrin αIIbβ3 increased dose-dependently after activation with 1 µM gal-

1 and increasing doses of CXCL4. P-selectin expression was induced with gal-1 and CXCL4 
to a similar extent as with CXCL4 alone (Fig 3F and Fig 4B). Thus, gal-1 did not affect the 
function of CXCL4 in the induction of P-selectin secretion. There was no significant 
increase of PS exposure after co-stimulation with gal-1 and CXCL4 (Fig 4C). Platelet 
aggregation did show a dose-response after stimulation with 1 µM gal-1 preincubated 
with increasing doses of CXCL4 (Fig 4D, E). Although platelet aggregation appeared to be 
induced in an all-or-none fashion under these conditions, a significantly higher 
aggregation was observed with 1 µM gal-1 and 6 µM CXCL4, compared with 1 µM gal-1 
alone (Fig 4E, P<0.05). Since both integrin αIIbβ3 activation and P-selectin expression 

were only incrementally altered by co-incubation of gal-1 and CXCL4, it can be assumed 
that the elevated platelet aggregation response is caused by additive effects of gal-1 and 
CXCL4, rather than a synergistic effect induced by possible gal-1-CXCL4 interactions. 
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GGaalleeccttiinn--11  ddooeess  nnoott  aappppeeaarr  ttoo  ssiiggnnaall  tthhrroouugghh  ssiiaalliicc  aacciidd  mmooiieettiieess  ffoorr  ppllaatteelleett  
rreessppoonnsseess..  
Gal-1 is known to interact, among others, with polysaccharide moieties on platelets, 
thereby triggering platelet activation [10], however, the exact mechanism of activation 
is unknown. Therefore, we investigated whether integrin αIIbβ3 activation and P-selectin 

expression were affected after the removal of α2-3–α2-6-sialic acid side chains by 
neuraminidase, and if responses to co-stimulation by gal-1 and CXCL4 would be 
influenced. For this purpose, platelets were treated with neuraminidase and their 
responses to gal-1 and CXCL4 were measured by flow cytometry. Treatment with 
neuraminidase led to increased levels of platelet activation markers and lower platelet 
activation thresholds (Fig 5). In agreement with this, maximum αIIbβ3 integrin activation 

and P-selectin expression were induced at lower levels of gal-1 after neuraminidase 
treatment (Fig 5Ai, ii). In addition, a higher baseline PS-exposure was induced by sialic 
acid removal and this PS-exposure was more than doubled after stimulation with gal-1 
(Fig 5Aiii). As mentioned above, there was a low level of αIIbβ3 integrin activation after 

neuraminidase treatment, which did show a small increase with CXCL4 (Figure 5Bi). 
However, even in the presence of 12 µM CXCL4, this CXCL4-induced increase was not 
statistically significant compared to neuraminidase-treated platelets alone (Fig 5Bi). 
Expression of P-selectin and PS-exposure induced by CXCL4 were not increased after 
treatment with neuraminidase (Fig 5Bii, iii). The activation of integrin αIIbβ3 and 

expression of P-selectin by the combination of gal-1–CXCL4 was not affected by 
neuraminidase treatment, neither was PS-exposure (Fig 5C). Taken together, these 
experiments indicate that neuraminidase-treated platelets display pre-activation as 
evidenced by PS-exposure, which corresponds with previous studies that show an 
influence of neuraminidases on platelet activity [30, 31]. Further, a lower concentration 
of gal-1 was sufficient for integrin activation. This indicates that gal-1 primarily induces 
platelet activation via binding to glycated surface molecules and that this can be 
modulated by surface sialic acid content. 

< FFiigguurree  44..  CCoo--iinnccuubbaattiioonn  ooff  ggaalleeccttiinn--11  aanndd  CCXXCCLL44  ccaauusseess  mmoorree  PP--SSeelleeccttiinn  eexxpprreessssiioonn  aanndd  ffaasstteerr  

aaggggrreeggaattiioonn. Gal-1 and CXCL4 were co-incubated on ice for 60 minutes prior to addition to platelets. 
(AA, BB, CC) Flow cytometry analysis of platelets activated with 1 µM gal-1 alone or co-incubated with 1, 3, 
6, or 12 µM CXCL4. Integrin αIIbβ3 activation (AA), P-selectin expression (BB) and PS exposure (CC) were 

assessed using fluorescently labeled PAC-1, anti-CD62-P or Annexin A5, respectively. Light transmission 
aggregometry of washed platelets (DD) and quantification (EE) incubated with gal-1 and CXCL4. Bars 
represent mean ±SD (n≥3), *p<0.05, **p<0.01, as compared to 1 µM gal-1 (Kruskal Wallis/Dunn’s test).  
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To investigate a possible influence of the altered platelet activation markers on platelet 
aggregation, LTA was performed with platelets pre-treated with neuraminidase. In 
agreement with flow cytometry measurements of integrin αIIbβ3 activation and P-

selectin expression, robust platelet aggregation was induced by lower concentrations of 
gal-1 after neuraminidase treatment (Fig 6A). Interestingly, induction of platelet 
aggregation by CXCL4 was completely abolished after neuraminidase treatment (Fig 6B), 
indicating CXCL4 may pass signals through sialic acid-modified surface proteins. 
However, P-selectin expression and αIIbβ3 integrin activation were unaltered following 

CXCL4 stimulation after neuraminidase treatment (Fig 6B). Aggregation after co-
stimulation with gal-1 and CXCL4 was unaltered (Fig 6C) and likely caused by the addition 
of gal-1 at 3 µM, which alone already resulted in maximal aggregation. 

  

  

  

  

  

  

  

  

  

  

  

  

>>FFiigguurree  55..  NNeeuurraammiinniiddaassee--ttrreeaattmmeenntt  ccaauusseess  mmoorree  iinnssiiddee--oouutt  ssiiggnnaalliinngg  bbyy  ggaalleeccttiinn--11,,  uunnaalltteerreedd  CCXXCCLL44  
rreessppoonnssee  aanndd  aa  hhiigghheerr  PPSS--eexxppoossuurree  iinnddeeppeennddeenntt  ooff  eeiitthheerr  ggaall--11  oorr  CCXXCCLL44.. Platelets were incubated for 

60 min at 37°C without or in the presence of neuraminidase (200 mU per 109 platelets). Flow cytometry 
measurement of integrin αIIbβ3 (ii), P-selectin (iiii) and PS-exposure (iiiiii) of platelets treated with 1, 3, or 

6 μM gal-1 (AA), 1, 3, 6, or 12 μM CXCL4 (BB), or different concentrations of CXCL4 incubated with 3 μM 
gal-1 (CC). Bars represent mean ±SD (n≥3), *p<0.05, **p<0.01, ***p<0.001 as compared to vehicle 
within appropriate treatment with or without neuraminidase or conditions compared between 
treatments (Kruskal Wallis/Dunn’s test). 
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FFiigguurree  66::  NNeeuurraammiinniiddaassee--ttrreeaattmmeenntt  ccaauusseess  ppllaatteelleett  aaggggrreeggaattiioonn  aatt  lloowweerr  ggaalleeccttiinn--11  ccoonncceennttrraattiioonnss.. 
Platelet aggregation was induced in washed platelets by different concentrations of gal-1 (AA), CXCL4 
(BB), or different concentrations of CXCL4 co-incubated with 1 μM gal-1 (CC), with or without 
pretreatment with neuraminidase. Bars represent mean ±SD (n≥3), *p<0.05, **p<0.01 as compared to 
vehicle within appropriate treatment with or without neuraminidase or conditions compared between 
treatments (Kruskal Wallis/Dunn’s test). 
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GGaalleeccttiinn--11  bbiinnddss  ttoo  nnoorrmmaall  aanndd  ddeessiiaallaatteedd  ppllaatteelleettss..  
Considering the increased reactivity towards gal-1 after removal of sialic acid, it was 
examined whether surface sialic acid content modulates gal-1 binding. Thus, the binding 
of fluorescently-labeled gal-1 titrated to platelets was monitored using flow cytometry. 
First, the binding of gal-1 to washed platelets pre-treated with neuraminidase or vehicle 
was compared. In accordance to the increased integrin activation and P-selectin 
expression and increased aggregation (cf. Fig 5, Fig 6), there was increased binding of 
gal-1 to desialylated platelets (Fig 7A). Next the influence of CXCL4 on the binding of gal-
1 to platelets was assessed. Pre-incubation of CXCL4 and gal-1 together before addition 
to platelets did not alter the binding to platelets, compared to gal-1 alone (Fig 7B). 
Interestingly, the increased binding of gal-1 to desialylated platelets appeared to be 
diminished in the presence of CXCL4, which suggests that CXCL4 might occupy potential 
binding sites for gal-1 on desialylated platelets. As integrin αIIbβ3 has been described as 

a putative receptor for gal-1 [9], we compared the binding of gal-1 on platelets that have 
been pretreated with tirofiban, eptifibatide and abciximab, αIIbβ3 integrin inhibitors, 

after neuraminidase treatment (Fig 7C–E). Interestingly, tirofiban diminished the binding 
of gal-1 only to desialylated platelets (Fig 7A,C). Eptifibatide and abciximab were found 
to not alter the binding of gal-1 to both untreated and neuraminidase-treated platelets, 
indicating either that gal-1 does not bind to integrin αIIbβ3 or, more plausible, does not 

share a binding site with these inhibitors.  

In order to investigate whether gal-1 could influence the binding of CXCL4 to heparin, 
CXCL4 was perfused in increasing concentrations over immobilized heparin using SPR. 
Whereas CXCL4 bound avidly to heparin, this binding was not influenced by the presence 
of a >10-fold molar excess of gal-1 (S3 Fig A,B). To investigate whether gal-1 could 
influence the binding of the HIT model antibody KKO to CXCL4 in complex with heparin, 
KKO was perfused in increasing concentrations over the immobilized CXCL4/heparin 
complex in the absence or presence of gal-1 (S3 Fig C–F). The presence of gal-1 did not 
influence the binding of KKO to CXCL4/heparin, suggesting that gal-1 does not affect the 
formation of HIT immune complexes (S3 Fig D–F). 
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FFiigguurree  77::  GGaalleeccttiinn--11  bbiinnddss  ttoo  ppllaatteelleettss  iinnddeeppeennddeenntt  ooff  ssiiaalliicc  aacciidd  oorr  iinntteeggrriinn  ααIIIIbbββ33.. Washed platelets 

were incubated for 60 min at 37°C, with or without the presence of neuraminidase (200 mU/109 
platelets), and next with or without the integrin αIIbβ3-inhibitor tirofiban (1 μg/mL). (AA) Flow cytometry 

analysis of OG-labeled gal-1 bound to platelets with (yellow ▪) or without neuraminidase (blue •). (BB) 
Analysis of gal-1 (blue •) compared to gal-1+CXCL4 (red ▴) or gal-1+CXCL4 on neuraminidase-
pretreated platelets (orange ▪). Analysis of gal-1 (blue •) bound to platelets in the presence of (CC) 
tirofiban (green ▪) or tirofiban on neuraminidase-pretreated platelets (orange ▴), (DD) Eptifibatide 
(green ▪) or eptifibatide on neuraminidase-pretreated platelets (orange ▴), (EE) Abciximab (green ▪) or 
abciximab on neuraminidase-pretreated platelets (orange ▴). Dots represent mean±SEM, n=3. 
*p<0.05, **p<0.01, ***p<0.001 as compared to 3 µM galectin-1 (Kruskal Wallis/Dunn’s test). 
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DDiissccuussssiioonn  
The importance of protein-glycan interactions in homeostasis, neoplasia and immunity 
is becoming increasingly clear [32-34]. Galectins serve as integral mediators of these 
protein-glycan interactions [32, 34, 35]. Interestingly, in a recent study it was found that 
gal-3 on tumor cells interacts with glycoprotein VI on platelets, thereby promoting tumor 
metastasis [36]. Also in thrombosis and hemostasis, galectins have a modulatory role. 
For example, a study using mouse models showed that gal-3 expression was induced 
during early venous thrombosis and the protein presented on the venous wall, red blood 
cells, platelets and microvesicles [37]. Circulating levels of gal-3 correlated with 
thrombus size and genetic deletion of gal-3 reduced thrombosis, which could in turn be 
rescued by exogenous gal-3 treatment [37]. In addition, gal-3 has recently been found 
to bind to the chemokine CXCL12, resulting in an inhibition of CXCL12’s chemotactic 
functions [38]. Interestingly, both gal-1 and gal-3 serve as binding partners for circulating 
coagulation factor VIII and von Willebrand Factor [12, 13]. Although the binding of gal-1 
and -3 appeared to downregulate the function of these coagulation factors, these 
galectins appear to promote thrombosis and hemostasis, as genetic knockdown reduces 
clot size [37] and prolongs bleeding time [9]. Besides gal-1 and gal-3, gal-8 is also 
expressed by endothelial cells and binds platelets through glycans, triggering platelet 
aggregation, spreading and granule secretion [39]. As well as being a platelet activator, 
platelets release intracellular gal-8 when triggered by thrombin.  

This study confirms previous observations that gal-1 serves as a physiologic agonist for 
platelets [9]. However, although activation of platelets by gal-1 led to an increased 
release of CXCL4, which co-localized with gal-1 on the platelet surface, endogenous 
CXCL4 appeared to be unable to activate platelets by itself (see below). In addition, 
serotonin release from dense granules was not induced by gal-1. Interestingly, whereas 
treatment of platelets with exogenous gal-1 led to robust expression of the active 
conformation of integrin αIIbβ3 and platelet aggregation, but not to elevated expression 

of CD62P, addition of CXCL4 did not result in notable integrin αIIbβ3 activation nor in 

noteworthy platelet aggregation, but to a pronounced expression of P-selectin. This 
suggests that gal-1 and CXCL4 have opposite, yet complementary activities, and would 
act in concert to achieve full platelet activation, i.e. aggregation, granule release and 
integrin activation. However, the exposure of PS, and thus the formation of a pro-
coagulant platelet response, might require additional stimuli. The observation in this 
study that gal-1 did not induce P-selectin expression is different from previous 
observations [9, 10]. The exact reason for this discrepancy is not known, but might be 
explained by donor-to-donor variations and different duration of activation. In addition, 
it is surprising that gal-1 induced the release of CXCL4, but not of P-selectin in our study. 
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A possible explanation could be that CXCL4 and P-selectin are packed in different α-
granules, which are differentially released upon stimulation with gal-1 or CXCL4, alike 
the angiogenic regulators endostatin and VEGF [40], and the proteins VWF and 
fibrinogen as shown previously [41]. This might also explain why gal-1 induced platelet 
aggregation more effectively than CXCL4. Blockade of possible endogenously released 
CXCL4, induced by gal-1, by heparin, did not influence the expression of platelet 
activation markers, suggesting that CXCL4 release from platelets does not influence the 
course of gal-1–induced platelet activation. Besides being a more robust activator of an 
active conformation of integrin αIIbβ3, gal-1 might also trigger a more effective release 

of fibrinogen from the washed platelets. Unlike collagen, gal-1 did not induce platelet 
aggregation in plasma up to 6 µM. Plasma contains several abundant proteins that might 
sequester gal-1 (IgM, α2-macroglobulin, fetuin) [42]. In addition, plasma may also 
contain unspecified interacting agents that compete with the carbohydrate receptors 
for gal-1 on platelets. Previous studies have reported serum and plasma concentrations 
of gal-1 in healthy individuals ranging from 1-17 nM [43, 44]. However, given the 
potential interaction of gal-1 with several cellular components of the vasculature, the 
measured soluble levels of gal-1 might be an underestimation of the total gal-1 present 
in a blood vessel (similar to the anticoagulant TFPI, the majority of the vascular pool is 
bound to the vessel wall [45]. Concentrations of up to 2.4 µM have been observed within 
the bovine spleen [46], indicating that local concentrations might reach orders of 
magnitude above those in plasma and might even increase further during inflammation. 
The concentrations used in the experiments in this study are in the range of those used 
in previous studies [9, 10] and is around the physiologic monomer-dimer equilibrium 
constant of gal-1 (7 µM, [27]). Nevertheless, despite the relatively high concentrations 
investigated and the lack of response of platelets to gal-1 in a plasma environment, 
studies in gal-1-deficient mice showed altered platelet responses e.g. in a model of 
bleeding time. This suggests that gal-1 can reach sufficiently high concentrations and can 
be active in a plasma environment. Since gal-1 and CXCL4 are present in and released 
from platelets, they might act in concert at sites of vascular injury. 

CXCL4 has various roles in the regulation of hemostasis [17, 18, 47, 48]. Most of these 
activities can be explained by its high positive charge and the exceptionally high affinity 
of CXCL4 for negatively charged biomolecules [49]. A single cognate receptor for CXCL4 
has been elusive thus far, although CXCL4 has been proposed to bind to several putative 
receptors [50-53]. Although platelets have been known to express functional chemokine 
receptors [54, 55], the possibility of platelet activation through these receptors by CXCL4 
has not been extensively studied in literature. A previous study by Kowalska and 
colleagues has reported no platelet aggregation after stimulation with CXCL4 at 
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undisclosed concentrations [54]. This is in line with the observations in this study, as 
platelet aggregation was only observed at the highest concentration of CXCL4 and only 
after 15 minutes. The poor aggregation in response to CXCL4 is also paralleled by the 
virtual absence of αIIbβ3 activation. However, CXCL4 was shown to induce robust surface 

P-selectin expression at micromolar amounts, which is in the range of ADP-, TRAP6- and 
epinephrin-induced platelet activation [56]. Being mainly P-selectin externalization, 
CXCL4 appears to induce a rather atypical platelet response. The question concerning 
the receptor for CXCL4 on platelets remains to be addressed. Previous studies have 
excluded expression of CXCR3 on platelets [55] and although CCR1 is expressed on 
platelets in low amounts, stimulation of CCR1 by CCL5 rather induced platelet 
aggregation [55]. Thus, the observations in this study might be explained by general 
electrostatic interactions of CXCL4 with negatively charged polyanions present on the 
platelet surface. Interactions with polyanions are also crucial for the pathophysiology of 
HIT. The SPR results indicate that neither the interaction of CXCL4 with heparin, nor the 
binding of the model antibody KKO to CXCL4/heparin is influenced by gal-1. Thus, it is 
unlikely that gal-1 contributes to the development of HIT.  

Sialic acid expression on the platelet surface has been shown to play an important role 
in platelet lifespan and clearance from circulation [57]. Desialylation of platelets leads to 
rapid clearance by the liver through the action of β2-integrins on macrophages and the 
hepatic Ashwell-Morell receptor [58]. The extent of sialic acid presentation on the 
platelet surface has been shown to have implications for platelet functions, although it 
appears somewhat controversial whether platelet activity increases [59] or decreases 
[30]. Also endogenous neuraminidases have recently been shown to modulate platelet 
activation [31]. In the current study, reactivity of platelets towards gal-1 was increased 
after enzymatic removal of surface α2-3- and α2-6-sialic acid moieties. The 
concentration of gal-1 needed to induce a platelet response was decreased 
approximately 2-3 fold. Interestingly, while neither gal-1 nor CXCL4 induced notable PS 
exposure in untreated platelets, it was potently induced by either protein after 
neuraminidase treatment. Baseline levels of PS-exposure where also increased, 
indicating that sialic acid removal by itself might induce platelet activation, or that 
desialylated platelets have a lower activation threshold. Previous studies have shown 
that sialic acid removal strongly increased the subsequent induction of PS-exposure 
(apoptosis) by gal-1 in T-cells and HL-60 myeloid leukemia cells [60, 61]. This observation 
was explained by the "unmasking" of gal-1-binding sugar moieties on the cell surface, 
thereby increasing the number of surface binding sites and allowing potentiation of cell 
activation. Similar mechanisms might underlie the observations in this study, since 
removal of sialic acid led to an increased binding of fluorescently labeled gal-1 to the 
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platelet surface. Binding of lectins (e.g. Ashwell-Morell receptor) to platelets plays an 
integral role in platelet clearance and it may be speculated that galectins play a role in 
this process as well. However, desialylation of platelets also resulted in a complete 
abrogation of platelet aggregation after addition of CXCL4. Since it is yet unknown what 
molecules actually mediate binding of CXCL4 to platelets, one can only speculate about 
the mechanistic background of this observation. Since CXCL4 is a weaker platelet 
stimulant than e.g. collagen, and glycosaminoglycans mediate binding to CXCL4, it might 
be an unspecific effect that is a result of glycan modification by neuraminidase.  

Although integrin αIIbβ3 has been found to play a role in the binding of gal-1 to platelets, 

the addition of αIIbβ3 antagonists did not reduce gal-1 binding, except for tirofiban to 

desialylated platelets. Being small molecule antagonists that specifically target the αIIbβ3 

RGD-binding site, tirofiban and eptifibatide might not effectively compete with gal-1, as 
gal-1 might have a different (glycan-based) binding site on integrin αIIbβ3. Abciximab 

might also bind to a site that is different from gal-1. Romaniuk et al. have shown that 
gal-1 binding to platelets and gal-1-induced platelet activation is reduced, but not 
abolished, by CD41 antibodies, and on platelets from patients with Glanzmann 
thrombasthenia, meaning that integrin αIIbβ3 might not be the only receptor for gal-1 on 

platelets [9]. Although a single surface receptor for gal-1 has not been specified and gal-
1 binds to a number of glycated ligands, it appears that gal-1 binding to cells generally 
leads to the exposure of PS. Possible receptors other than αIIbβ3 might be platelet 

glycoproteins GPIbα and GPVI, due to their glycosylation. However, the findings in this 
study with the GPVI agonists collagen and CRP-XL indicate that the pattern of platelet 
activation is different, which would speak against GPVI as a bonafide receptor for gal-1. 
In addition, unlike gal-3 which was found to bind to GPIV, gal-1 does not have a collagen-
like domain on which the interaction with GPVI is likely based [36]. Based on the heavy 
glycosylation of GPIbα, the possibility of flow-dependent binding of platelets to 
immobilized gal-1 is conceivable, yet future studies are necessary to establish this. 

Co-addition of CXCL4 did not enhance gal-1 binding to platelets and even reduced 
binding of gal-1 to desialylated platelets. Given the preference of CXCL4 and gal-1 for 
sulfated glycans [21, 61], it is conceivable that CXCL4 and gal-1 at least in part share 
negatively charged binding sites on the platelet surface. Alternatively, Gal-1 and CXCL4 
might undergo heterophilic interactions, as was recently shown for Gal-3 and CXCL12 
[38], leading to an altered preference for particular glycans.  
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CCoonncclluussiioonn  
CXCL4 and gal-1 are demonstrated to induce complementary platelet activation, with 
CXCL4-stimulation leading to the expression of P-selectin and gal-1-stimulation to 
platelet aggregation. While the induction of PS-exposure and thus procoagulant function 
of platelets after treatment with either CXCL4 and gal-1 was minor, enzymatic 
desialylation resulted in potent induction of procoagulant surface after stimulation with 
CXCL4 and gal-1. Given their presence in platelets and their emerging role of platelets 
and their contents in inflammation [62, 63], CXCL4 and gal-1 may act in concert to 
modulate platelet-mediated host defense and immune processes.  
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SSuupppplleemmeennttaarryy  mmaatteerriiaallss  

FFiigguurree  SS11::  GGaalleeccttiinn--11--iinndduucceedd  ppllaatteelleett  rreessppoonnsseess  iinn  tthhee  pprreesseennccee  ooff  hheeppaarriinn..  Bar graphs represent the 
percentage of platelet aIIbb3 activation (AA), P-selectin expression (BB) and PS-exposure (CC) by gal-1 in the 
absence or presence of heparin (10 µg/mL), determined by flow cytometry. Mean±SD (n=4-12). 
*p<0.05, **p<0.01, ***p<0.001 as compared to control (no gal-1, Kruskal Wallis/Dunn's test).
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FFiigguurree  SS22::  PPllaatteelleett  aaggggrreeggaattiioonn  iinn  ppllaatteelleett--rriicchh  ppllaassmmaa.. Platelet aggregation was induced in PRP by 
increasing concentrations of gal-1 or 5 µg/mL collagen. Bars represent mean±SD (n=3). 
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FFiigguurree  SS33::  SSuurrffaaccee  ppllaassmmoonn  rreessoonnaannccee  ooff  CCXXCCLL44  aanndd  aannttiibbooddyy  KKKKOO  oonn  hheeppaarriinn. SPR analysis of CXCL4 
binding on immobilized unfractionated heparin in the absence (AA) or presence (BB) of 500nM gal-1. CC:: 
Sensorgram of the experimental course of KKO binding to CXCL4/heparin. CXCL4 was immobilized (i), 
obtaining a stable baseline (x), then KKO was perfused (ii) followed by a dissociation phase (iii). The 
arrows denote start and end of KKO perfusion and start of the wash phase with perfused heparin. Inset: 
Binding of KKO to heparin alone. DD: Binding response (in resonance units, RU) of increasing 
concentrations of KKO (0-125nM) in the absence (black dots) or presence (red squares) of gal-1 
(500nM). Representative sensorgrams of KKO binding to CXCL4/heparin in the absence (EE) or presence 
(FF) of gal-1.
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AAbbssttrraacctt  
Efficacy of thrombolysis is inversely correlated with thrombus age. During early 
thrombogenesis, activated factor XIII (FXIIIa) cross-links α2-antiplasmin to fibrin to 
protect it from early lysis. This was exploited to develop an α2-antiplasmin-based imaging 
agent to detect early clot formation likely susceptible to thrombolysis treatment. In this 
study, this imaging probe was improved and validated using 111In SPECT/CT in a murine 
thrombosis model. In vitro fluorescent- and 111In-labelled imaging probe-to-fibrin 
crosslinking assays were performed. Thrombus formation was induced in C57Bl/6 mice 
by endothelial damage (FeCl3) or by ligation (stenosis) of the infrarenal vena cava (IVC). 
Two or six hours post-surgery respectively, mice were injected with 111In-DTPA-A16 and 
ExiTron™ Nano12000, and binding of the imaging tracer to thrombi was assessed by 
SPECT/CT. Subsequently, ex vivo IVCs were subjected to autoradiography and 
histochemical analysis for platelets and fibrin. Efficient in vitro crosslinking of A16 
imaging probe to fibrin was obtained. In vivo IVC thrombosis models yielded stable 
platelet-rich thrombi with FeCl3, and fibrin and red cell-rich thrombi with stenosis. In the 
stenosis model, clot formation in the vena cava corresponded with a SPECT hotspot 
using A16 imaging probe as a molecular tracer. The fibrin-targeting A16 probe showed 
specific binding to murine thrombi in in vitro assays and the in vivo DVT model. The use 
of specific and covalent fibrin-binding probes might enable clinical non-invasive imaging 
of early and active thrombosis.  
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IInnttrroodduuccttiioonn    
With a globally aging population, the lifetime risk of thrombo-embolic and ischemic 
diseases is increasing [1-3]. Survival rates after thrombo-embolic disease, such as 
pulmonary embolism (PE) but also ischemic stroke and myocardial infarction, are 
inversely correlated with time to treatment and therefore it is important to diagnose 
early after onset. Fibrinolytic therapy (lysis) is the first line of treatment for these 
ischemic diseases, but resistance to lysis increases with the age of the thrombus, while 
the hazard on severe side effects such as gastrointestinal bleeding or intracerebral 
hemorrhage remains [4-6]. The first hours after thrombus formation is the timeframe in 
which thrombolytic treatment with tissue plasminogen activator (tPA) is indicated for 
PE, ischemic stroke, and ST-segment elevation myocardial infarction (STEMI), as well as 
other thrombosis-related off-label indications. Therefore diagnosing early thrombus 
formation will aid in selecting patients that will benefit from fibrinolytic therapy. 

Current clinical prediction tools are indirect and based on changes in anatomy or 
function, whereby diagnostic strategies include D-dimer testing, ventilation-perfusion 
(VQ) scanning, or computed tomography pulmonary angiography (CTPA) [7]. Other 
diagnostic tools used are ultrasound, X-ray, CT, or MRI, which are all based on structural 
changes or the cessation of blood flow, rather than the molecular composition of 
thrombi. Development and improvement of molecular imaging techniques are essential 
to visualize thrombi at an early stage, to enable whole-body or multisite imaging, to 
improve diagnostic specificity and sensitivity, and to monitor clinical outcomes [7-9]. 
Fibrin has been a target of interest in the development of thrombus imaging agents, as 
fibrin deposition plays a central role in both arterial and venous thrombosis [10, 11]. 
Fibrin is minimally present in the circulation under physiological conditions, however, 
the precursor fibrinogen is present in concentrations up to 4mg/mL. Upon activation 
fibrin is formed rapidly, making it the ultimate target of thrombolytic enzymes used to 
treat the clinical presentations associated with thromboembolic diseases, and making 
fibrin a suitable target for molecular imaging [11]. Over the last years, various fibrin-
targeting probes have been developed, for the imaging modalities SPECT, PET, MRI, and 
optical imaging [9, 12-21]. Most of these are peptide-based probes are small and can 
consequently penetrate easily into thrombi, are easy to synthesize, are less likely to be 
immunogenic, and have a rapid clearance from the blood [22]. Several peptidic-probes 
based on α2-antiplasmin (α2-AP) that rely on the transglutaminase activity of factor XIIIa 
(FXIIIa) have been developed [23, 24], leading to the covalent crosslinking of the probes 
to fibrin during early-phase thrombin formation [25, 26]. It appeared that α2-AP-based 
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probes not only enable in vitro and in vivo visualization of thrombi but also the distinction 
between new and older thrombi which could facilitate the selection of patients that 
would benefit most from thrombolytic therapy [24, 27]. 

This study aimed to develop an optimized α2-AP-based nuclear imaging probe by 
increasing the hydrophilicity and fibrin-binding potential of our previous bimodal α2-
antiplasmin–based contrast agent (Bi-α2AP-CA) [24]. Therefore, in the new probe A16, 
tryptophan-14 was replaced by β-alanine-lysine-lysine and conjugated to 
diethylenetriamine pentaacetic acid (DTPA) for labeling with indium-111 (111In) or 
LissamineTM rhodamine-B via lysine-13. Substitution of glutamine-3 to an alanine residue 
resulted in the control probe control-A16 that cannot be coupled to fibrin by FXIIIa. 

In this proof-of-concept study, the performance of this new α2-AP-based probe was first 
assessed in an in vitro plasma clotting assay, using the rhodamine- and 111In-labelled 
variant. Then, two different murine deep venous thrombosis (DVT) models were 
compared for their fibrin composition by immunohistochemistry. The two models 
include the previously used ferric chloride model and a stenosis model, both induced in 
the infrarenal vena cava (IVC), where endothelial damage by ferric chloride is a model 
for a more rapid, non-DVT like platelet-rich thrombosis, and the stenosis model 
represents DVT [28]. The IVC stenosis model was used to assess the potential of the 111In-
labelled tracer in SPECT/CT. Finally, the biodistribution of the nuclear imaging tracer was 
determined and ex vivo scans of IVCs were made. 

  



7

Molecular detection of venous thrombosis in murine models using SPECT/CT 

155 

MMaatteerriiaall  aanndd  MMeetthhooddss  
PPeeppttiiddee  ssyynntthheessiiss  aanndd  rraaddiioollaabbeelllliinngg    
The bimodal peptides bi-α2-AP-CA and control-bi-CA were synthesized using tert-
butyloxycarbonyl solid-phase peptide synthesis [29] as described by Miserus et al. [24]. 
A16 and control-A16 were synthesized and conjugated with either DTPA or LissamineTM 
rhodamine-B (LisB) by Fmoc-based solid-phase peptide synthesis using standard 
protocols [30]. 111In-A16 and 111In-control-A16 were prepared by adding 50-60 MBq 
111InCl3 (Mallinckrodt, Petten B.V., The Netherlands) to 10 μg of DPTA-conjugated A16 
(4.6 nmol) or control-A16 (4.7 nmol), dissolved in 200-300 μL of 0.1 M 2-(N-
morpholino)ethane sulfonic acid (MES) buffer pH 5.5. Radiolabelling was performed for 
20 minutes at room temperature. Radiochemical purity was determined by RP-HLPC (LC-
20AT, Shimadzu Benelux, ‘s-Hertogenbosch, The Netherlands) using a C18 column (RP-
C18 Inertsil ODS-3, 4.6 x 250 mm, 5µm, Phenomenex, Utrecht, The Netherlands) eluted 
with a linear gradient of CH3CN (0-100% in 30 min) in H2O containing 0.1 % trifluoroacetic 
acid (TFA; v/v) at a flow rate of 1 mL/min. The radioactivity was monitored using an in-
line radio detector (Gabi, Raytest GmbH, Straubenhardt, Germany). The radiochemical 
purity of the preparations that were used in in vitro and in vivo experiments always 
exceeded 95%. Radiotracers were used without further purification. 

IInn  vviittrroo  pprroobbee  vvaalliiddaattiioonn  
Human blood was collected from healthy volunteers by venipuncture using a vacutainer 
tube containing trisodium citrate, after signing informed consent (Helsinki declaration). 
Thrombi (50 µL platelet-poor-plasma) were allowed to form for 90 min at 37°C while 
shaking in the presence of 14 mM CaCl2 and 0.6 nM TF (25 µL) and subsequently 
incubated with 3 µM bi-α2-AP-CA, control-bi-CA, LisB-A16 or LisB-control-A16 (1 µL). At 
indicated time points, OD570 of the supernatant was measured. As in vivo tracer 
validation would be performed in mice models, we next compared murine and humane 
thrombi for the binding of the radioactive tracer. Murine blood was collected through a 
tail vein puncture and plasma from 6 mice was pooled. Human and murine thrombi were 
allowed to form as described above and subsequently incubated with 100 µL 16 ng/µL 
111In-A16 or 111In-control-A16. After 30, 60, and 180 min the thrombi were washed twice 
with 1 mL PBS and the amount of tracer uptake in the thrombi was calculated using 
gamma counting (Wallac Wizard, Turku, Finland). Data were expressed as percentage of 
tracer uptake in the thrombi to total amount of tracer added. 
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AAnniimmaallss    
C57BL/6 male mice (Charles River, The Netherlands) were used for all in vivo 
experiments. Animal experimental procedures were approved by the Institutional 
Animal Care and Use Committee (IACUC) of Maastricht University and all protocols were 
carried out in compliance with the Dutch government guidelines and the guidelines from 
Directive 2010/63/EU of the European Parliament on the protection of animals used for 
scientific purposes. 

FFeerrrriicc  cchhlloorriiddee  tthhrroommbboossiiss  mmooddeell  
For the ferric chloride thrombosis model was performed analogously as described by 
Wang and colleagues [31]. Briefly, C57BL/6 male mice were anesthetized using 3-5% 
isoflurane (IsoFlow, Zoetis B.V., Rotterdam, The Netherlands) and 0.05 mg/kg fentanyl 
(Eli Lilly, Indianapolis, IN) subcutaneously (s.c.), and received a median laparotomy. The 
IVC was exposed and a piece of filter paper soaked in a 10% FeCl3 solution in distilled 
water was placed just under the left renal vein for 5 minutes. After removal and washing 
with 0.9% NaCl, the incision was closed using a 7-0 prolene suture (Ethicon, Johnson & 
Johnson Medical N.V., Diegem, Belgium). Mice received 0.05 mg/kg buprenorphine s.c. 
before waking, and at regular intervals until the end of the experiment. Sham surgery 
involved exposing the IVC and placing a filter paper soaked in sterile water.  

IIVVCC  sstteennoossiiss  tthhrroommbboossiiss  mmooddeell  
The model was performed as described previously by von Brühl and colleagues [10]. 
Briefly, C57BL/6 male mice were anesthetized using 3-5% isoflurane and 0.0 5mg/kg 
fentanyl s.c., and received a median laparotomy. The IVC was exposed and a ligation was 
placed around the IVC and a space holder just below the left renal vein, using an 8-0 
prolene monofilament suture (Ethicon). The space holder was removed to avoid 
complete vessel occlusion, and the incision was closed. Mice received 0.05 mg/kg 
buprenorphine s.c. before waking, and at regular intervals until the end of the 
experiment. Sham surgery involved exposing the IVC and placing a filament without 
ligation. 

CCoommppuutteedd  ttoommooggrraapphhyy  
Animals received 100 µL ExiTron™ nano12000 intravenously (i.v.; Viscover, Berlin, 
Germany) through a tail vein injection and were subsequently anesthetized using 3-5% 
isoflurane (Zoetis). Cone beam computer tomography (CBCT) scanning was performed 
using a micro CT (Xrad 225Cx, Precision X-ray, USA) and accompanying PilotCal software 
at 80 kVp. 
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SSiinnggllee--pphhoottoonn  eemmiissssiioonn  ccoommppuutteedd  ttoommooggrraapphhyy  
Six hours after induction of thrombosis, 13.2 ± 0.4 MBq 111In-A16 (4.1 µg) was 
administered through a tail vein-cannula. Mice were anesthetized with 3-5% isoflurane 
and positioned in the SPECT camera (U-SPECT, VECTor, acquisition version 3.7ds, 
MiLabs, Utrecht, The Netherlands). A whole-body SPECT (4x15 minutes) was performed 
using a 0.6 mm collimator, after which the animal was placed in the micro CT (Xrad 
225Cx, Precision X-ray, USA). CT imaging was performed as described above. To facilitate 
co-registration of SPECT/CT images, external markers on the animal beds containing 111In 
and ExiTron nano 12000 were used. Rigid co-registration was manually performed with 
PMOD image fusion (Bruker, Billerica, MA). After SPECT/CT, animals were dissected and 
ex vivo scans were made of the IVCs. Therefore, after gamma counting (as described 
below) the IVCs were embedded in 2% agarose gel and scanned for 4 times 1 hr.  

BBiiooddiissttrriibbuuttiioonn  
After SPECT/CT scanning, animals were euthanized and major organs and tissues were 
collected, weighed, and counted in an automated NaI(TI) gamma counter (Wallac 
Wizard, Turku, Finland). Data are expressed as the percentage of injected dose per gram 
tissue (%ID/g). 

HHiissttoollooggyy  
The complete v. cava and aorta were fixed for 48 hours in 4% formalin, dehydrated, and 
embedded in paraffin. Sequential sections of 5µm were cut using a sliding microtome. 
After deparaffinization and rehydration, sections were stained with hematoxylin and 
eosin (HE) (Klinipath, Duiven, The Netherlands), or Carstairs’ method for fibrin and 
platelets (EMS 26381), which stains fibrin (bright red), platelets (grey-blue), collagen 
(bright blue) and red blood cells (yellow). Images were taken using a light microscope 
(Leica DM RBE and a DFC425C camera) and analyzed using ImageJ (U. S. National 
Institutes of Health, Bethesda, Maryland, USA). 
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RReessuullttss  
PPeeppttiiddee  ssyynntthheessiiss  
The structural formulas of Bi-α2AP-CA, DTPA-conjugated A16 (Ac-GNQEQVSPLTLLK1-
K(DTPA)K-NH2, 1= βAla), and their Q3A counterparts, which served as controls, are given 
in Figure 1A and 1B, respectively. Matrix-assisted laser desorption ionization mass 
spectrometry of Bi-α2AP-CA (Figure 1C) and A16 (Figure 1D) showed a mass of 2832.86 
and 2170.89 Da which corresponded to the calculated masses of 2832.92 and 2170.15 
Da, respectively. In the mass spectrum of Bi-α2AP-CA, a small peak is visible at 2169.85 
Da, representing the loss of maleimide-DTPA. The mass spectrum of A16 demonstrated 
a small extra peak at 2224.80 Da, representing chelated Fe3+. 

The structure of the red fluorescent probe LisB-A16 (Ac-GNQEQVSPLTLLK1-K(LisB)K-
NH2, 1= βAla) for initial in vitro testing is given in Suppl. Figure S1 (see Supplementary 
Materials).
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IInn  vviittrroo  pprroobbee  iinnccoorrppoorraattiioonn  
LisB-A16 was compared with Bi-α2AP-CA. Human plasma was allowed to clot for 90 
minutes at 37°C, after which 3 µM probe was added. The decrease of probe left in 
solution was measured by colorimetry and represented probe incorporation into the 
human thrombi (Figure 2A). The absorption at 570 nm remained close to 100% for the 
Q3A control probes (dotted lines), and reduced to ± 67% for Bi-α2AP-CA (red solid line) 
compared to 53% for LisB-A16 (green solid line), demonstrating an absence of 
incorporation of the controls and suggesting more effective incorporation of LisB-A16 
than Bi-α2AP-CA. At a higher probe concentration (15 µM), the remaining probe in 
solution was 84% (Bi-α2AP-CA) and 61% (LisB-A16; Suppl. Figure S2, see Supporting 
information). Representative images of thrombi incubated with LisB-control-A16 and 
LisB-A16 clearly showed that LisB-A16 accumulated in the fibrin clot in contrast to LisB-
control-A16 (Figure 2B). 

 

FFiigguurree  22..  IInn  vviittrroo  pprroobbee  ddeepplleettiioonn.. Human plasma was allowed to form thrombi in vitro at 37 °C for 90 
minutes. (AA) Rhodamine-labeled probes (3 µM) were added to human thrombi. Solid lines = peptides 
(Q3), Dashed lines = control peptides (Q3 A3), open symbols = parent peptide, closed symbols = 
newly developed A16. OD (570 nm) in solution was measured after 1, 2, 3, and 4 hours, as a measure 
of probe incorporation in thrombi. Dots represent mean ± SD, n=4 (BB) Representative uptake of LisB-
A16 vs control-LisB-A16 in thrombi. 

<<  FFiigguurree  11..  Schematic representations of the previously developed Bi-α2AP-CA (AA; modified from 
Miserus et al. 2009) and the optimized probe A16 (BB), which is conjugated to the chelator DTPA (blue), 
enabling labeling with 111In. Substitution of glutamine to alanine (Q3  A3) leads to a control probe 
(control-bi-CA or control-A16 resp.) which does not bind to fibrin. (CC,,  DD) Mass spectrum of Bi-α2AP-CA 
and A16, respectively showing a mass of 2832.86 and 2170.89 (calculated masses: 2832.92 and 
2170.15) 
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Subsequently, the incorporation of 111In-labeled A16 and control-A16 were tested in 
vitro both in human and murine thrombi, to verify the tracer uptake into murine thrombi 
prior to evaluating the probes in a murine DVT model. The RP-HPLC elution profiles of 
111In-A16 and 111In-control-A16 showed a single peak for both compounds with elution 
times of 12.7 and 14.9 min for 111In-A16 and 111In-control-A16, respectively (Suppl. 
Figure S3, see Supplementary Materials). 

111In-A16 was added to human and murine plasma that had been allowed to clot for 90 
minutes. After 0.5, 1, or 3 hours, thrombi were washed, and the amount of tracer uptake 
was measured using gamma counting. After 3 hours, approximately 50% of the tracer 
was taken up by both the murine (± 55%) and human (± 45%) thrombi, while about 25% 
of control-A16 was incorporated (Figure 3).  

 

 

 

FFiigguurree  33..  iinn  vviittrroo  bbiinnddiinngg  ooff  111111IInn  llaabbeelleedd  ttrraacceerrss.. 111in-labeled tracers (A16 – solid line, control-A16 – 
dotted line) were added to human (closed) and murine (open) thrombi. At indicated time points 
thrombi were washed and the amount of tracer uptake was measured in a gamma counter. 
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VVaalliiddaattiioonn  ooff  mmuurriinnee  DDVVTT  mmooddeellss  
To test the new probe in vivo, two different DVT C57BL/6 mouse models were used. The 
rapid IVC FeCl3 model was compared to the IVC stenosis model because the cellular 
composition and fibrin content is different in the resulting thrombi [10, 32]. Prior to 
testing the tracer, the models were validated at different time points using CBCT 
scanning with a single i.v. bolus injection of the contrast agent ExiTron™ nano12000. 
Representative images are shown in Figure 4, showing an intact V. cava in the mouse 
receiving sham surgery (A), a lack of contrast on the apical side of the V. cava in the 
mouse that received FeCl3 treatment indicating thrombus formation (B), and a clear 
negative contrast throughout the V. cava and the location of ligation, indicating an 
occlusive thrombus in the IVC stenosis model (C). 

 

 

FFiigguurree  44. EEvvaalluuaattiioonn  ooff  mmuurriinnee  DDVVTT  mmooddeellss  bbyy  ccoonnttrraasstt--eennhhaanncceedd  CCoommppuutteedd  TToommooggrraapphhyy  ((CCTT)) in a 
sham mouse (AA), 6 h after endothelial damage with FeCl3 (BB) and 24 h after flow restriction by partial 
ligation (CC). The dashed line shows the IVC in the abdominal cavity. Arrowheads point to a lack of 
intravenous contrast, indicating thrombus formation. 
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After CBCT scanning, mice were dissected to validate the formation of a thrombus and 
for the preparation of histologic specimens. Using FeCl3, all of the mice experienced 
rapid thrombosis (n=2, 2 hr, n=2, 6 hr, n=4, 24 hr), with highly variable size, as has been 
described before [32]. Due to this variable size, only 3 out of 8 of thrombi were visible in 
CBCT scanning, since the indication of thrombosis is based on the absence of i.v. 
contrast, so small or superficial thrombi were not detectable. In the IVC stenosis model, 
13 out of 15 mice developed thrombosis (n=5/6 6 hr, n=4/4 24 hr, n=4/5 48 hr), with 
lower variability in thrombus size than reported [32]. 

Thrombus specimen were stained using hematoxylin/eosin staining (Figure 5A, C) and 
Carstairs’ method for fibrin and platelets (Figure 5B, D, E). FeCl3 induced thrombi were 
rich in platelets (Figure 5A, B), whereas the IVC stenosis showed a higher content of fibrin 
and red blood cells (Figure 5C, D). Sagittal sectioning showed a clear typical layered 
pattern of platelets, fibrin, and red blood cells of the thrombus (Figure 5E) as observed 
previously [10]. 

 

FFiigguurree  55.. Representative images of transversal slices (AA--DD) or sagittal slice (EE) through thrombi (th) and 
aorta (ao) induced by FeCl3 (AA,,  BB) or IVC ligation (CC,,  DD,,  EE). Slices were stained with H&E (AA,,  CC) or Carstairs’ 
method for fibrin and platelets (BB,,  DD,,  EE), which stains fibrin (bright red), platelets (grey-blue), collagen 
(bright blue), and red blood cells (yellow). Scale bar: 100 mm    

>>    FFiigguurree  66.. Representative SPECT/CT overlays of sagittal (AA) and coronal (BB) views, and a 3D model (CC) 
of a mouse 6 hr after IVC ligation, injected with 111In-A16. High uptake of the tracer is seen in kidneys 
(k), bladder (b) and thrombus (*). (DD) accompanying biodistribution of this mouse showing high uptake 
in the v. cava and kidneys, expressed as percentage injected dose per gram tissue (%ID/g).  
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IInn  vviivvoo  tthhrroommbbuuss  iimmaaggiinngg  iinn  vveennaa  ccaavvaa  
As the imaging probe is based on α2-antiplasmin and will bind covalently to fibrin, we 
hypothesized that the uptake of the tracer would be higher in the IVC stenosis model 
since the thrombi contain more fibrin than those in the FeCl3 model. As proof of concept, 
we imaged uptake of 111In-A16 in a C57BL/6 mouse six hours after IVC ligation, and in 
sham-operated mice. Therefore, mice were injected with 13.2 ± 0.4 MBq tracer (200 
µg/kg body weight) and immediately scanned using SPECT/CT. Figure 6 A-D show 
representative sections of sagittal (A) and coronal (B) views, and a 3D-model (C) of a 
mouse. High uptake was visible in kidneys and bladder, indicating predominant renal 
clearance of the tracer. A small droplet of urine is seen at the base of the tail. Asterisks 
(*) indicate location of the IVC ligation, where hyperintense signal indicated uptake of 
the tracer at the location of the thrombus. Biodistribution studies of the tracer showed 
high uptake in v. cava and kidneys, indicating uptake of the tracer in the thrombus and 
renal clearance (Figure 6E). Ex vivo SPECT scans of paraffin-embedded IVCs clearly 
showed high 111In-A16 uptake in the IVC of a mouse that received ligation (Figure 6E top) 
compared to a mouse that received sham-surgery (bottom), indicating that a thrombus 
is present in IVC for tracer uptake. Figure 6F shows pictures of the embedded thrombi 
used for ex vivo scanning. However, in most of our experiments including mice treated 
with FeCl3,  whole-body SPECT did not show uptake of the tracer in vivo, but ex vivo scans 
of the IVCs with thrombi did reveal uptake of the tracer (Suppl. Figure S4, see 
Supplementary Materials). 

 

 

FFiigguurree  66  ((ccoonntt))  (EE) Ex vivo SPECT scan of the thrombus (top dotted line). The lower dotted line outlines 
the IVC of a sham-surgery mouse injected with 111In-A16. (FF) Embedded thrombi. 
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DDiissccuussssiioonn  
Since cardiovascular disease (CVD) causes major morbidity and mortality worldwide, 
there is a constant need for the improvement of diagnostic procedures. In this study, we 
designed and developed an optimized α2-antiplasmin-based molecular imaging probe 
A16, which is covalently bound to fibrin by FXIIIa during thrombosis. This imaging agent 
enables molecular imaging of active and early thrombotic processes and is therefore 
attractive for clinical translation. In in vitro human plasma clot formation assays, LisB-
labelled A16 demonstrated higher uptake in these plasma clots than Bi-α2AP-CA, which 
could be explained by increased hydrophilicity due to the replacement of tryptophan-14 
in Bi-α2AP-CA by the tripeptide sequence β-alanine-lysine-lysine in A16. However, the 
overall increase in hydrophilicity cannot be determined, because LisB-A16 lacks the 
hydrophilic DTPA moiety present in the bimodal Bi-α2AP-CA. 

The aim of this study was to further develop our optical imaging tracer into a 
radionuclide-based tracer enabling visualization of lesions deeper in tissues and organs. 
Therefore, DTPA-conjugated A16 was synthesized and radiolabelled with 111In.  In in vitro 
assays, 111In-A16 showed faster uptake in murine compared to human thrombi. This 
observation could be explained by the overall higher activity of coagulation enzymes 
present in mouse plasma as reported previously [33]. The role of Q3 in covalent coupling 
of A16 to fibrin was confirmed by a significantly lower uptake of 111In-control-A16 in 
thrombi of both species. Before investigating the in vivo thrombus-targeting potential of 
the newly developed radiotracer, two mouse DVT models were compared in terms of 
cellular and fibrin-composition by CT and IHC. The FeCl3 endothelial injury model 
resulted in more platelet-rich thrombi, whereas the stenosis model showed a typically 
layered pattern of white and red thrombi, which is in line with previous research [10, 32, 
34]. In thrombi obtained from the stenosis model, fibrin content was higher and 
thrombus size is more stable, compared to the frequently used FeCl3 model. 
Furthermore, this model showed structural features similar to human venous 
thrombosis [10]. As the stenosis model is more in line with the clinical situation and the 
thrombi formed demonstrated to possess a higher fibrin content, we decided to 
evaluate 111In-A16 in the stenosis model only. 111In-A16 showed high uptake in the vena 
cava with thrombus and cleared rapidly from the blood via the kidneys. Uptake in non-
target organs and tissues such as muscle was low, demonstrating the specificity of 111In-
A16.  

The advantage of radionuclide-based imaging techniques like PET and SPECT is their 
sensitivity to nano- and even picomolar tracer concentrations. Indeed, the dose used in 
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the SPECT experiments (0.1 µmol/kg) was over 40 times lower than the dose previously 
used for the gadolinium-labeled MRI α2-AP based probe (5 µmol/kg) [24], reducing the 
potential for pharmacological effects and toxicity. [9]. Although ex vivo scanning of the 
v. cava showed uptake of 111In-A16 in mouse thrombi, the in vivo thrombus could not be 
visualized in all SPECT experiments. Possible explanations include the limited spatial 
resolution of the µSPECT used. In the setup used, with a 0.6 mm pinhole collimator, 
submillimetre resolution was the maximum achievable [35]. Performance of the SPECT 
is dependent on multiple factors, including reconstruction algorithms and the type of 
isotope used. Due to the relatively high energy of 111In-emitted photons leading to 
increased collimator scatter, 111In is among the more challenging isotopes to use for 
SPECT [36, 37]. Furthermore, thrombi were induced directly in between the highly 
radioactive kidneys and bladder, which all together could lead to failure to detect the 
thrombus in vivo while uptake of the tracer was observed ex vivo. As 111In-A16 is 
covalently bound to fibrin during thrombus formation and the half-life of 111In is 2.8 days, 
it would be interesting to see if tracer imaging is improved if A16 is injected after 
thrombus induction and imaged several hours or one day later, even though this setup 
steers away from the clinical setting. To overcome scattering issues from bladder and 
kidneys, imaging of thrombus formation in the femoral or saphenous vein would be 
more conducive  [38]. 

An important property of the probe is its covalent binding to the thrombus. As such, it is 
of great importance to test the pharmacodynamic interaction with thrombolytic agents. 
Consequently, dose optimization is crucial. Moreover, it remains to be determined 
whether A16 binds to human thrombi in a clinical setting.  

CCoonncclluussiioonnss  
In conclusion, this study showed a viable new SPECT imaging tracer targeting active 
thrombus formation through FXIIIa activity. Using a single approach could potentially 
diagnose thrombosis while predicting the successful outcome of thrombolytic therapy. 

This proof-of-concept study is a new step towards the development of an α2AP-based 
imaging probe that opens up the potential of clinical imaging of active thrombotic 
processes. 
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SSuupppplleemmeennttaarryy  MMaatteerriiaallss  

 

FFiigguurree  SS11..  SScchheemmaattiicc  rreepprreesseennttaattiioonn  ooff  AA1166--LLiissBB.. Substitution of glutamine to alanine (Q3 --> A3) leads 
to a control probe (con-A16) which is not bound to fibrin.  

 

FFiigguurree  SS22..  IInn  vviittrroo  pprroobbee  ddeepplleettiioonn.. Human plasma was allowed to form thrombi in vitro at 37 °C for 90 
minutes. Rhodamine-labeled probes (15 µM) were added to human thrombi. OD (570 nm) in solution 
was measured after 1, 2, 3, and 4 hours, as a measure of probe incorporation in thrombi. Dots represent 
mean ± SD, n=4. 
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FFiigguurree  SS33.. Representative radio-chromatogram of 111In-A16 (top) and 111In-control-A16 (bottom) after 
radio-HPLC analysis with elution times of 12.7 and 14.9 min respectively 

 

 

FFiigguurree  SS44.. (AA) Representative SPECT/CT overlay of a mouse 6 hr after IVC ligation, injected with 111In-
DTPA-A16. High uptake is seen in the bladder, while lack of contrast (indicated with arrowhead) 
indicating thrombus formation. No SPECT signal is visible. (BB) Ex vivo SPECT scan of a sham-surgery IVC 
(top dotted line) and a thrombus excised from the mouse in A (bottom dotted line) injected with 111In-
A16. 
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GGeenneerraall  DDiissccuussssiioonn  
Cell-cell communication is the foundation of a healthy hemostatic balance. Disturbance 
in communication between endothelial cells, leukocytes, and platelets can lead to 
vascular pathologies like thrombosis and atherosclerosis [1]. This thesis aimed to 
elucidate molecular and cellular communication underlying these vascular pathologies. 
We focused on different mechanisms of cellular communication; extracellular vesicles, 
chemokines, cell-cell interactions, galectins and we used a coagulation enzyme to 
visualize thrombi. This thesis contributes to fundamental, diagnostic, and methodologic 
knowledge of vascular disease initiation and progression, whereupon a better 
understanding of vascular diseases can lead to earlier diagnosis and prognosis, 
advancing bench-to-bedside translation, and ultimately better prevention and 
treatment. 

The key findings of this thesis are:  

I. Extracellular vesicles (EV) show great potential as biomarkers in various vascular 
diseases, by combining quantitative and qualitative information about vesicular 
surface proteins, content, and absolute and relative numbers. (Chapter 2) 

II. The platelet chemokines CCL5 and CXCL4 are internalized by endothelial cells 
by classical endocytosis, and partly localize to the nucleus. (Chapter 3) 

III. A straightforward laminar flow assay can be used and adapted to study a vast 
array of cell-cell communication between cells of the vasculature and 
leukocytes or platelets, to study molecular mechanisms underlying vascular 
disease. (Chapter 4) 

IV. CCL5 and CXCL4 are stored in resting platelet α-granules and can be imaged by 
Combined Light and Electron Microscopy (CLEM). (Chapter 5) 

V. The lectin galectin-1 and platelet chemokine CXCL4 stimulate platelets in a 
distinct and complementary matter, with additive rather than synergistic 
effects. (Chapter 6) 

VI. Deep venous thrombosis in an in vivo mouse model can be imaged using 
SPECT/CT, with the 111In-labeled imaging agent A16 that is cross-linked to fibrin 
by FXIIIa. (Chapter 7) 
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EExxttrraacceelllluullaarr  vveessiicclleess  
Key players in communication underlying vascular disease are extracellular vesicles 
(EVs), which can be shed from all cells including endothelial cells and platelets, and are 
packed with information. In the normal circulating blood pool, platelet EVs greatly 
outnumber vesicles from other sources. However, under pathologic conditions, vesicles 
from other cellular sources can be present in higher numbers. The absence or presence 
of vesicles from various sources in the blood makes them highly suitable to indicate a 
variability of diseases, as reviewed and discussed in chapter two. Using EVs as 
biomarkers is mainly dependent on their absolute and relative numbers present in the 
blood, and the information that they carry. Both surface markers and content, mainly 
proteins, receptors, and even nucleic acids, can be used to determine their source and 
underlying pathology. For example, endothelial dysfunction will result in an upregulation 
of vesicles shed from endothelial cells, and vascular calcification will increase the 
numbers of smooth muscle cell-derived EVs. The identification of the cellular source of 
EVs may not only result in diagnostic determination, but combining different markers 
may be indicative of disease progression or severity, such as the size of a brain lesion in 
ischemic stroke patients, or the development of secondary cardiovascular events in 
patients with vascular disease or even mortality risk. A complicating factor is the 
differentiation of physiologic and pathological EV release. As platelet EVs are present in 
substantial but variable numbers, it can be difficult to differentiate the 
(patho)physiologic context. Many different proteins and platelet interactions can 
potentiate EV release, one of which is galectin-1, which activates integrin αIIbβ3 on 

platelets. Galectin-1 is studied in chapter six with the chemokine CXCL4 on platelet 
activation. 

Handling and measuring EVs is complex. Their small size challenges the resolving power 
of light microscopy. Imaging vesicles using electron microscopy [2, 3] or atomic force 
microscopy [4] has been used to elucidate ultra-structures, however, these techniques 
are too slow and the throughput too low to be used for biomarker studies. This is a 
typical example of the idiom ‘less is more’. By imaging less detail and screening for only 
the necessary information (for example, presence of a surface marker using fluorescent 
automated cell sorting – FACS, or using nanoparticle tracking) high numbers of vesicles 
can be acquired in short amounts of time. A pitfall of measuring surface markers could 
be the lack of specificity, for example, tissue factor-positive EVs (EV-TF+) are increased 
in many different inflammatory conditions. Using information on the combination of 
surface markers and/or intravesicular content can increase specificity, especially using 
the enrichment of nucleic acids (for example with RT-qPCR). A major issue in EV research 
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is the (lack of) standardization, an issue the International Society for Extracellular 
Vesicles (ISEV) founded in 2012 with their Journal of Extracellular Vesicles (JEV) is 
addressing [5]. Today, the potential of EVs as biomarkers is considerable, and much 
research is done towards the development of liquid biopsies, which largely rely on 
nucleic acids, where EVs can play a major role. Still, most studies are single-center case-
controlled, but the field is relatively young and we see great potential when procedures 
of isolation and characterization of EV become more standardized.  

CChheemmookkiinneess  aanndd  ggaalleeccttiinnss  
Chemokines, small chemotactic cytokines, play a major role in vascular communication. 
The classical role of chemokines is to direct leukocytes to sites of inflammation, following 
a chemotactic gradient into underlying tissue. Chemokines and their receptors are 
widespread throughout endothelial cells, leukocytes, and platelets [6]. Galectins are 
carbohydrate-binding soluble proteins throughout the vasculature and the blood. 
Chemokine-galectin interactions play a modulatory role in health and disease, and the 
role in vascular diseases becomes more and more apparent [7, 8]. Different specific 
chemokine-galectin binding pairs have been identified, which can have specific cellular 
actions, of which CXCL12/galectin-3 [9], CCL5/galectin-9, and CXCL4/galectin-1 [10]. 

A substantial part of this thesis focuses on the chemokines CCL5 and CXCL4 which act in 
concert and play a fundamental role in the development and progression of 
atherosclerotic plaque formation and vascular inflammation. CCL5 (Regulated upon 
Activation and Normal T cell Expressed and Secreted; RANTES) binds and signals through 
the receptors CCR1, CCR3, and CCR5. CCL5 has a clear and primary chemotactic role, it 
induces adhesion and transmigration of monocytes and T cells, through integrins and 
adhesion molecules. Unlike CCL5, the role of CXCL4 is less defined. This chemokine 
exhibits many different biological functions, amongst the most apparent inhibitory 
angiogenetic role, it has several underlying roles in the origin and progression of 
inflammatory diseases. The chemotactic role of CXCL4 is debated upon, as early work 
indicated chemotactic activity towards neutrophils and monocytes [11], later explained 
by contamination with other chemokines, including CCL5 [12]. In monocytes, CXCL4 
affects differentiation into a macrophage (M4) with a proinflammatory phenotype 
distinct from the classic M1 or M2 macrophages [13]. The prevalence of these M4 
macrophages in atherosclerotic plaques is associated with plaque instability, and in a 
mouse model, knockout of pf4 resulted in decreased atherosclerotic lesion size on an 
apoE-/- background [14, 15]. The stimulation of immature (monocyte-derived) dendritic 
cells with CXCL4 drives the maturation towards a pro-inflammatory and pro-fibrotic 
dendritic cell, at least partially explaining the link between inflammation and fibrosis 
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[16]. All this evidence leads to understanding of the various pro-inflammatory functions 
of CXCL4, but its full function and receptor signaling remain incompletely understood. 
Galectin-1 (gal-1) is both present in platelets and endothelial cells and could act as a key 
regulator underlying platelet-endothelial cell interactions. Gal-1 stimulates platelets, 
thereby inducing P-selectin that can bind PSGL-1 on leukocytes. Indeed, platelet-
leukocyte aggregates were seen after gal-1 stimulation of platelets, linking hemostatic 
and immunomodulatory actions [17]. CXCL4 also stimulates platelets, and our 
collaborators have demonstrate specific binding of CXCL4 to gal-1, but the effect of the 
gal-1/CXCL4 dimer on platelet activation is unexplored.  

Both CCL5 and CXCL4 are present in the α-granules of platelets, which are released upon 
platelet activation. It has been long assumed that there is one homologous population 
of α-granules, that undergo complete secretion upon stimulation of the platelets. In the 
last decade, it has become increasingly clear that there is sorting to a certain extent, as 
platelets can differentially release α-granule-constituents by different stimuli [18]. 
Recent, unpublished work from our group suggests that the molecular pathways 
underlying the release of CCL5 and CXCL4 differ, which prompted us to investigate the 
localization of CCL5 and CXCL4 in α-granules. Our Combined Light and Electron 
Microscopy (CLEM) experiments in chapter five suggest that CCL5 and CXCL4 are 
packaged in different α-granules, or at least in different compartments, which could 
account for differential release of these chemokines upon stimulation of the platelets. 
This has been shown previously for the platelet granule proteins von Willebrand factor 
(vWF) and fibrinogen, where vWF is synthesized by the megakaryocyte, as opposed to 
fibrinogen which is synthesized by other cells and internalized by receptor-mediated 
endocytosis [19]. They are both stored in α-granules of platelets, however, vWF is found 
in eccentric rims of α-granules, where fibrinogen is found in the more electron-dense 
core. The release of these two molecules respective of each other in response to 
collagen is time-dependent, where fibrinogen is released faster than vWF. 

Understanding the regulation of differential release is important. If the pathways 
underlying differential release are understood, possible pharmacologic intervention can 
be explored to regulate the release of different biomolecules that influence 
atherosclerotic initiation, progression, or plaque rupture. Heterodimerization of CCL5 
and CXCL4 is an important mechanism that amplifies the CCL5-induced monocyte 
adhesion to the endothelium, possibly by heterodimerization of receptors, and thereby 
amplifies vascular inflammation [20]. The role of CXCL4 in atherosclerotic lesion 
progression is substantial, however, due to the vast array of molecular pathways that 
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CXCL4 acts upon, the direct inhibition of CXCL4 should be approached with caution. The 
peptide MKEY (CT2009) inhibits the heterodimerization of CCL5 and CXCL4. This 
pharmacologic disruption of heterodimerization is a strategy being explored. Using the 
peptide inhibitor MKEY in animal models reduced atherosclerosis [21], reduced aortic 
abdominal aneurysm formation and progression [22], protected against stroke-induced 
brain injury [23], and reduced myocardial damage following ischemia/reperfusion [24]. 
It will be exciting to see the performance of MKEY in clinical trials on atherosclerosis 
progression. Atherosclerosis is sustained by the inflammatory role of platelets. As 
platelets have a dual function, it is important to differentiate the inflammatory role from 
their hemostatic role in pharmacologic intervention. Clearly illustrating this importance 
is the use of aspirin as antiplatelet therapy as secondary prevention of 
atherothrombosis, and several studies indicate the potential of antiplatelet therapy in 
primary prevention [25]. Where the most success is accomplished with a healthy 
lifestyle, pharmacologic intervention can aid in the prevention of CVD, which is especially 
true for statins (targeting LDL) and aspirin (platelet COX-1 inhibition) for the prevention 
of myocardial infarction [26, 27]. Aspirin treatment was not associated with a reduction 
in all-cause mortality, possibly caused by an increased bleeding risk. However, several 
studies, both pre-clinical and clinical, indicate an inhibitory effect on the initiation and 
progression of atherosclerosis, or a reduction in serious vascular events respectively 
[28]. 

An inhibitor of CXCL4 tetramerization has been studied in heparin-induced 
thrombocytopenia (HIT), perhaps the most studied pathology involving CXCL4 in the 
clinic. HIT is a rare condition in 1-3% of patients treated with unfractionated heparin and 
is characterized by the atypical combination of thrombosis in combination with a 
reduced platelet count. Even though the incidence is low, development of HIT increases 
early mortality by 50% illustrating the importance of the syndrome. It is caused by 
antibodies against CXCL4 tetramers in complex with heparin, mainly ultra-large 
complexes (ULCs), and occurs more frequently in patients undergoing cardiac surgery 
and treated with unfractionated rather than low molecular weight heparins [29, 30]. In 
2012, Sachais and colleagues identified four small molecules that were able to inhibit 
CXCL4 tetramerization, thereby inhibiting ULC formation. These antagonists of CXCL4 
tetramerization could inhibit HIT antibody-induced activation of dendritic cells as well as 
platelet activation in vitro [31]. However, not all CXCL4 antibodies induce HIT syndrome, 
the difference between pathogenic and nonpathogenic anti-CXCL4 antibodies remains 
incompletely understood [32]. This detrimental inflammatory response is another 
example of the complex intertwinement of the hemostatic and inflammatory systems. 
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Of course, in 2021, this syndrome has become infamous in the scope of VITT or VIPIT, a 
very rare side effect of vaccination with the first EMA-approved vector vaccine against 
SARS-CoV-2, ChAdOx1 nCoV-19 (AstraZeneca or Vaxzevria) [33]. These patients were 
characterized by thrombosis in combination with a low level of platelets, and had high 
levels of antibodies against CXCL4 tetramers, without exposure to heparin, and led to a 
clearly defined distribution of thrombi, most notably cerebral venous sinus thrombosis. 
This symptom has also been described after vaccination with the mRNA based vaccines 
against SARS-CoV-2 from Pfizer and Moderna, however, the presence of anti-CXCL4 
antibodies is currently unknown in these patients, and the incidence is not higher than 
to be expected in the general population (0.22 to 1.57 cases per 100,000 per year) [34]. 
Even though this syndrome is extremely rare, the outcome can be detrimental or even 
fatal. More study is necessary to unravel the role of CXCL4 in this pathology, and what 
role platelet activation plays, as CXCL4 is primarily stored in platelet α-granules. In 
chapter five we discuss localization of CXCL4 in the platelets, and we speculate that 
differential storage can be causative to differential release of different α-granule 
biomolecules. Platelet granule release should be a factor studied in the scope of VITT, as 
well as tetramerization and heterodimerization with different molecules. In HIT, 
antibodies are formed against CXCL4 tetramers in complex with heparin, however the 
first described patients with VITT were heparin-naïve. The mechanism of antibody 
formation against CXCL4 in VITT has to be sought, and whether inhibition of 
tetramerization or heterodimerization of CXCL4 can perhaps prevent the development 
or progression of VITT. 

CXCL4 has the ability itself to activate platelets, as well as the S-type lectin galectin-1 
(gal-1), inducing EV release which in turn have been shown to carry CXCL4 [35]. In 
chapter six we study platelet responses upon stimulation with CXCL4, gal-1, or both, as 
our collaborators demonstrate specific binding and synergistic roles of CXCL4 and gal-1 
on CD8+ T-cell-apoptosis [10]. This work also illustrates how cell-specific the actions of 
biomolecules are, as gal-1 and CXCL4 synergistically induce apoptosis in CD8+ T-cells, but 
not in CD4+ T-cell. Interestingly, the chemokine-galectin pair CCL5/gal-9 induced an 
opposite response and reduced apoptosis in CD4+ T-cells, but not in CD8+ T-cells. We 
show that gal-1 binds platelets, and colocalizes to CXCL4. Studying platelet activation, 
we found in our setup that gal-1 and CXCL4 stimulated platelets in a distinct and 
complementary matter, where gal-1 stimulation led to integrin αIIBβ3 activation and 
robust platelet aggregation, while CXCL4 led to P-selectin expression. This somewhat 
contradicts earlier studies, that indicate a moderate P-selectin response to gal-1, which 
is partially abrogated with blocking CD41 (integrin αIIb) [36]. We do not fully understand 
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what caused this discrepancy, it might be time and/or dose-dependent. In addition, we 
observed in our studies a large inter-donor variability. After co-incubation of gal-1 and 
CXCL4, allowing specific binding to take place, we observed largely unaltered αIIbβ3 

activation and P-selectin expression, but elevated platelet aggregation, indicating that 
binding of the two proteins does not influence their activities on platelets, rather 
additively activate platelets. Our results suggest that gal-1 and CXCL4 act complementary 
to achieve full platelet activation. CXCL4 is an atypical agonist for platelet activation, as 
P-selectin is increased, indicating α-granule secretion, but not αIIBβ3 activation, PS 
exposure, or aggregation, suggesting CXCL4 induces the inflammatory role but not the 
aggregation of platelets. The receptor for CXCL4 on platelets is currently unknown, 
analogous to endothelial cells. 

Release of platelet α-granules upon stimulation can lead to local high concentrations of 
chemokines deposited onto the endothelium. Until now, the endothelium with its 
glycocalyx was considered mostly as a substrate for chemokines to bind to, to attract 
immune cells to sites of vascular or underlying inflammation [20, 37]. Disruption of the 
glycocalyx has been associated with inflammatory diseases and other pathologies 
underlying cardiovascular diseases such as sepsis, chronic kidney disease, and 
ischemia/reperfusion [38]. Our research however, indicates that chemokines are 
endocytosed by endothelial cells in vitro and that glycosaminoglycans (GAGs) have little 
role in this process since enzymatic cleavage of heparan sulfate, chondroitin sulfate, 
sialic acid, and hyaluronic acid chains did not result in altered uptake of the chemokines 
(chapter three). We demonstrate how both chemokines are internalized through a G-
protein coupled receptor (GCPR) using classical, dynamin and clathrin-mediated 
endocytosis, independent of GAGs. The internalization of CCL5 does not appear to be 
dependent on CCR5, as both DAPTA and TAK-779, both small molecule inhibitors of CCR5 
fail to inhibit the internalization of CCL5. Likely the other known GPCRs CCR1, CCR3 
and/or GPR75 are involved in this process. This is consistent with previous work showing 
that although the ability of CCL5 to interact with GAGs, this interaction is dispensable for 
CCR5 binding, signal transduction, or leukocyte migration. However, efficient 
chemotaxis through the extracellular matrix was reduced when CCL5 binding to GAGs 
was impaired [39]. These observations may support the hypothesis that the glycocalyx 
has a major role in trapping chemokines in an environment subjected to flow, while the 
signaling function of the chemokines is exerted by mechanisms independent of GAGs 
since most of our experiments were conducted in a static environment. The involved 
receptor for CXCL4 internalization remains elusive, as CXCL4 has shown to signal through 
different receptors, depending on cell type and other molecular interactions. Up to now, 
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not all biological processes influenced by CXCL4 can be attributed to the different 
described receptors [40]. Previous research indicates the involvement of CXCR3-B in the 
CXCL4-induced chemotactic activities towards lymphocytes [41]. This splice variant of 
CXCR3 is present on endothelial cells and could contribute to the anti-proliferative 
effects on endothelial cells, but the presence of the splice-variant on neutrophils and 
monocytes is inconclusive [42]. CCR1 plays a role in the chemotactic activity towards 
monocytes, which required the presence of chondroitin sulfate, suggesting the need for 
a costimulatory receptor [43]. GAGs on monocytes are indispensable for the CXCL4-
induced differentiation to M4 macrophages, and GAGs on neutrophils seem to be 
responsible for the (Ca2+-independent) firm adhesion to endothelial cells and the release 
of neutrophil secondary granule contents [44-47]. Moreover, CXCL4 binds to the integrin 
receptor Mac-1 on neutrophils and monocytes, and the Duffy-antigen receptor on red 
blood cells [48, 49]. CXCL4 also is a broad-spectrum HIV inhibitor, however, the inhibitory 
function is dependent on blocking the viral gp120, and not on the chemokine receptor 
on the host cell, which is the case for CCR5, making CCL5 an endogenous inhibitor of HIV 
replication [50, 51]. We demonstrate that internalization of CXCL4 in endothelial cells is 
independent of CXCR3, chondroitin sulfate, or other GAGs. We do however observe 
inhibition of internalization when endothelial cells were treated with pertussis toxin, a 
GPCR inhibitor, suggesting that a yet to be identified GPCR is involved in the 
internalization in endothelial cells. Moreover, we observed complete abrogation of the 
internalization of CCL5 when cells were previously incubated with CXCL4, but not vice 
versa, suggesting heterogeneous overlapping pathways to internalization.  

By confocal 3D-imaging of the endothelial cells we could determine that the chemokines 
were inside the endothelial cells and in some cells even partly directed to the nuclei, an 
observation that was complemented with quantification of chemokines using ELISA in 
different fractions of the cells. It has become increasingly accepted that some GPCRs, 
next to their canonical role of linking a signal from outside the cellular membrane to an 
intracellular messenger, can translocate to the nucleus [52]. Over 40 GPCRs have been 
found in the nucleus of different cells, amongst others the chemokine receptors CCR2 
[53] and CXCR4 [54]. The nuclear translocation of these chemokine receptors is 
transportin-1 mediated, and CXCR4 contains a conserved nuclear localization signal 
(NLS) [55]. The exact role of the nuclear translocation of these receptors remains elusive, 
although a negative correlation with the prognosis of renal cell carcinoma and nuclear 
CXCR4 levels has been shown [54]. The work on these chemokine receptors illustrates 
the potential of nuclear translocation of chemokines. Together with our observation of 
the localization of CCL5 and CXCL4 in the nuclei of endothelial cells, it is tempting to 
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speculate on the role of these chemokines and raise the hypothesis on the possible 
exciting non-canonical role in signaling underlying vascular inflammation.  

CCeelllluullaarr  ccoommmmuunniiccaattiioonn  uunnddeerr  ffllooww  ccoonnddiittiioonnss  
The classical leukocyte adhesion cascade (attraction – rolling – adhesion – 
transmigration) is greatly dependent on shear and cell-cell interactions are therefore 
best studied under shear conditions [56]. In chapter four we present a straightforward 
system using a common camera-connected fluorescence microscope to study cell-cell 
interactions in vitro. The system is easy to set up and enables manipulation of the cells 
in many ways using inhibitors or antibodies. Some critical steps should be followed to 
ensure accurate readings, most of which are clearly visible under the microscope and 
are listed in chapter four. However, if one of the critical parameters is not readily 
followed this can lead to disturbance of flow that can yield inaccurate results. Results 
obtained with these microscopical techniques should be accompanied by other 
biological techniques representing the in vivo scenario, as in vitro flow assays inherently 
lack biological accuracy.  

We have used this laminar flow system in chapter three, where we studied the role of 
internalized CCL5 and CXCL4 in endothelial cells on monocyte recruitment. We know 
CXCL4 can induce the CCL5-mediated recruitment of monocytes to activated endothelial 
cells under flow conditions [20]. However, in this previous study, the monocytes were 
activated with the chemokines, and we aimed to study the effect of the chemokines on 
(non-)activated endothelial cells since our experiments suggest the active internalization 
of CCL5 and the lack of CCL5 on the endothelial cell surface. We found that chemokines 
incubated to endothelial cells did not increase monocyte recruitment. A very interesting 
opposing result, since this is another example of cell-specific activity of chemokines, and 
implies that the chemokine-mediated monocyte recruitment to endothelial cells is 
initiated from the monocyte, rather than the endothelial cell, a hypothesis that needs 
further experimental testing. These experiments should always be carried out with 
biological relevance in mind. As in vivo, platelets, leukocytes, and endothelial cells are 
always surrounded by each other, in blood carrying numerous other molecules, proteins, 
cells, and even EVs. Studying platelets, endothelial cells and leukocytes under flow 
conditions in an isolated setting is not representative of the actual in vivo situation. It 
allows the study of specific receptors and cellular interactions, but the influence of the 
artificial context should not be forgotten.  
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FFiibbrriinn  aanndd  FFXXIIIIIIaa  
In addition to platelets, a major component of hemostatic functions in the blood is 
carried out by plasma proteins, which trigger a coagulation cascade, ultimately leading 
to the conversion of fibrinogen into fibrin. The cascade is triggered by the binding of FXII 
to tissue factor (TF), which is expressed by activated endothelial cells. Fibrin is 
crosslinked to form a stable fibrin clot and α2-antiplasmin is coupled to fibrin by activated 
FXIII (FXIIIa) to prevent rapid thrombolysis by plasmin. The absence of fibrin in the 
plasma and the rapid activation of the coagulation cascade upon stimulation by intrinsic 
or extrinsic factors makes this system ideal to study and image thrombotic pathologies, 
which was utilized in chapter seven. Previously, tracers utilizing FXIIIa activity to target 
active thrombus formation were tested in vitro as a fluorescent (A15) or MRI probe (Gd-
A14). A bimodal fluorescent/MRI tracer (Bi-α2AP-CA) was examined in vitro and in vivo 
in a murine carotid artery thrombosis model [57, 58]. Also, control peptides, in which 
the third amino acid residue glutamine was replaced by an alanine (Q3A) were tested 
and did not show any uptake in either murine or human in vitro clots, or in murine in 
vivo thrombi. Indeed no uptake of the MRI tracer was detected in in vivo thrombi in mice 
24 to 48 h after thrombus induction confirming that FXIII is not active anymore in older 
thrombi. This confirms the theory that the α2-antiplasmin-based tracer allows 
distinguishing young and active from older thrombi.  

The limited solubility of the bimodal tracer was an issue and could impact clinical 
utilization. We therefore optimized the solubility of the tracer by replacing Trp-14 with 
β-Ala-Lys-Lys, and either coupled a fluorescent probe to Lys-13 or a DTPA chelator 
enabling radioactive labeling of the probe. As our new probe now contains 16 amino 
acids, we named the new probe A16. In vitro probe uptake was validated with the 
fluorescent probe in human clots, and next the 111In-labeled-tracer uptake in both 
human and mouse plasma clots, as in vivo validation was next performed in mice models. 
In parallel, we validated two different murine venous thrombosis models in the inferior 
vena cava (IVC) based on either endothelial damage by the application of FeCl3, or based 
on stenosis by partial ligation of the IVC. Histologic analysis showed a higher fibrin 
content in thrombi formed by stenosis and resembled the cellular composition of human 
venous thrombosis. This model was used to test our optimized tracer using SPECT/CT. 
And indeed, we saw uptake of the tracer in the IVC of a ligated mouse, injected six hours 
after surgery, and in ex vivo scans of the IVC compared to sham surgery mice. Moreover, 
we did not see any off-target uptake in other organs and the high amount of radioactivity 
in kidneys and bladder implied favorable rapid clearance of unbound tracer over the 
kidneys, as a result of the high solubility of the tracer. 
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An important shortcoming of the study is that this tracer has only been tested in murine 
models, while clinical testing is a crucial step to test safety, toxicity, and applicability. 
Many small peptides and DTPA chelators are used in the clinic without any toxicity, but 
there are many differences between mice and humans. Due to their small size, shear 
stress is smaller in rodents [59]. However, mice are not just small men. Their blood 
coagulates faster, a feature recognized by many, but the mechanisms behind this 
phenomenon remain incompletely understood [60]. Also, mice and men differ in 
(epi)genetic background, protein expression, and the absence of several key 
components of vascular inflammation. Most notably, mice do not develop spontaneous 
atherosclerosis, a gene knockout in lipid metabolism pathways (for example 
apolipoprotein E or LDL receptor) is necessary. Also, the location of plaque formation is 
primarily in the aortic arch and carotids, rather than in the coronary arteries like in 
humans. Moreover, spontaneous plaque rupture or bleeding phenotypes do not occur 
naturally in mice and there are differences in homology, expression sites, and levels of 
many coagulation proteins like factor XI [61], TFPI [62], and proteins underlying platelet 
signaling. For example, chemokine receptor CXCR3, of which the splice variant CXCR3B 
is a receptor for CXCL4, does not have splice variants in mice, which is an important detail 
to take into account when studying the molecular mechanisms underlying CXCL4/CXCR3 
signaling in mice [63]. Also, the (lack of) genetic variation and impact of environmental 
factors in mice are usually not taken into account [64]. Mice also experience sex 
differences in thrombosis, mediated by sex-specific growth hormones [65]. The 
significance of these differences between mice and humans is not always appreciated 
and acknowledged. Underappreciation of the differences can lead to unexpected results 
while translating into the clinic. The major advantage of using animal experiments is 
undeniably the ability to generate (conditional) knockout of genes. By disrupting 
individual genes molecular pathways can be precisely deciphered, to study pro- or 
anticoagulant pathways, and humanized versions of proteins can be introduced on a 
specific background [66]. The latter does not always yield the desired result, for example, 
the introduction of CHC22, a protein controlling blood sugar levels in humans, was 
introduced in mice, it caused loss of blood sugar control [67]. However, broadly 
speaking, studies in mice, also in coagulation can decipher molecular methods 
underlying different systems that do reflect the human situation. In our thrombus 
targeting system relies on the transglutaminase FXIIIa, and previous experiments in FXIII-
deficient mice, thromboelastography showed impaired clot stabilization, and 
replacement with human FXIII subsequently normalized clot stabilization, demonstrating 
the similarity between the murine and human system [68]. 
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FFuuttuurree  ppeerrssppeeccttiivveess  
This thesis lays down a fundamental, biologic, and methodologic foundation, advancing 
the knowledge of molecular mechanisms underlying vascular pathologies. Using 
different imaging modalities complemented with molecular biology and biochemical 
techniques to study cellular communication, we provide a basis that can be used to 
increase the understanding of molecular mechanisms, to ultimately advance diagnosis, 
treatment, and prevention of cardiovascular pathology. 

Our research aids in the knowledge of the localization and the role of the chemokines 
CCL5 and CXCL4, as we indicate they are stored differentially in α-granules in platelets 
and as such can be differentially released, and upon endothelial encounter, they are 
internalized by the endothelial cell. As storage seems segregated in the platelet, 
heterodimerization likely takes place after platelet activation. A sensible next step to 
determine whether CCL5 and CXCL4 are stored in different α-granules or different 
compartments of the same α-granule is 3D electron tomography on platelets. Our EM 
and CLEM experiments in chapter five are based on cryosections of approx. 50 nm thick, 
providing little information on the global distribution of CCL5 and CXCL4 in the whole α-
granule sphere [19]. Localization studies in both resting and activated platelets are 
important steps towards elucidating how differential release is regulated in platelets in 
time and space. 

In chapter three, we describe the internalization of CCL5 and CXCL4 into endothelial cells. 
The receptor involved in these processes remains elusive. Specific receptor involvement 
at first glance might seem rather insignificant, as intracellular chemokine function first 
comes to mind. However, nothing is less true. GPCRs are the most common cell-surface 
receptors and are involved in many biological, intercellular communication processes, 
making them interesting pharmacologic targets. In fact, more than 40% of all drugs on 
the market target GPCRs [52]. More than 40 GPCRs have been shown to either 
translocate to, or localize in the nucleus, including chemokine receptors CCR2 and CXCR4 
[53, 54]. These nuclear translocating GPCRs have classic nuclear localization signals (NLS) 
and follow the common path through importins and/or transportins, classical nuclear 
transport machinery [55]. The nuclear functions of these receptors and/or their ligands 
are diverse and not completely understood, but most are responsible for inducing 
specific genes, specifically growth factors, and can be used as therapeutic targets [69, 
70]. Moreover, the GPCR with its ligand can result in different molecular responses, 
depending on the subcellular localization. For example, stimulation of plasma membrane 
bound PAR2 will result in increased expression of angiopoietin-1, causing early vascular 
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maturation. On the other hand, when the same receptor is activated while located in the 
nucleus, the expression of vascular endothelial growth factor-a is increased, promoting 
a proliferative vascular phenotype. This illustrates the distinct but complementary roles 
PAR2 has depending on subcellular localization [71]. The intracellular binding site in 
chemokine receptors is highly conserved, and could be used as a multitarget system. For 
example, compounds have been discovered that target CCR1 and CCR2 or CCR2 and 
CCR5 intracellularly, thereby inhibiting both receptors, which could be a novel 
therapeutic approach to target multivariable inflammatory diseases [72, 73]. The 
different molecular functions based on subcellular localization poses pharmacologic 
challenges and opportunities, clearly displaying the role of lipid vesicles with nuclear- or 
mitochondrial localization signals to introduce organelle-specific drugs [74-76]. An 
illustrative example is Gal-LGCP, a liver cell nucleus targeting complex using CRISPR/Cas9 
introducing a loss-of-function mutation in the Pcsk9 gene, reducing plasma LDL-C in vivo 
without off-target effects [77].  

The internalization of CCL5 and CXCL4 into endothelial cells should be continued by 
transcriptional and translational analysis. CCL5 and CXCL4 are internalized 
independently so intracellular function is likely independent of heterodimerization. If the 
internalization of the chemokines prompts an endothelial response that leads to 
unwanted, inflammatory responses (driving atherosclerosis), pharmacologic inhibition 
will not be accomplished by MKEY, the inhibitor of heterodimerization. A different 
strategy to target the endocytosed chemokines could be with a specific endothelial 
delivery system. Different endothelial drug delivery systems have been explored, and 
targeting activated endothelium is of course of interest [78, 79]. As we have seen nuclear 
localization of the chemokines, it is tempting to speculate on a possible role in 
transcription. At first, it is important to establish if nuclear translocation truly happens 
under flow and in vivo, and whether there is a nuclear localization signal (NLS) in the 
chemokines or their receptors [80]. This could be predicted using bioinformatics or 
molecular biology techniques. For example, the NLS of CXCR4 was found using 
expression plasmids of different deletants of CXCR4 [81]. Next, transcriptome or 
proteome analysis of endothelial cells incubated with CCL5, CXCL4, or both can lead 
towards clues of the functions of these chemokines on endothelial cells. If the nuclear 
translocation mechanism is known, blocking nuclear transport can aid in discrimination 
between nuclear and cytoplasmic functions. Several inhibitors of nuclear translocation 
have been described, the most well-known leptomycin B that specifically inhibits 
Exportin-1 [82]. Since the nuclear observations, it is tempting to speculate on a role in 
transcription. A straightforward method to explore the influence of the chemokines is to 
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challenge endothelial cells with the chemokines and use microarrays to assess changes 
in gene expression, as has been done with the cytokines TNF-α, IFN-γ, and IL-4 previously 
[83]. By blocking nuclear import as described previously, the cytoplasmic and nuclear 
activities can be distinguished. It will be very interesting to see clusters that are 
expressed differentially or reciprocally by CCL5 and CXCL4, given their complementary 
immunomodulatory functions. In addition, pull-down experiments with DNA/RNA 
sequencing can determine whether the chemokines bind to specific DNA or RNA 
sequences. Given both chemokines have a highly positive charge, binding to negatively 
charged DNA can be explained by simple electrostatic interactions. Interestingly, CXCL4-
DNA complexes have been found in vivo and amplify TLR9-mediated dendritic cell 
activation [84]. Moreover, CXCL4 is a biomarker predicting unfavorable prognosis in 
systemic sclerosis, where it possibly stabilizes DNA complexes and can act as an 
autoantigen, creating a vicious cycle by inducing IFNα stimulated dendritic cell 
stimulation and thereby B-cell stimulation, inducing again the production of 
autoantibodies [85].  

The role of galectin-1 on platelets remains incompletely characterized. The localization 
in platelets is unknown, as is the secretory response. The interaction of chemokines and 
lectins is an elegant example of the collaborative functions of hemostasis and 
inflammatory functions of platelet-endothelial cell interactions [1]. Binding of specific 
chemokine-galectin pairs has gotten more and more attention over the last years, and it 
is worthwhile to explore these interactions further, as they could pose as pharmacologic 
targets to inhibit inflammatory responses [10, 86]. The hypothesis proposed by Eckardt 
and colleagues that chemokine-galectin binding pairs are mainly involved in the 
chronic/long term responses rather than the acute inflammatory response makes 
inhibiting these binding pairs an even more interesting pharmacologic target [9].  

TThhee  tthhrreeee  RR’’ss  
Fundamental medical research aims to increase understanding of (patho-)physiological 
processes, and possibly identifying novel pharmacological targets, or identifying the 
molecular mechanisms underlying unwanted and unexpected side effects from existing 
pharmaceuticals. Before novel pharmaceutics are introduced on the market, they have 
been subjected to rigorous testing. Animal models are an important step in between in 
vitro experiments to clinical trials, as in vitro experimental settings often do not reflect 
the in vivo situation, with different cell types, organs, physiologic processes, and milieus. 
The most obvious example is that orally administered medications have to endure the 
naturally low pH of the stomach when ingested. Differences between in vitro settings 
and in vivo circumstances are especially true for the cardiovascular system, as molecular 
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interactions occur throughout the body, with different pressure, shear, and flow 
conditions, and interactions with all physical organs. 

The concept of the three R’s, reduction, replacement, refinement has been introduced 
by Russel and Burch in 1959 to address humanity in animal experiments and to respect 
the intrinsic value of life. This concept was used as the basis for the Dutch Experiments 
on Animals Act, accepted in 1977. This law protects experimental animals and still uses 
the concept of the three R’s to test the necessity and validity of the use of animals. 
However, despite successful in vivo testing, less than 10 percent of drugs eventually are 
brought to market, most failing during clinical trials on safety or efficacy issues. A review 
illustrating the case is on 142 projects by AstraZeneca, 33 closed before clinical testing, 
and a further 61 closed during clinical testing [87]. Perhaps the most infamous case of 
animal experiments that failed to predict human outcomes is the coxibs Vioxx and 
Celebrex, COX-2 inhibitors that were prescribed over 100 million times in the first year 
after the introduction to the market, to amongst others, arthritis patients [88]. The 
coxibs were thought to be superior over NSAIDs since they did not cause as many GI 
bleeds. After 1.5 years it became apparent that the coxibs caused cardiovascular side 
effects, and in total it is believed Vioxx has caused up to 140 thousand myocardial 
infarctions and strokes, with an estimated case-fatality rate of 44% [89]. A side effect 
that was not recognized in experimental animals. This example could be explained by a 
time-dependency of cardiovascular toxicity, however, many interspecies variability has 
been observed. For example, TGN1412 (a monoclonal antibody) was tolerated by mice, 
rabbits, rats, and even non-human primates with a 500x increased dose, which led to 
organ failure and brain swelling in humans [90]. And of course, the thalidomide 
(Softenon) drama in the 1960s. Thalidomide was teratogenous in humans but not in 
mice, and led to malformations to arms and legs of over 10,000 babies whose mothers 
were treated with thalidomide [91]. The opposite is also true, if aspirin was subjected to 
animal testing, it may not have made it to clinical trials, and penicillin was fortuitously 
tested in mice and not in hamsters or guinea pigs, for which penicillin is lethal [92, 93]. 
Not only drug testing can lead to interspecies differences, also disease models are, as 
said, models, and often do not reflect the human pathology. Even strain differences and 
also an example of the same rat strain purchased from a different supplier failed to 
reproduce similar results in disease modeling, illustrating how precarious disease 
modeling is, and results must be interpreted cautiously [94]. These examples illustrate 
the fallacy of animal experiments, and we cannot deny the influence of the use of 
models, interspecies differences, and human variation, leading to wonder whether it is 
time to reconsider the principles of humane experimental techniques [95].  
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Nonetheless, it is undeniably true that the wealth of knowledge on physiology and 
pathophysiology today is largely owed to the use of experimental animals. And the 
knowledge obtained from animal experiments can drive research towards the use of 
human ex vivo models, like cell culture systems, organoids, organs-on-a-chip, and multi-
systems-on-a-chip. Also for the construction of antibodies, which is traditionally carried 
out by immunizing animals and harvesting the antibodies, the phage display technique 
is developed enough to completely replace animals according to the European Union 
(EU) Reference Laboratory for alternatives to animal testing (EURL ECVAM) [96]. Also, 
the use of fetal calf serum (FCS) to supplement cell growth medium is under debate, 
both from an animal welfare perspective, as well as scientific reproducibility, and a lot 
of alternatives are tested, chemically produced media and human platelet lysates are 
promising alternatives [97]. For cardiovascular research in particular, laminar flow assays 
as described in chapter four can be very useful to study the vasculature and cell-cell 
interactions, and we hope this will aid the transition to animal-free cardiovascular 
research. 
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SSuummmmaarryy  
Cardiovascular disease causes eminent morbidity and mortality across the globe. As the 
etiology is complex and diagnosis is often at a late stage of disease, deciphering 
molecular mechanisms underlying cardiovascular disease is vital to advance diagnosis 
and prevention. This thesis aims to elucidate molecular and cellular communication 
underlying cardiovascular pathology and is focused on the use of different imaging 
strategies. Chapter one provides a framework for this thesis by first explaining basic 
cellular interactions in (patho)physiological vascular biology, followed by a description 
of different imaging techniques to study cardiovascular pathology. Imaging vascular 
disease in the clinic is briefly touched upon, after which different preclinical in vitro and 
in vivo imaging techniques are discussed. 

Every cell has the ability to secrete extracellular vesicles (EVs). Chapter two describes the 
potential of EVs as biomarkers in cardiovascular disease. The chapter is a literature 
review on the chances and risks of using EVs as (prognostic) biomarkers, as content, 
count and origin provide valuable information. EV research is complicated, most notably 
due to the small size of the vesicles. Isolation methods, measurement and 
characterization principles, and cellular origin are discussed, as well as recent examples 
of clinical studies, which are still mostly single-center retrospective studies.  

Cells can communicate through numerous proteins. Chemokines (chemotactic 
cytokines) are proteins that are responsible for recruiting leukocytes to the vessel wall. 
Chapter three investigates the fate of platelet chemokines CCL5 and CXCL4 after 
deposition on endothelial cells in vitro. Endothelial cells were incubated with 
chemokines, and localization was studied. We found CXCL4 to be localized partly on the 
membrane, and partly internalized in endothelial cells, in contrast to CCL5 which was all 
internalized quickly, and no CCL5 was left on the cellular membrane. Intracellular, both 
chemokines localized partly to the nucleus. The internalization was found to be rapid 
and active endocytosis dependent on dynamin, clathrin, and G protein-coupled 
receptors (GPCRs), but not on surface proteoglycans. Intracellular calcium signals were 
increased by chemokine treatment, however, monocyte recruitment under flow 
conditions was unaltered.  

Chapter four describes a versatile laminar flow-based assay to study leukocyte 
interactions with vascular cells or platelets. In this methodologic paper, we provide a 
detailed protocol that can be adjusted based on the specific interactions to be studied, 
for both human and murine cells.  
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Chapter five is a study using different high-resolution microscopy techniques to analyze 
the localization of CXCL4 and CCL5 in resting platelets. Both are α-granule proteins, but 
previous studies suggest differential release. As heterodimerization of CCL5 and CXCL4 
is important in their inflammatory function, localization in resting platelets is important. 
In this paper, we showed that CCL5 and CXCL4 in resting platelets can be imaged with 
light microscopy, electron microscopy, and combined light and electron microscopy. The 
results suggested there is differential storage of CCL5 and CXCL4 in α-granules. 

Chemokines can also form heterodimers with galectins. Chapter six investigates platelet 
stimulation by galectin-1 and CXCL4. We found that both proteins stimulate platelets in 
a complementary matter, as galectin-1 stimulation resulted in robust activation of 
integrin αIIbβ3 without expression of P-selectin, whereas CXCL4 stimulation failed to 

induce an αIIbβ3  response but did lead to P-selectin expression. Pre-incubation of the 

galectin and chemokine led to additive platelet activation rather than a synergistic 
response. Desialylation of platelets led to a higher galectin-1 binding and response in 
contrast to expectation, and despite unaltered P-selectin and higher PS-exposure on 
desialylated platelets stimulated with CXCL4, aggregation was completely abolished. 

To image thrombosis in vivo, molecular imaging can be used. In chapter seven, we 
studied a fibrin-targeting molecular imaging tracer. Early during thrombus formation, α2-
antiplasmin is cross-linked to fibrin by FXIIIa, to prevent early clot lysis. Exploiting this 
enzymatic cross-linking activity, tracers were previously developed based on α2-
antiplasmin. In the present study, we tested the solubility-optimized tracer A16 in vitro 
in both human and murine plasma thrombi, and next in two in vivo murine venous 
thrombosis models. We obtained specific cross-linking of the probe both in human and 
murine plasma thrombi, and in vivo, SPECT/CT revealed a hotspot at the thrombus site, 
as well as renal clearance and no other organ uptake of the radioactivity.   

Finally, chapter eight discusses the main findings of the above-described studies and 
places them relative to current literature. The importance of the studies are commented 
upon and future recommendations to advance early diagnosis and prognosis of CVD are 
given. Finally, the use of animal models in medical research is touched upon.  
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SSaammeennvvaattttiinngg  
Hart- en vaatziekten hebben een ingrijpende impact op de volksgezondheid. Alle hart- 
en vaatziekten samen zijn de belangrijkste doodsoorzaak wereldwijd, en de gevolgen 
van onderliggend lijden kunnen desastreus zijn. De etiologie is complex en 
multifactorieel, en de aandoeningen worden vaak laat gediagnosticeerd. Hierdoor is het 
van essentieel belang om moleculaire mechanismen onderliggend aan hart- en 
vaatlijden te ontcijferen, om diagnose en preventie te optimaliseren. Het doel van dit 
proefschrift is om moleculaire en cellulaire communicatie tussen het bloed en de 
vaatwand in kaart te brengen, geconcentreerd rondom het gebruik van verschillende 
beeldvormingstechnieken. Hoofdstuk één is een theoretisch kader voor dit proefschrift, 
waar cellulaire interacties in (patho)fysiologische vasculaire biologie worden uitgelegd, 
gevolgd door een beschrijving van verschillende beeldvormende technieken die worden 
gebruikt om hart- en vaatziekten te bestuderen. Daarnaast wordt beeldvorming van 
vasculaire ziekten in de kliniek kort uitgelegd, waarna verschillende preklinische in vitro 
en in vivo technieken worden bediscussieerd.  

Iedere cel heeft de mogelijkheid tot het uitscheiden van blaasjes, extracellulaire vesikels 
(EVs). Hoofdstuk twee beschrijft de potentie en het risico van het gebruik van deze EVs 
als biomarkers voor hart- en vaatziekten. De inhoud, aantallen en oorsprong van de 
vesikels kan prognostische waarde hebben, maar het onderzoek naar EVs is complex 
vanwege het kleine formaat. Isolatie- en meetmethodes, karakteriseringsprincipes en de 
cellulaire oorsprong worden bediscussieerd, alsmede recente voorbeelden van klinische 
studies, vooralsnog meest single-center retrospectieve onderzoeken.  

Cellen communiceren met elkaar via een verscheidenheid aan eiwitten. Chemokinen 
(chemotactische cytokinen) zijn eiwitten die hoofdzakelijk verantwoordelijk zijn voor het 
rekruteren van witte bloedcellen naar de vaatwand. In hoofdstuk drie wordt onderzocht 
wat er gebeurt met de bloedplaatjes chemokinen CCL5 en CXCL4 nadat ze op 
endotheelcellen worden afgezet. Endotheelcellen werden geïncubeerd met de 
chemokinen, waarna de localizatie werd bestudeerd met microscopie en ELISA. CXCL4 
lokaliseerde gedeeltelijk op het celmembraan en werd gedeeltelijk geïnternaliseerd door 
de endotheelcellen. CCL5 daarentegen werd niet teruggevonden op het membraan 
maar werd volledig geïnternaliseerd. Intracellulair lokaliseerden de chemokinen 
gedeeltelijk naar de celkern en nucleoli. Het internaliseringsproces was snelle en actieve 
endocytose, en was afhankelijk van G-eiwit gekoppelde receptoren en de klassieke 
endocytose eiwitten dynamine en clathrine. Enzymatische splitsing van de 
proteoglycanen had echter geen effect op internalisatie. Volgend op de opname van 



Addenda 

204 

chemokinen werd een verhoogd intracellulair calciumsignaal waargenomen, maar 
monocytenrekrutering onder fluïde condities veranderde niet door de opname van 
chemokinen in endotheelcellen. 

Hoofdstuk vier beschrijft een microscopische opstelling om cellulaire communicatie 
tussen leukocyten en bloedplaatjes of vasculaire cellen onder fluïde condities te 
bestuderen. Dit hoofdstuk bevat een gedetailleerd protocol waarmee met verschillende 
aanpassingen een verscheidenheid aan interacties bestudeerd kan worden tussen zowel 
humane of muriene cellen.  

In hoofdstuk vijf wordt de lokalisatie van de chemokinen CCL5 en CXCL4 in bloedplaatjes 
bestudeerd. Beide chemokinen zijn α-granule eiwitten, maar eerder onderzoek laat zien 
dat deze chemokinen differentieel kunnen worden vrijgegeven. Aangezien het vormen 
van heterodimeren van CCL5 en CXCL4 de inflammatoire functie versterkt en 
farmacologisch onderbroken kan worden, is de relatieve lokalisatie van de twee eiwitten 
in bloedplaatjes belangrijk. In dit hoofdstuk laten we de eiwit lokalisatie zien in rustende 
plaatjes met lichtmicroscopie, elektronenmicroscopie, en gecombineerde licht- en 
elektronenmicroscopie. De huidige opnames suggereren dat er inderdaad differentiële 
opslag is van de chemokinen in de α-granules van bloedplaatjes.  

Chemokinen kunnen ook heterodimeren vormen met galectinen. In hoofdstuk zes wordt 
de stimulatie van bloedplaatjes door galectine-1 en CXCL4 bestudeerd. We laten zien dat 
galectine-1 de αIIbβ3 integrine stimuleerde zonder P-selectine expressie, terwijl CXCL4-

stimulatie een omgekeerde reactie veroorzaakte. Pre-incubatie van galectine-1 en 
CXCL4 veranderde de respons niet, en desialylatie van bloedplaatjes resulteerde in een 
hogere galectine-1 binding en reactie, en aggregatie bij lagere concentraties, 
tegenovergesteld van wat verwacht werd. De reactie van gedesialyleerde bloedplaatjes 
op CXCL4 was ongewijzigd, maar de aggregatie van deze bloedplaatjes was volledig 
afwezig. 

Om trombose in vivo in beeld te brengen, kan gebruik gemaakt worden van moleculaire 
beeldvormingstechnieken. In hoofdstuk zeven is een fibrine-bindende tracer gebruikt 
om trombose in beeld te brengen. Vroeg in het proces van trombusvorming wordt het 
eiwit α2-antiplasmine aan fibrine gekoppeld door FXIIIa, om voortijdige lyse van de 
trombus te voorkomen. Dit enzymatische koppelingsmechanisme kan benut worden om 
een tracer aan de trombus te laten binden. Eerder zijn al tracers gemaakt gebaseerd op 
α2-antiplasmine. In de huidige studie is de oplosbaarheid van de tracer geoptimaliseerd, 
en vervolgens getest in humaan en murien bloed in vitro, en vervolgens in een murien 
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diep veneuze trombose model in vivo. Dit resulteerde in specifieke binding van de tracer 
aan de bloedstolsels en trombose, zowel in vivo als in vitro. De SPECT/CT scan gaf een 
hotspot weer op de plaats van de trombusvorming, en opname in nieren en blaas wees 
op renale klaring van de radioactiviteit. 

Hoofdstuk acht is het laatste hoofdstuk, waarin de hierboven beschreven studies worden 
besproken in relatie tot de literatuur. Het belang van de studies wordt besproken, en er 
worden aanbevelingen gedaan waarop het beschreven werk kan worden voortgezet om 
(vroegere) diagnose en prognose van hart- en vaatziekten te verbeteren. Tenslotte 
wordt er kort stilgestaan bij het gebruik van diermodellen in de medische wetenschap. 
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IImmppaacctt  
This work is focused on the molecular and cellular pathways underlying cardiovascular 
pathology. Cardiovascular disease (CVD) is amongst the leading causes of morbidity and 
mortality worldwide and as consequences are often debilitating, they have a vast 
societal and economic impact. Especially ischemic diseases like stroke, myocardial 
infarction, and pulmonary embolism lead to long-lasting disabilities leaving some 
patients partly paralyzed, with permanent heart failure or lung damage. Increasing aging 
and an unhealthy lifestyle with sedentary behavior, smoking, and a diet revolving around 
the consumption of alcohol, processed foods, refined carbohydrates, red meat, and an 
abundance of saturated fatty acids (not coincidentally named Western-type diet) can 
lead to typical diseases of affluence. Despite an increase in knowledge about the risk 
factors of CVD and better healthcare, these diseases, also called lifestyle or prosperity 
diseases, are on the rise. Although lifestyle is a modifiable risk factor, aging is the major 
non-modifiable risk factor. In a worldwide aging landscape, the global socio-economic 
and public healthcare concerns are increasing, calling to unravel aging and age-related 
disease, to suppress the burden on the public. Since the etiology of CVD is multifactorial 
and complex, and takes years or even decades to develop, the understanding of 
molecular mechanisms underlying the development of CVD is crucial to dissect pathways 
leading to disease, to optimize diagnostic procedures, primary and secondary 
prevention, and treatment of CVD. Earlier diagnosis will increase the chance of 
successful treatment, will aid in determining which treatment should be followed, and 
will ultimately save the spending of the healthcare industry and society. 

The current work is composed of diagnostic (chapters two and seven), methodologic 
(chapter four), and fundamental (cell-)biologic research (chapters three, five, and six) 
underlying CVD. The primary goal of curiosity-driven fundamental research is to gain 
knowledge on molecular pathways, which is extremely important as almost all 
translational and clinical research emanates from fundamental, basic research. The 
impact can have large and sometimes unexpected overlap with other pathologies, for 
example, cancer or even communicable diseases like viruses, as I will touch upon below.  
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DDiiaaggnnoossttiicc  rreesseeaarrcchh  
To advance early diagnosis in CVD, extracellular vesicles (EVs) can potentially be used as 
diagnostic and prognostic biomarkers. EVs are circulating in the blood and membrane 
composition of EVs and their content is determined by the parental cell. When the 
parental cell is damaged, the number of EVs will increase. By measuring EV content, 
relative or absolute numbers will indicate any underlying pathology. In chapter two, we 
have written a review on using EVs as biomarkers for CVD. The biggest challenge in the 
implementation of measuring EVs is their small size. We have listed different isolation 
and detection methods, markers to determine the cellular origin, and several studies 
that use information in and on the vesicles, as biomarkers for disease. In several trials, a 
rise in EV numbers and certain nucleic acids was predictive for later CVD development. 
However, these are all retrospective, single-center studies, and the small size of EVs 
makes handling and standardization difficult. We envision a significant role for EVs as 
biomarkers in the future, which can aid in the prognosis and diagnosis of CVD, and help 
identify which individual will benefit from primary or secondary prevention. The other 
main medical field looking at EVs as biomarkers is cancer research. What we call ‘liquid 
biopsies’ is the characterization of plasma for circulating tumor DNA, tumor-educated 
platelets, or EVs from cancer cells or tumor-educated platelets. Using sequencing, a 
multitude of cancers can already be identified using liquid biopsies, and both 
cardiovascular and oncology scientists work towards optimization. Compared to 
traditional biopsies,  a blood sample is, is less invasive, quicker, and much more 
comfortable to the patient, with less chance of side-effects like intratumoral bleeding. 

Molecular imaging is a very valuable tool for early diagnosis of CVD. Imaging thrombosis 
is important when symptoms appear, to localize the culprit, better yet, to predict 
treatment outcomes. We have therefore developed and evaluated an imaging tracer in 
a mouse model, that can potentially discriminate young thrombi with enzymatic activity 
versus older thrombi. The gold standard non-invasive treatment for ischemic disease, an 
intravenous (IV) injection with tissue plasminogen activator (tPA), can only be used on 
young, active thrombi. The imaging tracer we have developed and tested in chapter 
seven will only bind to these active thrombi, and can thereby predict whether tPA 
treatment will work, or whether more invasive endovascular procedures should be 
followed immediately. This tracer may aid in diagnosis and shorten time-to-treatment, 
which should reduce permanent disabilities due to ischemic stroke, heart attacks, or 
pulmonary embolisms.  
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MMeetthhooddoollooggiicc  rreesseeaarrcchh  
Fundamental research underlying vascular diseases is mainly based on cellular and 
molecular interactions, specifically under flow conditions. It has become increasingly 
clear in the last decades, that hemodynamic forces in the vasculature have a high impact 
on molecular interactions. The absence of flow or shear by itself, altered mechanistic 
stimuli, is a sign for endothelial cells to upregulate proteins that promote atherogenesis 
and attract leukocytes. To advance research under flowing conditions, we have 
described a method that can be adapted to study interactions of many different cell 
types in the blood or the vasculature. By using this laminar flow assay, mechanistic roles 
of leukocyte interaction with endothelial cells or platelets can be investigated, as well as 
the role of different pharmaceuticals that can potentially influence these interactions. 
Studying these interactions in an in vitro setup is relevant for both fundamental and 
applied medical research. In parallel, it will reduce the number of animal experiments, 
one of the three R’s that the Experiments on Animals Act is based upon, as explained in 
greater detail in the discussion. The method we present is easily adaptable and will aid 
in the probability that in vitro observed interactions correctly predict the in vivo 
situation.  

FFuunnddaammeennttaall  rreesseeaarrcchh  
As said, the primary aim of fundamental research is to improve knowledge of, in our 
case, molecular and cellular interactions underlying vascular diseases. Although very 
much studied, underlying pathways are highly complex and intertwined, and not all 
signaling pathways are completely characterized. This complexity also adds to the 
importance of deciphering pathways, as unwanted side effects of treatment are often 
due to unforeseen interactions of underlying pathways. Since the major hemostatic 
pathway to fibrin formation, also known as the coagulation cascade, is full of positive 
and negative feedback loops, it is evident that a small change can lead to a big impact.   

One of the main proteins this fundamental work is based upon is platelet factor 4 (PF4, 
CXCL4). This is a chemokine present in large numbers in platelets and is released when 
platelets are activated. A chemokine has the function to attract circulating leukocytes 
and direct them to sites of inflammation, where the immune cells respond to 
disturbance. PF4 is an atypical chemokine, with many different described functions. The 
underlying receptors, pathways, and interactions are incompletely understood, and 
even (sub)cellular localization in different cell types remains ambiguous. In the current 
work, we describe the localization in platelets relative to RANTES in chapter five, as PF4 
can form heterodimers with RANTES which exacerbates inflammation and amplifies the 
attraction of monocytes, driving atherosclerosis. It is important to study where this 
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heterodimerization occurs, as it is a potential pharmacologic target. When the platelet 
is activated and releases its granule constituents, the endothelial cell is the first vascular 
cell that is encountered. We showed that PF4 and RANTES are internalized 
independently in the endothelial cells in chapter three, although the function remains to 
be elucidated. We have used a laminar flow-based assay, described in chapter four and 
under ‘methodologic research’ to study monocyte recruitment to endothelial cells after 
internalization of PF4 and RANTES, which was not altered after the internalization.  We 
also showed a positive feedback loop where PF4 by itself can activate platelets, a 
pathway distinct from the protein galectin-1, in chapter six. Recent work based on these 
complementary platelet responses shows that there is a specific cross-linking of PF4 with 
galectin-1, which does not seem to alter platelet activation.  

Fundamental research, or curiosity-driven research, has become more and more 
vulnerable, as the application is not always evident. The abstraction of the work is 
difficult for the public to understand, whilst public opinion or patient advocates have 
been getting a more prominent role in granting research in recent years. Of course, 
patients can give a new perspective in the evaluation of clinical research, but we have to 
be careful not to rate solution-driven research with a straightforward goal and 
immediate benefits over curiosity-driven research, which can drive innovation over the 
longer run, not seldom in an unrelated context. Basic researchers and their funders even 
take risk of being ridiculed by the public and even their peers. For example, a US-
government-sponsored project by Knipling and Bushland, to investigate the sex life of 
the screwworm fly between the 1930s-1950s has long been a target of Members of 
Congress to illustrate “Washington Waste”. It took until 2016 for the work to be granted 
the Golden Goose Award, for previously called ridiculous research which resulted in 
significant benefits to society, as insight in mating habits of the screwworm fly resulted 
in its eradication, saving America’s livestock industry billions of dollars. 
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CCOOVVIIDD--1199  
When this study was started, never could we have imagined the work to be concluded 
in 2021, in the midst of the SARS-CoV2 pandemic that has been challenging the 
resourcefulness of our national health service, politics, and the public for over a year and 
a half. First described as ‘pneumonia of unknown cause’ emerging in December 2019 in 
Wuhan, China, was later identified to be caused by a beta coronavirus. The first patient 
in The Netherlands was confirmed late February 2020, and the official pandemic status 
was declared on 12 March 2020 by the World Health Organization.  An early Dutch study 
in April 2020, of 184 ICU admitted patients all receiving at least standard doses of 
thromboprophylaxis with low molecular weight heparin (LMWH), showed a remarkable 
31% incidence of thrombotic complications. Not before long, endothelial involvement 
was apparent, and endothelial dysfunction was postulated essential for initiation and 
propagation of severe COVID-19, the term used for disease caused by SARS-CoV2. Two 
independent studies have shown high EV-TF+ -levels in COVID-19 patients, where 
absolute numbers correlated with disease severity, D-dimer levels, inflammation 
markers, and mortality, whereas PAI-1 activity was not increased, as opposed to patients 
with septic shock. These studies indicated the use of EVs as prognostic biomarkers for 
disease progression, and the overlap of at first glance unrelated health problems, which 
share common molecular pathways and pathologic mechanisms to CVD. 

It took SARS-CoV2 only 3 months from first recognition to pandemic properties, 
illustrating its extreme virulence, resulting in unprecedented global measurements, 
including lockdowns and travel restrictions, with huge economic consequences. This 
leads to collaborations of researchers and the pharmaceutic industry worldwide, to 
develop and test several vaccines in record times. As of today, four different vaccines 
are approved by the EMA, three of which by the FDA. Two of these are mRNA vaccines, 
the other two are vector vaccines. When vaccinating entire nations, there will be 
incidences of extremely rare side effects that were not discovered during clinical testing. 
In this case, the vector vaccines can cause vaccine-induced immune thrombotic 
thrombocytopenia (VITT), while mRNA vaccines are not linked to these excess venous 
thrombosis episodes. VITT seems to be caused by (auto-)antibodies to PF4, activating 
platelets, causing thrombosis, and clearing by the immune system, resulting in 
thrombocytopenia. This syndrome is canonically described as Heparin-Induced 
Thrombocytopenia (HIT), caused by autoantibodies against PF4-heparin (ultra-large) 
complexes. And indeed, anti-PF4 antibodies were found in patients suffering from VITT, 
without past exposure to heparin, which has occasionally been shown after bacterial or 
viral infections. We currently do not know whether these antibodies are auto-antibodies 
formed due to an excessive immune response inflicted by the vaccine, or whether in 



Addenda 

214 

some cases antibodies against the coronavirus spike protein can cross-react with PF4. 
Another explanation that has been postulated is that cross-reacting antibodies are 
formed against impurities in batches of vaccines, although this possible explanation is 
highly under debate and speculative to the development of VITT, and the research article 
was published as a pre-print without peer-review. 

The publication of pre-prints is on the rise. Although pre-print servers as BioRχiν and 
medRχiν have existed for years, the SARS-CoV2 pandemic has revolutionized the use of 
pre-print servers. In the present era, where fast-paced and open science has helped 
scientists around the globe to develop several successful vaccines within a year, these 
benefits come with a price. Scientific information, even when not peer-reviewed, is 
made available to everyone, misunderstandings by scientific illiteracy can easily fuel fake 
news. These misunderstandings, whether unintentional or deliberately used to 
propagate conspiracy, spread over social media, with the same pace as SARS-CoV2 
spread over the globe. In 2021, the public has been more opinionated and scientists and 
their science are scrutinized as never before, as quotes from scientists are blown out of 
proportion, and scraps and pieces of text without their context are used as proof to back 
up preconceived opinions. As scientists, we should remain critical and possibly 
reconsider the way science is communicated and shared with the world.  
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CCuurrrriiccuulluumm  vviittaaee  
Annemiek Dickhout was born on December 18th, 1987 in Rhenen. She grew up in 
Veenendaal where she attended primary school after which she started her secondary 
education at the Christelijk Lyceum Veenendaal. She obtained her Atheneum degree 
with a focus on biology, physics and chemistry in 2006. After spending a year in the 
Icelandic outback, where she guided tours on horseback, the journey led her to 
Veterinary school in Ghent, Belgium. After completing the first two years focusing on 
molecular and cellular mechanisms of health and disease, she wanted to learn more 
about basic science rather than continuing applied medicine. Therefore, she switched 
subject, town and country, and started a BSc in Biotechnology at Wageningen University 
(The Netherlands) in 2009, which was concluded with a thesis on Insect Bite 
Hypersensitity in horses in 2012. Next her MSc in Medical Biotechnology was completed 
at the end of 2014, with a thesis on innate immunity in chicken in response to infection 
with the coronavirus Infectious Bronchitis Virus. In 2015 she moved to Maastricht 
University, to continue her career in science, and she started her PhD project under 
supervision of dr. Rory R. Koenen, dr. Ingrid Dijkgraaf and prof. dr. Tilman M. Hackeng. 
Her PhD is focused on molecular and cellular mechanisms underlying cardiovascular 
pathology with a special interest in different imaging techniques. From November 1st 
2021 she is working as research coordinator medical oncology at Maastricht university 
medical center, Maastricht UMC+. 
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CCuurrrriiccuulluumm  vviittaaee  
Annemiek Dickhout werd geboren op 18 December 1987 te Rhenen. Ze groeide op in 
Veenendaal waar ze na de basisschool begon aan het Voorbereidend Wetenschappelijk 
Onderwijs, met het profiel Natuur en Gezondheid, aangevuld met economie. In 2006 
kreeg ze haar diploma, waarna ze een jaar op IJsland heeft gewoond waar ze als gids te 
paard werkte. Hierna is ze naar Gent in België verhuisd, waar ze begon aan de opleiding 
Diergeneeskunde. Na de eerste twee jaar, die vooral gefocust waren rondom 
moleculaire en cellulaire mechanismen en processen in ziekte en gezondheid, wilde ze 
graag meer leren van deze onderliggende wetenschap, dan doorstuderen richting de 
geneeskunde. Daarom is ze in 2009 veranderd van studie, stad en land, en is in 
Wageningen de BSc opleiding Biotechnologie gaan volgen. Deze studie werd afgesloten 
met een thesis over Staart- en Manen eczeem bij paarden in 2012. Hierna werd haar 
MSc in Medische Biotechnologie afgesloten aan het einde van 2014 met een 
afstudeerproject over immuniteit in kippen, na infectie met het coronavirus Infectieuze 
Bronchitis Virus. In 2015 is ze verhuist naar Maastricht, waar ze haar wetenschappelijke 
carrière heeft vervolgd met een PhD project onder supervisie van dr. Rory R. Koenen, dr. 
Ingrid Dijkgraaf en prof. dr. Tilman M. Hackeng. Haar PhD project is gefocust rond 
moleculaire en cellulaire mechanismen onderliggend aan cardiovasculaire 
aandoeningen, met speciale interesse voor verschillende beeldvormende technieken. 
Vanaf 1 november 2021 is ze werkzaam als research coördinator medische oncologie 
aan het Maastricht universitair medisch centrum, Maastricht UMC+. 
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LLiisstt  ooff  ppuubblliiccaattiioonnss  
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DDiicckkhhoouutt,,  AA..; Koenen, R. R. Extracellular vesicles as biomarkers in cardiovascular disease; 
chances and risks (Front Cardiovasc Med. 2018 Aug 22;5:113.) 

DDiicckkhhoouutt,,  AA**.; Tullemans, B. M. E.*; Heemskerk, J. W. M.; Thijssen, V. L. J. L.; Kuijpers, 
M. J. E.; Koenen, R. R. Galectin-1 and platelet factor 4 (CXCL4) induce complementary 
platelet responses in vitro.  (PLoS ONE 16(1): e0244736.) 

DDiicckkhhoouutt,,  AA..; Kaczor, D. M.; Heinzmann, A. C. A.; Brouns, S. L. N.; Heemskerk, J. W. M.; 
van Zandvoort, M. A. M. J.; Koenen, R. R.  Rapid Internalization and Nuclear Translocation 
of CCL5 and CXCL4 in Endothelial Cells (Int. J. Mol. Sci. 2021, 22(14), 7332;) 

DDiicckkhhoouutt  AA.;  Van de Wetering W.; Schmitt M.M.N.; KarshovskaE.;  Knoops K.; Weber C.; 
Megens R.; Von Hundelshausen P*.; Koenen R. R.*;  Localization of CCL5 and CXCL4 in 
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Molecular detection of venous thrombosis in murine models using SPECT/CT  
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CCoonnffeerreennccee  aabbssttrraaccttss  
AAnnnneemmiieekk  DDiicckkhhoouutt, Rory R. Koenen, Tilman Hackeng. Development of contrast agents 
for the in vivo detection of active thrombi. Dutch Heart Foundation annual PhD training 
courses, Vascular Biology, October 2015, Papendal, Arnhem, NL. (Poster presentation) 

AAnnnneemmiieekk  DDiicckkhhoouutt, Ingrid Dijkgraaf, Nicole Bitsch, Stefan van Hoof, Frank Verhaegen, 
Rory R. Koenen, Tilman M. Hackeng. Development of a method for in vivo detection of 
active thrombi in mice. Frontiers in CardioVascular Biology (FCVB ), July 2016, Florence, 
IT.  (Poster presentation) 

AAnnnneemmiieekk  DDiicckkhhoouutt, Peter Timmerman, Ingrid Dijkgraaf, Wim Schaper, Nicole Bitsch, 
Stefan van Hoof, Frank Verhaegen, Rory R. Koenen, Tilman Hackeng. Development of a 
method for in vivo detection of active thrombi in mice. First European Congress on 
Thrombosis and Haemostasis (ECTH) September 2016, Den Haag, NL. (Oral presentation) 

AAnnnneemmiieekk  DDiicckkhhoouutt, Peter Timmerman, Ingrid Dijkgraaf, Wim Schaper, Nicole Bitsch, 
Stefan van Hoof, Frank Verhaegen, Rory R. Koenen, Tilman Hackeng. Development of a 
method for in vivo detection of active thrombi in mice Dutch Heart Foundation annual 
PhD training courses, Atherothrombosis and coagulation, October 2016, Papendal, 
Arnhem, NL. (Poster presentation) 

AAnnnneemmiieekk  DDiicckkhhoouutt, Peter Timmerman, Ingrid Dijkgraaf, Wim Schaper, Nicole Bitsch, 
Stefan van Hoof, Frank Verhaegen, Rory R. Koenen, Tilman M. Hackeng. Development of 
contrast agents for the in vivo detection of active thrombi. Center for Thrombosis and 
Hemostasis Eiffel Retreat, November 2016, Schleiden, DE. (Pitch and poster 
presentation) 

AAnnnneemmiieekk  DDiicckkhhoouutt, Tilman M. Hackeng, Rory R. Koenen. CCL5 and CXCL4 are rapidly 
internalized in endothelial cells. 31st annual convention of the Deutsche Gesellschaft für 
Arterioskleroseforschung (DGAF), March 2017, Ebsdorfergrund, DE. (Oral presentation) 

AAnnnneemmiieekk  DDiicckkhhoouutt, Peter Timmerman, Ingrid Dijkgraaf, Wim Schaper, Nicole Bitsch, 
Stefan van Hoof, Frank Verhaegen, Rory R. Koenen, Tilman Hackeng. In vivo detection of 
thrombosis in mice using SPECT/CT. 18th BELNUC symposium, May 2017, Ghent, BE. 
(Pitch and poster presentation) 

AAnnnneemmiieekk  DDiicckkhhoouutt, Tilman M. Hackeng, Rory R. Koenen. CCL5 and CXCL4 are rapidly 
internalized in endothelial cells. International Society for Thrombosis and Hemostasis 
(ISTH), July 2017, Berlin, DE. (poster presentation) 
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AAnnnneemmiieekk  DDiicckkhhoouutt, Peter Timmerman, Ingrid Dijkgraaf, Wim Schaper, Stella 
Thomassen, Nicole Bitsch, Stefan van Hoof, Frank Verhaegen, Rory R. Koenen, Tilman 
Hackeng. In vivo detection of thrombosis in mice using SPECT/CT. NKRV, January 2018, 
Maastricht, NL. (pitch and poster presentation) 

AAnnnneemmiieekk  DDiicckkhhoouutt, Marc van Zandvoort, Tilman M. Hackeng, Rory R. Koenen. CCL5 and 
CXCL4 are Rapidly Internalized in Endothelial Cells. Nederlandse vereniging voor 
thromobose en hemostase (NVTH), April 2019, Koudekerke, NL. (pitch and poster 
presentation) 

AAnnnneemmiieekk  DDiicckkhhoouutt, Tilman M. Hackeng, Rory R. Koenen. CCL5 and CXCL4 are Rapidly 
Internalized in Endothelial Cells. ESM-EVBO, April 2019, Maastricht, NL. (Poster 
presentation) 

AAnnnneemmiieekk  DDiicckkhhoouutt, Marc van Zandvoort, Tilman M. Hackeng, Rory R. Koenen. Platelet-
derived chemokines CCL5 and CXCL4 are rapidly internalized in endothelial cells. Third 
European Congress on Thrombosis and Haemostasis (ECTH), October 2019, Glasgow, 
GB. (oral presentation – science fast and furious) 

AAwwaarrddss  
Prix d’Honneur de la Jeunesse, Third European Congress on Thrombosis and 
Haemostasis (ECTH), October 2019, Glasgow, GB. 
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Wie zich door mijn gehele thesis heeft weten te worstelen en bij dit laatste stuk is 
aangekomen zonder vals te spelen, heeft inmiddels wel door dat ik niet per se kort van 
stof ben waar ik gepassioneerd over ben. Daarom zal dit ook niet het kortste dankwoord 
zijn dat jullie hebben gezien, want als ik ergens wel gepassioneerd over ben, dan zijn dat 
jullie! Mijn lezers, labmaatjes, koffie buddies, chocolade slachtoffers, vrienden en 
familie. Want zonder ieder van jullie was dit proefschrift zeker niet gekomen tot wat het 
nu is. 
 
Als eerste natuurlijk mijn promotieteam, de grondleggers van dit werk. Rory, jij bent de 
primaire reden waar ik voor naar Maastricht ben gekomen. Jouw grenzeloze 
enthousiasme was aanstekelijk vanaf dag één, en we vlogen van links naar rechts door 
het veld, niet zelden dat onze discussies leidden tot de onderwerpen ‘lichtsnoer’ of 
‘narwal’. Ik kreeg altijd de vrijheid om van alles uit te proberen, en het was wel even 
schrikken toen ik doorkreeg dat het aan mij was om ons beider enthousiasme over 
werkelijk álles, moest gaan begrenzen tot een coherent verhaal. Mede door de hulp van 
mijn lijstjes waardoor we ‘hokjes’ konden gaan afvinken, ligt hier het resultaat, en ik ben 
super trots op wat we samen hebben bereikt. Dankjewel voor al je lessen. 

Tilman, pater familias van Biochemie. Vaak op de achtergrond, maar altijd in 
voor een wetenschappelijke discussie, kletspraatje, of vrijdagmiddag ‘opruim’/borrel 
sessie. Ik bewonder je het meest om hoe je iedereen op de afdeling zich een beetje 
speciaal laat voelen, al zijn we met veel. Ik hoop ooit nog te leren speechen zoals jij ze 
altijd uit je mouw schudt, of het nu over TFPI of de bio-industrie gaat.  

Ingrid, de eindeloze dagen en avonden in de kelder van het RNL voelden net iets 
minder als een horrorscenario wanneer jij erbij was. Dankjewel voor al je expertise met 
radioactiviteit, muizen, radioactieve muizen, molecular imaging, Feuerzangenbowle, je 
gezelligheid, paardenpraat, en voor de backup wanneer ik weer eens in paniek was dat 
de hand-voet monitor mij ’s avonds nooit meer buiten zou laten.  
 
My assessment committee, Prof. dr. Sluimer, Prof. dr. Da Costa Martins, Prof. dr. Smit 
and Prof. dr. Lisman, thank you for taking the time to critically read and assess my thesis. 
 
Mijn paranimfen Danique en Stijn. Wat ben ik blij en trots dat jullie op deze voor mij 
speciale dag naast mij willen staan. En niet alleen deze dag, maar jullie zijn er de 
afgelopen jaren voor het grootste gedeelte bij geweest. Alle gezellige momenten, 
lunches, koffie (of warme chocolademelk), vergaderingen, congressen, dagjes uit, 
frustraties, schotse dansjes, roadtrips (inclusief snelheidsboete), ze waren niet hetzelfde 
geweest als ik ze niet met jullie had kunnen delen.  



A

Dankwoord 

229 

Danique, mijn aanvankelijk sceptische houding naar ‘de nieuwe’ (want verandering is 
eng) verdween binnen een dag en het duurde nog geen week voor we elkaars zinnen 
afmaakten. Het was dan ook al snel geen verrassing meer wanneer we allebei een 
bachelor student mochten begeleiden die een stelletje bleken, of dat Karolientje werd 
aangeschaft in aanvulling op Kareltje.  

Stijn, complete tegenhanger. Drinkt geen koffie en altijd met beide benen op de 
grond. Jouw stabiele, no-nonsense, hardwerkende houding heb ik altijd met 
bewondering bekeken, met daarnaast je kritische blik. Het viel nog niet mee om je 
goedkeuring te krijgen voor mijn omslag! Daarnaast was je altijd een aanjager om de 
groepscohesie te bevorderen, of het nu ging om ijsjes, tour de France, WK en expeditie 
pooltjes.  
 
My research group; Tanja, it was great fun working alongside you, thank you for the late-
night Daft Punk, pizza and coconut chip parties. Flow experiments have never been the 
same. Also, during the conferences to Florence, Berlin and this seemingly random castle 
somewhere in Germany, it was a privilege to have you and your kind, pleasant 
personality around.   

Alexandra, dankjewel voor het delen van veel momenten de afgelopen jaren. 
Vaak hadden ze iets te maken met koffie, maar zeker de congresbezoeken hebben tot 
onvergetelijke reisjes geleid. Met als hoogtepunt toch wel onze roadtrip naar Reading, 
met Kareltje op de ferry hebben we er een hele leuke reis van gemaakt met uitstapjes 
naar Oxford (waar je me een paar uur kwijt was in een boekwinkel) en Canterbury.  

Dawid, the latest addition to the team. Thank you for all the help finishing my 
cellular paper and keeping Biochemistry up with all the cool cell biology stuff! Good luck 
with the last stretch. 

Mijn studenten, Erica, Lars en Laura, dankjulliewel voor jullie inzet en hulp. 
Hopelijk hebben jullie een leuke tijd gehad bij ons op het lab, en heb ik een beetje 
celkweek-liefde door kunnen geven. Maar met de rato ex-studenten die hun eigen PhD 
onderzoek zijn begonnen is dat volgens mij wel gelukt. Ik ben trots op jullie! 
 
Lidewij en Trees, jullie houden de vakgroep Biochemie draaiende. Zonder jullie was 
iedereen verloren! Trees, bedankt voor je hulp om door het hele PhD traject heen te 
navigeren. Lidewij, (bijna) buurvrouw, bedankt voor de gezellige lunchwandelingen toen 
we ineens niet meer in Maastricht konden werken. En eerlijk, de lunchwandelingetjes in 
Cadier en Keer zijn toch wel de mooiste van het land.  
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My office buddies, room 4.332 was from September until easter the most visited office. 
Even though we lacked the presence of a comfy chair, we definitely made up with 
pepernoten and paaseitjes. I will never again eat a pepernoot without thinking of you 
guys. Titus, je weet niet half hoe dankbaar ik je ben voor het faciliteren van je Discord 
server, ik weet oprecht niet wat ik had gedaan als we geen online ‘Bakery Café’ hadden 
gehad tijdens de donkere coronamaanden. Greg and Adarsh, keep up the spirit! And 
good luck with the remainder of your PhD projects. Ook mijn ex-kamergenootjes Peter 
(sorry voor de herrie), Joram (we hebben gevochten als een leeuw!) en Simone, bedankt 
voor alle gezelligheid.  

The rest of Tilman’s group; Betta, jouw kantoor stond altijd (maar echt áltijd) 
open, en je vond het vaak vervelend om ons ‘alleen’ achter te laten als er een late 
avond/nacht proef gepland stond. Dankjewel voor je focus en enthousiasme over alles 
wat met een gen te maken heeft. Stella, jij bent een van de meest energieke vrouwen 
die ik ken. Of het nu gaat over een domme stollingsvraag, verhalen over de vakgroep 
‘vreuger’, cocktails in de Berlijnse Coma, bicky burgers in de fume hood, 
afscheidsborrels, valentijnfeestjes, magisch Maastricht, of om ‘ons van boven’ mee te 
slepen naar vastelaovend, echt niets is te gek voor jou. Dankjewel voor je heerlijke 
energie. Alice, somehow it has always felt like you have been working at Biochemistry 
since forever, already after half a year. Thank you for your happiness and optimism! HBIO 
Tom, bedankt voor je gezelligheid en het bloedprikken, en dokter Tom, bedankt voor je 
adviezen. Hans, dankjewel voor het (on)begrijpelijk maken van alles wat met NMR en 
eiwitstructuren te maken heeft. Nog nooit heb ik een uitleg van een half uur gehad over 
de vraag ‘hoe groot is PF4’. Je hebt een fantastische persoonlijkheid, maar ik vrees dat 
ik je huisje nog steeds niet helemaal snap. Vanessa, Anouk, Dennis, Stan, Stepan, thanks 
for the nice conversations, breaks, meetings and congress visits we had together.  
 
Danielle, de eerste persoon die ik leerde kennen bij naam op de afdeling. Want 
chocoladecake, maar voornamelijk vanwege je gezelligheid en initiatie van zoveel leuke 
etentjes/borrels/activiteiten/uitjes/yoga, en de goede gesprekken. En nu ook nog na je 
PhD in de richting van het klinisch onderzoek gaan werken, waar je voor mij een 
voorbeeld bent, en een van de redenen waarom ik op mijn nieuwe functie heb 
gesolliciteerd. En zie daar, toch weer (verre) collega’s! Ik hoop je nog vaak te zien, en 
laten we nog eens koffie drinken als je op bezoek komt in Maastricht.  
 Kanin, Hessel, Johana, Boğaç, Angelina, Song, thank you for the nice conference 
visits, coffee breaks and days out. Roy, er is inmiddels een hele nieuwe generatie die niet 
weten wie ‘Roy’ van ‘Roy’s lab’ is. Desalniettemin word je nog steeds gemist! 
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Leon, wetenschapper en vooral ook mens, en dan ook nog áltijd vrolijk. Dankjewel voor 
je openheid, je adviezen en support. 

Rick en Armand, jullie waren ook vaak van de partij tijdens koffiepauzes, en 
stiekem vond ik de zomer het gezelligst, wanneer onze groepen klein waren en we 
samen aan één tafel konden lunchen. Ook mochten wij altijd bij jullie komen ‘shoppen’, 
aangezien jullie wél de bestellingen en voorraden op orde hadden.   

Femke, vanallesennogwat en nu dan eindelijk je eigen PhD gestart! Ik bewonder 
je doorzettingsvermogen, en het kan natuurlijk niet anders dan een doorslaand succes 
worden met je project. Vergeet er ook niet van te genieten want dat is het leven waard!  

Petra, Liset, Niko, dankjulliewel voor al jullie praktische (celkweek) tips. Cecile, 
bij jou kon ik altijd aankloppen om geheime dagje-uit plannen te ontfutselen. 

Rogier, ik ontmoet niet vaak mensen die een nóg morbidere vorm van humor 
hebben. Dankjewel voor al je humor, goede gesprekken, steun en bemoedigende 
woorden. Enne, wanneer gaan we nou eens naar een hypotheekadviseur? Ik hoop je nog 
geregeld te blijven zien en spreken! 
 
Judith, dankjewel dat wij ‘van de andere kant van de tussendeur’ ook altijd een beetje 
deel uit mochten maken van de superplatelets groep. En voor je levenslessen en 
koffietjes in de zon tijdens onze wandelingen! Marijke en Paola, bedankt voor alle goede 
en fijne adviezen, zowel op bloedplaatjes gebied als daarbuiten. Frauke, dankjewel voor 
alle gezelligheid in het lab, je excellente muzikale appreciatie en je bemoedigende 
woorden (vooral die over jouw tweede jaar in je PhD) tijdens de momenten dat ik het 
weer eens niet meer zag zitten. Constance, plaatjes master, om op het moment dat het 
er écht om draaide, rustende plaatjes ook echt rustend te houden. Magdi, thank you for 
your nice and pleasant energy, and for all your support as well. Especially in Reading and 
Glasgow we had a really nice time! Sanne, endotheelcel buddy (de belangrijkste cel in 
het lichaam uiteraard). Zo jammer dat we maar weinig samen hebben mogen werken! 
Bibian, hoe gezellig was het in het lab met de eindeloze LTA en FACS-metingen! Ik weet 
alleen nog steeds niet of die grafiek nu wel of niet op zijn kop staat, ik denk dat het er 
ondersteboven toch logischer uit ziet. Mieke, Alicia, Ankie, Danielle C., bedankt voor de 
gezelligheid tijdens koffiepauzes en borrels.  
 
Marc van Zandvoort, Kèvin Knoops en Stefan van Hoof, imaging experts! Of het nu cellen, 
bloedplaatjes of muizen waren, met passie en enthousiasme hebben jullie me geholpen 
om het meeste uit onze projecten te halen.  

Nicole Bitch en Richard Frijnts, dankjulliewel voor al jullie hulp met de muizen, 
zonder jullie expertise was dit echt nooit goed gekomen.  
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Alle andere (ex-) collega’s en coauteurs die ik nog niet heb benoemd, bedankt voor alle 
waardevolle momenten en wetenschappelijke discussies die we gedeeld hebben.  
 
Naast alle mensen in Maastricht die me hebben geholpen en bij hebben gestaan zijn er 
nog een aantal mensen die zeker niet mogen ontbreken in dit dankwoord. 

Karina, dankjewel voor het creëren van de paarden-hemel-op-aarde, dankzij jou 
kan ik voornamelijk ‘gewoon genieten’ van mijn paard en hoef ik me (bijna) nooit ergens 
zorgen over te maken. 
 Harles ladies, Lea, Nele, Pia, Mira, Irene, Anka, Melanie und Julia, danke euch 
alle für die traumhaften Ausritte in den Wald und die schöne gemeinsame Zeit mit 
unseren Mädels! 

Julia, special thanks for dealing with the little one, Sigga-Litla or The Lady. You 
always make me super happy and proud when I get the texts how the two of you 
galloped into the sunset, guess we did something right! Most of the days. When it is not 
too windy. Or raining. Or when there is a plastic bag. Or a stone. You never know. 

Joeri, thesisbegeleider, coauteur, oprichter én erelid van de fanclub, 
levenscoach, loopbaanbegeleider, welke rol heb jij eigenlijk niet? Je hebt me geleerd 
heel heel veel te pipetteren, maar voornamelijk dat naast koffie, de gezamenlijke pauze 
die daarbij hoort essentieel is tijdens een PhD. Dankjewel dat jij de uitzondering bent op 
de regel ‘uit het oog, uit het hart’.  

Kirby, Chantal, Marjolein en Brend, de biotech buddies. Soms spreken we elkaar 
lang niet, maar een vriendschap gebaseerd op heel veel biotechnologie gaat niet zomaar 
voorbij. Thanks voor jullie support. 

Bram, op de een of andere manier weet jij altijd precies waar ik behoefte aan 
heb. Van grote hoogtes tot diepe dalen. Al dan niet metaforisch. Ik hoop dat we nog heel 
veel kopjes koffie zullen drinken en gezellige wandelingen kunnen maken, waarbij we 
ons niet laten tegenhouden door een hekje (of twee). 

Margôt, het is voor een wetenschapper niet altijd makkelijk om ‘uit het hoofd’ 
te komen. Maar met behulp van jouw lessen (en vriendschap!) is me af en toe toch gelukt 
om te blijven ademhalen. Dankjewel dat je er bent.  

Vivian, Niels, Caroline, Suzanne, Simone, Iris, Nancy, mijn onderzoekspartners 
aan ‘de andere kant’ van de medische wetenschap, wat ben ik trots dat ik deel uit mag 
maken van jullie studies! Bedankt voor het relativeren, de focus én de afleiding, de 
herkenning en erkenning, maar ook voornamelijk de gezelligheid!  

Dan is er nog een heel rijtje speciale mensen, die stuk voor stuk een belangrijke 
rol hebben gespeeld tijdens de afgelopen jaren; Henri, Dirk, Henri, Sybilla, Pom, Tanja, 
Inge, thanks for keeping me safe and sane.   
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Belinda en Liesbeth, twee van de weinige mensen die ‘mosselen’ als werkwoord 
gebruiken. En als het niet op de Veluwe is, dan wel in het prachtige heuvelland, waar de 
nieuwe traditie van de Nieuwjaarswandeling is geboren. Dankjulliewel dat jullie er altijd 
voor me zijn, en ik hoop dat onze traditie nog heel lang blijft bestaan! 

Kim, meer familie dan een vriendin. Samen opgegroeid in dezelfde straat, en 
waar jij nog steeds in ’t Veen woont, ben je me altijd overal achterna gekomen, waar ik 
ook naartoe ging. IJsland, België, daarna Wageningen en nu weer helemaal naar 
Maastricht. Ik zou echt makkelijk nog eens 233 pagina’s kunnen vullen over wat we 
samen allemaal hebben meegemaakt. Het is soms niet makkelijk wanneer we alle twee 
meegesleurd worden in de hectiek van het leven, maar ik weet dat ik altijd bij jou, 
Patrick, Zoë en Linde aan mag kloppen. Ik ben super trots op je prachtige gezinnetje en 
ik hoop dat we nóg 233 pagina’s aan herinneringen samen mogen maken. 

Mam, dankjewel dat je altijd achter me blijft staan. Welke routes ik ook bewandel,  je 
blijft me altijd steunen. Ook al snap je soms mijn keuzes niet en ben je het niet overal 
mee eens, je laat me altijd ‘zelf doen’ en ‘zelf weten’. Sorry dat ik het je soms een beetje 
lastig maak. Wim, jij staat daar, naast mam. Dankjewel voor al jullie onvoorwaardelijke 
steun! 

Marlous, grote zus, je bent de beste grote zus ooit! Als ik iets nodig heb 
(een kamer, kleding, je mening) zal je hemel en aarde bewegen om voor elkaar te 
krijgen dat het  me  aan  niets  ontbreekt.  Dankjewel  voor  alles wat we al hebben 
meegemaakt en nog gaan meemaken. 

Finally, I would like to dedicate this book to those who never stopped believing. 

Annemiek 
Januari ‘22 
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