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Cardiovascular physiology 
The human body is composed of eleven physiological organ systems, which are highly interconnected 
through an eleventh system: the cardiovascular system. The primary function of the cardiovascular 
system is transport of materials throughout the body. The heart pumps oxygen and nutrients to, and 
eliminates carbon dioxide and waste products from the organs via a closed circulatory network of 
blood vessels. This circulatory network can be divided into a systemic and pulmonary circulation 
(Figure 1). The pulmonary circulation is responsible 
for the exchange of oxygen and carbon dioxide with 
the external environment, also known as pulmonary 
respiration. Pulmonary respiration takes place in the 
smallest units of the lungs: the alveoli, consisting of 
alveolar epithelial cells surrounded by a vast network 
of blood capillaries. Oxygen diffuses through the very 
thin layer between air and blood (alveolocapillary 
barrier) and is transported to the heart, which pumps 
oxygen-rich blood through the systemic circulation. 
When oxygenated blood reaches tissue, oxygen is 
released to the peripheral tissues, where it is 
consumed during cellular respiration leading to the 
production of carbon dioxide. Deoxygenated blood 
circulates back to the right heart, which in turn pumps 
oxygen-poor blood into the pulmonary arteries for 
new circuit of respiration1,2. 
 
The pulmonary circulation 
The lungs are the only organ system receiving the entire cardiac output during one heartbeat. With a 
mean pulmonary artery pressure of about 14 mmHg at rest, the pulmonary circulation is a high-flow 
and low-pressure system. Flow rates vary between 5 liters per minute at rest to 25 liters per minute 
during exercise, at a constant pulmonary pressure. This unique feature is mainly explained by a low 
resistance to blood flow for optimal gas exchange, and a high compliance of thin walled precapillary 
arterioles3. The inner layer of the pulmonary vasculature is formed by endothelial cells, forming the 
interface between the bloodstream and lung tissue. Besides gas exchange, the pulmonary 
endothelium plays a key role in vasomotor balance and vascular tissue homeostasis. The endothelium 
is highly metabolically active to sense and respond to signals from extracellular environments, 
maintains a thrombus-free surface and controls immune responses to assure normal angiogenesis and 
integrity of the vascular wall4. Alterations of the pulmonary endothelium play a central role in the 
pathogenesis of several chronic and acute lung diseases, including pulmonary edema, emphysema, 
thrombosis and pulmonary hypertension3.  
 

Figure 1. The cardiovascular circulation  
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Pulmonary thrombosis  
Hemostasis and thrombosis are described as a process of blood clot formation. While hemostasis 
refers to a controlled response to blood vessel injury by forming a plug to prevent bleeding, 
thrombosis is initiated in the absence of bleeding, and often actively participates in various 
cardiovascular diseases5. The underlying mechanism of clot formation involves initial binding of 
platelets to the endothelium, and amplification of further platelet aggregation. This leads to the 
production of tissue factor that initiates the coagulation cascade to form a thrombin induced platelet-
fibrin thrombus6. 
 
The endothelium plays a key role in coagulation and maintaining blood flow by regulating vascular 
tone. A healthy endothelium provides a non-thrombogenic environment by preventing the adhesion 
of platelets and other blood cells. Endothelial cells release prostacyclin and nitric oxide that act as 
potent inhibitors of platelet and monocyte activation. In addition, the endothelial cell surface 
expresses anti-adhesive molecules such as ecto-adenoside diphosphatase, preventing platelet 
aggregation7. In addition, the endothelium forms a barrier between blood and the subendothelial 
matrix. Hemostasis is initiated by exposure of tissue factor in the subendothelium or during 
pathological conditions such as trauma and inflammation. Disruption of vascular integrity leads to a 
rapid reaction that induces vascular constriction and the formation of a platelet plug for the initiation 
of clot formation. Von Willebrand Factor (VWF) is the first protein that captures platelets from the 
blood stream. It is exclusively produced by endothelial cells and megakaryocytes and requires post-
translational modifications through multimerization and glycosylation for appropriate function. VWF 
is stored within endothelial cells in Weibel-Palade Bodies (WPBs) and released by endothelial cells 
upon activation by injury or infection8. In chapter 2, we review the regulation of VWF on 
transcriptional and translational level, and describe how VWF is controlled in inflammatory 
conditions.  
 
Inflammation 
Endothelial cells are key regulators of the inflammatory response. Resting endothelial cells maintain 
an anti-inflammatory environment that prevents coagulation and activation of immune cells9. In case 
of infection or tissue injury, and triggered by various stimuli including bacterial endotoxins, 
inflammatory cytokines or pattern recognition receptor activation, endothelial cells undergo 
morphological and functional changes9. The upregulation of an inflammatory response that follows 
endothelial activation leads to sustained inflammation with local and systemic complications, often 
associated with an increased risk of thrombosis.  
 
Physiologically, inflammation-dependent activation of the coagulation system is part of the host 
response to locally contain micro-organisms and to prevent systemic spreading via the blood stream10. 
This response involves activation of endothelial cells and an interplay between immune cells and 
platelets. Innate immune cells express molecular signatures which initiate platelet adhesion and fibrin 
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network formation. Central in this communication is the formation of neutrophil extracellular traps 
(NETs) and the expression of intravascular tissue factor by monocytes, resulting in VWF release and 
platelet binding. The NFκB signaling cascade plays a key role in this stress response and consists of a 
group of transcription factors that interact to form transcriptionally active homo- and heterodimeric 
complexes that bind the NFκB consensus sequence in target genes11. Important target genes are 
endothelial cell adhesion molecules such as ICAM-1, VCAM-1 and E-selectin that mediate adherence 
of immune cells, such as neutrophils and macrophages12. Neutrophils interact with constitutively 
expressed P-selectin on the surface of endothelial cells to initiate rolling along the vessel wall. In 
addition, WPBs can be released by activators of the NFκB pathway that can promote VWF dependent 
leukocyte extravasation13.  
 
Dysregulated thrombosis impairs organ perfusion and may thus form a major threat for the host 
organism, as is well recognized in acute conditions of sepsis14, ischemia-reperfusion injury and 
recently COVID-1915,16. In addition to these acute conditions, accumulating evidence suggests that 
sustained, low-grade inflammation may contribute to chronic thrombotic diseases including 
atherosclerosis, deep vein thrombosis and chronic thromboembolic pulmonary hypertension 
(CTEPH)17. Many of these clinical conditions show elevated systemic VWF concentrations, and are 
characterized by signs of local thrombosis, suggesting that local VWF release by the endothelium plays 
an important role in immunothrombosis. To investigate how the endothelium contributes to 
thrombosis, we implement a new model to study endothelial function in pulmonary thrombosis in 
chapter 3 We introduce a unique protocol for the isolation of pulmonary artery endothelial cells that 
can be used to study endothelial-platelet or endothelial-whole blood interaction. We show that the 
thrombotic response is not only different in diseased conditions such as in CTEPH, but also among 
different vascular beds.  
 
Chronic thromboembolic pulmonary hypertension 
Pulmonary hypertension (PH) is a condition characterized by a mean pulmonary artery pressure that 
exceeds 20 mmHg at rest. This increase in pressure is caused by narrowing of the pulmonary vessels 
which makes it harder for the heart to pump blood through the lungs. This impaired blood flow results 
in reduced gas exchange and an increased work load for the right side of the heart, which in the end 
results in heart failure18. Chronic thromboembolic pulmonary hypertension (CTEPH) is a distinct type 
of PH that is characterized by thrombotic obstructions of the pulmonary arteries after at least three 
months of effective anticoagulative treatment for acute pulmonary embolism (PE)19. Although it is 
unknown which pathophysiological mechanisms contribute to the chronic transformation, it is 
thought to involve an interplay between three factors: defective angiogenesis, impaired thrombus 
resolution and fibrinolysis and endothelial dysfunction20. However, the exact mechanisms remain a 
topic of ongoing discussion. 
 

  
 

Although CTEPH is regarded as a long-term complication of an acute venous thromboembolic event, 
many patients do not have a history of PE or deep vein thrombosis. Moreover, at the time of acute PE 
diagnosis, signs of CTEPH are often already present. Furthermore, CTEPH patients have a different 
thromboembolic pulmonary arterial morphology compared to acute PE patients21. These observations 
indicate that besides non-resolving emboli, additional processes such as in situ thrombosis may 
contribute to the development and progression of CTEPH. In chapter 4, we provide evidence of a 
mechanism of in situ thrombosis that contributes to the progression of the disease. We describe a 
direct molecular link between inflammation and VWF expression, consequently leading to increased 
platelet adhesion on the pulmonary endothelium of CTEPH patients.  
 
The role of inflammation in CTEPH is further supported in chapter 5, where we describe a multi-omics 
analysis on CTEPH-PAEC. Expression profiles of CTEPH pulmonary artery endothelial cells show that 
extracellular matrix organization and cell-cell contacts in CTEPH are disturbed due to the transcription 
permissive epigenome of these genes in endothelial cells. Moreover, we describe an association 
between inflammatory signaling and disrupted endothelial barrier function. 
 
The current treatment options of CTEPH consist of lifelong anticoagulation to prevent in situ 
thrombosis and recurrent VTE. Eligible patients undergo pulmonary endarterectomy (PEA): surgical 
removal of organized blood clots and scar tissue from the pulmonary arteries, leading to improved 
blood flow and relief of right heart pressure overload.  Operability is based on surgical accessibility of 
the lesions and the absence of relevant comorbidities22. Balloon pulmonary angioplasty (BPA) and PH-
specific pharmacotherapy are treatment options indicated for inoperable CTEPH patients. During BPA, 
preferably performed after optimised medical therapy, stenotic obstructions are opened using a 
balloon catheter.  
 
Riociguat was the first approved medical therapy in many countries for inoperable CTEPH23. It is a 
selective vasodilator that acts on the nitric oxide pathway and reduces pulmonary vasoconstriction by 
stimulating soluble guanylate cyclase (sGC). Clinically, it has been shown that riociguat improves 
exercise capacity, hemodynamics and cardiac function in CTEPH patients for short and longer 
durations24-26. However, the combined use of some selective pulmonary vasodilators and 
anticoagulants, can be associated with an increased risk of bleeding27. It was found that CTEPH 
patients with a combined therapy of sGC stimulators and vitamin K antagonists experience bleeding 
events. In chapter 6, we attempt to define the mechanism by which riociguat affects endothelial 
function and increases the increased risk of bleeding. We describe how endothelial cells stimulated 
with riociguat inhibit ultra large VWF formation, reducing initial platelet binding and interfering with 
normal hemostasis.  
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Coronavirus disease 2019 
Opposed to the chronic and low-grade inflammation observed in CTEPH, Coronavirus disease 2019 
(COVID-19) is associated with acute and severe inflammation, affecting the pulmonary vasculature. 
COVID-19 is caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). The 
majority of patients presents with common symptoms related to upper tract respiratory infection, 
such as cough, shortness of breath, fatigue and fever. However, some patients experience a wide 
range of complications requiring hospitalization for bilateral pneumonia, that may rapidly deteriorate 
into acute respiratory distress syndrome and pulmonary thrombosis28,29. Strikingly, worsening of the 
disease is often observed around one to two weeks after onset of symptoms, suggesting a disturbed 
adaptive immune response to infection30. The adaptive immune response is characterized by the 
production of antibodies that counteract infections via various mechanisms, including pathogen 
neutralization and cytokine production. However, patients with severe COVID-19 symptoms have 
altered antibody glycosylation, which amplifies the inflammatory response, frequently described as 
the so called ‘cytokine storm’31. This excessive inflammatory response often leads to pulmonary 
edema and thrombosis, in which endothelial cells play a key role.  In chapter 7, we have show that 
antibodies from critically ill COVID-19 patients amplify pro-inflammatory responses by alveolar 
macrophages, subsequently inducing endothelial barrier disruption and pulmonary thrombosis.  
 
Summary 
Pulmonary thrombosis is associated with both acute and chronic inflammatory conditions. Focusing 
on the endothelium, we try to identify how inflammation and thrombosis are linked, with Von 
Willebrand Factor (VWF) as a key regulator (chapter 2). To study this in a preclinical set-up, we 
implement an in vitro model of vascular thrombosis and endothelial-platelet interaction (chapter 3). 
We investigate how VWF is regulated in CTEPH and thereby provide strong evidence of a link between 
CTEPH and inflammation (chapter 4-5). Current medical therapy for CTEPH patients includes 
vasodilators in parallel with anticoagulation. We describe how this combination of therapies may lead 
to an increased risk of bleeding (chapter 6). Lastly, an excessive inflammatory response plays a key 
role in critically ill COVID-19 patients. We describe how the immune response contributes to 
microvascular leakage and thrombosis in this disease (chapter 7).  
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Coronavirus disease 2019 
Opposed to the chronic and low-grade inflammation observed in CTEPH, Coronavirus disease 2019 
(COVID-19) is associated with acute and severe inflammation, affecting the pulmonary vasculature. 
COVID-19 is caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). The 
majority of patients presents with common symptoms related to upper tract respiratory infection, 
such as cough, shortness of breath, fatigue and fever. However, some patients experience a wide 
range of complications requiring hospitalization for bilateral pneumonia, that may rapidly deteriorate 
into acute respiratory distress syndrome and pulmonary thrombosis28,29. Strikingly, worsening of the 
disease is often observed around one to two weeks after onset of symptoms, suggesting a disturbed 
adaptive immune response to infection30. The adaptive immune response is characterized by the 
production of antibodies that counteract infections via various mechanisms, including pathogen 
neutralization and cytokine production. However, patients with severe COVID-19 symptoms have 
altered antibody glycosylation, which amplifies the inflammatory response, frequently described as 
the so called ‘cytokine storm’31. This excessive inflammatory response often leads to pulmonary 
edema and thrombosis, in which endothelial cells play a key role.  In chapter 7, we have show that 
antibodies from critically ill COVID-19 patients amplify pro-inflammatory responses by alveolar 
macrophages, subsequently inducing endothelial barrier disruption and pulmonary thrombosis.  
 
Summary 
Pulmonary thrombosis is associated with both acute and chronic inflammatory conditions. Focusing 
on the endothelium, we try to identify how inflammation and thrombosis are linked, with Von 
Willebrand Factor (VWF) as a key regulator (chapter 2). To study this in a preclinical set-up, we 
implement an in vitro model of vascular thrombosis and endothelial-platelet interaction (chapter 3). 
We investigate how VWF is regulated in CTEPH and thereby provide strong evidence of a link between 
CTEPH and inflammation (chapter 4-5). Current medical therapy for CTEPH patients includes 
vasodilators in parallel with anticoagulation. We describe how this combination of therapies may lead 
to an increased risk of bleeding (chapter 6). Lastly, an excessive inflammatory response plays a key 
role in critically ill COVID-19 patients. We describe how the immune response contributes to 
microvascular leakage and thrombosis in this disease (chapter 7).  
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Abstract 
Increasing evidence indicates that inflammation promotes thrombosis via a 
VWF (von Willebrand factor)-mediated mechanism. VWF plays an essential role in 
maintaining the balance between blood coagulation and bleeding, and inflammation can lead to 
aberrant regulation. VWF is regulated on a transcriptional and (post-)translational level, and 
its secretion into the circulation captures platelets upon endothelial activation. The 
significant progress that has been made in understanding transcriptional and translational 
regulation of VWF is described in this review. First, we describe how VWF is regulated 
at the transcriptional and post-translational level with a specific focus on the influence of 
inflammatory and immune responses. Next, we describe how changes in regulation are linked 
with various cardiovascular diseases. Recent insights from clinical diseases provide evidence 
for direct molecular links between inflammation and thrombosis, including atherosclerosis, 
chronic thromboembolic pulmonary hypertension, and COVID-19. Finally, we will 
briefly describe clinical implications for antithrombotic treatment. 
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Introduction 

Activation of the endothelium plays a central role in various cardiovascular diseases, often resulting 
in perturbations in hemostasis and thrombosis. Thrombosis involves interactions between the 
endothelium and platelets, leukocytes, and clotting proteins. A quiescent endothelium acts as an 
anticoagulant that suppresses platelet activation and promotes fibrinolysis. This occurs via regulatory 
mechanisms protecting against thrombus formation, including release of nitric oxide and prostacyclin, 
and expression of heparan sulfate1. Activation or damage to the vascular wall causes rapid initiation 
of hemostasis, an acute response involving the exposure of subendothelial TF (tissue factor), 
expression of adhesion molecules, and platelet aggregation all directed towards closure of the site of 
injury. Central players in primary hemostasis include activated platelets as well as VWF (von 
Willebrand factor). VWF, being both released from injured endothelial cells and present in the 
subendothelial matrix, provides a major binding site for initial platelet adhesion and subsequent 
platelet aggregation2. Endothelial-platelet activation induces the release of P-selectin and TF, 
promoting the initiation of the coagulation cascade of serine proteases, which act by cleaving 
downstream coagulation factors, ultimately resulting in the formation of a firm and stable fibrin clot3. 
Directed at repair of injury, hemostasis serves a physiological function and is self-contained by 
inhibitors downstream the coagulation cascade. Under certain conditions, however, pathological 
deviation of hemostasis may result in intravascular thrombus formation and vessel occlusion also 
referred to as thrombosis4. Although bleeding disorders associated with VWF deficiencies clearly 
illustrate the function and regulation of VWF in hemostasis5, the contribution of elevated VWF levels 
to thrombosis is subject to ongoing discussion. Elevated VWF levels are associated with increased 
cardiovascular risk, but it is unclear whether a high VWF level represents an actual cause of 
cardiovascular disease. Alternatively, VWF is merely a marker for endothelial dysfunction. Various 
factors can play a role in the release of VWF during thrombosis, with inflammation being a particular 
driver of endothelial stimulation and VWF release6. Many transcription factors, enzymes, and 
cytokines that drive inflammatory reactions, also trigger the release of VWF7. An example of the 
intersection of inflammation, and thrombosis was provided during the recent COVID-19 pandemic 
when VWF was identified as central player in COVID-19 coagulopathy. The link between inflammation 
and thrombosis is also strong in other clinical conditions, such as atherosclerosis and chronic 
thromboembolic pulmonary hypertension (CTEPH). 

Although the connection between inflammation and thrombosis has been well established in these 
mentioned diseases, recent molecular insights in COVID-19 and other conditions have further 
consolidated the prothrombotic role of VWF during the inflammatory response. In this review, we aim 
to provide an overview of (1) the regulation of VWF expression with a specific focus on inflammation 
and (2) the contribution of inflammation-induced VWF release to in situ thrombosis. Finally, we will 
evaluate pharmacological strategies to target VWF. 
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Abstract 
Increasing evidence indicates that inflammation promotes thrombosis via a 
VWF (von Willebrand factor)-mediated mechanism. VWF plays an essential role in 
maintaining the balance between blood coagulation and bleeding, and inflammation can lead to 
aberrant regulation. VWF is regulated on a transcriptional and (post-)translational level, and 
its secretion into the circulation captures platelets upon endothelial activation. The 
significant progress that has been made in understanding transcriptional and translational 
regulation of VWF is described in this review. First, we describe how VWF is regulated 
at the transcriptional and post-translational level with a specific focus on the influence of 
inflammatory and immune responses. Next, we describe how changes in regulation are linked 
with various cardiovascular diseases. Recent insights from clinical diseases provide evidence 
for direct molecular links between inflammation and thrombosis, including atherosclerosis, 
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Introduction 

Activation of the endothelium plays a central role in various cardiovascular diseases, often resulting 
in perturbations in hemostasis and thrombosis. Thrombosis involves interactions between the 
endothelium and platelets, leukocytes, and clotting proteins. A quiescent endothelium acts as an 
anticoagulant that suppresses platelet activation and promotes fibrinolysis. This occurs via regulatory 
mechanisms protecting against thrombus formation, including release of nitric oxide and prostacyclin, 
and expression of heparan sulfate1. Activation or damage to the vascular wall causes rapid initiation 
of hemostasis, an acute response involving the exposure of subendothelial TF (tissue factor), 
expression of adhesion molecules, and platelet aggregation all directed towards closure of the site of 
injury. Central players in primary hemostasis include activated platelets as well as VWF (von 
Willebrand factor). VWF, being both released from injured endothelial cells and present in the 
subendothelial matrix, provides a major binding site for initial platelet adhesion and subsequent 
platelet aggregation2. Endothelial-platelet activation induces the release of P-selectin and TF, 
promoting the initiation of the coagulation cascade of serine proteases, which act by cleaving 
downstream coagulation factors, ultimately resulting in the formation of a firm and stable fibrin clot3. 
Directed at repair of injury, hemostasis serves a physiological function and is self-contained by 
inhibitors downstream the coagulation cascade. Under certain conditions, however, pathological 
deviation of hemostasis may result in intravascular thrombus formation and vessel occlusion also 
referred to as thrombosis4. Although bleeding disorders associated with VWF deficiencies clearly 
illustrate the function and regulation of VWF in hemostasis5, the contribution of elevated VWF levels 
to thrombosis is subject to ongoing discussion. Elevated VWF levels are associated with increased 
cardiovascular risk, but it is unclear whether a high VWF level represents an actual cause of 
cardiovascular disease. Alternatively, VWF is merely a marker for endothelial dysfunction. Various 
factors can play a role in the release of VWF during thrombosis, with inflammation being a particular 
driver of endothelial stimulation and VWF release6. Many transcription factors, enzymes, and 
cytokines that drive inflammatory reactions, also trigger the release of VWF7. An example of the 
intersection of inflammation, and thrombosis was provided during the recent COVID-19 pandemic 
when VWF was identified as central player in COVID-19 coagulopathy. The link between inflammation 
and thrombosis is also strong in other clinical conditions, such as atherosclerosis and chronic 
thromboembolic pulmonary hypertension (CTEPH). 

Although the connection between inflammation and thrombosis has been well established in these 
mentioned diseases, recent molecular insights in COVID-19 and other conditions have further 
consolidated the prothrombotic role of VWF during the inflammatory response. In this review, we aim 
to provide an overview of (1) the regulation of VWF expression with a specific focus on inflammation 
and (2) the contribution of inflammation-induced VWF release to in situ thrombosis. Finally, we will 
evaluate pharmacological strategies to target VWF. 
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Immunothrombosis 

From an evolutionary point of view, immunity and hemostasis have been closely intertwined, both 
from a functional and a molecular perspective. Hemostasis forms part of the host defense, as wound 
closure directly protects against infection by preventing a porte d’entrée for microorganisms. In 
addition to hemostasis and wound repair, also intravascular thrombosis has been proposed to form 
part on the innate immune response. Both microorganisms and first-line immune responses may 
induce thrombosis to limit the spread of blood-borne infections. Microorganisms captured in fibrin 
networks resulting from intravascular thrombosis are also more accessible to immune cells8,9. From a 
molecular point of view, there is a close intertwinement between immunity and thrombosis, with the 
serine protease cascades of hemostasis tracing back to the innate immunity of invertebrates9. 
Interestingly, recent work from our group demonstrated binding of the inflammatory transcription 
factor NFκB2 (nuclear factor κB 2) to highly conserved sites in the VWF promoter, providing a direct 
molecular link between the immune response and thrombosis10. 
 
In adults, the relationship between thrombosis and inflammation involves a complex interplay 
between inflammatory, immune, and hemostatic cells11. During stress responses to injury, pathogens 
or the release of cytokines, PAMPs (pathogen-associated molecular patterns), host-derived DAMPs 
(damage-associated molecular patterns), and complement activate the immune system12. Innate 
immune cells express molecular signatures which initiate platelet adhesion and fibrin network 
formation. Central in this communication is the expression of intravascular TF by monocytes, the 
formation of NETs (neutrophil extracellular traps), and the binding of TF to NETs, altogether leading 
to platelet recruitment, thrombin generation, and thrombus formation8,13. The endothelium plays a 
key role by localizing this response to the site of injury and infection, both by platelet binding to locally 
released VWF from Weibel Palade bodies (WPBs) at the site of insult and by release of anticoagulative 
molecules, such as prostacyclin and nitric oxide, to prevent platelet activation in unaffected regions14. 
Furthermore, endothelial expression of thrombomodulin maintains homeostasis by interaction with 
thrombin and protein C to dampen the inflammatory response15. 
 
The NFκB signaling cascade plays a key role in this stress response and consists of a group of 
transcription factors that interact to form transcriptionally active homodimeric and heterodimeric 
complexes that bind the NFκB consensus sequence in target genes16. Important target genes are 
endothelial cell adhesion molecules, such as ICAM-1 (intercellular adhesion molecule 1), VCAM-1 
(vascular cell adhesion molecule 1), and E-selectin, that mediate adherence of immune cells, such as 
neutrophils and macrophages17. In addition, WPBs content can be released by activators of the NFκB 
pathway that can promote leukocyte extravasation18. Neutrophils interact with constitutively 
expressed P-selectin on the surface of endothelial cells to initiate rolling along the vessel wall via 
interaction with PSGL-1 (P-selectin glycoprotein ligand-1). This PSGL-1 expression on leukocytes 
interacts with platelet P-selectin and supports platelet-leukocyte conjugation with the activated 
endothelium19. In addition, P-selectin is expressed in high concentrations on platelet surface during 

 

platelet activation, mediating the interaction between endothelial cells, platelets, and leukocytes, 
being an important mediator in inflammation and thrombosis20. 
 
Although immunothrombosis is supposed to be self-limiting in order to be functional, derangement 
has been observed, leading to widespread thrombosis (sometimes referred to as thrombo-
inflammation11). Dysregulated microvascular thrombosis impairs organ perfusion and may thus form 
a major threat for the host organism, as is well recognized in acute conditions of sepsis21, ischemia-
reperfusion injury, and recently COVID-1911,22. In addition to these acute conditions, accumulating 
evidence suggests that sustained, low-grade inflammation may contribute to chronic thrombotic 
diseases including atherosclerosis, deep vein thrombosis, and CTEPH23. Many of these clinical 
conditions show elevated systemic VWF and are characterized by signs of local thrombosis, suggesting 
that local VWF release by the endothelium plays an important role in immunothrombosis. However, 
the role and regulation of VWF in inflammation remain ongoing topics of investigation, which might 
be of interest for treatment implications in thromboembolic diseases. 
 

Von Willebrand Factor 

VWF is an adhesive glycoprotein synthesized by megakaryocytes and endothelial cells, although the 
main share of circulating VWF originates from the endothelium and endothelial-derived VWF has a 
more prominent role in thrombosis than platelet-derived VWF24. Most of the VWF is stored in either 
platelet α-granules or endothelial WPB. These WPBs are formed by VWF multimerization and are 
assumed to be derivatives of the Golgi apparatus25. WPBs rapidly respond to alterations in the 
integrity of endothelial cells and release VWF via a constitutive or regulatory pathway25. The 
constitutive pathway consists of low molecular weight–VWF multimers that are primarily secreted at 
the basolateral side of the endothelium and mediate platelet adhesion to the extracellular matrix26. 
In contrast, high molecular weight–VWF is released into the circulation, either spontaneously without 
being functionally active, or via stimulated WPB release24,27. This release can be induced by multiple 
stimuli including thrombin, histamine, and epinephrine and exerts a highly thrombotic activity (Figure 
1A)26. 
 
The human VWF gene is located on chromosome 12 and is composed of 52 exons, encoding for a 
protein of 2813 amino acids that can be subdivided into a signaling peptide, a propeptide, and a 
mature subunit28,29. The propeptide detaches before VWF is released into the blood, while the major 
subunit consists of different functional domains that interact with other proteins or molecules28. 
Intermolecular disulfide linkage of the D1:D2 domain is important to form functional active VWF 
multimers30. VWF has a binding domain for factor VIII at D3 and a platelet GPIb (glycoprotein Ib) 
binding site at A131. The A3 domain serves as a ligand for collagen, while C1 has an RGD 
(arginylglycylaspartic acid) sequence that is recognized by αIIbβ3 and αvβ3 integrins (Figure 1B). These 
integrins anchor VWF to either the underlying endothelial cells or recruited platelets to form 
aggregates25,32. 



VWF regulat ion in  inf lammatory  thrombosis 23

2

 

Immunothrombosis 
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assumed to be derivatives of the Golgi apparatus25. WPBs rapidly respond to alterations in the 
integrity of endothelial cells and release VWF via a constitutive or regulatory pathway25. The 
constitutive pathway consists of low molecular weight–VWF multimers that are primarily secreted at 
the basolateral side of the endothelium and mediate platelet adhesion to the extracellular matrix26. 
In contrast, high molecular weight–VWF is released into the circulation, either spontaneously without 
being functionally active, or via stimulated WPB release24,27. This release can be induced by multiple 
stimuli including thrombin, histamine, and epinephrine and exerts a highly thrombotic activity (Figure 
1A)26. 
 
The human VWF gene is located on chromosome 12 and is composed of 52 exons, encoding for a 
protein of 2813 amino acids that can be subdivided into a signaling peptide, a propeptide, and a 
mature subunit28,29. The propeptide detaches before VWF is released into the blood, while the major 
subunit consists of different functional domains that interact with other proteins or molecules28. 
Intermolecular disulfide linkage of the D1:D2 domain is important to form functional active VWF 
multimers30. VWF has a binding domain for factor VIII at D3 and a platelet GPIb (glycoprotein Ib) 
binding site at A131. The A3 domain serves as a ligand for collagen, while C1 has an RGD 
(arginylglycylaspartic acid) sequence that is recognized by αIIbβ3 and αvβ3 integrins (Figure 1B). These 
integrins anchor VWF to either the underlying endothelial cells or recruited platelets to form 
aggregates25,32. 
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Figure 1. VWF (von Willebrand factor) biosynthesis and composition. (A) VWF undergoes synthesis pathway to 
secretion into the circulation. After transcription and translation, (B) VWF composition on genetic and protein 
level. (C) Post-translational modification of N- and O-linked glycosylation on VWF monomers. AA indicates amino 
acids; ADAMTS-13‚ a disintegrin and metalloproteinase with thrombospondin motifs; CK‚ cystine knot domain; 
FVIII‚ factor VIII; GPIbα‚ platelet glycoprotein Ib alpha; and WPB, Weibel Palade bodies. 

The different domains are subjected to post-translational modification in the endoplasmic reticulum 
which involves N-linked and O-linked glycosylation25. Before dimerization, high mannose N-linked 
oligosaccharides are added to specific asparagine residues after which low molecular weight–VWF 
dimers are formed by C-terminal disulfide bonds. As VWF passes the Golgi system, O-linked 
oligosaccharides are added to threonine and serine residues and high molecular weight–VWF 
complexes are formed by N-terminal disulfide bonds. As a result, a VWF contains 13 N-linked and 10 
O-linked glycans located at specific sites distributed across the mature monomer (Figure 1C). The 
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highly heterogeneous assembled high molecular weight–VWF complexes are stored in WPBs until 
secretion. The released VWF multimers can be reduced in size via proteolytic cleavage at the A2 
domain by ADAMTS-13 (a disintegrin and metalloproteinase with thrombospondin motifs)28. 

The sequence of events from VWF synthesis to secretion is highly complex, numerous factors can 
change this pathway and influence VWF plasma levels. Various studies have shown that 60% of VWF 
plasma levels are genetically determined, suggesting a highly genetic regulation of VWF expression. 
Genetic variations in the VWF gene have been associated with increased or decreased VWF levels. 
The phenotypic variability in VWF plasma levels is influenced by several quantitative trait loci that 
regulate VWF plasma levels and biological mechanisms33,34. Variability in VWF expression is also 
regulated at an epigenetic level. Inflammatory stimuli can induce VWF expression, as well as aging 
and environmental exposures such as cigarette smoke35,36. In addition to the variability in the VWF 
gene, the ABO blood group is a genetic factor that is strongly associated with VWF expression on a 
post-translational level37. 

Transcriptional Regulation of VWF 

The VWF Promotor and Transcription Factor Binding 
It has been acknowledged that VWF protein and mRNA expressions are highly heterogeneous in 
various vascular beds38–40 and may change in pathophysiological conditions. Previous investigations 
demonstrated that VWF expression is highly regulated on a transcriptional regulatory level. The 
human VWF promoter spans a region between −2182 to the end of the first intron with various binding 
sites to drive VWF expression. In studies with transgenic mice, it was shown that a region between 
−487 and +246 directs expression in the brain, whereas a large promoter fragment between −2182 
and +1475 also affects VWF expression in the capillary endothelium of the heart (Table 1)41. The 
human VWF gene harbors a minimal core promoter region located at −90/+22, a strong negative 
regulatory element upstream the core promoter at −500/−300, and a positive regulatory region 
located downstream the core promoter in the first exon42. The activity of the promoter is dependent 
on the binding of transcription factors on these various regions and will result in differential 
expression.

The investigation of endothelial-specific cis-acting VWF promoter elements resulted in the 
identification of several trans-acting transcription factors that regulate VWF promoter activity at the 
5ʹ untranslated region (Table 1). The promoter region around the first exon of VWF possesses highly 
conserved GATA (GATA transcription factor) binding sites43,44, and the induction of mutations in these 
sites resulted in significantly reduced reporter gene activity in bovine aortic endothelial cells and 
human umbilical vein endothelial cells45. These mutations led to the identification of histone H1 (H1-
like protein) as one of the common transcription factors binding to and activating VWF promoter 
activity on specific CCAAT binding elements45. 
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Figure 1. VWF (von Willebrand factor) biosynthesis and composition. (A) VWF undergoes synthesis pathway to 
secretion into the circulation. After transcription and translation, (B) VWF composition on genetic and protein 
level. (C) Post-translational modification of N- and O-linked glycosylation on VWF monomers. AA indicates amino 
acids; ADAMTS-13‚ a disintegrin and metalloproteinase with thrombospondin motifs; CK‚ cystine knot domain; 
FVIII‚ factor VIII; GPIbα‚ platelet glycoprotein Ib alpha; and WPB, Weibel Palade bodies. 
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which involves N-linked and O-linked glycosylation25. Before dimerization, high mannose N-linked 
oligosaccharides are added to specific asparagine residues after which low molecular weight–VWF 
dimers are formed by C-terminal disulfide bonds. As VWF passes the Golgi system, O-linked 
oligosaccharides are added to threonine and serine residues and high molecular weight–VWF 
complexes are formed by N-terminal disulfide bonds. As a result, a VWF contains 13 N-linked and 10 
O-linked glycans located at specific sites distributed across the mature monomer (Figure 1C). The 

highly heterogeneous assembled high molecular weight–VWF complexes are stored in WPBs until 
secretion. The released VWF multimers can be reduced in size via proteolytic cleavage at the A2 
domain by ADAMTS-13 (a disintegrin and metalloproteinase with thrombospondin motifs)28. 

The sequence of events from VWF synthesis to secretion is highly complex, numerous factors can 
change this pathway and influence VWF plasma levels. Various studies have shown that 60% of VWF 
plasma levels are genetically determined, suggesting a highly genetic regulation of VWF expression. 
Genetic variations in the VWF gene have been associated with increased or decreased VWF levels. 
The phenotypic variability in VWF plasma levels is influenced by several quantitative trait loci that 
regulate VWF plasma levels and biological mechanisms33,34. Variability in VWF expression is also 
regulated at an epigenetic level. Inflammatory stimuli can induce VWF expression, as well as aging 
and environmental exposures such as cigarette smoke35,36. In addition to the variability in the VWF 
gene, the ABO blood group is a genetic factor that is strongly associated with VWF expression on a 
post-translational level37. 

Transcriptional Regulation of VWF 

The VWF Promotor and Transcription Factor Binding 
It has been acknowledged that VWF protein and mRNA expressions are highly heterogeneous in 
various vascular beds38–40 and may change in pathophysiological conditions. Previous investigations 
demonstrated that VWF expression is highly regulated on a transcriptional regulatory level. The 
human VWF promoter spans a region between −2182 to the end of the first intron with various binding 
sites to drive VWF expression. In studies with transgenic mice, it was shown that a region between 
−487 and +246 directs expression in the brain, whereas a large promoter fragment between −2182 
and +1475 also affects VWF expression in the capillary endothelium of the heart (Table 1)41. The 
human VWF gene harbors a minimal core promoter region located at −90/+22, a strong negative 
regulatory element upstream the core promoter at −500/−300, and a positive regulatory region 
located downstream the core promoter in the first exon42. The activity of the promoter is dependent 
on the binding of transcription factors on these various regions and will result in differential 
expression.

The investigation of endothelial-specific cis-acting VWF promoter elements resulted in the 
identification of several trans-acting transcription factors that regulate VWF promoter activity at the 
5ʹ untranslated region (Table 1). The promoter region around the first exon of VWF possesses highly 
conserved GATA (GATA transcription factor) binding sites43,44, and the induction of mutations in these 
sites resulted in significantly reduced reporter gene activity in bovine aortic endothelial cells and 
human umbilical vein endothelial cells45. These mutations led to the identification of histone H1 (H1-
like protein) as one of the common transcription factors binding to and activating VWF promoter 
activity on specific CCAAT binding elements45. 
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Table 1. Transcription Factors Involved in VWF Expression 

Promoter 

activity 

Transcription 

factor 
Location Reference 

Activator 

GATA 2, 3, 6 

-89/+244

+220/+225

-89

-2182 and the end of the first intron (LPS mediated)

Liu et al43, Peng et al44 

H1 +155/+184 Wang et al45, Nassiri et al46 

NFAT5 -497 (NaCl induced) Dmitrieva et al47 

ETS1, 2 

ERG 

-56

-36 (not active)

Liu et al41, Othman et al48, 

Schwachtgen et al49, Peng et al50, 

Dong et al51 

NFY 
-18

-90 (irradiation induced) 

Peng et al44, Nassiri et al46, Peng et 

al50, Bertagna et al52 

YY1 Intron 51 via chromatin looping to NF1 binding site Nassiri et al46, Mojiri et al53 

KLF2 non-consensus DNA binding verified by Luciferase Chu et al54 

TLR2 non-consensus DNA binding verified by ChIP Singh et al55 

SP1 non-consensus DNA binding verified by ChIP 

Repressor 

NF1 -461
Nassiri et al46, Peng et al50, Jahroudi et 

al56 

Oct1 -133
Nassiri et al46, Peng et al50,

Schwachtgen et al57 

NFY +226 Peng et al44, Wang et al45 

E4BP4 +96 Hough et al58 

NFκB -1793 Wang et al59 

Tissue 

specific 
Brain -487/+246 Liu et al41 

Heart 

Skeletal 

muscle 

-843/-620 Aird et al60 

Ch IP  ind icates  chromat in  immunoprec ip i tat ion ;  E4BP4‚  a  bas ic  leuc ine  z ipper  t ranscr ipt ion  factor ;  ERG‚  

E ts - re lated  gene;  ETS ‚  E26  t rans format ion-spec i f i c  t ranscr ipt ion  factor ;  GATA‚  GATA t ranscr ipt ion  

factor ;  H1 ,  H1- l i ke  prote in ;  KLF2 ,  Krüppe l - l i ke  factor  2 ;  LPS ‚  l ipopo lysachar ide ;  NF1 ,  nuc lear  factor  1 ;  

NFAT5,  nuc lear  factor  o f  act ivated  T -ce l l s  5 ;  NFY ,  nuc lear  t ranscr ipt ion  factor  Y ;  NFκB,  nuc lear  factor  

kappa  B ;  Oct1 ,  octamer  t ranscr ipt ion  factor  1 ;  SP1 ,  spec i f i c i ty  prote in  1 ;  TLR2 ,  To l l - l i ke  receptor  2 ;  VWF,  

von  Wi l lebrand  factor ;  and  YY1 ,  y in  yang  1 .  

In addition to common transcription factors, specific response or local dependent transcription factors 
have been identified. For example, the VWF promoter contains an osmotic response element that 
binds NFAT5 (nuclear factor of activated T-cells 5) upon NaCl increase, consequently leading to 
increased VWF production in endothelial cells47. ERG (Ets-related gene) binding on E twenty-six motifs 
only activates VWF gene expression in capillary beds while the larger arteries are differently 
regulated41. Although identified as an activator of VWF transcription, ERG responds in a negative 
feedback to inflammatory stimuli such as TNF (tumor necrosis factor) α. ERG binding represses IL 
(interleukin)-8 transcription consequently leading to reduced neutrophil activation and VWF 
expression61. 

 

In addition, NFY (nuclear transcription factor Y) also functions as either activator or repressor of the 
VWF gene, depending on the binding site and with organ specificity46. In the pulmonary vasculature, 
for example, NFY acts as repressor, and mutations in the NFY region result in activation of VWF 
transcription. Other possible repressors of VWF transcription are Octamer transcription factor 1, NF1 
(nuclear factor 1), and NFκB. NFκB is a central mediator of inflammation and fundamentally involved 
in the molecular link between inflammation and thrombosis. Interestingly, we have recently shown 
that NFκB2, a different protein of the NFκB family, acts as an enhancer of VWF transcription in the 
pulmonary endothelium10. Endothelial cells from patients with chronic pulmonary thrombosis showed 
increased acetylation of the VWF promoter and enhanced NFκB2 binding, leading to elevated VWF 
secretion and platelet adhesion. Furthermore, in hypoxemia, VWF transcription in lung endothelial 
cells is upregulated via inhibition of NF1 and increased YY1 translocation to the VWF promoter53. 
Other nonconsensus binding sites have been identified in the VWF promoter for KLF2 (Krüppel-like 
factor 2), Toll-like receptor 2, and SP1 (specificity protein 1). KLF2 is activated under external factors 
such as high and disturbed shear stress63–65. 
 
Altogether, external stimuli such as hypoxia, trauma, or inflammation can activate transcription 
factors that can either stimulate or repress VWF transcription, depending on the binding site on the 
promoter region. 
 

Single Nucleotide Variations 
As the promoter plays an important role in the regulation of VWF transcription, several studies 
focused on the VWF promoter region and single nucleotide polymorphisms (SNPs) that affect VWF 
plasma concentration. In general, there are 3 major SNPs identified in the VWF gene, all interfering 
with SP1, GATA2, E twenty-six, and NFκB transcription factors. These SNPs are rs7964777, rs7954855, 
and rs7965413 and are in strong linkage disequilibrium and segregate into 3 haplotypes (Figure 2A)66. 
If VWF is causally linked with the risk of cardiovascular disease, a genetic polymorphism that 
influences VWF plasma levels should increase the risk of cardiovascular disease to the same extent as 
predicted by its influence on VWF plasma levels. However, when comparing 4 studies that analyzed 
the effect of these SNPs on VWF plasma levels, there was no effect on VWF plasma levels and the risk 
of cardiovascular disease (Figure 2B, Table S1, Figure S2)26,65-67. After splitting subjects by blood 
groups, there is only an association between SNPs and VWF expression in blood group O subjects, 
primarily detectable after the age of 40 (Figure 2C)66. With haplotype 2/2, group O blood donors have 
decreased VWF antigen levels compared to haplotype 1/1. This is supported by data that overall 
mortality and risk for thrombosis are reduced in patients with blood group O. The presence of ABO 
blood group determinants on VWF glycans were demonstrated to participate in VWF protein 
expression. 
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In addition to common transcription factors, specific response or local dependent transcription factors 
have been identified. For example, the VWF promoter contains an osmotic response element that 
binds NFAT5 (nuclear factor of activated T-cells 5) upon NaCl increase, consequently leading to 
increased VWF production in endothelial cells47. ERG (Ets-related gene) binding on E twenty-six motifs 
only activates VWF gene expression in capillary beds while the larger arteries are differently 
regulated41. Although identified as an activator of VWF transcription, ERG responds in a negative 
feedback to inflammatory stimuli such as TNF (tumor necrosis factor) α. ERG binding represses IL 
(interleukin)-8 transcription consequently leading to reduced neutrophil activation and VWF 
expression61. 
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for example, NFY acts as repressor, and mutations in the NFY region result in activation of VWF 
transcription. Other possible repressors of VWF transcription are Octamer transcription factor 1, NF1 
(nuclear factor 1), and NFκB. NFκB is a central mediator of inflammation and fundamentally involved 
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increased acetylation of the VWF promoter and enhanced NFκB2 binding, leading to elevated VWF 
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cells is upregulated via inhibition of NF1 and increased YY1 translocation to the VWF promoter53. 
Other nonconsensus binding sites have been identified in the VWF promoter for KLF2 (Krüppel-like 
factor 2), Toll-like receptor 2, and SP1 (specificity protein 1). KLF2 is activated under external factors 
such as high and disturbed shear stress63–65. 
 
Altogether, external stimuli such as hypoxia, trauma, or inflammation can activate transcription 
factors that can either stimulate or repress VWF transcription, depending on the binding site on the 
promoter region. 
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As the promoter plays an important role in the regulation of VWF transcription, several studies 
focused on the VWF promoter region and single nucleotide polymorphisms (SNPs) that affect VWF 
plasma concentration. In general, there are 3 major SNPs identified in the VWF gene, all interfering 
with SP1, GATA2, E twenty-six, and NFκB transcription factors. These SNPs are rs7964777, rs7954855, 
and rs7965413 and are in strong linkage disequilibrium and segregate into 3 haplotypes (Figure 2A)66. 
If VWF is causally linked with the risk of cardiovascular disease, a genetic polymorphism that 
influences VWF plasma levels should increase the risk of cardiovascular disease to the same extent as 
predicted by its influence on VWF plasma levels. However, when comparing 4 studies that analyzed 
the effect of these SNPs on VWF plasma levels, there was no effect on VWF plasma levels and the risk 
of cardiovascular disease (Figure 2B, Table S1, Figure S2)26,65-67. After splitting subjects by blood 
groups, there is only an association between SNPs and VWF expression in blood group O subjects, 
primarily detectable after the age of 40 (Figure 2C)66. With haplotype 2/2, group O blood donors have 
decreased VWF antigen levels compared to haplotype 1/1. This is supported by data that overall 
mortality and risk for thrombosis are reduced in patients with blood group O. The presence of ABO 
blood group determinants on VWF glycans were demonstrated to participate in VWF protein 
expression. 
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Figure 2. VWF (von Willebrand factor) levels can be affected by genetic and protein modification. (A) Identified 
single nucleotide polymorphism (SNPs) haplotypes on the promotor region of VWF (B) Influence of these SNPs on 
VWF plasma levels. Data presents mean±SD of a meta-analysis from four independent studies. No significant 
differences were observed. (C) The influence of SNPs on VWF expression were associated with blood group O 
subjects. Data extracted from Keightley et al66 and presents mean±SD and significance is indicated with *P<0.05 
after 2-way ANOVA with Grenhouse-Geisser correction for Tukey multiple comparison test. (D) Plasma VWF levels 
in the ABO blood system. Data presents mean±SD of a meta-analysis of 32 independent studies. Significance is 
indicated with **P<0.01 after performing a continuous meta-analysis in R 4.0.2 (See Supplemental Material). 
VWF:Ag indicates VWF antigen levels. 
 

Regulation of VWF by Post-Translational Modification 

After translation, the VWF protein is subjected to extensive post-translational modifications including 
N- and O-linked glycosylation. Both N-linked and O-linked glycans on the mature VWF molecule are 
involved in regulating VWF secretion and clearance from the plasma. Altered glycosylation of VWF 
therefore can cause different levels of VWF expression and function68. Glycosylated structures are 
terminated with A, B, and H antigens, which may have significant effects on the level of plasma VWF 
and are associated with different rates of protein clearance in ABO individuals69. Alterations in 
glycosylation pattern or absence of a glycoside affect protein multimerization, platelet adhesion, 
ADAMTS-13 proteolysis as well as biosynthesis and secretion of VWF. 
 
Covalently linked ABO blood group determinants are expressed as terminal residues on both N- and 
O-linked glycans on human VWF. Overall, ≈15% of VWF N-glycans and 1% of O-glycans were shown to 
carry ABO structures37. A major effect of ABO on plasma VWF levels was first reported by Preston and 
Barr in 1964. From these studies, it is clear that individuals with blood group non-O (A, B, or AB) have 
at least 25% higher VWF levels than individuals with blood group O70. 
 
ABO blood groups may alter the rate of VWF synthesis and secretion within endothelial cells. Aberrant 
glycosyltransferase activity results in low VWF levels, in particular, enhanced clearance of VWF71. For 
example, N-linked glycan chains at N99, N857, N2400, and N2790 influence VWF synthesis and 
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secretion within endothelial cells72. In contrast, low levels of A-antigen correspond to plasma VWF 
levels; if endothelial cells were stimulated with an inflammatory mediator to secrete VWF, there was 
a 2-fold increase in A-antigen/VWF ratio73,74. When comparing 36 studies investigating VWF plasma 
levels in different blood group donors revealed that Blood group O significantly showed less VWF 
antigens in their blood (Figure 2D, Table S2, Figure S3 and S4), which is associated with a lower risk of 
thrombosis and other cardiovascular complications37.  
 

VWF Release 
VWF is stored in endothelial WPBs and can be released in response to various stimuli such as trauma, 
hypoxia and inflammation. For example, harmful insults or irritants activate resident immune cells 
and the release of inflammatory mediators, such as IL-1 and TNFα6. But also other secretagogues such 
as thrombin, histamine, epinephrine, vasopressin, and VEGF (vascular endothelial growth factor) 
induce WPB exocytosis by either activation of cAMP levels or elevating intracellular Ca2 levels75. This 
leads to elevation of local and circulating VWF levels and provides binding potential for platelets to 
facilitate the thrombotic response76. Exacerbated biochemical and biomechanical responses, such as 
inflammation and high shear stress, can lead to additional endothelial cell activation and abnormal 
thrombus propagation77, following the formation of ultra-large, highly reactive VWF multimers. In 
smaller vessels, these ultra-large multimers may give rise to the thrombotic phenomena as seen in 
hemolytic uremic syndrome and thrombotic thrombocytopenic purpura where multimer degradation 
by ADAMTS-13 is impaired78.  
 

VWF in Inflammation 

VWF is an important factor in the development of thrombosis, and epidemiological studies have 
demonstrated a relationship between elevated plasma levels and the risk for thrombosis. For 
example, blood group A type 3 antigen is involved in stabilization of VWF during inflammation, 
whereas non-O blood group individuals showed increased risk for venous thromboembolism79, 
atherosclerosis, and more recently, severe COVID-1980,81. These associations were confirmed in a 
recent study of a large population with various ABO blood group phenotypes82. 
 
Elevated VWF levels were also demonstrated in inflammatory disorders, such as rheumatoid arthritis, 
vasculitis, sepsis, and diabetes83. Inflammatory cytokines released by macrophages activate 
endothelial cells to release the content of WPBs, consequently leading to elevated VWF levels in the 
circulation12. 
 
Atherosclerosis 
Atherosclerotic disease develops over decades and involves many cell types from plaque initiation 
throughout the development of atherothrombotic events, such as acute myocardial infarction and 
stroke84. One of the earliest events in atherosclerosis is the loss of normal endothelial function, 
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Figure 2. VWF (von Willebrand factor) levels can be affected by genetic and protein modification. (A) Identified 
single nucleotide polymorphism (SNPs) haplotypes on the promotor region of VWF (B) Influence of these SNPs on 
VWF plasma levels. Data presents mean±SD of a meta-analysis from four independent studies. No significant 
differences were observed. (C) The influence of SNPs on VWF expression were associated with blood group O 
subjects. Data extracted from Keightley et al66 and presents mean±SD and significance is indicated with *P<0.05 
after 2-way ANOVA with Grenhouse-Geisser correction for Tukey multiple comparison test. (D) Plasma VWF levels 
in the ABO blood system. Data presents mean±SD of a meta-analysis of 32 independent studies. Significance is 
indicated with **P<0.01 after performing a continuous meta-analysis in R 4.0.2 (See Supplemental Material). 
VWF:Ag indicates VWF antigen levels. 
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glycosyltransferase activity results in low VWF levels, in particular, enhanced clearance of VWF71. For 
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secretion within endothelial cells72. In contrast, low levels of A-antigen correspond to plasma VWF 
levels; if endothelial cells were stimulated with an inflammatory mediator to secrete VWF, there was 
a 2-fold increase in A-antigen/VWF ratio73,74. When comparing 36 studies investigating VWF plasma 
levels in different blood group donors revealed that Blood group O significantly showed less VWF 
antigens in their blood (Figure 2D, Table S2, Figure S3 and S4), which is associated with a lower risk of 
thrombosis and other cardiovascular complications37.  
 

VWF Release 
VWF is stored in endothelial WPBs and can be released in response to various stimuli such as trauma, 
hypoxia and inflammation. For example, harmful insults or irritants activate resident immune cells 
and the release of inflammatory mediators, such as IL-1 and TNFα6. But also other secretagogues such 
as thrombin, histamine, epinephrine, vasopressin, and VEGF (vascular endothelial growth factor) 
induce WPB exocytosis by either activation of cAMP levels or elevating intracellular Ca2 levels75. This 
leads to elevation of local and circulating VWF levels and provides binding potential for platelets to 
facilitate the thrombotic response76. Exacerbated biochemical and biomechanical responses, such as 
inflammation and high shear stress, can lead to additional endothelial cell activation and abnormal 
thrombus propagation77, following the formation of ultra-large, highly reactive VWF multimers. In 
smaller vessels, these ultra-large multimers may give rise to the thrombotic phenomena as seen in 
hemolytic uremic syndrome and thrombotic thrombocytopenic purpura where multimer degradation 
by ADAMTS-13 is impaired78.  
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VWF is an important factor in the development of thrombosis, and epidemiological studies have 
demonstrated a relationship between elevated plasma levels and the risk for thrombosis. For 
example, blood group A type 3 antigen is involved in stabilization of VWF during inflammation, 
whereas non-O blood group individuals showed increased risk for venous thromboembolism79, 
atherosclerosis, and more recently, severe COVID-1980,81. These associations were confirmed in a 
recent study of a large population with various ABO blood group phenotypes82. 
 
Elevated VWF levels were also demonstrated in inflammatory disorders, such as rheumatoid arthritis, 
vasculitis, sepsis, and diabetes83. Inflammatory cytokines released by macrophages activate 
endothelial cells to release the content of WPBs, consequently leading to elevated VWF levels in the 
circulation12. 
 
Atherosclerosis 
Atherosclerotic disease develops over decades and involves many cell types from plaque initiation 
throughout the development of atherothrombotic events, such as acute myocardial infarction and 
stroke84. One of the earliest events in atherosclerosis is the loss of normal endothelial function, 
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including disruption of antiplatelet mechanisms85. The contribution of platelets in plaque 
development remains a topic of investigation and increasing evidence suggest that chronic 
inflammation and VWF are important key players in platelet recruitment and the development of 
atherosclerosis86,87. It has been shown that increased VWF levels mediate platelet adhesion to the 
endothelium before plaque formation88. Subsequent to adhesion, platelets become activated and 
further recruit platelets to adhere, thereby sustaining inflammation and endothelial activation. In 
numerous preclinical studies, it was demonstrated that early atherosclerotic lesions are smaller and 
contain fewer macrophages in VWF deficient mice, rabbits, and pigs89–92. However, results from 
clinical studies on atherosclerotic risk in patients with Von Willebrand disease are inconclusive 
because of limited or poor-quality data92. Although strong clinical evidence is lacking, VWF is probably 
a key player in thrombosis and atherosclerotic plaque formation since the concept of atherosclerotic 
risk factors, such as hypertension, elevated LDL cholesterol, diabetes, and oxidative stress, can 
provoke an inflammatory vascular response. This concept is supported by in vivo studies that 
endothelial VWF promotes atherosclerosis in apoE-deficient mice93. In addition, the presence of LDL 
enhances VWF release and the formation of VWF-mediated platelet plugs on sites of high shear 
stress94. These high shear stresses induce the activation of KLF2, which has been described to activate 
VWF transcription54. Interestingly, KLF2 counteracts NFκB-mediated inflammatory activity. However, 
in the presence of inflammatory cytokines, NFκB interacts with histone deacetylation of the KLF2 
promoter, thereby inhibiting VWF expression95. However, NFκB plays a central role in inflammation 
and is a key transcription factor in atherogenesis. Furthermore, the SNP rs7966230, which has been 
also found in the VWF promotor, had a strong association with advanced atherosclerosis96. Although 
there is no direct link between these SNPs and binding of transcription factors, these findings may 
suggest differences in promoter regions with enhanced binding of inflammatory transcription factors. 
 
Atherosclerosis characterizes a variety of vascular disorders including coronary and peripheral artery 
diseases and stroke. Neutrophils and neutrophil extracellular traps are observed in thrombi from 
patients with ischemic stroke97. Thrombi from acute ischemic stroke patients contain 20% endothelial-
derived VWF that has been linked to the presence of leukocytes and extracellular DNA98. Like for 
hemolytic uremic syndrome and thrombotic thrombocytopenic purpura, ADAMTS-13 may play an 
attenuating role in the accumulation of leukocytes and VWF in stroke99.  

 

Chronic Thromboembolic Pulmonary Hypertension 
Persistence of a pulmonary embolism (PE) after at least three months of effective anti-coagulation 
treatment is referred to as chronic thromboembolic disease100. When it leads to an increase in mean 
pulmonary artery pressure and pulmonary vascular resistance, this condition is also known as 
CTEPH100. Mechanisms of inflammation and coagulation in the pulmonary circulation have been 
generally understudied, as the general hypothesis has been that the blood clots seen in the lung 
circulation in CTEPH result from embolization of clots formed in the systemic circulation (deep vein 
thrombosis) 101. However, this hypothesis is challenged by the fact 40% of patients with CTEPH have 

 

no history of acute PE or deep vein thrombosis and that classical risk factors for acute PE, including 
factor V Leiden and protein C deficiency do not apply to CTEPH, which is rather associated with 
inflammatory risk factors102,103. 
 
VWF levels are consistently elevated in patients with CTEPH, although interestingly, such elevated 
VWF levels are not found in patients with acute PE104. Increased levels of VWF are consistently 
paralleled by increased levels of CRP (C-reactive protein) in patients with CTEPH23. In addition, CRP 
levels in patients with CTEPH were associated with the severity of hemodynamics in patients with 
CTEPH105. Interestingly, stimulation of pulmonary artery endothelial cells from patients with CTEPH 
with CRP enhanced VWF release by 694%, although CRP did not induce FVIII (factor VIII) or tissue 
factor106. Another study found that the NFκB pathway is enhanced in CRP-stimulated pulmonary 
artery endothelial cells107, which paralleled increased IL-6 and VWF secretion. Recent work from our 
group demonstrated a direct link between the NFκB2 transcription factor and VWF expression in 
primary pulmonary artery endothelial cells62. Epigenetic modifications of the VWF promoter allowed 
more binding of the NFκB2 transcription factor, leading to increased VWF expression and enhanced 
platelet aggregation108. Besides NFκB2, YY1 (yin yang 1) and SP1 are transcription factors that 
participate in the hypoxia-induced upregulation of VWF in lung endothelial cells, which correlated to 
thrombi generation40. Furthermore, 77% of patients with CTEPH were found to have non-O blood 
groups, which may be associated with increased VWF levels109. Although venous thromboembolism 
populations are also associated with elevated VWF levels which are for non-O blood groups110, VWF 
levels were higher in CTEPH relative to acute PE104. 
 
Different study shows that VWF protein was not different between PAH and CTEPH, but remains high 
in nonsurvivors while ADAMTS-13, which cleaves VWF was similar111. Furthermore, VWF levels remain 
high even after pulmonary endarterectomy treatment112. Taken together, these data provide 
evidence for a pathophysiological picture of CTEPH which involves a local thrombosis driven by low-
grade inflammation, combined with reduced clot resolution.  
 
Coronavirus Disease 2019 
COVID-19 is caused by infection with SARS-COV-2 and is also characterized by inflammation and 
pulmonary complications. The clinical spectrum of COVID-19 ranges from asymptomatic to severe 
disease requiring hospitalization, with up to 20% of admitted patients in need of respiratory 
support113. These patients experience hypoxemia and dyspnea that may develop into acute 
respiratory distress syndrome and even death113. This stage of the disease is characterized by high 
levels of proinflammatory cytokines such as IL-6, TNFα, and IL-1β, also known as a cytokine storm114. 
Analysis of bronchoalveolar fluid from patients with mild and severe COVID-19 showed that these 
levels are significantly higher in critically ill patients, and it has been suggested that macrophages 
induce excessive inflammation in severe COVID-19 pneumonia115. Lung macrophages from patients 
with severe COVID-19 are activated by specific glycosylation of anti-spike IgG, inducing release of IL-6 
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including disruption of antiplatelet mechanisms85. The contribution of platelets in plaque 
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contain fewer macrophages in VWF deficient mice, rabbits, and pigs89–92. However, results from 
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because of limited or poor-quality data92. Although strong clinical evidence is lacking, VWF is probably 
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risk factors, such as hypertension, elevated LDL cholesterol, diabetes, and oxidative stress, can 
provoke an inflammatory vascular response. This concept is supported by in vivo studies that 
endothelial VWF promotes atherosclerosis in apoE-deficient mice93. In addition, the presence of LDL 
enhances VWF release and the formation of VWF-mediated platelet plugs on sites of high shear 
stress94. These high shear stresses induce the activation of KLF2, which has been described to activate 
VWF transcription54. Interestingly, KLF2 counteracts NFκB-mediated inflammatory activity. However, 
in the presence of inflammatory cytokines, NFκB interacts with histone deacetylation of the KLF2 
promoter, thereby inhibiting VWF expression95. However, NFκB plays a central role in inflammation 
and is a key transcription factor in atherogenesis. Furthermore, the SNP rs7966230, which has been 
also found in the VWF promotor, had a strong association with advanced atherosclerosis96. Although 
there is no direct link between these SNPs and binding of transcription factors, these findings may 
suggest differences in promoter regions with enhanced binding of inflammatory transcription factors. 
 
Atherosclerosis characterizes a variety of vascular disorders including coronary and peripheral artery 
diseases and stroke. Neutrophils and neutrophil extracellular traps are observed in thrombi from 
patients with ischemic stroke97. Thrombi from acute ischemic stroke patients contain 20% endothelial-
derived VWF that has been linked to the presence of leukocytes and extracellular DNA98. Like for 
hemolytic uremic syndrome and thrombotic thrombocytopenic purpura, ADAMTS-13 may play an 
attenuating role in the accumulation of leukocytes and VWF in stroke99.  
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treatment is referred to as chronic thromboembolic disease100. When it leads to an increase in mean 
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generally understudied, as the general hypothesis has been that the blood clots seen in the lung 
circulation in CTEPH result from embolization of clots formed in the systemic circulation (deep vein 
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VWF levels are not found in patients with acute PE104. Increased levels of VWF are consistently 
paralleled by increased levels of CRP (C-reactive protein) in patients with CTEPH23. In addition, CRP 
levels in patients with CTEPH were associated with the severity of hemodynamics in patients with 
CTEPH105. Interestingly, stimulation of pulmonary artery endothelial cells from patients with CTEPH 
with CRP enhanced VWF release by 694%, although CRP did not induce FVIII (factor VIII) or tissue 
factor106. Another study found that the NFκB pathway is enhanced in CRP-stimulated pulmonary 
artery endothelial cells107, which paralleled increased IL-6 and VWF secretion. Recent work from our 
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groups, which may be associated with increased VWF levels109. Although venous thromboembolism 
populations are also associated with elevated VWF levels which are for non-O blood groups110, VWF 
levels were higher in CTEPH relative to acute PE104. 
 
Different study shows that VWF protein was not different between PAH and CTEPH, but remains high 
in nonsurvivors while ADAMTS-13, which cleaves VWF was similar111. Furthermore, VWF levels remain 
high even after pulmonary endarterectomy treatment112. Taken together, these data provide 
evidence for a pathophysiological picture of CTEPH which involves a local thrombosis driven by low-
grade inflammation, combined with reduced clot resolution.  
 
Coronavirus Disease 2019 
COVID-19 is caused by infection with SARS-COV-2 and is also characterized by inflammation and 
pulmonary complications. The clinical spectrum of COVID-19 ranges from asymptomatic to severe 
disease requiring hospitalization, with up to 20% of admitted patients in need of respiratory 
support113. These patients experience hypoxemia and dyspnea that may develop into acute 
respiratory distress syndrome and even death113. This stage of the disease is characterized by high 
levels of proinflammatory cytokines such as IL-6, TNFα, and IL-1β, also known as a cytokine storm114. 
Analysis of bronchoalveolar fluid from patients with mild and severe COVID-19 showed that these 
levels are significantly higher in critically ill patients, and it has been suggested that macrophages 
induce excessive inflammation in severe COVID-19 pneumonia115. Lung macrophages from patients 
with severe COVID-19 are activated by specific glycosylation of anti-spike IgG, inducing release of IL-6 



Chapter  232

2

 

and TNFα. Consequently, endothelial barrier function was disrupted, leading to excessive platelet 
adhesion to the pulmonary endothelium, which is driven by increased endothelial VWF secretion116.  
 
VWF plasma levels have been shown to be markedly increased in COVID-19, which reflects an 
excessive inflammatory response as a consequence of ULVWF (ultra-large Von Willebrand factor) 
release from vascular endothelial cells from the cytokine storm. However, elevated VWF levels in 
patients with COVID-19 often lack ULVWF monomers that are mainly involved in platelet 
aggregation117. In the severely ill patients that are admitted to the intensive care unit, although have 
shown to have additional markers of vascular endothelial cell damage, such as increased P-selectin 
along with the so-called cytokine storm. 
 
The occurrence of COVID-19 coagulopathy is strongly associated with elevated VWF levels and may 
be a predictor of severe disease. Elevated VWF levels are associated with the need for mechanical 
ventilation118, and nonhypoxic patients have relatively lower VWF levels119. A large meta-analysis 
comparing VWF plasma levels in patients with COVID-19 has confirmed higher levels in intensive care 
unit patients compared to other patients with COVID-19120. These elevated levels were normalized in 
mild patients six months after hospital discharge, while survivors with long respiratory recovery still 
had increased VWF levels and thromboembolic complications121,122. Interestingly, a meta-analysis on 
the nature of these thromboembolisms, revealed that there was no difference in prevalence of deep 
vein thrombosis although the events of PE are higher in intensive care unit patients with COVID-19123. 
This suggests that at least some of the thrombus encountered in the lungs of patients with COVID-19 
is not there because of thromboembolic events, but was formed locally (in situ thrombosis). 
 
There is currently no data to suggest that SNPs or altered transcriptional regulation of VWF are 
involved in COVID-19. Other risk factors as blood groups have been shown to be involved in infection 
as non-O blood groups are more likely to be infected with COVID-19 than O blood groups, but it does 
not associate with disease severity124. Mechanistic studies on the regulation of VWF in COVID-19 are 
lacking. Only one study showed that increased plasma VWF levels were correlated with a decreased 
sialic acid status of VWF, which makes VWF less susceptible to cleavage125. In addition, there is 
evidence that SARS-COV-2 spike protein induces inflammation via activation of the NFκB pathway that 
may induce VWF transcription after infection and cause in situ thrombosis as described in this 
review126. Although most COVID-19 literature refers to pulmonary emboli in patients with COVID-19, 
current pathophysiological insights favor local dysregulated thrombosis rather than migration of 
emboli from distal veins as cause of the perfusion defects. 
 

Implications for Treatment 

VWF production and secretion may represent potential targets for therapy in cardiovascular disease, 
especially in inflammation-induced thrombosis. Current clinical therapies for preventing thrombosis 
include antiplatelet therapy such as thromboxane inhibitors or ADP antagonists, or anti-coagulation 

 

therapy with Vitamin K antagonists or direct oral anticoagulants. Antiplatelet therapy with aspirin or 
clopidogrel have shown to exert both antithrombotic and anti-inflammatory effects by reduced 
plasma VWF and CRP levels127,128, suggesting an antithrombotic effect by decreased VWF release from 
endothelial cells. However, these therapies target platelet function and the coagulation pathway 
which are associated with the occurrence of serious bleeding events. Alternatively, inflammatory and 
specific VWF-targeted inhibitors may be suitable to target inflammatory-mediated thrombosis. 
 
Various specific and nonspecific VWF pharmacotherapies have been tested in different inflammatory 
conditions to limit thrombotic complications. Caplacizumab is an immunoglobin that recognizes the 
VWF A1 domain and inhibits interaction between VWF and platelet GPIb-IX-V (glycoprotein Ib-IX-V) 
under high shear conditions129,130. However, it has been shown in a phase 2 clinical trial that 
caplacizumab was associated with an increased tendency towards bleeding129. Furthermore, ARC1779 
aptamer, another VWF A1 antagonist that is a single-stranded DNA oligonucleotide with a specific 3-
dimensional shape, recognizes VWF with high affinity and specificity. Results of a phase 1 study using 
this aptamer showed proof of shear-dependent inhibition of VWF-platelet interaction131, followed by 
2 phase 2 clinical studies that show reduction in embolic risk132,133. Other anti-VWF targets have also 
been tested in animal models, such as N-acetycysteine, that disrupts the disulfide bounds at the A1 
domain of VWF reducing the thrombotic potential134. Another strategy is blocking VWF function via 
the DʹD3 domain of VWF, without interfering with its hemostatic function on the A1 domain135. 
However, the use of drugs that directly target VWF is associated with increased risk of bleeding similar 
to that observed in patients with von Willebrand Disease136. To overcome this, treatment with 
recombinant ADAMTS-13 could be a potential strategy to cleave ultra-large VWF and maintain VWF 
hemostasis, a strategy that was proven to successfully reduce cerebral infarct size in mice137.  
 
Besides direct interference with VWF and its related molecules, targeting inflammatory pathways 
would serve as an alternative to reduce the risk for inflammatory-induced thrombosis. For example, 
it has been shown that anti-inflammatory therapy such as statins and nonsteroidal anti-inflammatory 
drugs block the release of VWF and significantly decreased plasma VWF levels138,139. However, 
because emerging evidence show that inflammatory pathways drive thrombosis via the VWF 
promotor, it would be favorable to target promoter activity in inflammatory thrombosis. Although the 
GATA promoter region is constitutively active, the NFκB and KLF2 binding, for example, is regulated 
active in response to specific stimuli. This enables normal hemostasis and targets inflammatory-
induced VWF transcription. Alternatively, interfering with epigenetics and accessibility of the 
promoter region can serve as an alternative to target immunothrombosis. Unselective VWF 
antagonist that are targeting VWF activation by, for example, inflammation may play beneficial roles 
in both inflammatory and thrombotic disorders because specific VWF antagonist might cause severe 
bleeding events and needs extensive testing in preclinical and clinical research. 
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especially in inflammation-induced thrombosis. Current clinical therapies for preventing thrombosis 
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therapy with Vitamin K antagonists or direct oral anticoagulants. Antiplatelet therapy with aspirin or 
clopidogrel have shown to exert both antithrombotic and anti-inflammatory effects by reduced 
plasma VWF and CRP levels127,128, suggesting an antithrombotic effect by decreased VWF release from 
endothelial cells. However, these therapies target platelet function and the coagulation pathway 
which are associated with the occurrence of serious bleeding events. Alternatively, inflammatory and 
specific VWF-targeted inhibitors may be suitable to target inflammatory-mediated thrombosis. 
 
Various specific and nonspecific VWF pharmacotherapies have been tested in different inflammatory 
conditions to limit thrombotic complications. Caplacizumab is an immunoglobin that recognizes the 
VWF A1 domain and inhibits interaction between VWF and platelet GPIb-IX-V (glycoprotein Ib-IX-V) 
under high shear conditions129,130. However, it has been shown in a phase 2 clinical trial that 
caplacizumab was associated with an increased tendency towards bleeding129. Furthermore, ARC1779 
aptamer, another VWF A1 antagonist that is a single-stranded DNA oligonucleotide with a specific 3-
dimensional shape, recognizes VWF with high affinity and specificity. Results of a phase 1 study using 
this aptamer showed proof of shear-dependent inhibition of VWF-platelet interaction131, followed by 
2 phase 2 clinical studies that show reduction in embolic risk132,133. Other anti-VWF targets have also 
been tested in animal models, such as N-acetycysteine, that disrupts the disulfide bounds at the A1 
domain of VWF reducing the thrombotic potential134. Another strategy is blocking VWF function via 
the DʹD3 domain of VWF, without interfering with its hemostatic function on the A1 domain135. 
However, the use of drugs that directly target VWF is associated with increased risk of bleeding similar 
to that observed in patients with von Willebrand Disease136. To overcome this, treatment with 
recombinant ADAMTS-13 could be a potential strategy to cleave ultra-large VWF and maintain VWF 
hemostasis, a strategy that was proven to successfully reduce cerebral infarct size in mice137.  
 
Besides direct interference with VWF and its related molecules, targeting inflammatory pathways 
would serve as an alternative to reduce the risk for inflammatory-induced thrombosis. For example, 
it has been shown that anti-inflammatory therapy such as statins and nonsteroidal anti-inflammatory 
drugs block the release of VWF and significantly decreased plasma VWF levels138,139. However, 
because emerging evidence show that inflammatory pathways drive thrombosis via the VWF 
promotor, it would be favorable to target promoter activity in inflammatory thrombosis. Although the 
GATA promoter region is constitutively active, the NFκB and KLF2 binding, for example, is regulated 
active in response to specific stimuli. This enables normal hemostasis and targets inflammatory-
induced VWF transcription. Alternatively, interfering with epigenetics and accessibility of the 
promoter region can serve as an alternative to target immunothrombosis. Unselective VWF 
antagonist that are targeting VWF activation by, for example, inflammation may play beneficial roles 
in both inflammatory and thrombotic disorders because specific VWF antagonist might cause severe 
bleeding events and needs extensive testing in preclinical and clinical research. 
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Conclusions 

In summary, inflammation may regulate VWF-mediated platelet adhesion and consequently 
thrombosis in the systemic and pulmonary circulation. Endothelial VWF expression is regulated on a 
transcriptional and a translational level, and this regulation is under control by inflammatory 
mechanisms as described in inflammatory-mediated thromboembolic diseases as atherosclerosis, 
CTEPH, and COVID-19, as summarized in Figure 3. Promoter activity and blood group are important 
mediators of VWF expression. Elucidation of the mechanism of inflammation-mediated thrombosis 
may identify new treatment options, targeting thrombosis without impeding hemostasis. 
 

 
Figure 3. Schematic overview of VWF (von Willebrand factor) regulation on different levels and how these are 
affected by inflammation and cardiovascular diseases. CTEPH indicates chronic thromboembolic pulmonary 
hypertension; E4BP4, a basic leucine zipper transcription factor; GATA‚ GATA transcription factor; KLF2, Krüppel-
like factor 2; LDL, low-density lipoprotein; NF1, nuclear factor 1; NFAT5, nuclear factor of activated T-cells 5; NFκB, 
nuclear factor kappa B; NFY, nuclear transcription factor Y; Oct1, octamer transcription factor 1; and TSS‚ 
transcription start site. 
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Inclusion of publications 
PubMed was used to search for relevant literature up to December 2021 and selected as provided in 
Supplementary Figure 1. 

To investigate polymorphisms in the VWF promoter, the following search term was used: 
("von willebrand factor"[MeSH Terms] OR ("von"[All Fields] AND "willebrand"[All Fields] AND 
"factor"[All Fields]) OR "von willebrand factor"[All Fields]) AND ("polymorphic"[All Fields] OR 
"polymorphics"[All Fields] OR "polymorphism s"[All Fields] OR "polymorphism, genetic"[MeSH Terms] 
OR ("polymorphism"[All Fields] AND "genetic"[All Fields]) OR "genetic polymorphism"[All Fields] OR 
"polymorphism"[All Fields] OR "polymorphisms"[All Fields]) AND ("promoter"[All Fields] OR 
"promoter s"[All Fields] OR "promoters"[All Fields]). This resulted in 41 publications, of which two of 
them included a review article. After screening the remaining 39 articles, only four papers included 
VWF levels associated with SNPs in the promoter region as listed in Supplementary Table 1.   
To investigate the association of blood groups and VWF antigen levels, the following search term was 
used:  ("abo blood-group system"[MeSH Terms] OR ("abo"[All Fields] AND "blood-group"[All Fields] 
AND "system"[All Fields]) OR "abo blood-group system"[All Fields] OR ("abo"[All Fields] AND 
"blood"[All Fields] AND "group"[All Fields]) OR "abo blood group"[All Fields]) AND ("von willebrand 
factor"[MeSH Terms] OR ("von"[All Fields] AND "willebrand"[All Fields] AND "factor"[All Fields]) OR 
"von willebrand factor"[All Fields]). This resulted in 307 references, of which 43 of them were review 
articles. After screening the remaining 264 articles on title and abstract for eligibility on VWF data 
extraction, 39 publications were included for analysis. 5 publications did not include numerical values 
which resulted in 34 publications that were used for data extraction as shown in Supplementary Table 
2.  

Statistical analysis
Data in Figure 2 are presented as mean ± standard deviation (SD), where mean and SD from the 
included publications were corrected for the number of patients in each study and calculated with the 
following equations: 

Equation 1: 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =	 ("#$%	!×%!))("#$%	"×%"))⋯)("#$%	#×%#)
(%!)%")⋯)%#)

   

meank = VWF concentration in publication k 
nk = number of patients included in publication k 
k = total amount of publications  

Equation 2: SDmean = '+,-!
".(%!/0))+,-"".(%"/0))/⋯)+,-#".(%#/0)

(%!)%")…)%#)/2

SDk = standard deviation from a single publcation 
nk = number of patients included in publication k 
k = total amount of publications  

Meta-analysis was performed in R studio version 4.0.3. using meta package. A randomized model for 
continuous data was adopted, due to possible risk of bias. Based on population size, mean and SD, 
the standardized mean difference and with 95% confidence interval were calculated. I2 and Tau2 

statistics were performed to assess heterogeneity among studies. If p<0.05, data was considered as 
significant.  

Data availability 
The authors declare that all supporting data are available within the article and its online 
supplementary files. 

Supplementary Data 
Supplementary Table 1. The effect of single nucleotide polymorphisms in the VWF promoter region on 
VWF plasma levels (U/mL) 

SNP 

Publication 

Haplotype 1/1 Haplotype  1/2 Haplotype 2/2 

mean ± SD n mean ± SD n mean ± SD n 

Keightley et al.1 0.96 ± 0.44 33 0.86 ± 0.35 111 0.78 ± 0.41 106 

Simon et al.2 1.13 ± 0.57 112 1.04 ± 0.44 209 1.00 ± 0.42 99 

Bladbjerg et al.3 1.99 ± 0.45 68 1.96 ± 0.47 240 2.05 ± 0.54 258 

Hickson et al.4 0.97 ± 0.44 162 0.98 ± 0.43 521 0.96 ± 0.47 432 

SNP =  s ing le  nuc leot ide  po lymorph ism |  VWF =  Von  Wi l lebrand  Factor  
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Supplementary Figure 1. Flowchart visualizing selection of publications for meta-analysis (A) Search for single 
nucleotide polymorphisms (SNPs) influencing Von Willebrand Factor (VWF) levels (B) Search for the influence of 
ABO blood groups on VWF levels.  
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Supplementary Figure 1. Flowchart visualizing selection of publications for meta-analysis (A) Search for single 
nucleotide polymorphisms (SNPs) influencing Von Willebrand Factor (VWF) levels (B) Search for the influence of 
ABO blood groups on VWF levels.  
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Supplementary Figure 2. Forest plots of selected publications comparing the influence of single nucleotide 
polymorphism (SNP) on Von Willebrand Factor (VWF) levels (A) SNP haplotype 1/1 vs. haplotype 1/2, (B) SNP 
haplotype 1/1 vs. 2/2, (C) SNP haplotype 1/2 vs. 2/2. Meta-analysis was performed with standardized mean 
difference (SMD) with 95% confidence interval (95% CI).  
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Supplementary Figure 3. Forest plots of selected publications comparing the influence of blood group O versus 
bloodgroup A on Von Willebrand Factor (VWF) levels. Meta-analysis was performed with standardized mean 
difference (SMD) with 95% confidence interval (95% CI) of VWF levels. 
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Supplementary Figure 4. Forest plots of selected publications comparing the influence of blood group O versus 
other blood groups on Von Willebrand Factor (VWF) levels. (A) Blood group O versus Blood group B (B) Blood 
group O versus blood group AB. Meta-analysis was performed with standardized mean difference (SMD) with 95% 
confidence interval (95% CI) of VWF levels. 
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Abstract 

The formation of blood clots involves complex interactions between endothelial cells, their underlying 
matrix, various blood cells, and proteins. The endothelium is the primary source of many of the major 
hemostatic molecules that control platelet aggregation, coagulation, and fibrinolysis. Although the 
mechanism of thrombosis has been investigated for decades, in vitro studies mainly focus on 
situations of vascular damage where the subendothelial matrix gets exposed, or on interactions 
between cells with single blood components. Our method allows studying interactions between whole 
blood and an intact, confluent vascular cell network. 
 
By utilizing primary human endothelial cells, this protocol provides the unique opportunity to study 
the influence of endothelial cells on thrombus dynamics and gives valuable insights into the 
pathophysiology of thrombotic disease. The use of custom-made microfluidic flow channels allows 
application of disease-specific vascular geometries and model specific morphological vascular 
changes. The development of a thrombus is recorded in real-time and quantitatively characterized by 
platelet adhesion and fibrin deposition. The effect of endothelial function in altered thrombus 
dynamics is determined by post-analysis through immunofluorescence staining of specific molecules. 
 
The representative results describe the experimental setup, data collection, and data analysis. 
Depending on the research question, parameters for every section can be adjusted including cell type, 
shear rates, channel geometry, drug therapy, and post-analysis procedures. The protocol is validated 
by quantifying thrombus formation on the pulmonary artery endothelium of patients with chronic 
thromboembolic disease. 
  

Introduction 

The endothelium forms the inner cellular layer of blood vessels and separates blood from the 
surrounding tissue. It has been described as a dynamic organ that actively regulates its micro-
environment and responds to external stimuli1. Because of its direct contact with flowing blood, the 
endothelium is pivotal in the control of hemostasis and thrombosis and is the primary source of many 
of the major regulatory molecules that control platelet aggregation, coagulation, and fibrinolysis2. 
Healthy, non-activated endothelial cells (EC) produce several molecules that counteract platelet 
activation and prevent coagulation and thrombus formation to maintain blood flow, such as 
prostacyclin, thrombomodulin, or tissue factor pathway inhibitor (TFPI)2,3. This prevents the adhesion 
of platelets, platelet aggregation, and thrombus formation. Injury or activation of the vessel wall 
results in a pro-coagulant endothelial phenotype that initiates localized platelet adhesion and clot 
formation2,4. Upon endothelial activation platelets adhere to von Willebrand Factor (VWF), a 
multimeric protein released from ECs, or to exposed binding sites of the underlying subendothelial 
matrix. Subsequently, molecular changes in platelets and the exposure to tissue factor (TF) initiate the 
activation of the coagulation system, which induces thrombus formation by fibrin polymerization5,6. 
Together, the resulting clot provides the basis for wound closure by re-endothelialization7. 
Perturbations of the coagulation system may result in bleeding disorders, such as von Willebrand 
disease, hemophilia, or thrombosis, that often result from a dysregulated pro- and anti-thrombotic 
balance of the endothelial hemostatic pathway2,3. 
 
The process of hemostasis occurs in both arterial and venous circulation. However, the mechanisms 
underlying arterial and venous thrombosis are fundamentally different. While arterial thrombosis, as 
seen in ischemic heart disease, is mostly driven by the rupture of an atherosclerotic plaque under 
conditions of high shear stress, venous thrombosis mostly develops in the absence of endothelial 
injury in a condition of stasis8,9,10. A deep vein thrombus may embolize and travel towards the 
pulmonary arteries, where it causes a pulmonary embolism. This can result in chronic vascular 
obstructions leading to significant impaired functional capacities that might foster the development 
of chonic lung diseases including the development of chronic thromboembolic pulmonary 
hypertension (CTEPH)11,12,13,14. CTEPH is characterized by elevated pulmonary pressure due to 
obstructions of the pulmonary arteries by thromboembolic material following at least three months 
of anti-coagulation therapy15. In addition to lung emboli, it is postulated that the pulmonary 
endothelium provides a prothrombotic environment in CTEPH that facilitates in situ thrombosis and 
chronic obstructions of the pulmonary arteries, causing the increase in blood pressure that ultimately 
can result in heart failure, if untreated16,17. 
 
Over the past years, various studies have led to the development of assays to examine thrombus 
formation by measuring platelet function and coagulation18. However, most of them either study the 
interaction of whole blood with single extracellular matrix components like collagens or fibrins, or 
endothelial function in interaction with single blood components, such as endothelial-platelet or 
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endothelial-leukocyte interaction19,20,21,22. These assays are most commonly performed with human 
umbilical vein endothelial cells (HUVEC), as these cells are easily obtained. However, hemostatic genes 
are differentially expressed across the vascular tree, vessel types, and organ systems23,24, which makes 
the use of HUVECs to represent endothelial cells involved in arterial thrombosis or pulmonary 
embolisms problematic23. 
 
In addition to EC plasticity, disease-specific hemodynamic alterations and changes in vascular 
morphology can promote thrombus formation at the normal endothelium25. Higher shear rates, due 
to local vasoconstriction or changes in vessel geometry, for example, may result in acute thrombus 
formation, causing a stenosis that accelerates the cessation of blood flow26. The use of custom-made 
micro engineered flow channels allows to specifically design vascular geometries that are 
representative of the (patho)biology. In this way, it is possible to study the effect of local 
biomechanical forces on healthy or diseased EC27. 
 
There are anti-coagulation therapies available for targeting different phases and molecules in the 
coagulation cascade, which all pose particular risks and benefits that can be specific to certain 
disorders. The approach of disease modeling described in this paper is especially suited to test the 
effects of various anti-coagulation and anti-platelet therapies on thrombus dynamics. 
 
The aim is to present a model of thrombosis that includes primary ECs, yielding a versatile model 
suitable for the analysis of various forms of thrombosis depending on the type of primary ECs used. 
As an illustration, we used pulmonary artery endothelial cells from CTEPH patients in interaction with 
whole human blood containing all components involved in thrombus formation (platelets, leukocytes, 
erythrocytes, clotting proteins, and co-factors). This approach can be applied in commercial parallel 
flow channels or in custom-made microfluidic flow channels with a specific vascular design. As such, 
the model can eventually be used in the study of thrombus formation and resolution, for the 
assessment of inflammatory responses in disease modeling, for anti-platelet or anti-coagulation 
therapy, and ultimately for personalized medicine. 
 

Protocol 

This study was approved by the institutional Medical Ethical Review Board of the VU Medical Center 
Amsterdam, The Netherlands (METC VUmc, NL69167.029.19). Primary cell isolation and blood 
collection of human subjects was performed after written informed consent was obtained in 
accordance with the Declaration of Helsinki. 
 
This study describes the isolation of primary human pulmonary artery endothelial cells. For the 
isolation of other primary human endothelial cell types, we refer to previously published methods, 
including pulmonary microvascular endothelial cells25, human umbilical vein endothelial cells28, and 
blood circulating endothelial colony forming cells Figure 1A29. 

 
1. Isolation and culture of primary human pulmonary arterial endothelial cells  
1.1. Warm complete endothelial cell medium (cECM) supplemented with 5% fetal bovine serum 

(FBS), 1% penicillin/streptomycin (P/S), 1% endothelial cell growth supplements (ECGS), and 1% 

nonessential amino acids (NEAA), in a water bath at 37 °C. Sterilize surgical scissors, forceps, and 

a scalpel with either a 120 °C heat sterilizer or 70% ethanol. Perform the isolation of pulmonary 
arterial endothelial cells (PAEC) in a laminar flow cabinet under sterile conditions. 

1.2. Coat a high affinity cell binding 60 mm cell culture dish (see Table of Materials) with 2 mL of 5 

µg/mL fibronectin and incubate at 37 °C for at least 15 min. 
1.3. Obtain pulmonary artery (PA) tissue from surgery (e.g., lobectomy or pulmonary 

endarterectomy), store in 4 °C cold cord buffer (4 mM potassium chloride, 140 mM sodium 
chloride, 10 mM HEPES, 11 mM D-glucose, and 1% P/S, pH = 7.3), and keep on ice until isolation. 

1.4. Isolate endothelial cells from PA within 2 h after tissue removal. Take the PA with forceps and 
put it in a 10 cm Petri dish to wash with PBS. If the PA is still a ring, cut the pulmonary artery open 
with scissors. Be very careful to not touch the innermost layer of the vessel with the tools, as the 
endothelium is easily damaged and/or removed. 

1.5. Remove the fibronectin from the cell culture dish and add 4 mL of cECM medium. 
1.6. Take the PA tissue with forceps and place it in the medium. Meanwhile, carefully scrape the inner 

layer of the vessel into the medium with a scalpel. Often, lipid accumulations can be seen in the 
vessel wall. Try to omit these, as they will impact cell outgrowth. 

1.7. Keep the cells in culture until small colonies of endothelial cells start to appear. 
1.8. Replace the medium every other day. If fibroblasts contaminate the culture, purify it with 

magnetic affinity cell separation for CD144 with a kit, in accordance to the manufacturer's 
instructions (see Table of Materials). Use the two-column method for the initial purification and 
the one-column method for every consecutive purification. Generally, a culture is defined pure 
when flow cytometry detects ≤10% contaminating cells. 

1.9. Split cells in ratios of 1:3 to 1:4 until sufficient PAECs are grown for experimental use. When 
PAECs are ready to use, continue with the next step. 

1.10 After purification, primary endothelial cells need to be characterized for the presence of EC 
specific markers (e.g., VE-cadherin, CD31, Tie2) and for the absence of smooth muscle cells (α-
SMA), fibroblast (vimentin), and epithelial (cytokeratin) markers (Figure 1B). 

 
2. Preparation of flow chambers and PAEC monolayers 
Depending on the hypothesis, use either the commercially available flow chambers (see Table of 
Materials and Figure 1C, Option A, step 2.1 of the protocol) or a custom-made microfluidic flow 
chamber (Figure 1C, Option B, step 2.2 of the protocol). 
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Option A: Commercially available flow chambers are easy to use and provide a laminar flow pattern 
throughout the channel that can be used at high shear rates. These microslides are designed to allow 
multichannel parallel runs and provide an accurate and reproducible flow profile. Because they are 
optimized for inverted microscopy, it is possible to capture high quality fluorescent images. 
Furthermore, various dimensions of flow chambers are available in different channel sizes or 
geometries. The 6-well flow channels are preferred for this assay because these microslides have small 
dimensions and allow multiparallel runs. 
 
2.1. Cell seeding of endothelial monolayers in commercially available microslides 
2.1.1. To coat one channel of a 6-well flow slide (3.5 mm width x 0.4 mm height x 17 mm length) 

use 30 µL of 0.1% gelatin per channel and incubate at 37 °C for at least 15 min. 
2.1.2. To seed one channel, trypsinize 10 cm2 of confluent PAECs and spin down at 300 xg for 7 

min at room temperature (RT). 
2.1.3. Suspend PAECs in 600 µL of cECM and pipette 100 µL (1.5 cm2) of cell suspension in one 

channel. This covers the microslide through capillary action. If it is going too slow, air 
bubbles will form. Avoid the formation of air bubbles by using a little bit more force when 
pipetting. 

NOTE: Cell density influences endothelial phenotype. A total of 1.5 cm2 of confluent cells per 
channel is overconfluent, because the channel has a surface area of 0.6 cm2. Before starting the 

experiment, culture these cells for another 6 days within the channels until they reach maximum 

confluency. 

2.1.4. Add an additional 50 µL of cECM to the channel to provide sufficient medium for overnight 

incubation at 37 °C, 5% CO2. Change the medium the next day to wash away unbound cells. 

2.1.5. Keep the cells in culture for 6 days at 37 °C, 5% CO2 to allow the PAEC to form a firm, 
confluent monolayer. Change the medium every other day with 150 µL of cECM. 

2.1.6. At day 7, treat the PAEC with 100 µL of 1 µM histamine in ECM and 1% FBS without any 
other additives for 30 min prior to the assay. The stimulus can be chosen ad libitum. For 
example, TNF-α has been commonly used as an inflammatory activator. 

 
Option B: Custom-made flow chambers are adapted to the user's needs because the dimensions and 
geometries can be easily changed to preference. For example, to mimic a more physiologically 
relevant vessel, a stenosis can be introduced (Figure 1D). This approach allows the use of very small 
blood volumes as seen in microvascular disease. 
 
2.2. Preparation of custom-made microfluidic flow chambers 
2.2.1. Soft lithography of polydimethylsiloxane (PDMS) using patterned wafers 

Combine PDMS curing agent and prepolymer on a microbalance at a 1:10 ratio and 
thoroughly mix with a general purpose lab mixer. 

2.2.1.1. To remove the resulting air bubbles, degas the PDMS in a desiccator for approximately 1 h. 

2.2.1.2. Line a glass Petri dish with aluminum foil and add a few droplets of water before placing the 
wafer in the lined Petri dish. The wafer serves as the mold for the custom-made channel. 

NOTE: The wafers or molds are provided by the clean room facilities. Negative photoresist is 

patterned onto wafers to create protruding channel-like features with the following typical 

dimensions: 300 µm width x 270 µm height x 14 mm length. 

2.2.1.3. Pour the degassed PDMS onto the wafer placed in a glass Petri dish. 
2.2.1.4. Degas the PDMS poured onto the wafer in a desiccator for an additional 15 min to remove 

any bubbles that might have formed during casting. 
2.2.1.5. Remove the Petri dish containing the mold and PDMS from the desiccator and place it in a 

60 °C oven for a minimum of 4 h to cross-link the PDMS. 
 

2.2.2. Preparation of cross-linked PDMS for bonding to glass slides 
2.2.2.1. Remove mold and cross-linked PDMS from the oven and move to a cross-flow hood for dust-

free handling of the PDMS. 
2.2.2.2. Remove any PDMS from the bottom of the mold using a scalpel and remove the top slab of 

the cross-linked PDMS from the mold. 
2.2.2.3. Line the exposed patterned PDMS slab with adhesive tape to prevent any dust particles to 

come into contact with the PDMS channels. 
2.2.2.4. Cut the PDMS chips to size and punch 1 mm diameter inlets and outlets using a biopsy 

punch. 
 

2.2.3. Sterilization and bonding of PDMS microfluidic channels and glass slides 
2.2.3.1. Clean glass microscopy slides by thoroughly rinsing with ethanol followed by an isopropyl 

alcohol rinse. After each rinse, thoroughly dry the slides with a nitrogen gun. 
NOTE: Alternatively, cover slips can be used if the analysis is conducted using a confocal 

microscope. 

2.2.3.2. Open the plasma chamber and load the cleaned microscopy slides and microfluidic chips 
without the protective tape. 

2.2.3.3. Close the chamber, purge with nitrogen for 1 min, and fill the chamber with filtered air until 
a pressure of 500 mTorr is reached. 

2.2.3.4. Expose the glass slides and PDMS chips to the plasma for 40 s using a power of 50 W and a 
frequency of 5 kHz. 

2.2.3.5. After exposure to the plasma, immediately bond the glass slides and microfluidic chips. 
Store the devices in sterile Petri dishes. 
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geometries. The 6-well flow channels are preferred for this assay because these microslides have small 
dimensions and allow multiparallel runs. 
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other additives for 30 min prior to the assay. The stimulus can be chosen ad libitum. For 
example, TNF-α has been commonly used as an inflammatory activator. 
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the cross-linked PDMS from the mold. 
2.2.2.3. Line the exposed patterned PDMS slab with adhesive tape to prevent any dust particles to 
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NOTE: Alternatively, cover slips can be used if the analysis is conducted using a confocal 
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2.2.3.2. Open the plasma chamber and load the cleaned microscopy slides and microfluidic chips 
without the protective tape. 

2.2.3.3. Close the chamber, purge with nitrogen for 1 min, and fill the chamber with filtered air until 
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2.3. Cell seeding of endothelial monolayers in microfluidic channels 
2.3.1. Coat the custom-made microchannel by pipetting 10 µL of 0.1 mg/mL collagen Type I or 

0.1% gelatin per channel and incubate at 37 �C for 30 min. 
2.3.2. To seed four microchannels, trypsinize 25 cm2 of confluent PAECs and spin down at 300 x g 

for 7 min at RT. 
NOTE: Only a small percentage of cells will adhere to the surface. Therefore, it is necessary to use 

an excess of cells to achieve a confluent monolayer. 

2.3.3. Suspend PAECs in 20 µL of cECM and use 5 µL of cell suspension for each channel. Because 
of the small channel dimensions, the capillary forces will fill the microslide and prevent air 
bubble formation. 

2.3.4. Change medium after 3–4 h to wash unbound cells. 
2.3.5. Keep the cells in culture for 6 days to allow the PAEC to form a firm, confluent monolayer. 

Because of the small volume, change the medium every day with 150 µL of cECM. Leave the 
pipette tip filled with medium in the inlet and put an empty tip in the outlet. This will serve 
as a reservoir providing sufficient nutrients and growth factors to the cells and prevent the 
slide from drying out. 

2.3.6. On day 7, stain the nuclei in the live cells with Hoechst (1:5,000 in cECM) and incubate for a 
maximum of 10 min at 37 �C and 5% CO2. 

2.3.7. Carefully wash 3X with cECM and treat with 1 µM histamine in ECM + 1% FBS for 30 min 
prior to the assay. The stimulus can be chosen ad libitum. For example, TNF-α has been 
commonly used as an inflammatory activator. 

2.3.8. Use 1.27 mm diameter 90° angled stainless steel connectors to connect the outlet of the 
PDMS chips to tubing. 

 
3. Preparation of human whole blood 
3.1. Draw venous blood from subjects in 0.109 M sodium citrate anticoagulant. This can be from 

healthy or diseased subjects that do not receive anticoagulation treatment. Gently invert the 
tubes to mix. The total amount of blood required for an experiment mainly depends on the 
selected flow rate. With a flow rate of 25 mL/h, in ibidi 6-well slides, a total volume of 2 mL with 
a little excess to fill up tubs and flow channel is sufficient. 

3.2. Transfer the blood to a 50 mL tube and add Calcein AM (1:10,000) to fluorescently label blood 
cells and Alexa488-fibrinogen (15 µg/mL) to conjugate autologous fibrinogen. Let the blood 

incubate at 37 °C for 15 min to allow complete absorption. 
3.3. Dilute the blood 1:1 with recalcification buffer (154 mM sodium chloride, 10.8 mM trisodium 

citrate, 2.5 mM calcium chloride, and 2 mM magnesium chloride) immediately before the start 
of experiment. 

NOTE: Hemodilution with a maximum of 50% did not influence coagulation reaction time30. 

Furthermore, human blood can contain viruses and other agents. Working with blood samples, 

therefore, carries a risk of infection. It is highly recommended to use appropriate safety measures and 

to handle the material with care. 

4. Assembling the flow system 
4.1. Before connecting the tubing, rinse the flow tubes with a 20 mL syringe filled with wash buffer 

(36 mM citric acid, 103 mM sodium chloride, 5 mM potassium chloride, 5 mM EDTA, and 0.35% 
wt/vol bovine serum albumin [BSA], pH = 6.5) to prevent clotting of the blood in the tubes. 

4.2. Use a new syringe to fill the flow tubes with HEPES buffer (132 mM sodium chloride, 20 mM 
HEPES, 6 mM potassium chloride, 1 mM magnesium chloride, 1% BSA, and 5.5 mM D-glucose, 
pH = 7.4) and carefully connect it with an elbow-shaped Luer connector to the microslide filled 
with EC in medium. While attaching the connectors to the microchannels, try to prevent the 
formation of any air bubbles in the slide. Bubbles will damage the endothelium and influence the 
results of your experiment. Remove wash buffer completely and don't let the buffer get in 
contact with the cells, as this will inhibit coagulation. 

4.3. Set up the flow system as shown in Figure 1E. Take up 2 mL of wash buffer in a 20 mL syringe and 
rinse to prevent clotting when the blood enters the syringe. Insert the empty syringe in the 
syringe pump and connect the outlet tube with a female Luer connector to this syringe. Put the 
inlet tube in a container containing the prepared human blood. 

4.4. Switch on the syringe pump and calculate the flow rate. Flow profiles follow a parabolic pattern 
in height. Assuming that the blood acts as a Newtonian fluid, use the following formula to 
calculate flow rate. 

 

τ = η !"
#!$

      (Equation 1) 

 

τ = shear stress	"!"#$%!# 

η = dynamical viscosity	"!"#	×	($%! # 

Q = volumetric flow rate "%%
"
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h = channel height [𝑚𝑚𝑚𝑚] 
w = channel width[𝑚𝑚𝑚𝑚] 

 
NOTE: For pulmonary arterial flow with blood in the commercial 6 channel microslides with rectangular 

dimensions with 0.4 mm height and 3.5 mm width, a volumetric flow rate of 25 mL/h was used for 5 

min. Due to the differences in the dimensions of the custom-made flow channels, these dynamics will 

also change. Adjust the variables to make sure the shear stress is equal. 

4.5. Define the diameter of the 20 mL syringe to 19.05 mm and set the program to Withdraw. Pulling 
the blood through the cell-coated channel by application of a negative pressure will guarantee 
constant shear rates and minimal damage to the cell layer. 
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2.3.5. Keep the cells in culture for 6 days to allow the PAEC to form a firm, confluent monolayer. 

Because of the small volume, change the medium every day with 150 µL of cECM. Leave the 
pipette tip filled with medium in the inlet and put an empty tip in the outlet. This will serve 
as a reservoir providing sufficient nutrients and growth factors to the cells and prevent the 
slide from drying out. 

2.3.6. On day 7, stain the nuclei in the live cells with Hoechst (1:5,000 in cECM) and incubate for a 
maximum of 10 min at 37 �C and 5% CO2. 

2.3.7. Carefully wash 3X with cECM and treat with 1 µM histamine in ECM + 1% FBS for 30 min 
prior to the assay. The stimulus can be chosen ad libitum. For example, TNF-α has been 
commonly used as an inflammatory activator. 

2.3.8. Use 1.27 mm diameter 90° angled stainless steel connectors to connect the outlet of the 
PDMS chips to tubing. 
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3.1. Draw venous blood from subjects in 0.109 M sodium citrate anticoagulant. This can be from 

healthy or diseased subjects that do not receive anticoagulation treatment. Gently invert the 
tubes to mix. The total amount of blood required for an experiment mainly depends on the 
selected flow rate. With a flow rate of 25 mL/h, in ibidi 6-well slides, a total volume of 2 mL with 
a little excess to fill up tubs and flow channel is sufficient. 

3.2. Transfer the blood to a 50 mL tube and add Calcein AM (1:10,000) to fluorescently label blood 
cells and Alexa488-fibrinogen (15 µg/mL) to conjugate autologous fibrinogen. Let the blood 

incubate at 37 °C for 15 min to allow complete absorption. 
3.3. Dilute the blood 1:1 with recalcification buffer (154 mM sodium chloride, 10.8 mM trisodium 

citrate, 2.5 mM calcium chloride, and 2 mM magnesium chloride) immediately before the start 
of experiment. 

NOTE: Hemodilution with a maximum of 50% did not influence coagulation reaction time30. 

Furthermore, human blood can contain viruses and other agents. Working with blood samples, 

therefore, carries a risk of infection. It is highly recommended to use appropriate safety measures and 

to handle the material with care. 

4. Assembling the flow system 
4.1. Before connecting the tubing, rinse the flow tubes with a 20 mL syringe filled with wash buffer 

(36 mM citric acid, 103 mM sodium chloride, 5 mM potassium chloride, 5 mM EDTA, and 0.35% 
wt/vol bovine serum albumin [BSA], pH = 6.5) to prevent clotting of the blood in the tubes. 

4.2. Use a new syringe to fill the flow tubes with HEPES buffer (132 mM sodium chloride, 20 mM 
HEPES, 6 mM potassium chloride, 1 mM magnesium chloride, 1% BSA, and 5.5 mM D-glucose, 
pH = 7.4) and carefully connect it with an elbow-shaped Luer connector to the microslide filled 
with EC in medium. While attaching the connectors to the microchannels, try to prevent the 
formation of any air bubbles in the slide. Bubbles will damage the endothelium and influence the 
results of your experiment. Remove wash buffer completely and don't let the buffer get in 
contact with the cells, as this will inhibit coagulation. 

4.3. Set up the flow system as shown in Figure 1E. Take up 2 mL of wash buffer in a 20 mL syringe and 
rinse to prevent clotting when the blood enters the syringe. Insert the empty syringe in the 
syringe pump and connect the outlet tube with a female Luer connector to this syringe. Put the 
inlet tube in a container containing the prepared human blood. 

4.4. Switch on the syringe pump and calculate the flow rate. Flow profiles follow a parabolic pattern 
in height. Assuming that the blood acts as a Newtonian fluid, use the following formula to 
calculate flow rate. 
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NOTE: For pulmonary arterial flow with blood in the commercial 6 channel microslides with rectangular 

dimensions with 0.4 mm height and 3.5 mm width, a volumetric flow rate of 25 mL/h was used for 5 

min. Due to the differences in the dimensions of the custom-made flow channels, these dynamics will 

also change. Adjust the variables to make sure the shear stress is equal. 

4.5. Define the diameter of the 20 mL syringe to 19.05 mm and set the program to Withdraw. Pulling 
the blood through the cell-coated channel by application of a negative pressure will guarantee 
constant shear rates and minimal damage to the cell layer. 
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5. Setting up the microscope for image acquisition 
5.1. Use a 20x objective and place the microslide onto the stage of the inverted phase contrast 

fluorescent microscope. Start the microscope software to move the stage in the Z-direction to 
focus on the cell monolayer. 

5.2. Select a region of interest (ROI) in the beginning, middle, and end of every flow channel. The 
beginning and end should be at least 3 mm away from the inlet and outlet of the channel. Set 
the blue, green, and red fluorescent filters with a laser power and light intensity that shows 
minimal background. 

 
6. Perfusion of whole blood over PAECs 
6.1. After everything is connected as in Figure 1E and the microscope is ready for recording, push 

Start to record a video. Push Start on the syringe pump to perfuse the blood over the 
endothelium. 

6.2. As soon as the blood starts flowing over the endothelium, acquire images with the preselected 
active channels and ROI positions every 15 s for 5 min. 

6.3. After 5 min of perfusion, finish recording and stop the syringe pump. Disassemble the flow 
chamber and very carefully remove the tubing. Often, an air bubble will form if this is done with 
too much force. Try to prevent this, because this will flush away the endothelium. 

 
7. Fixation and post-analysis 
To exclude false positive platelet adhesion by endothelial damage due to the perfusion experiment, it 
is necessary to characterize the endothelial cells for their gap formation and monolayer. This can be 
done by regular immunofluorescence staining for VE-cadherin. 
 
7.1. After perfusion and disassembling of the tubing, wash the microfluidic channel with HEPES. 

Pipette HEPES into the channel so that it will push the blood to the outlet. Remove the excess 
with another pipette. 

Optionally, wash the channel with PBS++ (with 0.5 mM magnesium chloride and 0.9 mM calcium 

chloride) to prevent precipitation of protein supernatant. This reduces background. However, an extra 

washing step can change cellular behavior and morphology that could influence post-analysis imaging. 

 
7.2. Remove the HEPES and fix the endothelium with adhered platelets and deposited fibrin by 

pipetting 37 °C warmed 4% paraformaldehyde (PFA) into the channel and incubate for 15 min at 
RT. 

NOTE: Be extra careful when fixing the custom-made microfluidics as these channels are even smaller, 

which causes higher shear forces in the channel during every handling step. 

7.3. Remove the PFA from the channel and wash 3x with PBS. The microslides are now ready for a 
standard staining protocol to characterize endothelial cell markers such as VE-cadherin, CD31, P-
selectin or integrins, CD42b for adherent platelets, or CD45 for leukocytes. 

7.4. After staining, take at least five images with a regular confocal microscope to characterize 
colocalization. 

 
8. Image analysis 
8.1. Open a flow assay image containing either fluorescently labeled platelets or fluorescent fibrin in 

ImageJ. Drag image of choice to ImageJ. 
8.2. The image is taken in RGB color. For analysis, an 8-bit image is preferred, so transform the image 

into 8-bit: Image | Type | 8-bit. 
8.3. To minimize the background, subtract with a sliding paraboloid, where a rolling ball locally 

calculates and subtracts background pixels from the original image: Process | Subtract 
Background | Rolling Ball Radius = 50 pixels | Sliding Paraboloid. 

NOTE: The image size is defined in pixels. However, to measure area, it is necessary to set the scale. 

When the images are taken with a 20x objective with a numerical aperture of 0.45, the microscope has 

a scale of 2 pixels per µm. Most of the time the necessary information to set the scale is stored in the 

metadata of the image and can automatically be used by ImageJ: Analyze | Set Scale. 

8.4. Set a threshold to define adhered platelets or deposited fibrin. Use the Triangle method and the 
threshold will adjust automatically: Image | Adjust | Threshold. 

8.5. Analyze the area covered by the platelets or fibrin with the Analyze Particles command. Set size 
at 2-Infinity, as the minimal size of a platelet is 2 µm: Analyze | Analyze Particles. 

8.6. The results will provide the total area in µm2, with average size of the aggregates in µm2 and the 
percentage of covered area. 

 

Representative Results 
The representative results can be divided into three parts, each representing the respective steps of 
experimental set-up, data collection, and data analysis. Depending on the research question, 
parameters for each step can be changed. The presented data are applied to study the influence of 
the endothelium on thrombus formation. 
 
Experimental Set-up 
It is well-established that endothelial cells are highly heterogeneous in structure and function, 
depending on location and time, during health and disease23. Various sources of endothelial cells can 
be used to study endothelial-blood interaction, which in this case were commercially available 
HUVECs and PAECs (Figure 1A). HUVECs have been the most commonly used in laboratory models, 
while PAECs are patient-derived isolated cells from the pulmonary arteries. Furthermore, there are 
well-established protocols available to isolate microvascular endothelial cells (MVEC) from the 
pulmonary circulation or blood circulating endothelial colony forming cells (ECFC)25,28,29. 
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NOTE: Be extra careful when fixing the custom-made microfluidics as these channels are even smaller, 

which causes higher shear forces in the channel during every handling step. 

7.3. Remove the PFA from the channel and wash 3x with PBS. The microslides are now ready for a 
standard staining protocol to characterize endothelial cell markers such as VE-cadherin, CD31, P-
selectin or integrins, CD42b for adherent platelets, or CD45 for leukocytes. 

7.4. After staining, take at least five images with a regular confocal microscope to characterize 
colocalization. 

 
8. Image analysis 
8.1. Open a flow assay image containing either fluorescently labeled platelets or fluorescent fibrin in 

ImageJ. Drag image of choice to ImageJ. 
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be used to study endothelial-blood interaction, which in this case were commercially available 
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Figure 1: Schematic overview of the protocol. (A) Various sources and different types of endothelial cells were 
isolated and cultured for usage in a microfluidic flow channel for perfusion experiments. Representative brightfield 
images of different types of endothelial cells. Scale bar = 50 µm. (B) Isolated cells were characterized by 
immunofluorescent staining to confirm an endothelial phenotype. Scale bar = 50 µm. (C) Cells can be seeded in 
either commercial flow slides or custom-made microfluidic channel. (D) Representative brightfield images of 
HUVEC grown in different channel geometries. Scale bar = 50 µm. (E) Experimental setup of blood perfusion 
experiments. Citrated blood was collected, diluted with saline buffer, and perfused over endothelial cells with a 
syringe pump. The lung and umbilical vein in this Figure were modified from Servier Medical Art, licensed under a 
Creative Common Attribution 3.0 Generic Licence. http://smart.servier.com/ 
  

After isolation, endothelial cells were characterized by VE-cadherin, CD31, and Tie2 staining to confirm 
an endothelial phenotype. Characterization for the presence of αSMA and cytokeratin indicated the 
absence of a fibroblast or epithelial-like phenotype (Figure 1B). After obtaining a highly pure 
population of ECs, passage 3–5 cells were used to seed either a commercial microslide or custom-
made microfluidic flow channels (Figure 1C). While the commercially available microslides are 
primarily parallel flow chambers, or Y-shaped channels with specifically defined parameters in height 
or bifurcation angle, the use of microfluidic slides makes it possible to adapt the experimental 
parameters to in vivo vessel geometry and blood flow dynamics31. However, custom-made 
microfluidic sizes are smaller and tend to limit cell spread and induce more cell death32,33. Using a 
surplus of cells compensates for the fact that only a small percentage of cells will adhere. This was 
observed when a stenosis was introduced, where endothelial cells showed a more elongated 
phenotype compared to a parallel microfluidic channel (Figure 1D). Commercial flow chambers have 
a bigger surface area that cells can bind to. This requires fewer cell numbers for seeding. 
 
To study endothelial cell-blood interaction, whole blood was perfused over an endothelial monolayer. 
Citrated blood was collected on the day of the experiment and immediately before perfusion 
recalcified. Cells were stimulated with histamine to induce VWF release and platelet adhesion 30 min 
prior to perfusion (Figure 1E)34,35. Because of the small dimensions, the custom-made microfluidic 
channels allowed use of smaller blood volumes. 
 
Data collection 
To investigate thrombus formation on PAECs, Calcein AM-Red fluorescently labeled blood cells and 
Alexa488-conjugated fibrin were perfused for 5 min at 2.5 dyne/cm2 (Figure 2A–C). Adherent blood 
cells and deposited fibrin were quantified. Images were acquired every 30 s and quantified with 
ImageJ. It was important to subtract the background to eliminate the autofluorescence of non-
adhered platelets. The triangle algorithm for thresholding has been used to define minimal 
background. It allowed for measurement of small platelet aggregates (Figure 2D). 
 

Expectedly, under non-stimulated conditions, there was no binding of platelets and fibrin to the 
endothelium. To promote VWF release and platelet binding, PAECs were stimulated with histamine, 
which resulted in an immediate increase of platelet adhesion reaching a plateau after 2.5 min. At this 
time, platelets started to secrete autocrine factors that induced platelet aggregation and fibrinogen 
cleavage into fibrin. Fibrin was deposited after 3 min and formed a stable aggregate with platelets 
after 4 min (Figure 2E). 
 
To investigate whether this effect could be inhibited by a direct oral anticoagulant (DOAC), blood was 
treated with 10 nM dabigatran. Dabigatran was added to the blood dilution, where it inhibits Factor 
IIa in the coagulation pathway, and prevented the cleavage of fibrinogen to form fibrin fibers. When 
dabigatran-treated blood was perfused over stimulated PAECs, clot formation could be directly 
inhibited mainly by delaying fibrin deposition (Figure 2F). 
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Figure 2: Image acquisition and quantification of thrombus formation. (A) Representative time-lapse imaging of 

adhered Calcein AM-Red labeled platelets and deposited Alexa488-conjugated fibrin at 1, 3, and 5 min after whole 
blood perfusion over unstimulated PAECs (B) and over histamine stimulated PAECs. (C) Representative time-lapse 

images of platelet adhesion and fibrin deposition at 1, 3, and 5 min of perfusion with whole blood incubated with 

dabigatran perfused over histamine-stimulated PAECs. Scale bar = 50 µm. (D) Schematic overview of image 

quantification in ImageJ. (E) Quantification of platelet adhesion and fibrin deposition for every 30 s on an 

unstimulated and histamine stimulated endothelium. (F) Quantification of the effect of dabigatran on thrombus 

formation quantified by platelet adhesion and fibrin deposition. Data are represented as mean ± SD, n = 3. 
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Data analysis 
To study the influence of various endothelial sources on thrombus formation, the cellular changes 
upon 5 min blood perfusion were analyzed. The endothelium was fixed and adherent platelets were 
labeled with CD42b before imaging under a confocal microscope. This provided a detailed analysis for 
co-localization of platelets and fibrin that could indicate dysfunctional coagulation factors in the 
blood. The influence of EC in clot formation was determined by standard immunofluorescent staining. 
Endothelial cell-cell contacts were maintained, as confirmed by VE-cadherin staining, indicating that 
the blood clots formed on top of the endothelial monolayer rather than on the underlying matrix in 
between endothelial gaps (Figure 3). Furthermore, the use of different cell sources resulted in 
different patterns of thrombi forming on the endothelium. HUVECs are venous endothelial cells and 
showed limited platelet adhesion and fibrin deposition, while diseased primary PAEC from CTEPH 
patients showed abundant platelet adhesion and more fibrin deposition upon histamine stimulation 
compared to healthy PAEC. This suggests that the endothelium of CTEPH patients show higher 
responsiveness to vaso-activation that results in increased thrombus formation. 

 

 

 

Figure 3: Representative confocal images of flow 

experiments to characterize thrombus formation 
in platelet adhesion and fibrin deposition on 

endothelial cells. Endothelial cell-cell contacts 

were characterized by VE-cadherin and measured 
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Discussion 

Coagulation is a result of the complex and temporally controlled interplay between the endothelium 
and blood components. This in vitro assay presents a method to investigate thrombogenic properties 
of endothelial cells in real-time. Various types of primary human endothelial cells can be used, 
facilitating in situ thrombosis in an organ and patient-specific manner. In this study, we illustrated the 
use of this protocol comparing thrombogenic properties of PAECs isolated from healthy donors versus 
CTEPH patients. Live thrombus formation was studied by perfusion of whole blood from healthy 
subjects over histamine-activated endothelium, while the effect of a DOAC was tested as an anti-
thrombotic agent. 
 
Besides the use of commercially available microchannels, as shown in the representative results, the 
introduction of the custom-made microfluidic channels enables the study of the influence of vascular 
geometry changes on thrombus formation. For example, flow decreases at a branch point or stenosis 
results in an increase in shear stress and more platelet activation36. However, a significant limitation 
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of these custom-made microfluidic channels is the requirement of high cell numbers to form a stable 
monolayer of ECs as described in step 2.3.2. This may present a limiting factor when patient-derived 
cells are scarce. The strengths of the commercially available microslides are that surface areas are 
modified for cell culture and growth areas are bigger, thereby allowing ECs to form a confluent and 
stable monolayer. On the other hand, a bigger surface area will result in a bigger lumen. According to 
Equation 1, this requires higher blood volumes to reach similar flow rates as in the custom-made 
microfluidics. 
 
An improvement to this protocol could be to investigate live EC loss or changes in barrier integrity. EC 
damage in this protocol is only measured at the end of the experiment. For live tracking, ECs can be 
tagged with mCherry VE-cadherin, for example37. However, as this would need a highly optimized 
protocol with efficient virus transfection, Electric Cell-substrate Impedance Sensing (ECIS) could be 
used as an alternative to study endothelial integrity and barrier function38. Perfusion over special ECIS 
flow channels allows longitudinal monitoring of endothelial barrier integrity under flow. These specific 
ECIS features allow for parallel measurements of endothelial barrier properties and thrombus 
formation. Alternative ways for parallel EC barrier measurements, especially in the custom-made 
arrays include the use of fluorescent dextrans in the perfusate, which diffuse out of the lumen, 
depending on the EC barrier properties.  
 
A limitation of the described protocol is that ECs are removed from the human body and cultured on 
tissue culture plastic, which is a stiff, artificial substrate. Cells adapt to their biophysical environment. 
This could possibly affect endothelial response to platelet activation, as there is an association 
between platelet activation and wall stiffness39. Despite these adaptations to culture plastics, cells do 
keep disease-specific characteristics that can be identified in direct comparison with ECs derived from 
healthy donors as shown with control, CTEPH-PAEC, and HUVEC that exerted different patterns of 
platelet adhesion and fibrin deposition after 5 min of blood perfusion. 
 
In contrast to other protocols, this system uses whole blood while others study EC interaction with a 
single blood component such as platelets and leukocytes19,20,21. There have been more advanced 
microfluidic models developed that allow the study of endothelial function in a vascular model with a 
round vessel geometry and soft extracellular matrix. However, these are optimized with 
HUVECs40,41,42. The novelty of the described protocol is the use of primary ECs combined with whole 
blood bringing the modelling of in situ thrombosis one step closer to in vivo conditions. Having 
optimized the protocol for the use of patient-derived ECs and patient-derived blood further optimizes 
disease modelling in vitro, allowing the assessment of personalized thrombus formation and drug 
treatment. 
 
The described protocol can be applied to study the effect of anticoagulation therapies on patient-
derived cells. While we used dabigatran to inhibit thrombus formation, it is possible to use other 

anticoagulants, such as rivaroxaban, which directly inhibits factor Xa in the coagulation cascade. 
Direct-platelet inhibitors like clopidogrel or aspirin can be studied as well, as these act on the primary 
phase of hemostasis where platelets bind to ECs. Ultimately, the thrombogenic capacities of patient-
specific ECs in interaction with the patient's own blood can be used to predict the personal effect of 
anticoagulation therapy on the individual patient. Furthermore, a knockdown of specific proteins can 
provide additional functional information. 
 
There are some steps in the described protocol that are critical for a successful perfusion experiment. 
First, during the isolation of primary cells, it is necessary to obtain a highly pure EC culture. Second, it 
is important that the ECs form a stable confluent monolayer. If this is not the case, a slight change in 
shear stress can cause endothelial damage and activation of the coagulation cascade, or platelets can 
start binding to the basement membrane, which will provide false positive results. Third, it is essential 
to prevent air bubbles, as those can damage the endothelium and thereby influence the results. 
 
After recalcification of the citrated blood with calcium chloride and magnesium chloride, it is 
important to immediately start the perfusion experiment. Recalcification induces a rapid response in 
platelet activation and thrombus formation, resulting in fast clotting in the sample. 
 
In conclusion, we describe a highly versatile protocol to study whole blood-endothelial cell 
interactions during thrombosis. 
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Table of Materials (I) 

Name Company Catalog Number Comments 

NaCl Merck 106404 
 

20 mL syringe BD 300613 
 

20X objective Olympus N1492900 LUCPLFLN20XPH/0.45 
2-Propanol (IPA) Boom 760514555000 

 

Aladdin Syringe Pump Word Precision Instruments AL-4000 
 

Alexa488-Fibrinogen Invitrogen F13191 15 ug/mL 

Alexa647-Goat anti Rabbit Invitrogen A21245 1:100 

Biopsy punch 1 mm diameter Ted Pella 15110-10 
 

Bovine Serum Albumin (BSA) Sigma-Aldrich A9647 
 

CaCl2 Sigma-Aldrich 21115 
 

Calcein AM-Red Invitrogen C3099 1:1000 

CD42b-APC Miltenyi Biotec 130-100-208 1:100 

Citric Acid Merck 100244 
 

Collagen Type I, rat tail Corning 354249 0.1 mg/mL 

Corning CellBIND Surface 60 

mm Culture Dish 

Corning 3295 
 

Cross-flow hood Basan 
  

Desiccator Duran 2478269 
 

D-Glucose Merck 14431-43-7 
 

EDTA Invitrogen 15575020 
 

Endothelial Cell Medium 

(ECM) 

ScienCell 1001 
 

Fibronectin Human Plasma Sigma-Aldrich F0895 
 

Flow tubing ibidi 10831, 10841 
 

Gelatin Merck 104070 0.1% 

HEPES Sigma-Aldrich H4034 
 

Hoechst 33342 Invitrogen H1399 1:1000 

micron-Slide VI 0.4 flow 

chambers 

ibidi 80606 
 

ImageJ NIH v1.49 
 

KCl Merck 7447-40-7 
 

Lab oven Quincy 10GC 
 

LS720 Fluorescent microscope Etaluma LS720 
 

Luer connector ibidi 10802, 10825 Male elbow connectors, Female 

tube connectors 

MACS magnetic beads (anti-

CD144) 

Miltenyi Biotec 130-097-857 1:5 

MgCl2 Sigma-Aldrich M1028 
 

Microscopy slides, 76 x 26 mm Thermo Scientific AAAA000001##12E 
 

 

  

Table of Materials (II) 

Name Company Catalog Number Comments 

Negative photoresist, SU-8 Microchem 
  

Non-Essential Amino Acids (NEAA) Lonza 13-114E 
 

Paraformaldehyde (PFA) Merck 818715 4% PFA in PBS 

Penicillin/streptomycin (P/S) Gibco 15140-122 1% 

Phosphate Buffered Saline (PBS) Gibco 14190-094 no calcium or magnesium 

Plasma chamber, CUTE Femto Science 
  

Polydimethylsiloxane (PDMS), Sylgard 184 Dow 101697 
 

sodium citrate blood collection tubes BD 363048 
 

trisodium citrate Merck 106448 
 

Trypsin-EDTA (0.05%), phenol red Gibco 25300-045 
 

VE-Cadherin (D87F2)-XP Cell Signaling 2500 1:300 
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Abstract 

Rationale: von Willebrand factor (VWF) mediates platelet adhesion during thrombosis. While chronic 
thromboembolic pulmonary hypertension (CTEPH) is associated with increased plasma levels of VWF, 
the role of this protein in CTEPH has remained enigmatic. 
 
Objectives: To identify the role of VWF in CTEPH. 
 
Methods: CTEPH-specific patient plasma and pulmonary endarterectomy material from patients with 
CTEPH were used to study the relationship between inflammation, VWF expression, and pulmonary 
thrombosis. Cell culture findings were validated in human tissue, and proteomics and chromatin 
immunoprecipitation were used to investigate the underlying mechanism of CTEPH. 
 
Measurements and Main Results: VWF is increased in plasma and the pulmonary endothelium of 
CTEPH patients. In vitro, the increase in VWF gene expression and the higher release of VWF protein 
upon endothelial activation resulted in elevated platelet adhesion to CTEPH endothelium. Proteomic 
analysis revealed that nuclear factor (NF)-κB2 was significantly increased in CTEPH. We demonstrate 
reduced histone tri-methylation and increased histone acetylation of the VWF promoter in CTEPH 
endothelium, facilitating binding of NFκB2 to the VWF promoter and driving VWF transcription. 
Genetic interference of NFκB2 normalized the high VWF RNA expression levels and reversed the 
prothrombotic phenotype observed in CTEPH–pulmonary artery endothelial cells. 
 
Conclusions: Epigenetic regulation of the VWF promoter contributes to the creation of a local 
environment that favors in situ thrombosis in the pulmonary arteries. It reveals a direct molecular link 
between inflammatory pathways and platelet adhesion in the pulmonary vascular wall, emphasizing 
a possible role of in situ thrombosis in the development or progression of CTEPH. 

  

  

Introduction 

Chronic thromboembolic pulmonary hypertension (CTEPH) is characterized by the persistence of 
thrombotic material in the pulmonary arteries. Patients are diagnosed when mean elevated 
pulmonary artery pressures and persistent perfusion defects are present despite 3 months of 
adequate anticoagulant treatment1,2. It is assumed that CTEPH results from the incomplete resolution 
of acute pulmonary embolism (PE), but many patients do not have a history of PE or deep vein 
thrombosis3. Moreover, traditional risk factors for acute PE, such as protein C or protein S deficiency, 
factor V Leiden, and antithrombin or plasminogen deficiency, are not observed in patients with 
CTEPH4. Rather, CTEPH is associated with a different spectrum of risk factors, of which many are linked 
with chronic inflammation such as inflammatory bowel disease, splenectomy, and autoimmune 
hypothyroidism4. Furthermore, patients with CTEPH have a different thromboembolic pulmonary 
arterial morphology compared with patients with acute PE5. These observations suggest that besides 
nonresolving emboli, additional processes such as in situ thrombosis may contribute to the 
development and progression of CTEPH. 
 
Perturbations in hemostasis and thrombosis are initiated when activated endothelial cells secrete von 
Willebrand factor (VWF) from storage granules called Weibel-Palade bodies6,7. The release of VWF 
recruits platelets to sites of injury, causing activation of the coagulation cascade and thrombus 
formation8. Interestingly, elevated VWF plasma levels are strongly and specifically associated with 
chronic pulmonary thrombosis. Although large cohort studies demonstrated that plasma VWF levels 
were not predictive for future development of acute PE9 and that plasma VWF levels are comparable 
between control subjects and patients with acute PE10, VWF plasma levels were elevated in patients 
with CTEPH10. These findings indicate that VWF may play a specific role in CTEPH. 
 
The role and regulation of VWF in CTEPH have not been elucidated. VWF is released by endothelial 
cells under inflammatory conditions11,12, and low-grade inflammation has been demonstrated in 
patients with CTEPH13,14. Yet, the acute temporal dynamics of VWF release during inflammation poorly 
fit the chronic timeframe of CTEPH. The chronic timeframe of CTEPH may suggest genetic 
abnormalities leading to constitutionally increased VWF, but thus far, no genetic variants have been 
identified in CTEPH. Regulation of VWF expression by epigenetic modulation of the VWF promoter 
has not been described before. The aim of the current study is to describe the role of VWF in CTEPH. 
 
To investigate the molecular relationship between inflammatory conditions, VWF expression, and 
pulmonary thrombosis, we first assessed VWF release in plasma from patients with CTEPH and 
endothelial VWF expression in lung tissue from patients with CTEPH. To further elucidate the role of 
VWF in CTEPH, we used a unique human in vitro culture model of endothelium–platelet interaction 
under flow. We show that CTEPH patient–derived pulmonary artery endothelial cells (PAEC) recruit 
more platelets due to elevated VWF gene expression and protein release upon endothelial activation. 
We found that altered epigenetic modifications of the VWF promoter region allow increased binding 
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of nuclear factor (NF)-κB2 transcription factor, resulting in increased VWF transcription. As 
interference at NFκB2 or VWF level reduced platelet aggregation, these data reveal a novel 
mechanism of transcriptional VWF regulation, which promotes a local environment in favor of in situ 
thrombosis in CTEPH. 
 
Some of the results of this study have been previously reported in the form of an abstract15,16. 
 

Methods 

Blood collection 
Citrated blood was taken from healthy volunteers without pulmonary hypertension and/or any 
bleeding disorders and from patients with CTEPH (1 day before surgery) who were at least 24 hours 
free from anticoagulant medication. Blood was collected after informed consent was obtained in 
accordance with the Declaration of Helsinki. This study was approved by the institutional Medical 
Ethical Review Board of the Amsterdam UMC, location VU University Medical Center, the Netherlands 
(METC VUmc, NL69167.029.19). Hemodynamic data were collected at the time of baseline right heart 
catheterization. Baseline group characteristics are summarized in Table 1 and Table E1 in the online 
supplement, and donor-specific characteristics are shown in Table E2. 
 
Primary cell isolation 
PAEC were isolated from resected pulmonary artery tissue according to the previously published 
protocol17. Control tissue was obtained from lobectomies of suspected or proven lung malignancies 
(non-PH control), and CTEPH tissue was obtained from pulmonary endarterectomy (PEA) material, 
both surgeries performed at the Amsterdam UMC, location VU University Medical Center, the 
Netherlands. 
 
Platelet adhesion under Flow 
Platelets were isolated as previously described18. If indicated, platelets were treated for 30 minutes 
with a monoclonal antibody raised to the A1 domain of VWF (CLB-RAg-35, gifted from Sanquin) before 
perfusion experiments. 
 
PAECs were seeded in 0.1% gelatin-coated μ-Slide VI 0.4 ibiTreat flow slides (ibidi, #80606) and 
cultured for at least 7 days to form a stable monolayer. Fluorescently labeled platelets were perfused 
over PAEC with a syringe pump (World Precision Instruments, #AL4000) with a unidirectional shear 
rate of 2.5 dyn/cm2. Phase-contrast and fluorescent images of three chosen regions of interest were 
taken every 30 seconds with an Etaluma LS720 microscope using a 20× phase-contrast objective. 
 
Additional methodologies 
The Supplementary Methods section of the online supplement contain detailed procedures of the 
above-described techniques and description of rotational thromboelastometry, knockdown 

  

procedures with siRNA and lentiviral shRNA, ELISA, real-time quantitative polymerase chain reaction, 
immunofluorescent imaging, and Western blotting. 
 
Statistical analysis 
Data are presented as mean ± SD, and statistics were performed using GraphPad Prism 7. Statistical 
analysis was performed as described in the figure legends. For comparisons between two groups, an 
unpaired Student’s t test was used if data were normally distributed based on the Shapiro-Wilks test. 
If these data were not distributed normally, a Mann-Whitney U test was used. For comparisons with 
more than two groups, two-way ANOVA with Grenhouse-Geisser correction was used, followed by 
Tukey’s or Sidak’s post hoc for multiple comparisons when the P value for interaction was less than 
0.05. Pearson and Spearman tests were performed for correlation analysis. P < 0.05 was considered 
significant. 
 
Table 1. Clinical group characteristics of controls and CTEPH patients used for PAEC isolation 

 CTEPH (n=18) Control (n=8) iPAH (n = 5) 

Sex (M/F) 13/5 3/5 2/3 

Age (years) 62.3 ± 11.9 55.7 ± 16.4 43.6 ± 20.0 

mPAP (mmHg) 46.2 ± 11.5  N/A 76.8 ± 26.8 

PVR (dyn/s/cm-5) 548.5 ± 233.6  N/A 1178.1 ± 490.2 

CO (L/min) 5.3 ± 0.9 N/A 4.4 ± 0.7 

SvO2 (%) 63.3 ± 12.6 N/A 51.5 ± 7.8 

CTEPH =  chron ic  thromboembol ic  pu lmonary  hypertens ion;  iPAH =  id iopath ic  pu lmonary  ar ter ia l  

hypertens ion;  mPAP =  mean pu lmonary  ar tery  pressure ;  PVR =  pu lmonary  vascu lar  res i s tance;  CO =  

card iac  output ;  SvO2  =  mixed  venous  oxygen  saturat ion ;  N/A  =  not  ava i lab le .  

Results 

VWF levels are upregulated in CTEPH plasma and pulmonary endothelium 
To study the role of VWF in chronic pulmonary thrombosis, we used plasma, pulmonary artery tissue, 
and isolated endothelial cells from patients who underwent PEA (the surgical treatment for CTEPH), 
control subjects, and patients with idiopathic pulmonary arterial hypertension without pulmonary 
thrombosis (iPAH). Baseline characteristics of the patients in whom plasma VWF levels were 
determined are summarized in Table E1, while baseline characteristics of patients from whom PAECs 
were isolated are summarized in Table 1. Patients with CTEPH were more often male, which is in line 
with previous observations that more males undergo PEA19. 
 
Elevated circulating VWF levels are acknowledged in CTEPH10,20,21 and were confirmed using the 
plasma of patients from our hospital (Figure 1A). As heterogeneity of the endothelium between 
different vascular beds confers regional variations of VWF mRNA expression22, we performed 
fluorescent in situ hybridization of VWF in formalin-fixed and paraffin-embedded human pulmonary 
artery tissue from patients with CTEPH and control subjects to study VWF expression in CTEPH (Figure 
1B). Endothelial VWF RNA was identified with a CD31 counterstain, and nuclear and endothelial 
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of nuclear factor (NF)-κB2 transcription factor, resulting in increased VWF transcription. As 
interference at NFκB2 or VWF level reduced platelet aggregation, these data reveal a novel 
mechanism of transcriptional VWF regulation, which promotes a local environment in favor of in situ 
thrombosis in CTEPH. 
 
Some of the results of this study have been previously reported in the form of an abstract15,16. 
 

Methods 

Blood collection 
Citrated blood was taken from healthy volunteers without pulmonary hypertension and/or any 
bleeding disorders and from patients with CTEPH (1 day before surgery) who were at least 24 hours 
free from anticoagulant medication. Blood was collected after informed consent was obtained in 
accordance with the Declaration of Helsinki. This study was approved by the institutional Medical 
Ethical Review Board of the Amsterdam UMC, location VU University Medical Center, the Netherlands 
(METC VUmc, NL69167.029.19). Hemodynamic data were collected at the time of baseline right heart 
catheterization. Baseline group characteristics are summarized in Table 1 and Table E1 in the online 
supplement, and donor-specific characteristics are shown in Table E2. 
 
Primary cell isolation 
PAEC were isolated from resected pulmonary artery tissue according to the previously published 
protocol17. Control tissue was obtained from lobectomies of suspected or proven lung malignancies 
(non-PH control), and CTEPH tissue was obtained from pulmonary endarterectomy (PEA) material, 
both surgeries performed at the Amsterdam UMC, location VU University Medical Center, the 
Netherlands. 
 
Platelet adhesion under Flow 
Platelets were isolated as previously described18. If indicated, platelets were treated for 30 minutes 
with a monoclonal antibody raised to the A1 domain of VWF (CLB-RAg-35, gifted from Sanquin) before 
perfusion experiments. 
 
PAECs were seeded in 0.1% gelatin-coated μ-Slide VI 0.4 ibiTreat flow slides (ibidi, #80606) and 
cultured for at least 7 days to form a stable monolayer. Fluorescently labeled platelets were perfused 
over PAEC with a syringe pump (World Precision Instruments, #AL4000) with a unidirectional shear 
rate of 2.5 dyn/cm2. Phase-contrast and fluorescent images of three chosen regions of interest were 
taken every 30 seconds with an Etaluma LS720 microscope using a 20× phase-contrast objective. 
 
Additional methodologies 
The Supplementary Methods section of the online supplement contain detailed procedures of the 
above-described techniques and description of rotational thromboelastometry, knockdown 

  

procedures with siRNA and lentiviral shRNA, ELISA, real-time quantitative polymerase chain reaction, 
immunofluorescent imaging, and Western blotting. 
 
Statistical analysis 
Data are presented as mean ± SD, and statistics were performed using GraphPad Prism 7. Statistical 
analysis was performed as described in the figure legends. For comparisons between two groups, an 
unpaired Student’s t test was used if data were normally distributed based on the Shapiro-Wilks test. 
If these data were not distributed normally, a Mann-Whitney U test was used. For comparisons with 
more than two groups, two-way ANOVA with Grenhouse-Geisser correction was used, followed by 
Tukey’s or Sidak’s post hoc for multiple comparisons when the P value for interaction was less than 
0.05. Pearson and Spearman tests were performed for correlation analysis. P < 0.05 was considered 
significant. 
 
Table 1. Clinical group characteristics of controls and CTEPH patients used for PAEC isolation 

 CTEPH (n=18) Control (n=8) iPAH (n = 5) 

Sex (M/F) 13/5 3/5 2/3 

Age (years) 62.3 ± 11.9 55.7 ± 16.4 43.6 ± 20.0 

mPAP (mmHg) 46.2 ± 11.5  N/A 76.8 ± 26.8 

PVR (dyn/s/cm-5) 548.5 ± 233.6  N/A 1178.1 ± 490.2 

CO (L/min) 5.3 ± 0.9 N/A 4.4 ± 0.7 

SvO2 (%) 63.3 ± 12.6 N/A 51.5 ± 7.8 

CTEPH =  chron ic  thromboembol ic  pu lmonary  hypertens ion;  iPAH =  id iopath ic  pu lmonary  ar ter ia l  

hypertens ion;  mPAP =  mean pu lmonary  ar tery  pressure ;  PVR =  pu lmonary  vascu lar  res i s tance;  CO =  

card iac  output ;  SvO2  =  mixed  venous  oxygen  saturat ion ;  N/A  =  not  ava i lab le .  

Results 

VWF levels are upregulated in CTEPH plasma and pulmonary endothelium 
To study the role of VWF in chronic pulmonary thrombosis, we used plasma, pulmonary artery tissue, 
and isolated endothelial cells from patients who underwent PEA (the surgical treatment for CTEPH), 
control subjects, and patients with idiopathic pulmonary arterial hypertension without pulmonary 
thrombosis (iPAH). Baseline characteristics of the patients in whom plasma VWF levels were 
determined are summarized in Table E1, while baseline characteristics of patients from whom PAECs 
were isolated are summarized in Table 1. Patients with CTEPH were more often male, which is in line 
with previous observations that more males undergo PEA19. 
 
Elevated circulating VWF levels are acknowledged in CTEPH10,20,21 and were confirmed using the 
plasma of patients from our hospital (Figure 1A). As heterogeneity of the endothelium between 
different vascular beds confers regional variations of VWF mRNA expression22, we performed 
fluorescent in situ hybridization of VWF in formalin-fixed and paraffin-embedded human pulmonary 
artery tissue from patients with CTEPH and control subjects to study VWF expression in CTEPH (Figure 
1B). Endothelial VWF RNA was identified with a CD31 counterstain, and nuclear and endothelial 
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expression was quantified. In situ hybridization showed elevated expression of VWF RNA in the 
endothelium of patients with CTEPH compared with that from control subjects (Figure 1C), suggesting 
a role for VWF in chronic thrombosis. 
 
To investigate the underlying mechanism of increased VWF expression in CTEPH endothelium, PAECs 
were isolated from thrombus-free regions of the intima layer of the third or fourth generation of the 
pulmonary artery from PEA material (Figures 1D and 1E)23. Increased endothelial VWF protein and 
mRNA expression was maintained in isolated CTEPH-PAEC after five to six passages of culture. CTEPH-
PAEC showed a 2.5-fold increase in VWF release after activation with histamine compared with PAEC 
from control subjects (Figure 1F). The higher VWF release was paralleled by a higher level of 
intracellular VWF under basal conditions (Figure 1G), as well as a fivefold increase in VWF expression 
at mRNA level in CTEPH-PAEC, which was not observed in iPAH-PAEC (Figure 1H; Figure E1A). This is 
in line with plasma studies showing that plasma levels of VWF are elevated in CTEPH but not in PAH10. 
Given the higher pulmonary artery pressures in iPAH-PAEC donors than in CTEPH-PAEC donors (Table 
1), it is unlikely that the increase in VWF RNA expression is pressure driven. These data indicate that 
the increased VWF levels in the pulmonary endothelium in patients with CTEPH are mainly driven by 
a constitutional elevation of VWF transcription, which is specifically observed in CTEPH. 
 
PAECs from patients with CTEPH show enhanced primary hemostasis 
Pulmonary artery thrombosis was studied in vitro with a humanized culture model by perfusion of 
fresh whole blood or isolated platelets over PAEC isolated from patients with CTEPH or control 
subjects (Figure 1E). Perfusion of whole blood revealed a 1.5-fold increase of platelet adhesion and 
fibrin deposition in CTEPH-PAEC compared with control-PAEC upon histamine stimulation (Figures 
2A–2C), suggesting increased thrombosis in patients with CTEPH. 
 

To investigate whether this thrombosis is driven by primary or secondary hemostasis, we performed 
rotational thromboelastometry of whole blood from patients with CTEPH. Anticoagulation treatment 
of these patients was switched to low-molecular-weight heparins (LMWH) at least 3 days before 
surgery, and blood was drawn when patients were free from therapeutic LMWH for at least 24 hours. 
Activation of intrinsic and extrinsic coagulation, fibrin formation, and fibrinolysis showed values within 
the healthy reference range2, supporting a central role for primary hemostasis in CTEPH (Figure 2D). 
To confirm this hypothesis, freshly isolated healthy platelets were perfused over PAEC monolayers 
from patients with CTEPH and control subjects. Platelets barely bound to unstimulated PAEC, but 
adhesion was enhanced with histamine stimulation (Figures 2E and 2F; Figure E1B). Quantification of 
the total area covered by platelets over time showed a 1.5-fold increase in adhesion on CTEPH-PAEC 
compared with that from control subjects (Figure 2G). This effect was not observed on PAECs isolated 
from patients with iPAH, where total platelet adhesion was similar to that from control subjects 
(Figure E1C). This suggests a specific phenotype in CTEPH-PAECs that promotes platelet adhesion upon 
endothelial activation, which is correlated to endothelial VWF secretion (Figure 2H). 
 

  

 

Figure 1. Von Willebrand factor (VWF) levels are upregulated in chronic thromboembolic pulmonary 
hypertension (CTEPH) plasma and pulmonary endothelium. (A) Plasma VWF levels from patients with CTEPH and 
healthy control subjects (ncontrol = 14, nCTEPH = 21). (B) Fluorescent images of fluorescent detection of VWF RNA (red) 
in formalin-fixed paraffin-embedded pulmonary artery tissue. Localized expression was determined with nuclei 
(blue), CD31 (green), or wheat germ agglutinin (WGA) (gray). Scale bar, 50 μm. (C) Comparison of mean fluorescent 
intensity of VWF RNA expression in nuclei and CD31-positive tissue between CTEPH and control. Each dot 
represents the average per donor; donor average includes five regions of interest for each left and right pulmonary 
artery (ncontrol = 4, nCTEPH = 5). (D) Example of pulmonary endarterectomy material for the isolation of CTEPH–
pulmonary artery endothelial cells (PAEC). (E) Schematic overview of experimental procedure for studying in vitro 
pulmonary artery thrombosis. (F) Endothelial VWF release from PAEC with or without histamine activation 
(ncontrol = 6, nCTEPH = 13). (G) Protein expression of VWF from PAEC lysates measured by ELISA (ncontrol = 5, nCTEPH = 10). 
(H) Relative VWF gene expression in CTEPH-PAEC compared with control (ncontrol = 4, nCTEPH = 7). (A, C, F, and G) Data 
are presented as mean ± SD. Significance is indicated with *P < 0.05 after (A) unpaired Welch’s t test, (C and H) 
Mann-Whitney U test, (F) two-way ANOVA with Grenhouse-Geisser correction for Tukey’s multiple comparisons 
test when P-interaction <0.05. A.U. = arbitrary units; HIS = histamine; PRP = platelet-rich plasma.  
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expression was quantified. In situ hybridization showed elevated expression of VWF RNA in the 
endothelium of patients with CTEPH compared with that from control subjects (Figure 1C), suggesting 
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pulmonary artery from PEA material (Figures 1D and 1E)23. Increased endothelial VWF protein and 
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PAEC showed a 2.5-fold increase in VWF release after activation with histamine compared with PAEC 
from control subjects (Figure 1F). The higher VWF release was paralleled by a higher level of 
intracellular VWF under basal conditions (Figure 1G), as well as a fivefold increase in VWF expression 
at mRNA level in CTEPH-PAEC, which was not observed in iPAH-PAEC (Figure 1H; Figure E1A). This is 
in line with plasma studies showing that plasma levels of VWF are elevated in CTEPH but not in PAH10. 
Given the higher pulmonary artery pressures in iPAH-PAEC donors than in CTEPH-PAEC donors (Table 
1), it is unlikely that the increase in VWF RNA expression is pressure driven. These data indicate that 
the increased VWF levels in the pulmonary endothelium in patients with CTEPH are mainly driven by 
a constitutional elevation of VWF transcription, which is specifically observed in CTEPH. 
 
PAECs from patients with CTEPH show enhanced primary hemostasis 
Pulmonary artery thrombosis was studied in vitro with a humanized culture model by perfusion of 
fresh whole blood or isolated platelets over PAEC isolated from patients with CTEPH or control 
subjects (Figure 1E). Perfusion of whole blood revealed a 1.5-fold increase of platelet adhesion and 
fibrin deposition in CTEPH-PAEC compared with control-PAEC upon histamine stimulation (Figures 
2A–2C), suggesting increased thrombosis in patients with CTEPH. 
 

To investigate whether this thrombosis is driven by primary or secondary hemostasis, we performed 
rotational thromboelastometry of whole blood from patients with CTEPH. Anticoagulation treatment 
of these patients was switched to low-molecular-weight heparins (LMWH) at least 3 days before 
surgery, and blood was drawn when patients were free from therapeutic LMWH for at least 24 hours. 
Activation of intrinsic and extrinsic coagulation, fibrin formation, and fibrinolysis showed values within 
the healthy reference range2, supporting a central role for primary hemostasis in CTEPH (Figure 2D). 
To confirm this hypothesis, freshly isolated healthy platelets were perfused over PAEC monolayers 
from patients with CTEPH and control subjects. Platelets barely bound to unstimulated PAEC, but 
adhesion was enhanced with histamine stimulation (Figures 2E and 2F; Figure E1B). Quantification of 
the total area covered by platelets over time showed a 1.5-fold increase in adhesion on CTEPH-PAEC 
compared with that from control subjects (Figure 2G). This effect was not observed on PAECs isolated 
from patients with iPAH, where total platelet adhesion was similar to that from control subjects 
(Figure E1C). This suggests a specific phenotype in CTEPH-PAECs that promotes platelet adhesion upon 
endothelial activation, which is correlated to endothelial VWF secretion (Figure 2H). 
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Figure 2. Pulmonary artery endothelial cells (PAEC) from patients with chronic thromboembolic pulmonary 
hypertension (CTEPH) show enhanced primary hemostasis. (A) Immunofluorescence images of thrombus 
formation on histamine-activated PAEC. Whole blood was perfused over PAEC for 5 minutes. Endothelial 
monolayers were characterized by VE-cadherin (gray), and thrombi were formed by Cd42b-labeled platelets (red) 
and Alexa488-fibrinogen (green); nuclei were stained with Hoechst (blue). Scale bar, 50 μm. (B) Quantification of 
the area covered by fluorescence platelets and (C) fibrin. Each dot represents the average of three regions of 
interest per donor (ncontrol = 7, nCTEPH = 8). (D) Thromboelastogram of citrated blood from a patient with CTEPH. CT, 
CFT, A10, and MCF were measured during intrinsic and extrinsic coagulation (INTEM and EXTEM), fibrin formation 
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(FIBTEM), and fibrinolysis (APTEM) (nCTEPH = 5). Blood was taken from patients with CTEPH who were off 
anticoagulant therapy for at least 24 hours. (E) Bright-field and fluorescence images of adhered platelets (green) 
on PAEC monolayers with or without HIS activation. Platelets were perfused over PAEC for 5 minutes. Scale bar, 
100 μm. (F) Time-dependent accumulation of adhered platelets on PAEC (ncontrol = 4, nCTEPH = 8). Significance 
compared with control PAEC is indicated with $P < 0.05. (G) Comparison of total adhered platelets by calculating 
the area under the curve. Each dot represents the average of three regions of interest per donor. (H) Correlation 
analysis between endothelial-released VWF and total platelet adhesion on PAEC. Statistics were performed with 
Pearson’s rank correlation coefficient (n = 21; r = 0.736; P < 0.001). (B, C, F, and G) Data are presented as 
mean ± SD. Significance is indicated with *P < 0.05, ***P < 0.001, and ****P < 0.0001 after two-way ANOVA with 
Grenhouse-Geisser correction for (B, C, and F) Tukey’s or (G) Sidak’s multiple comparison test. A10 = clot firmness 
after 10 minutes; CFT = clot formation time; CT = clotting time; FOV = field of view; HIS = histamine; MCF = maximal 
clot firmness; VE = vascular endothelial; VWF = von Willebrand factor. 
 
Excessive platelet adhesion on CTEPH-PAEC is mediated by VWF 
Platelets bind to the A1 domain of VWF via the GPIβ receptor25-27 and can interact with other ligands 
besides VWF, such as collagens, P-selectin, and integrins28,29. To verify a VWF-mediated mechanism, 
platelet binding was inhibited by using CLB-RAg35, a monoclonal antibody against the A1 domain of 
VWF26. The finding of increased VWF in CTEPH-PAEC was supported by a dose-dependent response 
to CLB-RAg35. One micromolar of CLB-RAg35 was sufficient to inhibit platelet adhesion to histamine-
activated PAEC (Figure 3A). Increasing the concentration of CLB-RAg35 to, respectively, 10 or 100 μM 
did not have an additional effect in control-PAEC, while CTEPH-PAEC showed a further dose-
dependent reduction in platelet adhesion (Figure 3B). These data show that platelet adhesion is 
regulated by VWF secretion and support a functional role of VWF in the increase platelet adhesion in 
CTEPH. 
 
To further validate the functional relevance of endothelial VWF in PAEC, VWF expression was 
inhibited. PAEC transfected with silencing RNA or transduced with shRNA against VWF showed 
reduced VWF protein levels, leading to a loss of Weibel-Palade bodies and decreased VWF protein 
(Figures E2A–E2E). Knockdown of VWF significantly reduced platelet adhesion to CTEPH monolayers, 
with adhesion values almost reaching control levels (Figures 3C and 3D; Figures E2F and E2G). 
 
Increased NFκB2 expression in CTEPH-PAEC is associated with elevated VWF gene-expression 
To elucidate possible signaling networks involved in the increased VWF transcription in CTEPH, we 
performed mass spectrometry-based quantitative proteomics to compare the proteomes of CTEPH 
and control PAEC. In total, 5,212 proteins were identified. An unbiased cluster analysis of the protein 
expression data showed separate clustering of CTEPH-PAEC and control, indicating different 
expression profiles (Figure 4A). Ninety-nine proteins were differentially expressed in CTEPH versus 
control (Figure 4B). From these, ICAM-1 and NFκB2 were the most significantly increased and with a 
high fold change. These two proteins are known to be involved in inflammation and form central 
nodes in the network of regulated proteins in our data (Figure 4C)11. In line with these findings, gene 
ontology enrichment analysis on the 99 upregulated proteins showed an increase in blood coagulation 
and cytokine signaling pathways (Figure E3A). Although enrichment of inflammatory pathways in 
CTEPH is acknowledged, its role in the etiology of the disease is unclear2,30,31. 
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(FIBTEM), and fibrinolysis (APTEM) (nCTEPH = 5). Blood was taken from patients with CTEPH who were off 
anticoagulant therapy for at least 24 hours. (E) Bright-field and fluorescence images of adhered platelets (green) 
on PAEC monolayers with or without HIS activation. Platelets were perfused over PAEC for 5 minutes. Scale bar, 
100 μm. (F) Time-dependent accumulation of adhered platelets on PAEC (ncontrol = 4, nCTEPH = 8). Significance 
compared with control PAEC is indicated with $P < 0.05. (G) Comparison of total adhered platelets by calculating 
the area under the curve. Each dot represents the average of three regions of interest per donor. (H) Correlation 
analysis between endothelial-released VWF and total platelet adhesion on PAEC. Statistics were performed with 
Pearson’s rank correlation coefficient (n = 21; r = 0.736; P < 0.001). (B, C, F, and G) Data are presented as 
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Grenhouse-Geisser correction for (B, C, and F) Tukey’s or (G) Sidak’s multiple comparison test. A10 = clot firmness 
after 10 minutes; CFT = clot formation time; CT = clotting time; FOV = field of view; HIS = histamine; MCF = maximal 
clot firmness; VE = vascular endothelial; VWF = von Willebrand factor. 
 
Excessive platelet adhesion on CTEPH-PAEC is mediated by VWF 
Platelets bind to the A1 domain of VWF via the GPIβ receptor25-27 and can interact with other ligands 
besides VWF, such as collagens, P-selectin, and integrins28,29. To verify a VWF-mediated mechanism, 
platelet binding was inhibited by using CLB-RAg35, a monoclonal antibody against the A1 domain of 
VWF26. The finding of increased VWF in CTEPH-PAEC was supported by a dose-dependent response 
to CLB-RAg35. One micromolar of CLB-RAg35 was sufficient to inhibit platelet adhesion to histamine-
activated PAEC (Figure 3A). Increasing the concentration of CLB-RAg35 to, respectively, 10 or 100 μM 
did not have an additional effect in control-PAEC, while CTEPH-PAEC showed a further dose-
dependent reduction in platelet adhesion (Figure 3B). These data show that platelet adhesion is 
regulated by VWF secretion and support a functional role of VWF in the increase platelet adhesion in 
CTEPH. 
 
To further validate the functional relevance of endothelial VWF in PAEC, VWF expression was 
inhibited. PAEC transfected with silencing RNA or transduced with shRNA against VWF showed 
reduced VWF protein levels, leading to a loss of Weibel-Palade bodies and decreased VWF protein 
(Figures E2A–E2E). Knockdown of VWF significantly reduced platelet adhesion to CTEPH monolayers, 
with adhesion values almost reaching control levels (Figures 3C and 3D; Figures E2F and E2G). 
 
Increased NFκB2 expression in CTEPH-PAEC is associated with elevated VWF gene-expression 
To elucidate possible signaling networks involved in the increased VWF transcription in CTEPH, we 
performed mass spectrometry-based quantitative proteomics to compare the proteomes of CTEPH 
and control PAEC. In total, 5,212 proteins were identified. An unbiased cluster analysis of the protein 
expression data showed separate clustering of CTEPH-PAEC and control, indicating different 
expression profiles (Figure 4A). Ninety-nine proteins were differentially expressed in CTEPH versus 
control (Figure 4B). From these, ICAM-1 and NFκB2 were the most significantly increased and with a 
high fold change. These two proteins are known to be involved in inflammation and form central 
nodes in the network of regulated proteins in our data (Figure 4C)11. In line with these findings, gene 
ontology enrichment analysis on the 99 upregulated proteins showed an increase in blood coagulation 
and cytokine signaling pathways (Figure E3A). Although enrichment of inflammatory pathways in 
CTEPH is acknowledged, its role in the etiology of the disease is unclear2,30,31. 
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Figure 3. Excessive platelet adhesion on chronic thromboembolic pulmonary hypertension (CTEPH)–pulmonary 
artery endothelial cells (PAEC) is mediated by von Willebrand factor (VWF). (A) Fluorescence imaging of adhered 
platelets (green) on histamine-activated PAEC monolayers. Platelets were preincubated for 30 minutes with 10 μM 
CLB-RAg35 or IgG and perfused over PAEC for 5 minutes. Scale bar, 100 μm. (B) Dose-dependent response of 
adhered platelets on histamine-activated PAEC when platelets were preincubated with a dosage of 1, 10, or 100 
μM CLB-RAg35. Each dot represents the average of three regions of interest per donor (ncontrol = 3, nCTEPH = 5). Data 
are presented as mean ± SD; statistics were performed with two-way ANOVA with Grenhouse-Geisser correction 
for Sidak’s multiple comparison test; significance compared with nontreated platelets is indicated with #P < 0.05. 
(C) Fluorescence images of adhered platelets (green) on histamine-activated PAEC monolayers. PAECs were 
treated with siRNA against VWF or NT, and platelets were perfused for 5 minutes. Scale bar, 100 μm. (D) 
Comparison of total fluorescence of adhered platelets on PAEC. Each dot represents the average of three regions 
of interest per donor (ncontrol = 3, nCTEPH = 5). Data are presented as mean ± SD; statistics were performed with two-
way ANOVA, Grenhouse-Geisser correction for Tukey’s multiple comparisons test was performed when P-
interaction <0.05, significance is indicated with *P < 0.05, **P < 0.01, and ***P < 0.001. FOV = field of view; 
HIS = histamine; NT = nontargeting. 
 
The NF-κB transcription factor is a central mediator of inflammation and is involved in molecular 
pathways of inflammation and thrombosis, where NFκB2 is a central node in the network of regulated 
proteins in our data (Figure 4C)11. The NF-κB family forms a group of transcription factors that consists 
of five genes, NF-κB1 (p105/p50), RelA (p65), NFκB2 (p100/p52), RelB, and c-Rel32. These interact to 
form transcriptionally active homo- and heterodimeric complexes that bind the NF-κB consensus 
sequence, originally described as 5ʹ–GGRRNNYYCC–3ʹ33, in target genes34,35. To validate our finding, 
we verified increased NFκB2 protein expression on Western blot (Figure 4D). Measuring gene 
expression of various NF-κB members, we found that NF-κB2, but not RelB or NF-κB1, was increased 
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at mRNA level in CTEPH-PAEC compared with control (Figures E3B–E3D). These data suggest the 
association of inflammation with CTEPH, dominated by NF-κB2. 
 
To investigate the underlying mechanism of inflammation in thrombosis, we evaluated VWF 
expression and in vitro thrombosis after knockdown of various NF-κB members. Silencing of NFκB2 or 
RelB reversed VWF expression in CTEPH-PAEC while silencing of NF-κB1 did not affect VWF expression 
(Figure 4E). The increased expression of VWF in CTEPH endothelium is therefore specifically regulated 
by NF-κB2, while NF-κB1 is not involved in the transcriptional regulation of VWF. 
 

Next, we studied the functional consequences of NFκB2 depletion for platelet adhesion. Inhibition of 
either NFκB2 or RelB resulted in a significant reduction in platelet adhesion in both CTEPH and control-
PAEC (Figure 4F; Figure E3E), indicating that VWF-mediated platelet adhesion in CTEPH-PAEC is among 
others driven by NF-κB2. 
 

 
Figure 4. Increased nuclear factor (NF)-κB2 expression in chronic thromboembolic pulmonary hypertension 
(CTEPH)–pulmonary artery endothelial cells (PAEC) is associated with elevated von Willebrand factor (VWF) 
gene expression. (A) Unsupervised clustering and group comparison of all proteins that are differently expressed 
in CTEPH-PAEC compared with control (ncontrol = 2, nCTEPH = 2). (B) Volcano plot of up- and downregulated proteins 
of CTEPH-PAEC compared with control. Significant markers are displayed in gray, NFκB2 in red, and ICAM-1 in 
orange. (C) Protein interaction cluster of significantly upregulated proteins involved in thrombosis and 
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inflammation in CTEPH-PAEC compared with control. (D) Western blot with quantification of NFκB2 protein 
expression from whole PAEC lysates. (E) Relative VWF gene expression in CTEPH-PAEC with knockdown of NF-κB2, 
RelB, and NF-κB1 compared with control (ncontrol = 6, nCTEPH = 7). (F) Comparison of total fluorescence of adhered 
platelets on histamine-activated PAEC with siRNA against NF-κB2, RelB, or NT. Each dot represents the average of 
three regions of interest per donor (ncontrol = 3, nCTEPH = 5). (D and E) Data are presented as mean ± SD. Significance 
is indicated with *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 after two-way ANOVA with Grenhouse-
Geisser correction for (A) Sidak’s or (E and F) Tukey’s multiple comparison test. FOV = field of view; HIS = histamine; 
NT = nontargeting. 
 
Epigenetic alterations in the VWF promoter support NFκB2 binding that enhances transcription 
We showed that increased endothelial VWF is predominantly regulated at mRNA levels, mediated by 
NF-κB2. NF-κB is known to interact with the VWF promoter, thereby affecting VWF mRNA levels35. 
Because we demonstrated that the higher VWF transcription in CTEPH is preserved after isolation and 
culturing of PAEC for several passages, we explored the possibility that NFκB2 epigenetically regulates 
VWF gene transcription36. 
 
To test this hypothesis, we performed in silico analysis using the University of California Santa Cruz 
(UCSC) Genome Browser to interrogate a region 1013 bp upstream and 271 bp downstream the TCA 
transcription start site (TSS) of VWF37. In endothelial cells, we found strong histone trimethylation 
(H3K27me3, transcription repressive) and histone acetylation (H3K27Ac, transcription permissive)38 
downstream of the transcription start site around exon 1; strong histone acetylation was observed 
around the TSS, while >1 kbp upstream the TSS, hardly any histone modification was found. 
Furthermore, putative binding sites for NF-κB were found at -803 bp and +71 bp from the TSS (Figure 
5A)37. These in silico analyses suggest that most epigenetic modification and NFκB2 binding occurs 
around and downstream of the VWF TSS. 
 
To validate these in silico findings, chromatin immunoprecipitation was performed for H3K27me3, 
H3K27Ac, and NFκB2 in CTEPH versus control PAEC. Primers were designed for the region downstream 
of the VWF-TSS covering exon 1 (region 1), the region around the TSS (region 2), and a region >900 bp 
upstream of the TSS serving as control region (region 3) (Figure 5A). H3K27me3 was significantly 
reduced in CTEPH-PAEC compared with control both in regions 1 and 2 (Figure 5B), while significantly 
higher H3K27Ac was found in CTEPH in region 2 of the VWF promoter (Figure 5C). No histone 
modifications were observed in region 3, which aligns with the epigenetic profile of the VWF promoter 
as found in the UCSC browser (Figure 5A). 
 
As these epigenetic modifications modulate the binding of transcription factors, we evaluated NFκB2 
binding to the VWF promoter region. In silico analysis revealed NFκB2 binding sites close to the chosen 
primer regions, and chromatin immunoprecipitation revealed a 2- to 10-fold increased binding of 
NFκB2 to regions 1 and 2 along the VWF promoter in CTEPH-PAEC as compared with the control 
(Figure 5D). Altogether, these data show histone modification of the VWF promoter in CTEPH 
endothelium, allowing enhanced binding of NFκB2 to the promoter leading to constitutively higher 
transcription of VWF. 

  

 

 

Figure 5. Epigenetic alterations in the von Willebrand factor (VWF) promoter support nuclear factor (NF)-κB2 
binding that enhances transcription. (A) Illustration of the UCSC Genome Map of regions around the transcription 
start site (TSS) of VWF with NFκB2 binding sites. Primers were designed across the VWF promoter region, after the 
TSS (Region 1), close by TSS (Region 2), and early before TSS (Region 3). (B) Quantification of chromatin 
immunoprecipitation for H3K27Me3, (C) H3K27Ac, and (D) NFκB2 on nuclear extracts of CTEPH-PAEC compared 
with control (ncontrol = 5, nCTEPH = 5). (B and D) Data are presented as mean ± SD. Significance is indicated with 
*P < 0.05 and **P < 0.01 after two-way ANOVA with Grenhouse-Geisser correction for Sidak’s comparison test. 
CTEPH = chronic thromboembolic pulmonary hypertension; PAEC = pulmonary artery endothelial cells; 
UCSC = University of California Santa Cruz. 

Discussion 

Here, we show that the pulmonary endothelium in CTEPH recruits more platelets as a consequence 
of higher VWF transcription and secretion. The increase in VWF mRNA expression is driven by histone 
modification of the VWF promoter region and increased NFκB2 binding (Figure 6). These data provide 
the first experimental evidence that links increased VWF expression to an inflammatory stimulus. Our 
study explains increased VWF plasma levels in CTEPH and demonstrates the involvement of VWF in 
creating a local prothrombotic environment in the pulmonary arterial endothelium in CTEPH. 
 
First, our findings reveal a novel mechanism for the control of VWF in chronic inflammatory 
conditions. To our knowledge, neither epigenetic regulation of the VWF promoter in the context of 
disease nor increased binding of inflammatory transcription factors to the VWF promoter have been 
reported previously. While established mechanisms of VWF regulation like the release from Weibel-
Palade bodies and ADAMTS-13 cleavage mediate acute adaptations in VWF function12, our current 
findings indicate that epigenetic regulation mediates changes in VWF levels in CTEPH. 
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Figure 6. Illustration of the proposed mechanism of in situ thrombosis. Pulmonary artery endothelial cells from 
patients with chronic thromboembolic pulmonary hypertension (CTEPH) show enhanced platelet adhesion as a 
consequence of increased von Willebrand factor (VWF) expression. VWF transcription is enhanced by epigenetic 
modifications in its promoter. Reduced histone trimethylation (H3K27me3) and enhanced histone acetylation 
(H3K27Ac) allow more binding of nuclear factor (NF)-κB2 transcription factor, which increases transcription. 
P = phosphorylation; Ub = ubiquitination. 
 
Inflammatory responses and elevated VWF plasma concentrations are acknowledged in patients with 
CTEPH10,13,14, which is in line with our findings of an inflammation-mediated VWF-dependent 
mechanism of thrombosis in CTEPH-PAEC. Various studies have shown a prominent role of 
inflammation in the enhancement of fibrotic thrombus remodeling after a PE13,39,40, but local 
inflammation is also associated with a prothrombotic activation of the vascular wall (e.g., neutrophils 
or macrophages)41,42, as recently observed in coronavirus disease (COVID-19)43. Macrophages from 
severely ill patients induce an inflammatory response that contributes to pulmonary endothelial 
thrombosis, which is promoted by persistent supraphysiological levels of VWF43,44. 
 
It is well recognized that environmental and genetic factors play an important role in the onset and 
progression of various chronic diseases. Epigenetic modification is an important link between 
environmental factors and gene expression45. We observed epigenetic modifications by reduced 
trimethylation and enhanced acetylation of histone H3 reflected increased binding of NFκB2 
transcription factor on the VWF promoter, although VWF transcription is primarily activated by GATA, 
Ets, H1, and NFAT5 transcription factors46. NFκB2 is not constitutively expressed and is activated in 
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inflammatory conditions only47. Although previous studies have established the presence of 
inflammation or enhanced coagulation in CTEPH, our study provides a mechanistic link between 
inflammation and local thrombosis, which rests upon the interaction of NFκB2 with the VWF promoter 
in the CTEPH endothelium. 
 
The primary current treatment option for CTEPH is PEA, followed by lifelong anticoagulation1,48. 
Although this medication is supposed to prevent recurrent thromboembolic events after successful 
surgery, some patients still suffer from recurrent thromboembolic lesions49. This may be explained by 
the fact that anticoagulant drugs act on the coagulation cascade50 when platelets have already been 
activated to form a stable aggregate. Our data reveal an endothelial VWF-mediated mechanism, 
where VWF levels are dependent on NFκB2 levels. NFκB2 inhibition may therefore serve as a 
therapeutic target to reduce inflammatory VWF-mediated thrombosis while the process of 
hemostasis is maintained. 
 
This study introduces a novel method to study the early stages of thrombosis in humans, specifically 
CTEPH. For some time, the pathophysiology of CTEPH has remained elusive due to a lack of 
appropriate disease models51. Large animal models have provided valuable insight into the 
hemodynamic consequences of CTEPH but also have failed to reproduce the characteristic vascular 
lesions as observed in CTEPH, as prothrombotic conditions are difficult to mimic in these in vivo 
models52. The most commonly used thrombosis models involve mice with intravenous administration 
of clotting agents, such as collagen or thrombin, to induce acute PEs53. Although these models can be 
used to study clot resolution, both the artificial means of thrombus induction in these mouse models 
as well as the important differences between mice and humans in thrombus formation preclude the 
use of these models for the investigation of in situ thrombus formation. Furthermore, the main focus 
of the current study is to evaluate the link between the thrombogenic endothelium in CTEPH and 
epigenetic regulation of the VWF promoter. It is well established that VWF is the main ligand for 
platelets and is critical for thrombus development, as VWF-deficient mice do not form a stable 
thrombus28,54,55. However, specific epigenetic alteration of the specific VWF promoter cannot be 
captured in transgenic models, whereas pharmacological ways to induce epigenetic alteration (e.g., 
HDAC inhibitors) induce epigenetic changes in a wide array of genes. To overcome this, we have used 
a humanized in vitro platform of thrombosis that recapitulates the vascular intima layer of pulmonary 
arteries. For this, we use human-derived primary endothelial cells that accurately represent the 
characteristics of ECs in the lungs of patients56. 
 
To our knowledge, we are the first to report endothelium-platelet interaction under flow using 
endothelial cells derived from patients with CTEPH, and the current study demonstrates the model as 
a powerful tool to characterize and modulate endothelial function in relation to thrombosis. 
Considering the importance of VWF in thrombosis, we were able to interfere with VWF in human 
primary endothelial cells and could reverse the diseased endothelial phenotype to a control condition. 
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P = phosphorylation; Ub = ubiquitination. 
 
Inflammatory responses and elevated VWF plasma concentrations are acknowledged in patients with 
CTEPH10,13,14, which is in line with our findings of an inflammation-mediated VWF-dependent 
mechanism of thrombosis in CTEPH-PAEC. Various studies have shown a prominent role of 
inflammation in the enhancement of fibrotic thrombus remodeling after a PE13,39,40, but local 
inflammation is also associated with a prothrombotic activation of the vascular wall (e.g., neutrophils 
or macrophages)41,42, as recently observed in coronavirus disease (COVID-19)43. Macrophages from 
severely ill patients induce an inflammatory response that contributes to pulmonary endothelial 
thrombosis, which is promoted by persistent supraphysiological levels of VWF43,44. 
 
It is well recognized that environmental and genetic factors play an important role in the onset and 
progression of various chronic diseases. Epigenetic modification is an important link between 
environmental factors and gene expression45. We observed epigenetic modifications by reduced 
trimethylation and enhanced acetylation of histone H3 reflected increased binding of NFκB2 
transcription factor on the VWF promoter, although VWF transcription is primarily activated by GATA, 
Ets, H1, and NFAT5 transcription factors46. NFκB2 is not constitutively expressed and is activated in 

  

inflammatory conditions only47. Although previous studies have established the presence of 
inflammation or enhanced coagulation in CTEPH, our study provides a mechanistic link between 
inflammation and local thrombosis, which rests upon the interaction of NFκB2 with the VWF promoter 
in the CTEPH endothelium. 
 
The primary current treatment option for CTEPH is PEA, followed by lifelong anticoagulation1,48. 
Although this medication is supposed to prevent recurrent thromboembolic events after successful 
surgery, some patients still suffer from recurrent thromboembolic lesions49. This may be explained by 
the fact that anticoagulant drugs act on the coagulation cascade50 when platelets have already been 
activated to form a stable aggregate. Our data reveal an endothelial VWF-mediated mechanism, 
where VWF levels are dependent on NFκB2 levels. NFκB2 inhibition may therefore serve as a 
therapeutic target to reduce inflammatory VWF-mediated thrombosis while the process of 
hemostasis is maintained. 
 
This study introduces a novel method to study the early stages of thrombosis in humans, specifically 
CTEPH. For some time, the pathophysiology of CTEPH has remained elusive due to a lack of 
appropriate disease models51. Large animal models have provided valuable insight into the 
hemodynamic consequences of CTEPH but also have failed to reproduce the characteristic vascular 
lesions as observed in CTEPH, as prothrombotic conditions are difficult to mimic in these in vivo 
models52. The most commonly used thrombosis models involve mice with intravenous administration 
of clotting agents, such as collagen or thrombin, to induce acute PEs53. Although these models can be 
used to study clot resolution, both the artificial means of thrombus induction in these mouse models 
as well as the important differences between mice and humans in thrombus formation preclude the 
use of these models for the investigation of in situ thrombus formation. Furthermore, the main focus 
of the current study is to evaluate the link between the thrombogenic endothelium in CTEPH and 
epigenetic regulation of the VWF promoter. It is well established that VWF is the main ligand for 
platelets and is critical for thrombus development, as VWF-deficient mice do not form a stable 
thrombus28,54,55. However, specific epigenetic alteration of the specific VWF promoter cannot be 
captured in transgenic models, whereas pharmacological ways to induce epigenetic alteration (e.g., 
HDAC inhibitors) induce epigenetic changes in a wide array of genes. To overcome this, we have used 
a humanized in vitro platform of thrombosis that recapitulates the vascular intima layer of pulmonary 
arteries. For this, we use human-derived primary endothelial cells that accurately represent the 
characteristics of ECs in the lungs of patients56. 
 
To our knowledge, we are the first to report endothelium-platelet interaction under flow using 
endothelial cells derived from patients with CTEPH, and the current study demonstrates the model as 
a powerful tool to characterize and modulate endothelial function in relation to thrombosis. 
Considering the importance of VWF in thrombosis, we were able to interfere with VWF in human 
primary endothelial cells and could reverse the diseased endothelial phenotype to a control condition. 
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The relevance of this model and the mechanisms elucidated by the model were validated in tissue 
sections by RNA in situ hybridization experiments, demonstrating a similar increase in VWF levels in 
vitro and in vivo. Our humanized model allows for various forms of interference to evaluate 
therapeutic strategies for CTEPH. Finally, as this model well captured human endothelium–platelet 
interaction, it may be used to study endothelium–platelet interaction in other pathological conditions, 
and therefore has its relevance beyond CTEPH. 
 
Besides thrombosis, endothelial cells play a key role in thrombus resolution via angiogenesis and 
recanalization. This study focused on VWF regulation in PAEC and VWF effects on platelet adhesion. 
Our model is limited by its inability to observe the progression of thrombus formation and resolution 
that causes persistent clot formation. Although impaired fibrinolysis and angiogenesis are generally 
more accepted hypotheses of the pathophysiology of CTEPH, initial clot formation typically starts with 
endothelial activation that can be easily studied in our model (57). The strength of this study is the 
use of primary isolated cells, even though this approach has its limitations. Although CTEPH-PAECs 
were derived from thrombus-free PEA material, the cells may have been affected by thrombotic 
events. However, it is impossible to obtain completely uninvolved pulmonary vessels from patients 
with CTEPH. Furthermore, control-PAECs were isolated from lobectomy material, mostly from 
patients with a lung malignancy. We made sure to only include material distal from the tumor, and 
excluded patients with prior thromboembolic events and/or severe cardiovascular comorbidities. 
 
Finally, this study suggests that CTEPH is not merely the consequence of embolism but that also local 
thrombosis contributes to CTEPH. Although our results do not prove that in situ thrombosis is the 
primary source of clot formation in CTEPH, they do suggest that it contributes to the disease. Whether 
our finding is a primary event in the pulmonary endothelium that results in in situ thrombosis or 
whether it is a consequence of nonresolving emboli needs to be determined. Additional follow-up 
questions that need to be addressed in future studies are which upstream events invoke the observed 
epigenetic changes in CTEPH and whether the phenomenon of chronic VWF derangement is also 
present in other cardiovascular diseases. 
 
In conclusion, this study reveals enhanced platelet aggregation on CTEPH-derived endothelial cells, 
resulting from epigenetic modifications to the VWF promoter and increased binding of the 
transcription factor NFκB2 to the VWF promoter. VWF-mediated in situ thrombosis may therefore 
play an important role in the development and/or progression of CTEPH. Interference at the NFκB2 or 
VWF level reduced thrombocyte aggregation, yielding novel targets for therapies in CTEPH (Figure 6). 
 

  

  

References 
1. Wilkens H, Konstantinides S, Lang IM, Bunck AC, Gerges M, Gerhardt F, et al. Chronic thromboembolic 

pulmonary hypertension (CTEPH): updated recommendations from the Cologne Consensus Conference 2018. 
Int J Cardiol 2018;272S:69–78. 

2. Yan L, Li X, Liu Z, Zhao Z, Luo Q, Zhao Q, et al. Research progress on the pathogenesis of CTEPH. Heart Fail 
Rev 2019;24:1031–1040. 

3. Pepke-Zaba J, Delcroix M, Lang I, Mayer E, Jansa P, Ambroz D, et al. Chronic thromboembolic pulmonary 
hypertension (CTEPH): results from an international prospective registry. Circulation 2011;124:1973–1981. 

4. Lang IM, Madani M. Update on chronic thromboembolic pulmonary hypertension. Circulation 2014;130:508–
518. 

5. Braams NJ, Boon G, de Man FS, van Es J, den Exter PL, Kroft LJM, et al. Evolution of CT findings after 
anticoagulant treatment for acute pulmonary embolism in patients with and without an ultimate diagnosis 
of chronic thromboembolic pulmonary hypertension. Eur Respir J 2021;58:2100699. 

6. Peyvandi F, Garagiola I, Baronciani L. Role of von Willebrand factor in the haemostasis. Blood Transfus 
2011;9:s3–s8. 

7. Lenting PJ, Christophe OD, Denis CV. von Willebrand factor biosynthesis, secretion, and clearance: connecting 
the far ends. Blood 2015;125:2019–2028. 

8. Tomaiuolo M, Brass LF, Stalker TJ. Regulation of platelet activation and coagulation and its role in vascular 
injury and arterial thrombosis. Interv Cardiol Clin 2017;6:1–12. 

9. Edvardsen MS, Hindberg K, Hansen ES, Morelli VM, Ueland T, Aukrust P, et al. Plasma levels of von Willebrand 
factor and future risk of incident venous thromboembolism. Blood Adv 2021;5:224–232. 

10. Newnham M, South K, Bleda M, Auger WR, Barberà JA, Bogaard H, et al. The ADAMTS13-VWF axis is 
dysregulated in chronic thromboembolic pulmonary hypertension. Eur Respir J 2019;53:1801805. 

11. Mussbacher M, Salzmann M, Brostjan C, Hoesel B, Schoergenhofer C, Datler H, et al. Cell type-specific roles 
of NF-κB linking inflammation and thrombosis. Front Immunol 2019;10:85 

12. Chen J, Chung DW. Inflammation, von Willebrand factor, and ADAMTS13. Blood 2018;132:141–147. 
13. Zabini D, Heinemann A, Foris V, Nagaraj C, Nierlich P, Bálint Z, et al. Comprehensive analysis of inflammatory 

markers in chronic thromboembolic pulmonary hypertension patients. Eur Respir J 2014;44:951–962. 
14. Skoro-Sajer N, Gerges C, Gerges M, Panzenböck A, Jakowitsch J, Kurz A, et al. Usefulness of thrombosis and 

inflammation biomarkers in chronic thromboembolic pulmonary hypertension-sampling plasma and surgical 
specimens. J Heart Lung Transplant 2018;37:1067–1074. 

15. Manz XD, Pan X, Symersky P, Majolée J, Hordijk P, Voorberg J, et al. Elevated von Willebrand factor expression 
in the activated pulmonary endothelium of chronic thromboembolic pulmonary hypertension patients 
enhances platelet adhesion [abstract]. Eur Respir J 2020;56:1551. 

16. Manz XD, Pan X, Symersky P, Majolee J, Tura O, Hordijk P, et al. The activated pulmonary endothelium of 
chronic thromboembolic pulmonary hypertension patients exhibits elevated platelet adhesion [abstract]. Am 
J Respir Crit Care Med 2020;201:A2044. 

17. Manz XD, Albers HJ, Symersky P, Aman J, van der Meer AD, Bogaard HJ, et al. In vitro microfluidic disease 
model to study whole blood-endothelial interactions and blood clot dynamics in real-time. J Vis Exp 2020;159. 
DOI: 10.3791/61068 

18. Smeets MWJ, Mourik MJ, Niessen HWM, Hordijk PL. Stasis promotes erythrocyte adhesion to von Willebrand 
factor. Arterioscler Thromb Vasc Biol 2017;37:1618–1627. 

19. Barco S, Klok FA, Konstantinides SV, Dartevelle P, Fadel E, Jenkins D, et al. Sex-specific differences in chronic 
thromboembolic pulmonary hypertension: results from the European CTEPH registry. J Thromb Haemost 
2020;18:151–161. 

20. Wong CL, Szydlo R, Gibbs S, Laffan M. Hereditary and acquired thrombotic risk factors for chronic 
thromboembolic pulmonary hypertension. Blood Coagul Fibrinolysis 2010;21:201–206. 

21. Bonderman D, Turecek PL, Jakowitsch J, Weltermann A, Adlbrecht C, Schneider B, et al. High prevalence of 
elevated clotting factor VIII in chronic thromboembolic pulmonary hypertension. Thromb Haemost 
2003;90:372–376. 

22. Smith JM, Meinkoth JH, Hochstatter T, Meyers KM. Differential distribution of von Willebrand factor in canine 
vascular endothelium. Am J Vet Res 1996;57:750–755. 

23. Mahmud E, Madani MM, Kim NH, Poch D, Ang L, Behnamfar O, et al. Chronic thromboembolic pulmonary 
hypertension: evolving therapeutic approaches for operable and inoperable disease. J Am Coll Cardiol 
2018;71:2468–2486. 



Epigenet ic  modif icat ion of  the VWF promoter  in  CTEPH 93

4

  

The relevance of this model and the mechanisms elucidated by the model were validated in tissue 
sections by RNA in situ hybridization experiments, demonstrating a similar increase in VWF levels in 
vitro and in vivo. Our humanized model allows for various forms of interference to evaluate 
therapeutic strategies for CTEPH. Finally, as this model well captured human endothelium–platelet 
interaction, it may be used to study endothelium–platelet interaction in other pathological conditions, 
and therefore has its relevance beyond CTEPH. 
 
Besides thrombosis, endothelial cells play a key role in thrombus resolution via angiogenesis and 
recanalization. This study focused on VWF regulation in PAEC and VWF effects on platelet adhesion. 
Our model is limited by its inability to observe the progression of thrombus formation and resolution 
that causes persistent clot formation. Although impaired fibrinolysis and angiogenesis are generally 
more accepted hypotheses of the pathophysiology of CTEPH, initial clot formation typically starts with 
endothelial activation that can be easily studied in our model (57). The strength of this study is the 
use of primary isolated cells, even though this approach has its limitations. Although CTEPH-PAECs 
were derived from thrombus-free PEA material, the cells may have been affected by thrombotic 
events. However, it is impossible to obtain completely uninvolved pulmonary vessels from patients 
with CTEPH. Furthermore, control-PAECs were isolated from lobectomy material, mostly from 
patients with a lung malignancy. We made sure to only include material distal from the tumor, and 
excluded patients with prior thromboembolic events and/or severe cardiovascular comorbidities. 
 
Finally, this study suggests that CTEPH is not merely the consequence of embolism but that also local 
thrombosis contributes to CTEPH. Although our results do not prove that in situ thrombosis is the 
primary source of clot formation in CTEPH, they do suggest that it contributes to the disease. Whether 
our finding is a primary event in the pulmonary endothelium that results in in situ thrombosis or 
whether it is a consequence of nonresolving emboli needs to be determined. Additional follow-up 
questions that need to be addressed in future studies are which upstream events invoke the observed 
epigenetic changes in CTEPH and whether the phenomenon of chronic VWF derangement is also 
present in other cardiovascular diseases. 
 
In conclusion, this study reveals enhanced platelet aggregation on CTEPH-derived endothelial cells, 
resulting from epigenetic modifications to the VWF promoter and increased binding of the 
transcription factor NFκB2 to the VWF promoter. VWF-mediated in situ thrombosis may therefore 
play an important role in the development and/or progression of CTEPH. Interference at the NFκB2 or 
VWF level reduced thrombocyte aggregation, yielding novel targets for therapies in CTEPH (Figure 6). 
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Supplementary materials 

Immuno-Fluorescent In Situ Hybridization (iFISH)  
Formalin fixed and paraffin embedded surgical specimen of pulmonary artery tissue samples were 
acquired from the Biobank Pathology (Amsterdam UMC, location VU University Medical Center, The 
Netherlands), and RNA fluorescent in situ hybridization was performed using RNAscope® Multiplex 
Fluorescent Reagent Kit v2 (Advanced Cell Diagnostics, #323135). Briefly, 4 µm sections were cut and 
baked at a 60°C oven for 1 hour. Samples were pre-treated by deparaffinization, dehydration, and 20 
minutes target retrieval using RNAscope®Co-Detection Target Retrieval (Advanced Cell Diagnostics, 
#323165). RNA probe against VWF (Advanced Cell Diagnostics, #560461) was incubated for 2 hours at 
40°C, and amplification was performed according to manufacturer’s protocol. Opal570 (Akoya, 
#FP1488001KT) was used to detect fluorescent signal. After hybridization, cells were washed three 
times in PBS and immunofluorescence was performed. Samples were blocked with 1% Donkey serum 
(Sigma-Aldrich, #D9663), and stained for CD31 (1:100, Santa Cruz C-20, #sc-1505), WGA (1:200, 
Invitrogen, #W32466) and nuclei. Tissue slides were mounted with Mowiol (Sigma-Aldrich, #81381) 
supplemented with DABCO (Sigma-Aldrich, #290734). Confocal images were acquired with Nikon A1R 
and signal was quantified in at least five different ROI per donor. Images were blinded and 
automatically analyzed by using a macro to measure fluorescent intensity in Image J. This macro 
creates first a mask of CD31 positive areas, and secondly a nuclear mask. VWF mean fluorescent 
intensity was measured within this nuclear and CD31 mask to distinguish nuclear and cytoplasm VWF. 
The quantified values indicate average intensity per area.  
 
Rotational thromboelastometry  
Blood samples from CTEPH patients were analyzed for blood coagulation disorders with rotational 
thromboelastometry (ROTEM©, Pentapharm GmbH, Munich, Germany). Clotting time (CT), clot 
formation time (CFT), clot firmness after 10 minutes (A10) and maximal cloth firmness (MCF) were 
measured according to the manufacturer’s procedures. Intrinsic and extrinsic blood coagulation were 
measured with INTEM and EXTEM, platelet function and fibrinolysis were tested with FIBTEM and 
EXTEM (1).  
 
Primary cell isolation 
Pulmonary artery endothelial cells (PAEC) were isolated from resected pulmonary artery tissue 
according to the previously published protocol2. In brief, control tissue was obtained from 
lobectomies of suspected or proven lung malignancies (non-PH control) and CTEPH tissue was 
obtained from pulmonary endarterectomy (PEA) material, both surgeries performed at the 
Amsterdam UMC, location VU University Medical Center, The Netherlands. PAEC were isolated by 
carefully scraping the endothelial layer onto fibronectin-coated (5 µg/mL) CellBIND� culture dishes 
(Corning, #3295). PAEC were cultured in endothelial cell medium (ECM, ScienCell, #1001) 
supplemented with 1% Penicillin/Streptomycin, 1% endothelial cell growth supplement (ECGS), 5% 
fetal bovine serum (FBS), and 1% non-essential amino acids (NEAA, Biowest, #X055-100). further 

  

referred to as cECM. Isolated cells were maintained in a physiological environment at 37°C with 5% 
CO2. Cells were expanded on 0.1% gelatin coated culture flasks until passage 4-6 was reached for 
experiments. 
 
siRNA transfection  
PAEC were grown until 80% confluence and medium was refreshed 24 hours before transfection. ON-
TARGETplus human siRNA against VWF (#LQ-009754-00-0002), NFκB2 (#LQ-003918-00-0005), RelB 
(#LQ-004767-00-0005), NFκB1 (#LQ-003520-00-0005) and non-targeting control (NT, #D-001810-10-
05) were purchased from Dharmacon (Supplementary Table 2). PAEC were transfected with a final 
concentration of 25 nM siRNA using DharmaFECT1 (Dharmacon, #T2001-03). Transfection was 
performed overnight with 20% new born calf serum (NBCS) in ECM. Medium was refreshed with cECM 
the next day. Cells were used for experiments at least 72 hours after transfection.   
 
Lentiviral shRNA knockdown  
Pre-tested  short hairpin RNA (shRNA) constructs from Sigma MISSION® TRC-Hs 2.0 shRNA library were 
used in VWF knockdown experiments3. The results shown were obtained with TRCN0000373864, 
targeting VWF RefSeq NM_000552.3 and TRCN0000SHC002 as non-targeting negative control 
(Supplementary Table 2). shRNA constructs were packed into lentiviral particles with second-
generation packaging plasmids (pHDM-G, pHDM-HgpM2, pRC-CMV-Rev1b, and pHDM-TAT1B) in 
HEK293T cells after transfection using TransIT®LT1 (Mirus, #MIR2300) according to manufacturer’s 
instructions. Virus-containing supernatant was collected at 48 and 72 hours post transfection and 
filtered through a 0.45 µm polyvinylidene fluoride filter (Whatman, #10462100). At 80% confluency, 
PAEC were infected with the virus containing supernatant at a 1:6 virus:cECM ratio.  After 24 hours, 
medium was changed to cECM and infected cells were selected for 72 hours with puromycin (Gibco, 
#A11138-03), before used for experiments.  
 
Platelet isolation 
Platelets were isolated as previously described4. In short, platelet rich plasma (PRP) was obtained by 
centrifugation at 150 ×g for 15 minutes. Subsequently, 10% acid citrate dextrose (85 mM sodium 
citrate, 65 mM citric acid and 100 mM D-glucose, pH 4.5) was added to PRP prior to centrifugation at 
2000 ×g for 5 minutes. The platelet pellet was washed with wash buffer (36 mM citric acid, 103 mM 
NaCl, 5mM KCl, 5 mM EDTA, 56 mM D-glucose, 0.35% bovine serum albumin (BSA), pH 6.5), and 
fluorescently tagged with calcein AM (1:1000, Invitrogen, #C3099) for 10 minutes at 37°C. Platelets 
were suspended in HEPES+ buffer (132 mM NaCl, 20 mM HEPES, 6 mM KCl, 1 mM MgSO4 × 7 H2O, 
1.2 mM K2HPO4 × 3 H2O, 2.5mM CaCl2, 5.5mM D-glucose, 1% BSA, pH 7.4) and allowed to equilibrate 
at 37°C to restore their function.  If indicated, platelets were treated for 30 minutes with monoclonal 
antibody raised to the A1 domain of VWF (CLB-RAg-35, gifted from Sanquin, The Netherlands) prior 
to perfusion experiments.  
 



Epigenet ic  modif icat ion of  the VWF promoter  in  CTEPH 97

4

  

Supplementary materials 

Immuno-Fluorescent In Situ Hybridization (iFISH)  
Formalin fixed and paraffin embedded surgical specimen of pulmonary artery tissue samples were 
acquired from the Biobank Pathology (Amsterdam UMC, location VU University Medical Center, The 
Netherlands), and RNA fluorescent in situ hybridization was performed using RNAscope® Multiplex 
Fluorescent Reagent Kit v2 (Advanced Cell Diagnostics, #323135). Briefly, 4 µm sections were cut and 
baked at a 60°C oven for 1 hour. Samples were pre-treated by deparaffinization, dehydration, and 20 
minutes target retrieval using RNAscope®Co-Detection Target Retrieval (Advanced Cell Diagnostics, 
#323165). RNA probe against VWF (Advanced Cell Diagnostics, #560461) was incubated for 2 hours at 
40°C, and amplification was performed according to manufacturer’s protocol. Opal570 (Akoya, 
#FP1488001KT) was used to detect fluorescent signal. After hybridization, cells were washed three 
times in PBS and immunofluorescence was performed. Samples were blocked with 1% Donkey serum 
(Sigma-Aldrich, #D9663), and stained for CD31 (1:100, Santa Cruz C-20, #sc-1505), WGA (1:200, 
Invitrogen, #W32466) and nuclei. Tissue slides were mounted with Mowiol (Sigma-Aldrich, #81381) 
supplemented with DABCO (Sigma-Aldrich, #290734). Confocal images were acquired with Nikon A1R 
and signal was quantified in at least five different ROI per donor. Images were blinded and 
automatically analyzed by using a macro to measure fluorescent intensity in Image J. This macro 
creates first a mask of CD31 positive areas, and secondly a nuclear mask. VWF mean fluorescent 
intensity was measured within this nuclear and CD31 mask to distinguish nuclear and cytoplasm VWF. 
The quantified values indicate average intensity per area.  
 
Rotational thromboelastometry  
Blood samples from CTEPH patients were analyzed for blood coagulation disorders with rotational 
thromboelastometry (ROTEM©, Pentapharm GmbH, Munich, Germany). Clotting time (CT), clot 
formation time (CFT), clot firmness after 10 minutes (A10) and maximal cloth firmness (MCF) were 
measured according to the manufacturer’s procedures. Intrinsic and extrinsic blood coagulation were 
measured with INTEM and EXTEM, platelet function and fibrinolysis were tested with FIBTEM and 
EXTEM (1).  
 
Primary cell isolation 
Pulmonary artery endothelial cells (PAEC) were isolated from resected pulmonary artery tissue 
according to the previously published protocol2. In brief, control tissue was obtained from 
lobectomies of suspected or proven lung malignancies (non-PH control) and CTEPH tissue was 
obtained from pulmonary endarterectomy (PEA) material, both surgeries performed at the 
Amsterdam UMC, location VU University Medical Center, The Netherlands. PAEC were isolated by 
carefully scraping the endothelial layer onto fibronectin-coated (5 µg/mL) CellBIND� culture dishes 
(Corning, #3295). PAEC were cultured in endothelial cell medium (ECM, ScienCell, #1001) 
supplemented with 1% Penicillin/Streptomycin, 1% endothelial cell growth supplement (ECGS), 5% 
fetal bovine serum (FBS), and 1% non-essential amino acids (NEAA, Biowest, #X055-100). further 

  

referred to as cECM. Isolated cells were maintained in a physiological environment at 37°C with 5% 
CO2. Cells were expanded on 0.1% gelatin coated culture flasks until passage 4-6 was reached for 
experiments. 
 
siRNA transfection  
PAEC were grown until 80% confluence and medium was refreshed 24 hours before transfection. ON-
TARGETplus human siRNA against VWF (#LQ-009754-00-0002), NFκB2 (#LQ-003918-00-0005), RelB 
(#LQ-004767-00-0005), NFκB1 (#LQ-003520-00-0005) and non-targeting control (NT, #D-001810-10-
05) were purchased from Dharmacon (Supplementary Table 2). PAEC were transfected with a final 
concentration of 25 nM siRNA using DharmaFECT1 (Dharmacon, #T2001-03). Transfection was 
performed overnight with 20% new born calf serum (NBCS) in ECM. Medium was refreshed with cECM 
the next day. Cells were used for experiments at least 72 hours after transfection.   
 
Lentiviral shRNA knockdown  
Pre-tested  short hairpin RNA (shRNA) constructs from Sigma MISSION® TRC-Hs 2.0 shRNA library were 
used in VWF knockdown experiments3. The results shown were obtained with TRCN0000373864, 
targeting VWF RefSeq NM_000552.3 and TRCN0000SHC002 as non-targeting negative control 
(Supplementary Table 2). shRNA constructs were packed into lentiviral particles with second-
generation packaging plasmids (pHDM-G, pHDM-HgpM2, pRC-CMV-Rev1b, and pHDM-TAT1B) in 
HEK293T cells after transfection using TransIT®LT1 (Mirus, #MIR2300) according to manufacturer’s 
instructions. Virus-containing supernatant was collected at 48 and 72 hours post transfection and 
filtered through a 0.45 µm polyvinylidene fluoride filter (Whatman, #10462100). At 80% confluency, 
PAEC were infected with the virus containing supernatant at a 1:6 virus:cECM ratio.  After 24 hours, 
medium was changed to cECM and infected cells were selected for 72 hours with puromycin (Gibco, 
#A11138-03), before used for experiments.  
 
Platelet isolation 
Platelets were isolated as previously described4. In short, platelet rich plasma (PRP) was obtained by 
centrifugation at 150 ×g for 15 minutes. Subsequently, 10% acid citrate dextrose (85 mM sodium 
citrate, 65 mM citric acid and 100 mM D-glucose, pH 4.5) was added to PRP prior to centrifugation at 
2000 ×g for 5 minutes. The platelet pellet was washed with wash buffer (36 mM citric acid, 103 mM 
NaCl, 5mM KCl, 5 mM EDTA, 56 mM D-glucose, 0.35% bovine serum albumin (BSA), pH 6.5), and 
fluorescently tagged with calcein AM (1:1000, Invitrogen, #C3099) for 10 minutes at 37°C. Platelets 
were suspended in HEPES+ buffer (132 mM NaCl, 20 mM HEPES, 6 mM KCl, 1 mM MgSO4 × 7 H2O, 
1.2 mM K2HPO4 × 3 H2O, 2.5mM CaCl2, 5.5mM D-glucose, 1% BSA, pH 7.4) and allowed to equilibrate 
at 37°C to restore their function.  If indicated, platelets were treated for 30 minutes with monoclonal 
antibody raised to the A1 domain of VWF (CLB-RAg-35, gifted from Sanquin, The Netherlands) prior 
to perfusion experiments.  
 



Chapter  498

4

  

Platelet adhesion under flow 
PAEC were seeded in 0.1% gelatin-coated µ-Slide VI 0.4 ibiTreat flow slides (ibidi, #80606) and cultured 
for at least 7 days to form a stable monolayer. PAEC were starved for 1 hour in ECM supplemented 
with 1% FBS, and stimulated with 1 µM histamine (Sigma-Aldrich, #H7125) for 30 minutes prior to 
start of perfusion of platelets. Fluorescently labeled platelets were perfused over PAEC with a syringe 
pump (Word Precision Instruments, #AL4000) with a unidirectional shear rate of 2.5 dyne/cm2. Phase-
contrast and fluorescent images of three chosen region of interest (ROI) were taken every 30 seconds 
with an Etaluma LS720 microscope using a 20X phase-contrast objective. Platelet adhesion was 
quantified in ImageJ by determining the area covered by platelets per Field of View (FOV). Images 
were blinded and automatically analyzed by using a macro to measure area covered by platelets in 
Image J. 
 
Enzyme Linked Immunosorbent Assay (ELISA) 
Supernatant of histamine stimulated PAEC was collected and VWF levels were measured as previously 
described5. In brief, a 96-well ELISA plate was coated with polyclonal anti-VWF (1:1000, Dako, #A0082) 
overnight at 4°C and subsequently blocked with 2% BSA for 2 hours at RT. Samples were loaded for 2 
hours at RT and HRP-conjugated rabbit polyclonal anti-VWF (1:2500, Dako, #A0082) was used for 
detection of bound VWF. HRP activity was detected with substrate solution (1.1 M NaAc, TMB/DMSO, 
30% H2O2) and the reaction was stopped with H2SO4. Normal plasma with a stock concentration of 
50 nM VWF was used as a standard for determination of VWF levels, measured at 450 nm and 540 
nm.  
 
Real-Time (Quantative) Polymerase Chain Reaction (RT-qPCR) 
PAEC were lysed in TRIzol (Invitrogen, #15596018) and RNA was isolated with Direct-zol RNA kit (Zymo 
Research, #R2051). Total RNA was reverse transcribed with iScript cDNA synthesis kit (BioRad, 
#1708890). RT-qPCR was performed in a C1000 Thermo Cycler (BioRad) using iQ SYBR Green (BioRad, 
#1708886) and specific primers for VWF, NFκB2, RelB, NFκB1, P0 and RPL27 were designed with NCBI 
Primer-BLAST (Supplementary Table 3). Threshold cycle values (Ct) were analyzed and expression was 
quantified using the 2−ddCt method. 
 
Immunofluorescence imaging 
PAEC were fixed with warm 4% paraformaldehyde (PFA) for 10 minutes at room temperature (RT). 
Cells were permeabilized with 0.2% Triton X-100 in PBS for 10 minutes and blocked with 1% BSA for 1 
hour at RT. Cells were stained with VE-cadherin (1:200, Cell Signaling, D87F2, #2500), CD31 (1:200, 
Invitrogen, #37-0700) or VWF (1:200, SantaCruz, #14014) overnight at 4°C and fluorescently labelled 
secondary antibodies were added for 1 hour at RT. Actin fibers, nuclei and platelets were stained for 
30 minutes at RT with Phalloidin (1:200, Cytoskeleton, #PHDN1-A), Hoechst (1:1000, Invitrogen, 
#H1399) and CD42b (Miltenyi Biotec, #130-100-186) respectively. In between incubation steps, cells 
were washed three times with PBS with 0.05%Tween. Coverslips were mounted with Mowiol (Sigma-

  

Aldrich, #81381) supplemented with DABCO (Sigma-Aldrich, #290734). Confocal images were 
acquired with Nikon A1R. Z-stacks of 3 µm were taken with 60X oil-immersion objective. Images were 
blinded and automatically analyzed by using a macro to measure fluorescent intensity in Image J. 
 
Proteomics  
Approximately 10 cm2 of PAEC were used for proteomics. Proteins were lysed in 1X NuPage LDS 
sample buffer (Invitrogen, #NP0007) and 50 µM DTT. Lysates were sonicated for 30 seconds and equal 
volumes were loaded on a 12.5% acrylamide/bis-acrylamide gel. Equal loading and protein quality 
were checked on separate gels before electrophoresis was applied for 20 minutes at 100V. Gels were 
fixed for 15 minutes in 50% ethanol containing 3% phosphoric acid and stained with Coomassie 
Brilliant Blue G-250 in 34% methanol and 3% phosphoric acid. Each sample was processed for in-gel 
digestion and measured by liquid chromatography-mass spectrometry (LC-MS) as described before6. 
MS/MS spectra were searched against a Uniprot human reference proteome FASTA file 
(swissprot_2018_01_human_canonical_and_isoform.fasta (42258 entries)) using MaxQuant version 
1.6.0.167. The mass spectrometry proteomics data are provided on request. Beta-binominal statistics 
were used to assess differential protein expression between groups, after normalization on the sum 
of the counts for each sample8, 9. Proteins with a significant change with  p<0.05 were selected for 
pathway analysis. Protein networks were generated using STRING (Search Tool for the Retrieval of 
Interacting Genes/Proteins) and visualized with Cytoscape software version 3.2.1.  
 
Chromatin immunoprecipitation (ChIP) 
DNA for chromatin immunoprecipitation (ChIP) was obtained from a confluent PAEC monolayer of a 
Ø10 cm culture dish. Chromatins were cross linked with 1% formaldehyde for 5 minutes at RT, 
followed by lysis for 10 minutes in cell lysis buffer (50 mM Tris-HCl, 2 mM EDTA, 0.1% Igepal, 10% 
glycerol and protease inhibitor). Lysates were centrifuged and nuclear extracts were obtained by 
nuclear lysis buffer (50 mM Tris-HCl, 5 mM EDTA, 0.1% SDS). Nuclear lysates were fragmented by 
sonication to an average fragment size of 200-1000 base pairs (4 cycles of pulses for 30s on and 30s 
off). Chromatin immunoprecipitation was performed using Magna ChIP© G Kit (Sigma-Aldrich, #17-
611). Samples were pre-cleared by 2 hours incubation with protein G magnetic beads at 4°C. 
Supernatants were collected and overnight incubated at 4°C with Mouse IgG (Millipore, #12-371B), 
H3K27me3 (Abcam #6002), H3K27Ac (Diagenode, #C15410174) and NFκB2 (R&D Systems, # 
MAB28881) antibodies, while bead complexes were washed and blocked in dilution buffer with 1% 
BSA. Blocked beads and antibodies were incubated for 2 hours at 4°C on a turning wheel. Bead-bound 
antigen/antibody complexes were collected using DynaMagTM-2 Magnet (Invitrogen, #12321D) and 
washed with high salt buffer, low salt buffer, LiCl buffer and TE buffer followed by two times elution 
for 15 minutes at RT. Samples were processed with 1 U proteinase K for 1h at 55°C, followed by reverse 
crosslinking with an additional 4 hours at 65°C and 10 minutes at 95°C. DNA was isolated with QIAamp 
DNA Mini Kit (Qiagen, #51304) according to the manufacturers protocol.  
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Chromatin immunoprecipitation (ChIP) 
DNA for chromatin immunoprecipitation (ChIP) was obtained from a confluent PAEC monolayer of a 
Ø10 cm culture dish. Chromatins were cross linked with 1% formaldehyde for 5 minutes at RT, 
followed by lysis for 10 minutes in cell lysis buffer (50 mM Tris-HCl, 2 mM EDTA, 0.1% Igepal, 10% 
glycerol and protease inhibitor). Lysates were centrifuged and nuclear extracts were obtained by 
nuclear lysis buffer (50 mM Tris-HCl, 5 mM EDTA, 0.1% SDS). Nuclear lysates were fragmented by 
sonication to an average fragment size of 200-1000 base pairs (4 cycles of pulses for 30s on and 30s 
off). Chromatin immunoprecipitation was performed using Magna ChIP© G Kit (Sigma-Aldrich, #17-
611). Samples were pre-cleared by 2 hours incubation with protein G magnetic beads at 4°C. 
Supernatants were collected and overnight incubated at 4°C with Mouse IgG (Millipore, #12-371B), 
H3K27me3 (Abcam #6002), H3K27Ac (Diagenode, #C15410174) and NFκB2 (R&D Systems, # 
MAB28881) antibodies, while bead complexes were washed and blocked in dilution buffer with 1% 
BSA. Blocked beads and antibodies were incubated for 2 hours at 4°C on a turning wheel. Bead-bound 
antigen/antibody complexes were collected using DynaMagTM-2 Magnet (Invitrogen, #12321D) and 
washed with high salt buffer, low salt buffer, LiCl buffer and TE buffer followed by two times elution 
for 15 minutes at RT. Samples were processed with 1 U proteinase K for 1h at 55°C, followed by reverse 
crosslinking with an additional 4 hours at 65°C and 10 minutes at 95°C. DNA was isolated with QIAamp 
DNA Mini Kit (Qiagen, #51304) according to the manufacturers protocol.  
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Western Blot 
PAEC protein lysates were obtained in lysis buffer (1 M Tris-HCl, 3M NaCl, 3M KCl, 500 mM EDTA-
NaOH, 5% Igepal, 0.5% Triton X-100, pH 8.0) containing phosphatase and protease inhibitor cocktail 
(Roche, #4906845001 and #11697498001). Lysates were prepared with 1X NuPage LDS sample buffer 
(Invitrogen, #NP0007) and 50 µM DTT. Samples were loaded on 7% SDS-Page gels or NuPageTM 4-
12% Bis-Tris gel (Invitrogen, #NP0336)  and electrophoresed at 130V. Separated proteins were 
transferred to 0.45 µM Amersham Hybond ECL nitrocellulose membranes (Invitrogen, #88018) and 
blocked with 5% BSA in Tris-buffered saline (pH 7.6) with 0.1% Tween (TBS-T) for 1 hour at RT. 
Membranes were incubated overnight at 4°C in 5% BSA with rabbit NFκB2 (Cell Signaling, #4882), 
rabbit polyclonal anti-VWF (1:1000, Dako, #A0082) and mouse Vinculin (1:1000, Sigma-Aldrich, 
#V9131). HRP-conjugated secondary antibodies (1:4000, Dako, #P0448) and HRP-conjugated GAPDH 
(Invitrogen, #G9295) were incubated in 5% BSA for 1 hour at RT.  Bands were visualized with 
Amersham ECL Prime Blotting Detection Reagent (GE Healthcare Life Sciences, #RPN2108) and 
detected with the AmershamTM Imager 600.  
 

Supplementary Table 1. Clinical group characteristics of healthy controls and CTEPH patients used for plasma 
VWF analysis  

 CTEPH (n=21) Control (n=14) 

Sex (M/F) 11/10 7/7 

Age (years) 64.3  ± 12.0 49.3 ± 15.6 

mPAP (mmHg) 43.2 ± 12.8 N/A 

PVR (dyn/s/cm-5) 632.7 ± 450.5 N/A 

CO (L/min) 5.3 ± 1.6 N/A 

SvO2 (%) 64.9 ± 9.8  N/A 

CTEPH =  chron ic  thromboembol ic  pu lmonary  hypertens ion;  mPAP =  mean pu lmonary  ar tery  pressure ;  

PVR =  pu lmonary  vascu lar  res i s tance;  CO =  card iac  output ;  SvO2  =  mixed  venous  oxygen  saturat ion ;  N/A  

=  not  ava i lab le .  
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Supplementary Table 3. Knockdown sequences 

Gene of interest Sequence 

Smartpool 

siRNA 

VWF 
CCAGCGAGGUCUUGAAAUA, GAGGAGAGUUGAGCUGUU, AAACGCUCCUUCUCGAUUA, 

CAACGGGAUGUCCCGGAACU 

RelB 
CUGCGGAUUUGCCGAAUUA, GCACAGAUGAAUUGGAGAU, CCAUUGAGCGGAAGAUUCA, 

GCCCGUCUAUGACAAGAAA 

NT 
UGGUUUACAUGUCGACUAA, UGGUUUACAUGUUGUGUGA, 

UGGUUUACAUGUUUUCUGA, UGGUUUACAUGUUUUCCUA 

Single target 

siRNA 

NFκB2 CGAACAGCCUUGCAUCUAG 

NFκB1 GAAAUUAGGUCUGGGGAUA 

shRNA 
VWF GAAACGCTCCTTCTCGATTAT 

NT CAACAAGATGAAGAGCACCAA 

VWF =  Von  Wi l lebrand  Factor ,  NT  =  non-target ing ,  NFκB  =  Nuc lear  Factor  κB   

 
Supplementary Table 4. Primer sequences 

Gene of interest Sequence 

VWF  Forward ATGTCTGCTTCAGGACCACG 

 Reverse AGCCACCCCTCAGTGAAATG 

NFκB2 Forward ATGGAGAGTTGCTACAACCCA 

 Reverse CTGTTCCACGATCACCAGGTA 

RelB Forward TGTGGTGAGGATCTGCTTCCAG 

 Reverse TCGGCAAATCCGCAGCTCTGAT 

NFκB1 Forward ATGTGGAGATCATTGAGCAGC 

 Reverse CCTGGTCCTGTGTAGCCATT 

Housekeeping genes Sequence 

P0 Forward TCGACAATGGCAGCATCTAC 

 Reverse ATCCGTCTCCACAGACAAGG 

RPL27 Forward ATCGCCAAGAGATCAAAGATAA 

 Reverse TCTGAAGACATCCTTATTGACG 

VWF promoter regions Sequence 

Region 1 Forward AGCCAGCTCTCCTTCCAAAG 

 Reverse CCTGATTGAGCCTTTGCAGC 

Region 2 Forward GCCAGGGGGAATCACAGTAG 

 Reverse CCTGGGGTGCATAGGAAGTG 

Region 3 Forward CCCACATACCTCGCACTCTG 

 Reverse ATTCTGCCTCTGGTGCCATT 

VWF =  Von  Wi l lebrand  Factor ,  NFκB  =  Nuc lear  Factor  κB ,  RPL27  =  R ibosomal  Prote in  L27  
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Supplementary Table 3. Knockdown sequences 

Gene of interest Sequence 

Smartpool 

siRNA 

VWF 
CCAGCGAGGUCUUGAAAUA, GAGGAGAGUUGAGCUGUU, AAACGCUCCUUCUCGAUUA, 

CAACGGGAUGUCCCGGAACU 

RelB 
CUGCGGAUUUGCCGAAUUA, GCACAGAUGAAUUGGAGAU, CCAUUGAGCGGAAGAUUCA, 

GCCCGUCUAUGACAAGAAA 

NT 
UGGUUUACAUGUCGACUAA, UGGUUUACAUGUUGUGUGA, 

UGGUUUACAUGUUUUCUGA, UGGUUUACAUGUUUUCCUA 

Single target 

siRNA 

NFκB2 CGAACAGCCUUGCAUCUAG 

NFκB1 GAAAUUAGGUCUGGGGAUA 

shRNA 
VWF GAAACGCTCCTTCTCGATTAT 

NT CAACAAGATGAAGAGCACCAA 

VWF =  Von  Wi l lebrand  Factor ,  NT  =  non-target ing ,  NFκB  =  Nuc lear  Factor  κB   

 
Supplementary Table 4. Primer sequences 

Gene of interest Sequence 

VWF  Forward ATGTCTGCTTCAGGACCACG 

 Reverse AGCCACCCCTCAGTGAAATG 

NFκB2 Forward ATGGAGAGTTGCTACAACCCA 

 Reverse CTGTTCCACGATCACCAGGTA 

RelB Forward TGTGGTGAGGATCTGCTTCCAG 

 Reverse TCGGCAAATCCGCAGCTCTGAT 

NFκB1 Forward ATGTGGAGATCATTGAGCAGC 

 Reverse CCTGGTCCTGTGTAGCCATT 

Housekeeping genes Sequence 

P0 Forward TCGACAATGGCAGCATCTAC 

 Reverse ATCCGTCTCCACAGACAAGG 

RPL27 Forward ATCGCCAAGAGATCAAAGATAA 

 Reverse TCTGAAGACATCCTTATTGACG 

VWF promoter regions Sequence 

Region 1 Forward AGCCAGCTCTCCTTCCAAAG 

 Reverse CCTGATTGAGCCTTTGCAGC 

Region 2 Forward GCCAGGGGGAATCACAGTAG 

 Reverse CCTGGGGTGCATAGGAAGTG 

Region 3 Forward CCCACATACCTCGCACTCTG 

 Reverse ATTCTGCCTCTGGTGCCATT 

VWF =  Von  Wi l lebrand  Factor ,  NFκB  =  Nuc lear  Factor  κB ,  RPL27  =  R ibosomal  Prote in  L27  
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Supplementary Figures 

 

 
Supplementary Figure 1. (A) Relative VWF gene-expression in CTEPH-PAEC compared to control (ncontrol=6, nCTEPH=9, 
nPAH=4). (B) Bright field and fluorescent imaging of adhered platelets (green) on a PAEC monolayers with or without 
30 minutes of histamine activation. Platelets were perfused over PAEC for 1, 3 and 5 minutes. Scale bar = 100 μm. 
(C) Comparison of total adhered platelets by calculating area under the curve. Each dot represents the average of 
three ROI per donor (ncontrol=5, nCTEPH=9, nPAH=4). (a-c) Data is presented as mean±SD. Significance is indicated with 
*p<0.05, **p<0.01, ***p<0.001, after (a) Kruskal-Wallis test, (b) two-way ANOVA with Grenhouse-Geisser 
correction for Tukey’s multiple comparison test. 
 

  

 
Supplementary Figure 2. (A) Western blot of VWF protein expression from whole PAEC lysates after treatment 
with siRNA against VWF or non-targeting (NT) (ncontrol=3, nCTEPH=5). Data is presented as mean±SD, statistics were 
performed with two-way ANOVA with Grenhouse-Geisser correction for Tukey’s multiple comparisons test, 
significance was indicated with **p<0.01, ***p<0.001. (B) Immunofluorescence staining of Weibel Palade bodies 
(WPB) from PFA fixed PAEC after treatment with siRNA against VWF or non-targeting (NT). (C) Endothelial VWF 
release into supernatant from siRNA treated PAEC after 30 minutes stimulation with histamine (ncontrol=2, nCTEPH=4). 
Data is presented as mean±SD, statistics were performed with two-way ANOVA with Grenhouse-Geisser correction 
for Tukey’s multiple comparisons test, significance was indicated with *p<0.05. (D) Western blot of VWF protein 
expression from whole PAEC lysates with or without short hairpin RNA knockdown of VWF (ncontrol=2, nCTEPH=2). 
Data is presented as mean±SD. (E) Immunofluorescence staining of Weibel Palade Bodies (WPB) from PFA fixed 
PAEC with or without short hairpin RNA knockdown of VWF. (F) Fluorescence imaging of calcein AM labeled 
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platelets (green) on PAEC after 5 minutes of perfusion. VWF expression in endothelial cells was inhibited with 
siRNA against VWF or non-targeting (NT). Scale bar = 100 μm. (G) Comparison of total fluorescence of adhered 
platelets on PAEC treated with or without knockdown of VWF. Each dot represents the average of three ROI per 
donor (ncontrol=2, nCTEPH=2). Data is presented as mean±SD. 
 

 
Supplementary Figure 3. (A) GO enrichment analysis of upregulated proteins in CTEPH compared to control 
involved in biological processes. (B) Relative NFκB2, (C) RelB and (D) NFκB1 mRNA expression in CTEPH-PAEC with 
knockdown of respectively NFκB2, RelB and NFκB1 compared to control (ncontrol=6, nCTEPH=7). Data is presented as 
mean±SD, statistics were performed with two-way ANOVA with Grenhouse-Geisser correction for Tukey’s multiple 
comparisons test, significance was indicated with *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (E) Comparison 
of total fluorescence of adhered platelets on unstimulated  PAEC with siRNA against NFκB2 and RelB. Each dot 
represents the average of three ROI per donor (ncontrol=3, nCTEPH=5). Data is presented as mean±SD, statistics were 
performed with two-way ANOVA with Grenhouse-Geisser correction for Tukey’s multiple comparisons test. Data 
was not significant. (F) Quantification of ChIP-qPCR of the VWF promotor region on IgG on nuclear extracts of 
CTEPH-PAEC compared to control. Data is presented as mean±SD, statistics were performed with two-way ANOVA 
with Grenhouse-Geisser correction for Sidak’s multiple comparisons test. Data was not significant. 
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Abstract 

Chronic thromboembolic pulmonary hypertension (CTEPH) is characterized by occlusion of pulmonary 
arteries by organized blood clots and occlusive vascular remodeling. Recent studies have stressed the 
contribution of the endothelium to a local prothrombotic environment in CTEPH. However, the full 
scale of mechanisms by which the endothelium may contribute to the development and progression 
of CTEPH remains unknown. In this study, we performed a transcriptome and proteome analysis of 
CTEPH pulmonary artery endothelial cells, and evaluated whether expression was epigenetically 
regulated. The aim of this study was to identify novel regulators that contribute to the pro-thrombotic 
phenotype of pulmonary artery endothelial cells from CTEPH patients. Therefore, we performed 
multi-layer omic profiling of the endothelium and revealed that CTEPH-PAEC show altered cell 
adhesion, extracellular matrix organization and platelet signaling.  
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Abstract 

Chronic thromboembolic pulmonary hypertension (CTEPH) is characterized by elevated pulmonary 
arterial pressure and organized thrombi within pulmonary arteries. Riociguat is a soluble guanylate 
cyclase stimulator, and is approved for patients with inoperable CTEPH or residual pulmonary 
hypertension after pulmonary endarterectomy (PEA). Previous work suggested that riociguat 
treatment is associated with an increased risk of bleeding, although the mechanism is unclear. The 
aim of this study is to assess how riociguat affects primary hemostasis by studying its effect on the 
interaction between platelets and endothelial cells derived from CTEPH patients. Pulmonary artery 
endothelial cells (PAECs) were isolated from thrombus-free regions of PEA material. Purified PAECs 
were cultured in flow chambers and were stimulated with 0.1 and 1 µM riociguat for 24 hours before 
flow experiments. After stimulation with histamine, PAECs were exposed to platelets under shear 
stress. Platelet adhesion and expression of von Willebrand Factor (VWF) were evaluated to assess the 
role of riociguat in hemostasis. Under dynamic conditions, 0.1 and 1.0 µM of riociguat suppressed 
platelet adhesion on the surface of PAECs. Although riociguat did not affect intracellular expression 
and secretion of VWF, PAECs stimulated with riociguat produced fewer VWF strings than unstimulated 
PAECs. Flowcytometry suggested that decreased VWF string formation upon riociguat treatment may 
be associated with suppressed cell surface expression of P-selectin, a protein that stabilizes VWF 
anchoring on the endothelial surface. In conclusion, Riociguat inhibits VWF string elongation and 
platelet adhesion on the surface of CTEPH-PAECs, possibly by reduced P-selectin cell surface 
expression. 
  

Introduction 

Chronic thromboembolic pulmonary hypertension (CTEPH) is diagnosed when despite effective 
anticoagulation treatment, persistent thromboembolic obstruction of pulmonary arteries leads to an 
elevated mean pulmonary arterial pressure1. Patients left untreated may die from right heart 
failure1,2. Treatment options for CTEPH are pulmonary endarterectomy (PEA), balloon pulmonary 
angioplasty (BPA) and medical therapies1,3, which together significantly improve the prognosis of 
CTEPH4. PEA is the first choice of treatment and involves removal of organized thrombi from the 
pulmonary arteries1,3,5. Nevertheless, 16 to 50% of patients who underwent PEA suffer from residual 
or recurrent pulmonary hypertension (PH)6. In addition, according to an international registry, 30-40% 
of CTEPH patients are inoperable due to surgical inaccessibility, compromised hemodynamics, and/or 
comorbidities7. Medical treatments with specific pulmonary vasodilators serve as alternatives to 
patients with inoperable CTEPH or residual PH after PEA and BPA.  Riociguat was the first medical 
therapy specifically approved for CTEPH patients1,3. This selective pulmonary vasodilator acts on the 
nitric oxide pathway, and reduces pulmonary vasoconstriction by stimulating soluble guanylate 
cyclase (sGC)8. Clinically, it has been shown that riociguat improved exercise capacity, hemodynamics 
and cardiac function in CTEPH patients in the short and longer term9-11.  
 
Life-long anticoagulation is required in all CTEPH patients to prevent de novo pulmonary embolism3. 
However, the combined use of selective pulmonary vasodilators and anticoagulants seems to be 
associated with an increased risk of bleeding12. In our previous study, riociguat treatment increased 
the bleeding risk in CTEPH patients treated with vitamin K antagonists13. However, the mechanism by 
which vasodilators elicit bleeding remains enigmatic.  
 
Vascular thrombosis is initiated when platelets bind to von Willebrand Factor (VWF) secreted from 
endothelial cells (ECs)14. Under physiological flow, endothelial cells have a negative charge and release 
prostaglandin I2 and nitric oxide to prevent platelet adhesion15,16. Activation of ECs by e.g. a stress 
response or inflammation leads to the release of VWF from Weibel-Palade bodies (WPB)17, and the 
formation of ultra large VWF (ULVWF) strings, which serves as a platform for platelets to adhere to 
initiate coagulation18. VWF strings are anchored and stabilized on the endothelial surface by P-Selectin 
and αvβ3 integrin19,20. We have recently demonstrated that VWF-mediated platelet adhesion is 
increased in PAEC derived CTEPH patients21. However, the effect of riociguat on these cells has never 
been investigated. It has been known that riociguat can suppress activation and aggregation of 
platelets via suppression of glycoprotein IIb/IIIa22, but the effect on endothelial cells is unclear We 
hypothesized that riociguat would affect ULVVWF string formation and platelet adhesion, thereby 
possibly contributing to bleeding. 
 
The aim of this study was to evaluate the effect of riociguat on VWF and endothelium-platelet 
interactions under dynamic conditions. We found that platelet adhesion on the CTEPH endothelium 
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Abstract 

Chronic thromboembolic pulmonary hypertension (CTEPH) is characterized by elevated pulmonary 
arterial pressure and organized thrombi within pulmonary arteries. Riociguat is a soluble guanylate 
cyclase stimulator, and is approved for patients with inoperable CTEPH or residual pulmonary 
hypertension after pulmonary endarterectomy (PEA). Previous work suggested that riociguat 
treatment is associated with an increased risk of bleeding, although the mechanism is unclear. The 
aim of this study is to assess how riociguat affects primary hemostasis by studying its effect on the 
interaction between platelets and endothelial cells derived from CTEPH patients. Pulmonary artery 
endothelial cells (PAECs) were isolated from thrombus-free regions of PEA material. Purified PAECs 
were cultured in flow chambers and were stimulated with 0.1 and 1 µM riociguat for 24 hours before 
flow experiments. After stimulation with histamine, PAECs were exposed to platelets under shear 
stress. Platelet adhesion and expression of von Willebrand Factor (VWF) were evaluated to assess the 
role of riociguat in hemostasis. Under dynamic conditions, 0.1 and 1.0 µM of riociguat suppressed 
platelet adhesion on the surface of PAECs. Although riociguat did not affect intracellular expression 
and secretion of VWF, PAECs stimulated with riociguat produced fewer VWF strings than unstimulated 
PAECs. Flowcytometry suggested that decreased VWF string formation upon riociguat treatment may 
be associated with suppressed cell surface expression of P-selectin, a protein that stabilizes VWF 
anchoring on the endothelial surface. In conclusion, Riociguat inhibits VWF string elongation and 
platelet adhesion on the surface of CTEPH-PAECs, possibly by reduced P-selectin cell surface 
expression. 
  

Introduction 

Chronic thromboembolic pulmonary hypertension (CTEPH) is diagnosed when despite effective 
anticoagulation treatment, persistent thromboembolic obstruction of pulmonary arteries leads to an 
elevated mean pulmonary arterial pressure1. Patients left untreated may die from right heart 
failure1,2. Treatment options for CTEPH are pulmonary endarterectomy (PEA), balloon pulmonary 
angioplasty (BPA) and medical therapies1,3, which together significantly improve the prognosis of 
CTEPH4. PEA is the first choice of treatment and involves removal of organized thrombi from the 
pulmonary arteries1,3,5. Nevertheless, 16 to 50% of patients who underwent PEA suffer from residual 
or recurrent pulmonary hypertension (PH)6. In addition, according to an international registry, 30-40% 
of CTEPH patients are inoperable due to surgical inaccessibility, compromised hemodynamics, and/or 
comorbidities7. Medical treatments with specific pulmonary vasodilators serve as alternatives to 
patients with inoperable CTEPH or residual PH after PEA and BPA.  Riociguat was the first medical 
therapy specifically approved for CTEPH patients1,3. This selective pulmonary vasodilator acts on the 
nitric oxide pathway, and reduces pulmonary vasoconstriction by stimulating soluble guanylate 
cyclase (sGC)8. Clinically, it has been shown that riociguat improved exercise capacity, hemodynamics 
and cardiac function in CTEPH patients in the short and longer term9-11.  
 
Life-long anticoagulation is required in all CTEPH patients to prevent de novo pulmonary embolism3. 
However, the combined use of selective pulmonary vasodilators and anticoagulants seems to be 
associated with an increased risk of bleeding12. In our previous study, riociguat treatment increased 
the bleeding risk in CTEPH patients treated with vitamin K antagonists13. However, the mechanism by 
which vasodilators elicit bleeding remains enigmatic.  
 
Vascular thrombosis is initiated when platelets bind to von Willebrand Factor (VWF) secreted from 
endothelial cells (ECs)14. Under physiological flow, endothelial cells have a negative charge and release 
prostaglandin I2 and nitric oxide to prevent platelet adhesion15,16. Activation of ECs by e.g. a stress 
response or inflammation leads to the release of VWF from Weibel-Palade bodies (WPB)17, and the 
formation of ultra large VWF (ULVWF) strings, which serves as a platform for platelets to adhere to 
initiate coagulation18. VWF strings are anchored and stabilized on the endothelial surface by P-Selectin 
and αvβ3 integrin19,20. We have recently demonstrated that VWF-mediated platelet adhesion is 
increased in PAEC derived CTEPH patients21. However, the effect of riociguat on these cells has never 
been investigated. It has been known that riociguat can suppress activation and aggregation of 
platelets via suppression of glycoprotein IIb/IIIa22, but the effect on endothelial cells is unclear We 
hypothesized that riociguat would affect ULVVWF string formation and platelet adhesion, thereby 
possibly contributing to bleeding. 
 
The aim of this study was to evaluate the effect of riociguat on VWF and endothelium-platelet 
interactions under dynamic conditions. We found that platelet adhesion on the CTEPH endothelium 
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was inhibited by riociguat, which was associated with decreased VWF string formation and reduced 
endothelial surface expression of P-selectin.  
 

Methods 

Reagents 
Riociguat was purchased from Sigma Aldrich (St. Louis, MO, USA), dissolved in dimethyl sulfoxide 
(DMSO) in a concentration of 1 mol/L and stored at -80°C.  Histamine was purchased from Sigma 
Aldrich, dissolved in supplemental free endothelial cell medium in a concentration of 1 M and stored 
ad -20°C. Antibodies against the following proteins were used: VWF (1:1000, A0082, Dako)), β-actin 
(1:1000, SC-47778, Santa Cruz Biotechnology). Primary antibodies were detected with secondary 
antibodies for polyclonal goat anti-rabbit (1:2500, P0448, Dako) or anti-mouse antibodies (1:2500, 
P0449, Dako) conjugated with horseradish peroxidase (HRP). 
 
Isolation and culture of pulmonary arterial endothelial cells 
PAECs were isolated and purified according to the previously published protocol21,23. Briefly, chronic 
thrombi were surgically resected from pulmonary endarterectomy material obtained from CTEPH 
patients. The endothelial inner layer was scratched with a scalpel, transplanted onto a 60 mm culture 
dish (Corning, USA) coated with 5 µg/mL fibronectin, and incubated with complete endothelial cell 
medium (cECM, ScienCell Research Laboratories, USA) at 37°C and 5% CO2 in a humidified incubator. 
For purification, the outgrown endothelial cells were separated with CD144 positive magnetic beads 
(Miltenyi Biotec, Germany). Purified cells were expanded on 0.1% gelatin until passage 4-6 was 
reached for the following experiments.  
 
Flow experiment 
PAECs were cultured on µ-Slide VI 0.4 ibidi flow chambers (ibidi GmbH, Germany) coated with 0.1% 
gelatin until confluence. Prior to the flow experiments, PAECs were stimulated with 0.1 and 1 µM 
riociguat for 24 hours. After stimulation, PAECs were additionally stimulated with 1 μM histamine for 
5 minutes to induce VWF secretion.  
 
Platelets were freshly collected and prepared on the day of experiments. Citrated blood was 
centrifuged at 150g and platelet-rich plasma (PRP) was collected in a new tube. 10% acid citrate 
dextrose (ACD, 85 mM sodiumcitrate, 65 mM citric acid, 100 mM glucose) was added for 
anticoagulation and PRP was centrifuged at 2000g. The supernatant was removed and platelets were 
fluorescently stained with Calcein AM (1:1000, Thermo Fisher Scientific, USA) for 15 minutes. Platelets 
were washed with platelet wash buffer (36 mM citric acid, 103 mM NaCl, 5 mM KCl, 5 mM EDTA, 56 
mM D-glucose, 0.35% bovine serum albumin (BSA), pH 6.5) three times before resuspended in HEPES 
containing 1% BSA. Platelets were diluted in a concentration of 200-400×106 cells/mL and allowed to 
equilibrate at 37°C to restore their function. Platelets were not stimulated with riociguat in this study. 

Flow experiments were performed as previously described21,23. Isolated platelets were perfused with 
a shear stress of 2.5 dyne/cm2 for 5 minutes over stimulated PAEC and phase-contrast and fluorescent 
images were taken with an Etaluma LS720 microscope (Etaluma, USA) using a 20X phase-contrast 
objective. Platelet adhesion was quantified in ImageJ by determining the area covered by platelets 
per Field of View (FOV). Quantification represents the average of 5 FOV, per channel per donor.  
  
Real-Time quantative polymerase chain reaction (qPCR) 
Total RNA of PAEC stimulated with 0.1 or 1.0 μM riociguat was isolated with RNeasy Mini Kit (Qiagen, 
Germany) according to the manufacturer’s protocol. Isolated RNA was transcribed to cDNA with 
iScript (Biorad Laboratories, USA) and qPCR was performed with SYBR Green (Biorad Laboratories, 
USA) in a C1000 Thermo Cycler (Biorad Laboratories, USA). Genes were normalized using the 2-ddCt 
method to quantify expression with the following primers: VWF (Fw, ATGTCTGCTTCAGGACCACG; Rv, 
AGCCACCCCTCAGTGAAATG) and RPL27 (Fw, ATCGCCAAGAGATCAAAGATAA; Rv, 
TCTGAAGACATCCTTATTGACG) 
 
Protein isolation and Western blot analysis 
Total protein lysates were collected from PAECs stimulated with 0.1 or 1.0 μM riociguat for 24 hours, 
using lysis buffer (20 mM Tris/HCl, pH 8.0, 150 mM NaCl, 100 mM KCl, 2 mM EDTA-NaOH, 5% Igepal 
and 0.5% Triton-X) supplemented with phosphatase and protease inhibitor cocktail (Roche, 
Switzerland). Western blot analysis was performed according to our previously published report24. In 
brief, lysates were prepared with 1× NuPage LDS sample buffer (Thermofisher Scientific, USA) and 50 
µM DTT (Thermofisher Scientific, USA). Protein samples were separated on 4–12% NuPageTM Bis-Tris 
protein gel (Thermofisher Scientific, USA) and transferred to 0.45 µM nitrocellulose membranes 
(Thermofisher Scientific, USA). Protein membranes were blocked with 5% BSA in Tris-buffered saline 
containing Tween-20 (TBS-T, pH 7.6) and overnight incubated at 4 ⁰C with primary antibodies. 
Secondary antibodies were incubated for 1h at room temperature. Protein bands were detected using 
ECL Prime Blotting Detection Reagent (GE Healthcare Life Sciences, The Netherlands) and imaged by 
AmershamTM Imager 600 (GE Healthcare Life Sciences, The Netherlands). Bands were quantified with 
ImageJ and normalized to loading control. 
 
Enzyme-linked immuno sorbent assay (ELISA) 
Supernatant was collected from PAECs stimulated with 0.1 or 1.0 μM riociguat for 24 hours and 
secreted VWF levels were measured as previously described 25. In brief, PBS containing anti-VWF 
antibody (1:1000, A0082, Dako) was coated into each well of a 96-well plate and incubated overnight 
at 4°C. The wells were washed with PBS and blocked using PBS containing 2% BSA at room 
temperature for 2 hours. After blocking, supernatants were applied into each well and incubated at 
room temperature for 2 hours. After washing, HRP-conjugated rabbit polyclonal anti-VWF was added 
at room temperature for 2 hours. VWF levels were detected using substrate solution and the reaction 
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was inhibited by riociguat, which was associated with decreased VWF string formation and reduced 
endothelial surface expression of P-selectin.  
 

Methods 

Reagents 
Riociguat was purchased from Sigma Aldrich (St. Louis, MO, USA), dissolved in dimethyl sulfoxide 
(DMSO) in a concentration of 1 mol/L and stored at -80°C.  Histamine was purchased from Sigma 
Aldrich, dissolved in supplemental free endothelial cell medium in a concentration of 1 M and stored 
ad -20°C. Antibodies against the following proteins were used: VWF (1:1000, A0082, Dako)), β-actin 
(1:1000, SC-47778, Santa Cruz Biotechnology). Primary antibodies were detected with secondary 
antibodies for polyclonal goat anti-rabbit (1:2500, P0448, Dako) or anti-mouse antibodies (1:2500, 
P0449, Dako) conjugated with horseradish peroxidase (HRP). 
 
Isolation and culture of pulmonary arterial endothelial cells 
PAECs were isolated and purified according to the previously published protocol21,23. Briefly, chronic 
thrombi were surgically resected from pulmonary endarterectomy material obtained from CTEPH 
patients. The endothelial inner layer was scratched with a scalpel, transplanted onto a 60 mm culture 
dish (Corning, USA) coated with 5 µg/mL fibronectin, and incubated with complete endothelial cell 
medium (cECM, ScienCell Research Laboratories, USA) at 37°C and 5% CO2 in a humidified incubator. 
For purification, the outgrown endothelial cells were separated with CD144 positive magnetic beads 
(Miltenyi Biotec, Germany). Purified cells were expanded on 0.1% gelatin until passage 4-6 was 
reached for the following experiments.  
 
Flow experiment 
PAECs were cultured on µ-Slide VI 0.4 ibidi flow chambers (ibidi GmbH, Germany) coated with 0.1% 
gelatin until confluence. Prior to the flow experiments, PAECs were stimulated with 0.1 and 1 µM 
riociguat for 24 hours. After stimulation, PAECs were additionally stimulated with 1 μM histamine for 
5 minutes to induce VWF secretion.  
 
Platelets were freshly collected and prepared on the day of experiments. Citrated blood was 
centrifuged at 150g and platelet-rich plasma (PRP) was collected in a new tube. 10% acid citrate 
dextrose (ACD, 85 mM sodiumcitrate, 65 mM citric acid, 100 mM glucose) was added for 
anticoagulation and PRP was centrifuged at 2000g. The supernatant was removed and platelets were 
fluorescently stained with Calcein AM (1:1000, Thermo Fisher Scientific, USA) for 15 minutes. Platelets 
were washed with platelet wash buffer (36 mM citric acid, 103 mM NaCl, 5 mM KCl, 5 mM EDTA, 56 
mM D-glucose, 0.35% bovine serum albumin (BSA), pH 6.5) three times before resuspended in HEPES 
containing 1% BSA. Platelets were diluted in a concentration of 200-400×106 cells/mL and allowed to 
equilibrate at 37°C to restore their function. Platelets were not stimulated with riociguat in this study. 

Flow experiments were performed as previously described21,23. Isolated platelets were perfused with 
a shear stress of 2.5 dyne/cm2 for 5 minutes over stimulated PAEC and phase-contrast and fluorescent 
images were taken with an Etaluma LS720 microscope (Etaluma, USA) using a 20X phase-contrast 
objective. Platelet adhesion was quantified in ImageJ by determining the area covered by platelets 
per Field of View (FOV). Quantification represents the average of 5 FOV, per channel per donor.  
  
Real-Time quantative polymerase chain reaction (qPCR) 
Total RNA of PAEC stimulated with 0.1 or 1.0 μM riociguat was isolated with RNeasy Mini Kit (Qiagen, 
Germany) according to the manufacturer’s protocol. Isolated RNA was transcribed to cDNA with 
iScript (Biorad Laboratories, USA) and qPCR was performed with SYBR Green (Biorad Laboratories, 
USA) in a C1000 Thermo Cycler (Biorad Laboratories, USA). Genes were normalized using the 2-ddCt 
method to quantify expression with the following primers: VWF (Fw, ATGTCTGCTTCAGGACCACG; Rv, 
AGCCACCCCTCAGTGAAATG) and RPL27 (Fw, ATCGCCAAGAGATCAAAGATAA; Rv, 
TCTGAAGACATCCTTATTGACG) 
 
Protein isolation and Western blot analysis 
Total protein lysates were collected from PAECs stimulated with 0.1 or 1.0 μM riociguat for 24 hours, 
using lysis buffer (20 mM Tris/HCl, pH 8.0, 150 mM NaCl, 100 mM KCl, 2 mM EDTA-NaOH, 5% Igepal 
and 0.5% Triton-X) supplemented with phosphatase and protease inhibitor cocktail (Roche, 
Switzerland). Western blot analysis was performed according to our previously published report24. In 
brief, lysates were prepared with 1× NuPage LDS sample buffer (Thermofisher Scientific, USA) and 50 
µM DTT (Thermofisher Scientific, USA). Protein samples were separated on 4–12% NuPageTM Bis-Tris 
protein gel (Thermofisher Scientific, USA) and transferred to 0.45 µM nitrocellulose membranes 
(Thermofisher Scientific, USA). Protein membranes were blocked with 5% BSA in Tris-buffered saline 
containing Tween-20 (TBS-T, pH 7.6) and overnight incubated at 4 ⁰C with primary antibodies. 
Secondary antibodies were incubated for 1h at room temperature. Protein bands were detected using 
ECL Prime Blotting Detection Reagent (GE Healthcare Life Sciences, The Netherlands) and imaged by 
AmershamTM Imager 600 (GE Healthcare Life Sciences, The Netherlands). Bands were quantified with 
ImageJ and normalized to loading control. 
 
Enzyme-linked immuno sorbent assay (ELISA) 
Supernatant was collected from PAECs stimulated with 0.1 or 1.0 μM riociguat for 24 hours and 
secreted VWF levels were measured as previously described 25. In brief, PBS containing anti-VWF 
antibody (1:1000, A0082, Dako) was coated into each well of a 96-well plate and incubated overnight 
at 4°C. The wells were washed with PBS and blocked using PBS containing 2% BSA at room 
temperature for 2 hours. After blocking, supernatants were applied into each well and incubated at 
room temperature for 2 hours. After washing, HRP-conjugated rabbit polyclonal anti-VWF was added 
at room temperature for 2 hours. VWF levels were detected using substrate solution and the reaction 
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was stopped by stop solution 20 minutes later. Absorbance of 450 nm and 540 nm were read using a 
plate reader. The VWF concentration was determined by a standard curve. 
 
Immunofluorescence imaging of secreted VWF 
PAECs were cultured on µ-Slide VI 0.4 ibidi flow chambers coated with 0.1% gelatin until confluence. 
PAECs were stimulated with 0.1 or 1.0 μM riociguat for 24 hours and additionally stimulated with 
histamine to induce VWF secretion. VWF elongation was induced by applying shear stress of 2.5 
dyne/cm2 for 5 minutes, after which PAECs were fixed with 4% paraformaldehyde (PFA) for 10 
minutes at RT. Cells were blocked with 1% BSA for 30 minutes at RT, and stained with FITC conjugated 
VWF (1:1000), Phalloidin (1:400, Cytoskeleton) and Hoechst (1:1000, Thermofisher Scientific) for 30 
minutes at RT. Confocal images were acquired with Nikon A1R and Z-stacks of 2 µm were taken with 
60X oil-immersion objective.  
 
Flow cytometry 
PAECs were pretreated with riociguat and stimulated with histamine to evaluate P-selectin surface 
expression. Cells were detached, blocked for 10 minutes with 10% BSA, and stained for P-selectin 
(1:50, CD62P, 1E3, sc-19672) for 1h at 4°C. Fluorescently labeled secondary antibody was incubated 
for 30 minutes at 4°C and signal were measured using Attune™ NxT Flow Cytometer. Unstained and 
secondary antibody stained were used as negative controls. Mean fluorescent intensity (MFI) of P-
selectin was analyzed with FCS Express version 7. 
 
Statistical analysis 
Continuous variables were described as mean ± standard deviation (SD) unless otherwise stated. All 
analysis were performed using GraphPad prism ver.9.0 (GraphPad Software Inc, San Diego, CA, USA).  
Comparison between two groups with normal distribution were performed using an unpaired 
Student’s t-test. If not normally distributed, a Mann-Whitney U test was used. For comparison with 
more than two groups, two-way ANOVA with Grenhouse-Geisser correction was used, followed by 
Tukey’s post hoc for multiple comparison. P-values < 0.05 was considered significant. 
 

  

Results 

Riociguat inhibits platelet adhesion on CTEPH pulmonary artery endothelium 
PAECs were isolated from the surgical specimens of 12 CTEPH patients (Table 1). The baseline 
hemodynamic characteristics from CTEPH patients are displayed in Supplementary Table 1. 
 

Table 1. Baseline characteristics of CTEPH patients used for PAEC isolation 

CTEPH patients All (n=12) 

Sex (M/F) 7/5 

Age (years) 60.9 ± 14.0 

mPAP (mmHg) 51.3 ± 7.5 

PVR (dyne/s/cm-5) 634.7 ± 280.7 

CO (L/min) 5.1 ± 1.4 

SvO2 (%) 63.7 ± 12.9 

CTEPH =  chron ic  thromboembol ic  pu lmonary  hypertens ion;  mPAP =  mean pu lmonary  ar tery  pressure ;  
PVR =  pu lmonary  vascu lar  res i s tance;  CO =  card iac  output ;  SvO2 =  mixed  venous  oxygen  saturat ion  

 
To assess the in vitro effect of riociguat on platelet adhesion to CTEPH endothelium, freshly isolated 
platelets were perfused over PAEC monolayers which were incubated with riociguat for 24 hours, 
followed by histamine stimulation for 30 minutes (Figure 1A). The area covered by platelets after 
histamine stimulation dropped by 60% on PAECs pretreated with riociguat (15.94 ± 1.19% vs. 6.15 ± 
3.38%) (Figure 1B), with a comparable decrease observed for 0.1uM and 1.0uM. These data indicate 
that riociguat suppresses platelet adhesion.  

 

Figure 1. Riociguat inhibits platelet 
adhesion on CTEPH pulmonary artery 
endothelium (A) Brightfield and 
fluorescence images of adhered platelets 
(green) on Riociguat pretreated PAEC 
monolayers stimulated with or without 
histamine. (B) Comparison of total adhered 
platelets by quantifying the area covered by 
platelets (n=5). Significance is indicated 
with ****p<0.0001 after two-way ANOVA 
with Grenhouse-Geisser correction for 
Tukey’s comparison test.  DMSO: dimethyl 
sulfoxide; FOV: fields of view. 
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was stopped by stop solution 20 minutes later. Absorbance of 450 nm and 540 nm were read using a 
plate reader. The VWF concentration was determined by a standard curve. 
 
Immunofluorescence imaging of secreted VWF 
PAECs were cultured on µ-Slide VI 0.4 ibidi flow chambers coated with 0.1% gelatin until confluence. 
PAECs were stimulated with 0.1 or 1.0 μM riociguat for 24 hours and additionally stimulated with 
histamine to induce VWF secretion. VWF elongation was induced by applying shear stress of 2.5 
dyne/cm2 for 5 minutes, after which PAECs were fixed with 4% paraformaldehyde (PFA) for 10 
minutes at RT. Cells were blocked with 1% BSA for 30 minutes at RT, and stained with FITC conjugated 
VWF (1:1000), Phalloidin (1:400, Cytoskeleton) and Hoechst (1:1000, Thermofisher Scientific) for 30 
minutes at RT. Confocal images were acquired with Nikon A1R and Z-stacks of 2 µm were taken with 
60X oil-immersion objective.  
 
Flow cytometry 
PAECs were pretreated with riociguat and stimulated with histamine to evaluate P-selectin surface 
expression. Cells were detached, blocked for 10 minutes with 10% BSA, and stained for P-selectin 
(1:50, CD62P, 1E3, sc-19672) for 1h at 4°C. Fluorescently labeled secondary antibody was incubated 
for 30 minutes at 4°C and signal were measured using Attune™ NxT Flow Cytometer. Unstained and 
secondary antibody stained were used as negative controls. Mean fluorescent intensity (MFI) of P-
selectin was analyzed with FCS Express version 7. 
 
Statistical analysis 
Continuous variables were described as mean ± standard deviation (SD) unless otherwise stated. All 
analysis were performed using GraphPad prism ver.9.0 (GraphPad Software Inc, San Diego, CA, USA).  
Comparison between two groups with normal distribution were performed using an unpaired 
Student’s t-test. If not normally distributed, a Mann-Whitney U test was used. For comparison with 
more than two groups, two-way ANOVA with Grenhouse-Geisser correction was used, followed by 
Tukey’s post hoc for multiple comparison. P-values < 0.05 was considered significant. 
 

  

Results 

Riociguat inhibits platelet adhesion on CTEPH pulmonary artery endothelium 
PAECs were isolated from the surgical specimens of 12 CTEPH patients (Table 1). The baseline 
hemodynamic characteristics from CTEPH patients are displayed in Supplementary Table 1. 
 

Table 1. Baseline characteristics of CTEPH patients used for PAEC isolation 

CTEPH patients All (n=12) 

Sex (M/F) 7/5 

Age (years) 60.9 ± 14.0 

mPAP (mmHg) 51.3 ± 7.5 

PVR (dyne/s/cm-5) 634.7 ± 280.7 

CO (L/min) 5.1 ± 1.4 

SvO2 (%) 63.7 ± 12.9 

CTEPH =  chron ic  thromboembol ic  pu lmonary  hypertens ion;  mPAP =  mean pu lmonary  ar tery  pressure ;  
PVR =  pu lmonary  vascu lar  res i s tance;  CO =  card iac  output ;  SvO2 =  mixed  venous  oxygen  saturat ion  

 
To assess the in vitro effect of riociguat on platelet adhesion to CTEPH endothelium, freshly isolated 
platelets were perfused over PAEC monolayers which were incubated with riociguat for 24 hours, 
followed by histamine stimulation for 30 minutes (Figure 1A). The area covered by platelets after 
histamine stimulation dropped by 60% on PAECs pretreated with riociguat (15.94 ± 1.19% vs. 6.15 ± 
3.38%) (Figure 1B), with a comparable decrease observed for 0.1uM and 1.0uM. These data indicate 
that riociguat suppresses platelet adhesion.  

 

Figure 1. Riociguat inhibits platelet 
adhesion on CTEPH pulmonary artery 
endothelium (A) Brightfield and 
fluorescence images of adhered platelets 
(green) on Riociguat pretreated PAEC 
monolayers stimulated with or without 
histamine. (B) Comparison of total adhered 
platelets by quantifying the area covered by 
platelets (n=5). Significance is indicated 
with ****p<0.0001 after two-way ANOVA 
with Grenhouse-Geisser correction for 
Tukey’s comparison test.  DMSO: dimethyl 
sulfoxide; FOV: fields of view. 
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Figure 1. Riociguat inhibits platelet 
adhesion on CTEPH pulmonary artery 
endothelium (A) Brightfield and 
fluorescence images of adhered platelets 
(green) on Riociguat pretreated PAEC 
monolayers stimulated with or without 
histamine. (B) Comparison of total adhered 
platelets by quantifying the area covered 
by platelets (n=5). Significance is indicated 
with ****p<0.0001 after two-way ANOVA 
with Grenhouse-Geisser correction for 
Tukey’s comparison test.  DMSO: dimethyl 
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Riociguat did not affect VWF intracellular expression and secretion in CTEPH-PAEC  
We have recently shown that platelet adhesion on CTEPH endothelium is driven by excessive VWF 
expression21. In order to examine the effect of riociguat on VWF expression in CTEPH-PAEC, analysis 
on RNA and protein expression was performed. Stimulation with riociguat did not alter VWF mRNA 
expression (Figure 2A) or the levels of intracellular VWF protein in CTEPH PAECs (Figure 2B-C).  Since 
platelets bind to secreted VWF, we next evaluated the effect of riociguat on VWF release upon 
histamine stimulation. However, no changes in VWF release were observed after riociguat 
pretreatment (Figure 2D). Together, these data show that riociguat did not suppress intracellular VWF 
expression or release from CTEPH-PAEC in static conditions. 
 

 
Figure 2. Riociguat did not affect VWF expression and secretion in CTEPH-PAEC. CTEPH-PAECs were pretreated 
with riociguat and total cell lysates were used to determine (A) VWF mRNA expression (n=5) and (B-C) total protein 
expression (n=4). Data was not significant. (D) Endothelial VWF release from PAEC with or without histamine 
activation (n=4). Significance is indicated with *p<0.05 and **p<0.01 after two-way ANOVA with Grenhouse-
Geisser correction for Tukey’s comparison test.   VWF: von Willebrand factor; DMSO: dimethyl sulfoxide. 
 
VWF string formation under shear was inhibited by Riociguat  
Under laminar flow, confluent endothelial monolayers release VWF that form strings parallel to the 
direction of flow. These extend to several hundreds of micrometers and are stabilized on the surface 
of the endothelium20. Alterations in VWF strings may disturb hemostasis. To evaluate whether 
riociguat interfered with this mechanism, VWF string formation under shear was studied after 
immunofluorescence visualization (Figure 3A). Upon shear, riociguat treatment significantly reduced 
the number of VWF strings (Figure 3B) and individual VWF strings tended to be shorter after riociguat 
treatment of PAEC, although the difference was not statistically significant (Figure 3C). Total string 
length of VWF was significantly lower (Figure 3D). This effect may lead to decreased stabilization of 
platelet binding under flow.    
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Riociguat inhibits P-selectin surface expression 
To explain our observation of fewer and shorter VWF strings, we considered that some factors 
associated with VWF stabilization under shear stress were affected by riociguat. It has been reported 
that P-selectin and αvβ3 integrin are involved in the stabilization of VWF on the cell surface19,20. Thus, 
the effect of riociguat on the expression of these adhesion molecules in CTEPH-ECs were assessed. 
Total P-selectin and αvβ3 protein expression were not affected by riociguat (Figure 4A-B, 
Supplementary Figure 1A-B). However, because VWF anchoring depends on cell surface expression of 
these adhesion molecules, we performed flow cytometry analysis (Figure 4C). Stained and unstained 
cells were mixed to determine the range of positive signal (Figure 4D), which was used to quantify cell 
surface expression.  
 
Pretreatment with riociguat did not affect the percentage of P-selectin positive cells of cells positive. 
P-selectin surface expression was low under basal conditions, but increased after stimulation with 

Figure 3. VWF string formation 
under shear was inhibited by 
Riociguat (A) Immunofluorescence 
images of extracellular VWF string 
formation (green) under shear on 
histamine activated, and riociguat 
pre-treated PAEC. Shear stress was 
applied for 5 minutes and endothelial 
cells were identified with Phalloidin 
(red), nuclei were stained with 
Hoechst (blue). Scale bar = 50 μm. (B) 
Quantification of total number of 
strings (C) Quantification of single 
string length  (D) Quantification of 
total VWF length.  Significance is 
indicated with *p<0.05, **p<0.01 
after Kruskal-Wallis test with Dunn’s 
multiple comparison test VWF: von 
Willebrand factor; DMSO: dimethyl 
sulfoxide. 
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Riociguat did not affect VWF intracellular expression and secretion in CTEPH-PAEC  
We have recently shown that platelet adhesion on CTEPH endothelium is driven by excessive VWF 
expression21. In order to examine the effect of riociguat on VWF expression in CTEPH-PAEC, analysis 
on RNA and protein expression was performed. Stimulation with riociguat did not alter VWF mRNA 
expression (Figure 2A) or the levels of intracellular VWF protein in CTEPH PAECs (Figure 2B-C).  Since 
platelets bind to secreted VWF, we next evaluated the effect of riociguat on VWF release upon 
histamine stimulation. However, no changes in VWF release were observed after riociguat 
pretreatment (Figure 2D). Together, these data show that riociguat did not suppress intracellular VWF 
expression or release from CTEPH-PAEC in static conditions. 
 

 
Figure 2. Riociguat did not affect VWF expression and secretion in CTEPH-PAEC. CTEPH-PAECs were pretreated 
with riociguat and total cell lysates were used to determine (A) VWF mRNA expression (n=5) and (B-C) total protein 
expression (n=4). Data was not significant. (D) Endothelial VWF release from PAEC with or without histamine 
activation (n=4). Significance is indicated with *p<0.05 and **p<0.01 after two-way ANOVA with Grenhouse-
Geisser correction for Tukey’s comparison test.   VWF: von Willebrand factor; DMSO: dimethyl sulfoxide. 
 
VWF string formation under shear was inhibited by Riociguat  
Under laminar flow, confluent endothelial monolayers release VWF that form strings parallel to the 
direction of flow. These extend to several hundreds of micrometers and are stabilized on the surface 
of the endothelium20. Alterations in VWF strings may disturb hemostasis. To evaluate whether 
riociguat interfered with this mechanism, VWF string formation under shear was studied after 
immunofluorescence visualization (Figure 3A). Upon shear, riociguat treatment significantly reduced 
the number of VWF strings (Figure 3B) and individual VWF strings tended to be shorter after riociguat 
treatment of PAEC, although the difference was not statistically significant (Figure 3C). Total string 
length of VWF was significantly lower (Figure 3D). This effect may lead to decreased stabilization of 
platelet binding under flow.    
 
  

 
 
Riociguat inhibits P-selectin surface expression 
To explain our observation of fewer and shorter VWF strings, we considered that some factors 
associated with VWF stabilization under shear stress were affected by riociguat. It has been reported 
that P-selectin and αvβ3 integrin are involved in the stabilization of VWF on the cell surface19,20. Thus, 
the effect of riociguat on the expression of these adhesion molecules in CTEPH-ECs were assessed. 
Total P-selectin and αvβ3 protein expression were not affected by riociguat (Figure 4A-B, 
Supplementary Figure 1A-B). However, because VWF anchoring depends on cell surface expression of 
these adhesion molecules, we performed flow cytometry analysis (Figure 4C). Stained and unstained 
cells were mixed to determine the range of positive signal (Figure 4D), which was used to quantify cell 
surface expression.  
 
Pretreatment with riociguat did not affect the percentage of P-selectin positive cells of cells positive. 
P-selectin surface expression was low under basal conditions, but increased after stimulation with 

Figure 3. VWF string formation 
under shear was inhibited by 
Riociguat (A) Immunofluorescence 
images of extracellular VWF string 
formation (green) under shear on 
histamine activated, and riociguat 
pre-treated PAEC. Shear stress was 
applied for 5 minutes and endothelial 
cells were identified with Phalloidin 
(red), nuclei were stained with 
Hoechst (blue). Scale bar = 50 μm. (B) 
Quantification of total number of 
strings (C) Quantification of single 
string length  (D) Quantification of 
total VWF length.  Significance is 
indicated with *p<0.05, **p<0.01 
after Kruskal-Wallis test with Dunn’s 
multiple comparison test VWF: von 
Willebrand factor; DMSO: dimethyl 
sulfoxide. 
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histamine for 30 minutes (Figure 4E). The histamine-induced surface expression of P-selectin was 
abrogated by riociguat, independent of concentration (Figure 4F). However, paired analysis of the 
mean fluorescent intensity was negatively influenced by riociguat after stimulation with histamine 
(Figure 4G). Riociguat treatment did not affect αvβ3 integrin expression (Supplementary Figure 1). 
Although the effect of riociguat on P-selectin was modest, these data suggest that P-selectin is 
involved in riociguat mediated suppression of platelet adhesion on activated PAEC. 
 

 
 fluorescence histogram on PAEC population (F) Percentage of PAEC positive for CD62P+ (G) Paired analysis of 
mean fluorescent intensity of P-selectin on PAEC. Data was not significant. DMSO: dimethyl sulfoxide. 
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Discussion 

As riociguat has been reported to increase the risk of bleeding as a side effect, the present study aimed 
to understand how riociguat affects primary hemostasis. Investigating the effect of riociguat on 
platelet adhesion to CTEPH PAECs, we found that riociguat reduced VWF strings formation on PAEC 
contributing to reduced platelet adhesion on the endothelial surface under laminar flow. Conversely, 
VWF protein and mRNA expression was not altered by riociguat treatment. Finally, we observed that 
riociguat decreased P-selectin expression on the cell surface, which was associated with decreased 
ULVWF stabilization and platelet adhesion.  
 
The effects of riociguat on CTEPH-PAECs were evaluated at the concentration of 0.1 to 1.0 μM, which 
was similar to the physiological plasma concentration of 150-500 nM when CTEPH patients receive up 
to 2.5 mg riociguat per dose26.  It has been reported that more than a 10-fold higher concentration is 
necessary to increase cGMP concentration and reduce ADP-induced platelet aggregation22. As such, 
clinical observations of increased bleeding in riociguat treated patients are unlikely explained by 
reduced ADP-induced platelet aggregation. This suggests an additional role for disturbed platelet-
endothelial interaction as a cause of bleeding. The primary response to vascular trauma or injury is a 
repair mechanism that includes the release of VWF. Under shear conditions, VWF is unfolded and 
serves as a ligand for platelets to adhere to, thereby participating in wound healing. We have shown 
that treatment of endothelial cells with riociguat results in reduced VWF string formation and platelet 
adhesion. VWF expression and secretion into the circulation can be regulated via various 
transcriptional and (post)translational mechanisms27. Although recent data from our group has shown 
that VWF expression in PAECs from CTEPH patients is regulated on the transcriptional level under 
inflammatory conditions21, and that previous studies showed that mRNA levels of VWF were 
decreased in endothelial progenitor cells from patients receiving riociguat28, we were not able to 
observe an anti-inflammatory effect that reduced VWF mRNA expression in PAEC after in vitro 
riociguat stimulation. From these results, we considered that the suppressed VWF strings formation 
was unrelated to VWF expression.  
 
P-selectin is an adhesion molecule localized in WPBs in ECs and α-granules in platelets29, and plays an 
important role in interactions between endothelial cells, platelets (aggregation) and leukocytes (cell 
rolling and adhesion)30. In WPBs, the luminal domain of P-selectin binds to the D’-D3 domains of VWF, 
and they are co-stored in WPBs 31. In response to stimulation including histamine, VWF and P-selectin 
are secreted by exocytosis of WPBs on the surface of ECs14,29, and VWF is unfolded and tethered to 
the endothelial surface by P-selectin, which is associated with the stabilization of secreted VWF strings 
against the shear stress19,20. Our data showed that specifically P-selectin surface expression on PAECs 
was suppressed by riociguat treatment, which is supported by a previous study showing that a sGC 
stimulator (BAY 22-2272) similar to riociguat downregulates histamine induced P-selectin expression 
in human umbilical vein endothelial cells32. The detailed mechanism is unclear from the results of the 
previous and current study. It has been reported that the endothelial secretory response is not binary 
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histamine for 30 minutes (Figure 4E). The histamine-induced surface expression of P-selectin was 
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in human umbilical vein endothelial cells32. The detailed mechanism is unclear from the results of the 
previous and current study. It has been reported that the endothelial secretory response is not binary 
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and can be influenced by multiple factors, P-selectin and VWF are therefore not always co-released33, 
which may explain our finding that P-selectin surface expression was reduced in response to riociguat, 
while VWF remained similar.  
 
This study has some limitation. First, appropriate CTEPH animal models reflecting the pathogenesis of 
CTEPH are currently not available34, which prohibits the study of the effect of riociguat on in vivo 
bleeding events. Further investigation for in vivo application is needed to find robust evidence of the 
effect of riociguat on bleeding in CTEPH. Second, PAECs derived from different patients were used for 
different experiments, because the number of isolated cells from surgical specimens was limited. 
Some heterogeneity between samples may have affected the results.    
 
In conclusion, riociguat inhibits VWF elongation and platelet adhesion on the surface of PAECs by 
reduced P-selectin expression. Although the underlying mechanism by which riociguat suppresses the 
surface expression of P-selectin remains to be determined, we have shown that riociguat affects 
primary hemostasis on PAEC from CTEPH patients, which may explain the increased bleeding risk 
associated with this treatment in CTEPH patients.  
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Supplementary Figure 1. αvβ3 (CD51/61+) Integrin surface expression (A) FACS analysis demonstrated 
by fluorescence histogram on PAEC gated population (B) Percentage of PAEC positive for CD51/61+. Data 
is expressed as mean ± SD and was not significant.  
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Supplementary Figure 1. αvβ3 (CD51/61+) Integrin surface expression (A) FACS analysis demonstrated 
by fluorescence histogram on PAEC gated population (B) Percentage of PAEC positive for CD51/61+. Data 
is expressed as mean ± SD and was not significant.  
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Abstract 

Patients diagnosed with coronavirus disease 2019 (COVID-19) become critically ill primarily around 
the time of activation of the adaptive immune response. Here, we provide evidence that antibodies 
play a role in the worsening of disease at the time of seroconversion. We show that early-phase severe 
acute respiratory distress syndrome coronavirus 2 (SARS-CoV-2) spike protein–specific 
immunoglobulin G (IgG) in serum of critically ill COVID-19 patients induces excessive inflammatory 
responses by human alveolar macrophages. We identified that this excessive inflammatory response 
is dependent on two antibody features that are specific for patients with severe COVID-19. First, 
inflammation is driven by high titers of anti-spike IgG, a hallmark of severe disease. Second, we found 
that anti-spike IgG from patients with severe COVID-19 is intrinsically more proinflammatory because 
of different glycosylation, particularly low fucosylation, of the antibody Fc tail. Low fucosylation of 
anti-spike IgG was normalized in a few weeks after initial infection with SARS-CoV-2, indicating that 
the increased antibody-dependent inflammation mainly occurs at the time of seroconversion. We 
identified Fcγ receptor (FcγR) IIa and FcγRIII as the two primary IgG receptors that are responsible for 
the induction of key COVID-19–associated cytokines such as interleukin-6 and tumor necrosis factor. 
In addition, we show that anti-spike IgG–activated human macrophages can subsequently break 
pulmonary endothelial barrier integrity and induce microvascular thrombosis in vitro. Last, we 
demonstrate that the inflammatory response induced by anti-spike IgG can be specifically 
counteracted by fostamatinib, an FDA- and EMA-approved therapeutic small-molecule inhibitor of Syk 
kinase.  

  

Introduction 

Coronavirus disease 2019 (COVID-19), which is caused by severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2), is characterized by mild flu-like symptoms in most patients1,2. However, 
about 20% of the cases have more severe disease outcomes, with bilateral pneumonia that may 
rapidly deteriorate into acute respiratory distress syndrome and even death by respiratory failure. 
With high numbers of infected people worldwide and limited treatments available, safe and effective 
therapies for the most severe cases of COVID-19 are urgently needed. 

Many of the COVID-19 patients with severe disease show a marked worsening of the disease 
around 1 to 2 weeks after onset of symptoms2,3. This is suggested not to be a direct effect of viral 
infection but instead to be caused by the overactivation of the immune system in response to infection 
because worsening of disease coincides with the activation of adaptive immunity2. This excessive 
immune response is frequently described as a “cytokine storm,” characterized by high concentrations 
of proinflammatory cytokines3,4. A detailed assessment of the cytokine profile in severe cases of 
COVID-19 indicates that some cytokines and chemokines are strongly elevated, such as interleukin 
(IL)-6, IL-8, and tumor necrosis factor (TNF)5-7. In contrast, type I and III interferon (IFN) responses, 
which are critical for early antiviral immunity, appear to be suppressed8,9. Together, high 
proinflammatory cytokines, known to induce collateral damage to tissues, and muted antiviral 
responses suggest that an unfavorable immune response may be driving disease patients with severe 
cases of COVID-19. 

Antibodies pose a potential candidate of the adaptive immune system that could explain the 
observed worsening of disease during SARS-CoV-2 infection. Previous studies on dengue virus 
identified that immunoglobulin G (IgG) antibodies can increase the infection of cells by a process 
known as antibody-dependent enhancement (ADE)10. However, thus far, there is little evidence for 
antibody-enhanced infection in COVID-1911. In addition to ADE (which increases viral infection of 
cells), human IgG antibodies can also worsen pathology by increasing the release of proinflammatory 
cytokines. Initial studies identified this phenomenon in autoimmune disorders such as rheumatoid 
arthritis, where IgG autoantibodies promote synovial inflammation12,13. More recently, antibody-
dependent inflammation (ADI) has also been observed upon infection with SARS-CoV-1, and this was 
induced by anti-spike IgG14. In both rheumatoid arthritis and SARS-CoV-1 infection, IgG antibodies 
convert wound-healing “M2” macrophages to a proinflammatory phenotype12,14,15. Combined, these 
data hint toward a pathogenic role for IgG in severe cases of COVID-19. In this study, we explored the 
hypothesis that anti–SARS-CoV-2 antibodies drive excessive inflammation in severe cases of COVID-
19 and define therapeutic approaches to suppress these responses. 
 

Results 

High titers of anti-spike IgG promote inflammation by alveolar macrophages 
We assessed the effect of anti-spike antibodies from serum of patients who were critically ill with 
COVID-19 on human M2-polarized macrophages. Our previous transcriptional analysis revealed that 
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Abstract 

Patients diagnosed with coronavirus disease 2019 (COVID-19) become critically ill primarily around 
the time of activation of the adaptive immune response. Here, we provide evidence that antibodies 
play a role in the worsening of disease at the time of seroconversion. We show that early-phase severe 
acute respiratory distress syndrome coronavirus 2 (SARS-CoV-2) spike protein–specific 
immunoglobulin G (IgG) in serum of critically ill COVID-19 patients induces excessive inflammatory 
responses by human alveolar macrophages. We identified that this excessive inflammatory response 
is dependent on two antibody features that are specific for patients with severe COVID-19. First, 
inflammation is driven by high titers of anti-spike IgG, a hallmark of severe disease. Second, we found 
that anti-spike IgG from patients with severe COVID-19 is intrinsically more proinflammatory because 
of different glycosylation, particularly low fucosylation, of the antibody Fc tail. Low fucosylation of 
anti-spike IgG was normalized in a few weeks after initial infection with SARS-CoV-2, indicating that 
the increased antibody-dependent inflammation mainly occurs at the time of seroconversion. We 
identified Fcγ receptor (FcγR) IIa and FcγRIII as the two primary IgG receptors that are responsible for 
the induction of key COVID-19–associated cytokines such as interleukin-6 and tumor necrosis factor. 
In addition, we show that anti-spike IgG–activated human macrophages can subsequently break 
pulmonary endothelial barrier integrity and induce microvascular thrombosis in vitro. Last, we 
demonstrate that the inflammatory response induced by anti-spike IgG can be specifically 
counteracted by fostamatinib, an FDA- and EMA-approved therapeutic small-molecule inhibitor of Syk 
kinase.  

  

Introduction 

Coronavirus disease 2019 (COVID-19), which is caused by severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2), is characterized by mild flu-like symptoms in most patients1,2. However, 
about 20% of the cases have more severe disease outcomes, with bilateral pneumonia that may 
rapidly deteriorate into acute respiratory distress syndrome and even death by respiratory failure. 
With high numbers of infected people worldwide and limited treatments available, safe and effective 
therapies for the most severe cases of COVID-19 are urgently needed. 

Many of the COVID-19 patients with severe disease show a marked worsening of the disease 
around 1 to 2 weeks after onset of symptoms2,3. This is suggested not to be a direct effect of viral 
infection but instead to be caused by the overactivation of the immune system in response to infection 
because worsening of disease coincides with the activation of adaptive immunity2. This excessive 
immune response is frequently described as a “cytokine storm,” characterized by high concentrations 
of proinflammatory cytokines3,4. A detailed assessment of the cytokine profile in severe cases of 
COVID-19 indicates that some cytokines and chemokines are strongly elevated, such as interleukin 
(IL)-6, IL-8, and tumor necrosis factor (TNF)5-7. In contrast, type I and III interferon (IFN) responses, 
which are critical for early antiviral immunity, appear to be suppressed8,9. Together, high 
proinflammatory cytokines, known to induce collateral damage to tissues, and muted antiviral 
responses suggest that an unfavorable immune response may be driving disease patients with severe 
cases of COVID-19. 

Antibodies pose a potential candidate of the adaptive immune system that could explain the 
observed worsening of disease during SARS-CoV-2 infection. Previous studies on dengue virus 
identified that immunoglobulin G (IgG) antibodies can increase the infection of cells by a process 
known as antibody-dependent enhancement (ADE)10. However, thus far, there is little evidence for 
antibody-enhanced infection in COVID-1911. In addition to ADE (which increases viral infection of 
cells), human IgG antibodies can also worsen pathology by increasing the release of proinflammatory 
cytokines. Initial studies identified this phenomenon in autoimmune disorders such as rheumatoid 
arthritis, where IgG autoantibodies promote synovial inflammation12,13. More recently, antibody-
dependent inflammation (ADI) has also been observed upon infection with SARS-CoV-1, and this was 
induced by anti-spike IgG14. In both rheumatoid arthritis and SARS-CoV-1 infection, IgG antibodies 
convert wound-healing “M2” macrophages to a proinflammatory phenotype12,14,15. Combined, these 
data hint toward a pathogenic role for IgG in severe cases of COVID-19. In this study, we explored the 
hypothesis that anti–SARS-CoV-2 antibodies drive excessive inflammation in severe cases of COVID-
19 and define therapeutic approaches to suppress these responses. 
 

Results 

High titers of anti-spike IgG promote inflammation by alveolar macrophages 
We assessed the effect of anti-spike antibodies from serum of patients who were critically ill with 
COVID-19 on human M2-polarized macrophages. Our previous transcriptional analysis revealed that 
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macrophage colony-stimulating factor (M-CSF) and IL-10 induce M2 monocyte differentiation that 
generates macrophages that most closely resemble primary human lung macrophages16. Because 
activation of immune cells by IgG antibodies requires immune complex formation by binding of IgG to 
its cognate antigen17,18, we generated spike-IgG immune complexes by incubating SARS-CoV-2 spike–
coated wells with diluted serum from patients with severe COVID-19 treated in the intensive care unit 
(ICU) at the Amsterdam University Medical Centers (UMC) who tested positive for anti–SARS-CoV-2 
IgG (Supplementary Figure 1A). Stimulation with spike protein alone did not induce cytokine 
production, whereas spike-IgG immune complexes elicited small amounts of IL-1β, IL-6, and TNF but 
very high IL-8 production by human macrophages (Figure 1A). However, because in the later phase of 
infection (1 to 2 weeks after initial exposure) lung macrophages are simultaneously exposed to virus-
associated stimuli and anti-spike IgG immune complexes, we also assessed the effect of the 
combination of these two stimuli. Combined stimulation of anti-spike IgG immune complexes and the 
Toll-like receptor 3 agonist, polyinosinic:polycytidylic acid [poly(I:C)], increased the production of 
COVID-19–associated proinflammatory cytokines IL-1β, IL-6, and TNF compared to IgG or poly(I:C) 
alone (Figure 1A). Similar effects were observed with other viral and bacterial co-stimuli 
(Supplementary Figure 1B). Induction of the anti-inflammatory cytokine IL-10 was also increased 
(Figure 1A), similar to what is observed in patients with COVID-1919. We confirmed these findings in 
primary human alveolar macrophages that were obtained by bronchoalveolar lavage (BAL), which 
showed similar responses (Figure 1B). Phenotypical analysis of these human alveolar macrophages 
showed significantly decreased expression of M2 markers upon costimulation with anti-spike IgG 
immune complexes, indicating the polarization toward a more inflammatory phenotype [P < 0.0001 
(CD163) and P = 0.001 (CD209); Supplementary Figure 1C]. 
 
To assess whether the inflammatory response is dependent on anti-spike antibodies, we compared 
the effect of sera from 33 intensive care lung disease patients that either (i) did not have COVID-19, 
(ii) had COVID-19 but were still negative for anti-spike IgG, or (iii) had COVID-19 and were positive for 
anti-spike IgG (Supplementary table 1). Whereas serum of non–COVID-19 patients and anti-spike IgG–
negative COVID-19 patients showed no up-regulation of proinflammatory cytokines compared to 
individual poly(I:C) stimulation, IL-1β, IL-6, IL-8, and TNF production was amplified by serum of COVID-
19 patients with anti-spike IgG (P < 0.0001; Figure 1C). To further confirm that the observed 
inflammation is induced by anti-spike IgG and not by other inflammatory components in serum, we 
purified IgG from serum of critically ill COVID-19 patients that were seropositive and healthy controls 
that were seronegative for anti–SARS-CoV-2. Whereas proinflammatory cytokine production was 
strongly amplified by purified IgG from severely ill COVID-19 patients, no amplification was observed 
by purified IgG from controls (Supplementary Figure 1D). 
 

  

 
 
Figure 1. High titers of anti-spike IgG induce inflammation by macrophages. (A) Cytokine production by human 
macrophages after 24 hours of stimulation with combinations of spike protein, COVID-19 serum (50× diluted), and 
poly(I:C). Triplicate values from a representative experiment with serum from five different patients with COVID-
19 and two different macrophage donors (means ± SD). (B) Cytokine production by primary alveolar macrophages 
obtained from BAL, stimulated as in (A). Every dot represents cytokine production after 24 hours by a different 
macrophage donor performed in triplicate (means ± SEM). (C) Macrophages stimulated with spike protein and 
poly(I:C) were costimulated with serum from patients in the ICU for lung disease that either did not have COVID-
19 (n = 2), had COVID-19 but were negative for anti-spike IgG (n = 4), or had COVID-19 and were positive for anti-
spike IgG (n = 27). Horizontal gray line depicts cytokine induction upon stimulation with poly(I:C) + spike protein. 
Significance was calculated with Brown-Forsythe and Welch’s ANOVA test and corrected by Dunnett T3 test for 
multiple test correction (means ± SEM). (D) Macrophages stimulated with spike protein and poly(I:C) were 
costimulated with serum isolated from patients with mild COVID-19 (n = 10) and were compared to serum from 
patients in the ICU for COVID-19 (n = 10). Significant differences were calculated with an unpaired t test. Each dot 
represents cytokine production after 24 hours by macrophages stimulated with a different serum donor (mean ± 
SEM). Horizontal gray line depicts cytokine induction upon stimulation with poly(I:C) plus spike protein. *P < 0.05; 
**P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant. 
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To determine whether the inflammatory responses are specific for severely ill COVID-19 patients or 
are also induced by patients who have mild symptoms, we directly compared cytokine amplification 
by serum obtained from patients with mild COVID-19 or patients in the ICU (Supplementary Table 2). 
Amplification of proinflammatory cytokine production was specific for severely ill patients (P < 0.0001; 
Figure 1D), which was in line with the substantially lower anti-spike titers in mild patients 
(Supplementary Figure 1E), whereas the fucosylation was comparable (Supplementary Figure 1F). 
 
RNA sequencing analysis of macrophages stimulated with sera from anti-spike IgG–positive COVID-19 
patients showed induction of a proinflammatory gene program, as highlighted by induction of TNF, 
ILs, chemokines, and macrophage differentiation factors (Figure 2A). IFN-β and IFN-γ were induced 
also by anti-spike–positive serum, whereas the classical downstream IFN response gene, CXCL10, was 
reduced (P < 0.0001; Supplementary Figure 1, G to I), which is in line with recent findings by others20. 
 

In patients with COVID-19, high anti-spike IgG titers are strongly associated with disease severity21,22. 
To determine whether anti-spike titers correlate with higher cytokine responses by human 
macrophages, we performed a principal component analysis of the combined cytokine production 
data for all samples that, upon overlaying with anti-spike IgG titers, suggested that the inflammatory 
response of macrophages was associated with IgG titers (Figure 2B). Subsequent analysis similarly 
demonstrated that anti–receptor binding domain (RBD) IgG titers and cytokine production correlate 
for the cytokines IL-1β (P < 0.0001), IL-6 (P < 0.0001), IL-8 (P < 0.0001), IL-10 (P < 0.0001), and TNF (P 
< 0.0001; Figure 2C and Supplementary Figure 1J). Similar correlations were observed for IL-6 and 
total anti-spike IgG (P < 0.0001; Supplementary Figure 1K). IFN-β (P = 0.0004) and IFN-γ (P < 0.0001) 
also showed a positive correlation, whereas CXCL10 showed a negative correlation (P < 0.0001; 
Supplementary Figure 1J), which may be related to reduced expression of IFN receptors 
(Supplementary Figure 1L). Stimulation with immune complexes made from three serum samples with 
different titers using serial-step dilutions showed a dose-dependent induction of proinflammatory 
cytokines (Figure 2D), thereby confirming that high anti-spike titers drive proinflammatory cytokine 
production by human macrophages. 
 

To assess whether inflammatory responses are induced directly upon virus opsonization or 
whether this requires spike expression by infected cells, we stimulated macrophages with anti-spike 
IgG-opsonized pseudo-typed virus. Virus opsonization had no detectable effect on cytokine 
production (Supplementary Figure 1M), which is in line with previous findings that small IgG immune 
complexes are unable to trigger cytokine production23. In contrast, IgG-opsonized spike-expressing 
293F cells, which mimic SARS-CoV-2–infected cells and induce the formation of larger immune 
complexes, did amplify IL-6 production by macrophages (Supplementary Figure 1N). These results 
indicate that anti-spike–induced inflammation requires large IgG immune complexes, as occurs upon 
host cell infection. Combined, these data demonstrate that high titers of anti-spike IgG from serum of 
severely ill COVID-19 patients induce a strong proinflammatory response by otherwise 

  

immunosuppressive human M2 macrophages, which is characterized by the production of classical 
cytokine storm mediators such as IL-1β, IL-6, IL-8, and TNF. 

 

 
Figure 2. High titers of anti-spike IgG induce inflammation by macrophages. (A) Heatmap showing scaled log2 
expression (z score) of genes assessed by RNA sequencing after a 6-hour stimulation of human macrophages with 
poly(I:C) with or without spike protein and serum from five patients with COVID-19 that tested positive for anti-
spike IgG. (B) Principal component analysis of the combined cytokine profile (IL-1β, IL-6, IL-8, IL-10, TNF, IFN-β, IFN-
γ, and CXCL10) for all serum samples overlaid with log10 anti-RBD IgG titers. Titers of each serum sample are 
represented by the color scale. Samples with anti-RBD IgG titer below detection limit are colored gray. Numbers 
represent the patients’ sample number. (C) Correlation graphs of anti-RBD IgG titer from COVID-19 serum against 
cytokine production of macrophages after stimulation. The square of Pearson correlation coefficient (R2) 
and P value are stated in each graph. (D) Macrophages stimulated with spike protein and poly(I:C) were 
costimulated with different dilutions of serum from patients with varying anti-spike titers. Titers were from patient 
2 (high titer), 5 (intermediate titer), or 6 (low titer). IL-6 production was determined after 24 hours. 
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Figure 3. Low fucosylation of IgG correlates with enhanced anti-spike IgG–induced inflammation. (A) 
Macrophages stimulated with spike protein and poly(I:C) were costimulated with either 50× diluted serum from 
different anti-spike+ patients with COVID-19 (black dots) or with recombinant anti-spike antibody COVA1-18 (red 
dot). Representative example of four independent macrophages donors is shown. Cytokine production was 
measured after 24 hours. (B) Fucosylation and galactosylation of total and anti-spike–specific IgG1 antibodies. 
Statistics were calculated with a paired t test. **P < 0.01; ***P < 0.001. (C) Correlation graphs of fucosylation 
percentages of anti-spike IgG1 from COVID-19 serum against cytokine production of macrophages after 
stimulation. The square of Pearson correlation coefficient (R2) and P value are stated in each graph. (D) Pathway 
analysis of differentially expressed genes (DEGs). DEGs were defined by a false discovery rate (FDR) of <0.05 and 
an absolute log2 fold change higher or lower than 0. Pathway enrichment analyses were performed using the 
Metascape on 29 July 2020. P = P value; q = FDR-corrected P value. (E) Volcano plot depicting up- and down-
regulated genes when comparing macrophages stimulated for 6 hours with spike, poly(I:C), and serum with low-
fucosylated IgG to the same stimulation with high-fucosylated IgG. 

  

Aberrant glycosylation of anti-spike IgG contributes to inflammation 
In addition to the anti-spike antibodies from serum, we tested the effect of the recombinant anti-
spike IgG COVA1-18, which we generated previously from B cells isolated from a patient with COVID-
1924. We stimulated macrophages with anti-spike immune complexes made with a high concentration 
of recombinant anti-spike antibody COVA1-18 (mimicking a serum concentration of 100 μg/ml in our 
assay). This concentration is higher than the average anti–SARS-CoV-2 IgG concentration in patients 
with severe COVID-19, which, according to previous studies, on average peaks at 16.5 μg/ml25. The 
high concentration of COVA1-18 immune complexes elicited substantially less IL-1β, IL-6, and TNF than 
anti-spike immune complexes made from COVID-19 serum (Figure 3A). We did not observe this 
difference for the induction of anti-inflammatory cytokine IL-10 (Figure 3A). These data suggest that 
the anti-spike IgG in severe cases of patients with COVID-19 is intrinsically more proinflammatory than 
a recombinant IgG against the same target. 
 
One of the critical characteristics that determine IgG pathogenicity is the glycosylation of the IgG Fc 
tail at position 29726,27. Recently, we and others28, 29 have shown that anti-spike IgG of patients with 
severe COVID-19 have aberrant fucosylation and galactosylation, both compared to the total IgG 
within these individual patients, as well as compared to anti-spike IgG from mild or asymptomatic 
patients. We determined the glycosylation pattern of a subset of COVID-19 serum samples in the 
present study, which showed significantly decreased fucosylation (P = 0.0003) and increased 
galactosylation of anti-spike IgG compared to total IgG within the tested patients (P = 0.0096; Figure 
3B), similar to the study of Larsen et al28. Fucosylation of anti-spike IgG correlated negatively with 
macrophage production of proinflammatory cytokines IL-6 (P = 0.0358) and IL-8 (P = 0.0234; Figure 
3C). No correlation was observed for TNF, IL-1β, or IL-10 (Figure 3C and Supplementary Figure 2A). 
CXCL10 showed a positive correlation (P = 0.0443; Supplementary Figure 2A). RNA sequencing data 
from patients with relatively low fucosylation (sera 07, 09, and 14) and from patients with relatively 
normal fucosylation (sera 04 and 05) showed a very pronounced induction of inflammatory mediators 
and proinflammatory pathways specifically in low-fucosylation patients (Figure 3D-E). 
 
To determine whether anti-spike glycosylation directly modulates cytokine induction, we stimulated 
macrophages with regular monoclonal COVA1-18 or modified COVA1-18 that had low fucosylation or 
high galactosylation (Supplementary Table 3). COVA1-18 with low fucosylation showed an increased 
capacity for amplification of proinflammatory cytokines (P < 0.0001; Figure 4A). High galactosylation 
alone or in combination with low IgG fucosylation did not lead to elevated cytokine production (Figure 
4A). COVA1-18 with low fucose and high galactose showed a similar amplification of IL6, IL8, and TNF 
mRNA expression over time (Figure 4B), whereas CXCL10 mRNA expression was again inhibited 
(Supplementary Figure 2B). To gain more insight into the molecular mechanisms that underlie the 
enhanced inflammatory response induced by anti-spike IgG with aberrant glycosylation, we focused 
on the transcriptional responses induced by the anti-spike IgGs. Motif analyses of genes differentially 
induced by anti–SARS-CoV-2 monoclonal IgG COVA1-18 showed clear enrichment for classical 
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inflammatory transcription factors like EGR, p65 (RELA), and Maf (Figure 4C). Upon comparison of 
genes affected by the differential glycosylation in patient samples, we identified IFN-stimulated 
response elements as a key enriched motif (Figure 4D), suggesting amplification of macrophage 
activation via IFN pathways. This was further indicated by increased IFN-β and IFN-γ secretion 
(Supplementary Figure 2C) by afucosylated IgG compared to IgG with normal fucosylation and by 
increased expression of a series of classical IFN response genes (Figure 4E)30. These data suggest that 
afucosylated anti–SARS-CoV-2 IgG promotes inflammation by engagement of IFN pathways, which are 
classical cofactors to promote macrophage activation31. 
 

 
Figure 4. Low fucosylation of IgG promotes inflammatory cytokine production. (A) Macrophages stimulated with 
spike protein were costimulated with combinations of poly(I:C), COVA1-18 [wild-type (WT), recombinant anti-spike 
IgG1], or COVA1-18 that had been modified to express low fucose or high galactose. IL-6 production was measured 
after 24 hours. Each line represents one macrophage donor, performed in triplicate. Statistics were calculated with 
two-way ANOVA. **P < 0.01; ****P < 0.0001. mAb, monoclonal antibody. (B) Time-dependent fold changes (to 0-
hour unstimulated M2 macrophages) in gene expression are depicted in line chart for IL6, IL8, and TNF. 
Macrophages stimulated with poly(I:C) were costimulated with immune complexes of wild-type antibody (Ab) or 
an antibody that had been modified to express low fucose or high galactose. Representative example of six 
independent macrophages donors is shown. Cytokine production was measured after 0.5, 1.5, 3, 6, and 24 hours. 
(C) Enriched motifs for significantly up-regulated genes when comparing macrophages stimulated for 6 hours with 
spike and poly(I:C), with or without anti-spike IgG. (D) Enriched motifs for significantly up-regulated genes when 
comparing macrophages stimulated for 6 hours with spike, poly(I:C), and serum with low-fucosylated IgG to the 
same stimulation with high-fucosylated IgG. (E) Heatmap showing scaled log2 expression (z score) of IFN-
stimulated genes assessed by RNA sequencing after a 6-hour stimulation of human macrophages with poly(I:C) 
with or without spike protein and serum from five seropositive patients with COVID-19. (F) IgG1 fucosylation and 
galactosylation of anti-spike specific antibodies were determined in serum samples over time for patients in the 
ICU with COVID-19. Each line represents one donor. 

  

Last, we determined whether the aberrant glycosylation pattern of anti-spike IgG is stable over time, 
by analyzing fucosylation and galactosylation over time of the patients in our study. Both fucosylation 
and galactosylation normalized within days to weeks after ICU admission (Figure 4F). Similar results 
were observed for the other types of IgG glycosylation (Supplementary Figure 2D). These data indicate 
that, in patients critically ill with COVID-19, the first anti-spike IgG antibodies that are produced after 
infection are intrinsically more inflammatory by bearing different glycosylation patterns. 
 
Anti-spike IgG induces activation of endothelium and platelets in vitro 
The excessive lung inflammation in severely ill COVID-19 patients often leads to pulmonary edema, 
after disruption of the microvascular endothelium32, and coagulopathy, which in many patients is 
characterized by pulmonary thrombosis33. To test whether the excessive macrophage activation by 
anti-spike IgG may contribute to pulmonary edema and thrombosis, we applied in vitro models for 
endothelial barrier integrity (34) and in situ thrombosis35 using primary human pulmonary artery 
endothelial cells (HPAECs), where thrombocytes are added under flow conditions. For this, we 
stimulated macrophages and used the supernatant to assess endothelium and platelet activation. 
Although conditioned medium of poly(I:C)-stimulated macrophages induced only a transient drop in 
endothelial barrier integrity, costimulation of macrophages with spike protein and serum isolated 
from patients with severe COVID-19 induced long-lasting endothelial barrier disruption (Figure 5A). In 
addition, during platelet perfusion, we observed significantly increased platelet adhesion to 
endothelium exposed to conditioned medium of macrophages that had been costimulated with spike 
protein and serum (P < 0.0001; Figure 5B). This effect was paralleled by an increase in von Willebrand 
factor release from the endothelial cells (Figure 5C), indicative of an active procoagulant state of the 
endothelium. These data suggest that anti-spike IgG–induced inflammation by macrophages may 
contribute to permeabilization of pulmonary endothelium, microvascular thrombosis, and 
subsequent severe pulmonary problems. 
 
Fostamatinib counteracts inflammation induced by anti-spike IgG 
Anti-spike IgG from severely ill COVID-19 patients promoted inflammatory cytokines, endothelial 
barrier disruption, and microvascular thrombosis in vitro, which are key phenomena underlying 
pathology in patients with severe COVID-19. Hence, counteracting this antibody-induced aberrant 
immune response could be of potential therapeutic interest. To determine how to counteract this 
ADI, we first set out to investigate which receptors on human macrophages are activated by the anti–
SARS-CoV-2 IgG immune complexes. IgG immune complexes can be recognized by Fcγ receptors 
(FcγRs), which include FcγRI, FcγRIIa, and FcγRIII18, which are all expressed on our human M2 
macrophages (Figure 6A). To determine whether FcγRs are involved in activation by anti-spike 
immune complexes, we blocked the different FcγRs with specific antibodies during stimulation and 
analyzed cytokine production after exposure to anti-spike immune complexes. All FcγRs contributed 
to anti-spike–induced cytokine induction, but the most pronounced inhibition was observed upon 
blockade of FcγRIIa (Figure 6B). No inhibition was observed upon blocking of FcαRI, suggesting that 
IgA does not play a substantial role in the observed cytokine induction (Figure 6B). 
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Last, we determined whether the aberrant glycosylation pattern of anti-spike IgG is stable over time, 
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contribute to permeabilization of pulmonary endothelium, microvascular thrombosis, and 
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macrophages (Figure 6A). To determine whether FcγRs are involved in activation by anti-spike 
immune complexes, we blocked the different FcγRs with specific antibodies during stimulation and 
analyzed cytokine production after exposure to anti-spike immune complexes. All FcγRs contributed 
to anti-spike–induced cytokine induction, but the most pronounced inhibition was observed upon 
blockade of FcγRIIa (Figure 6B). No inhibition was observed upon blocking of FcαRI, suggesting that 
IgA does not play a substantial role in the observed cytokine induction (Figure 6B). 
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Figure 5. Anti-spike IgG breaks endothelial barrier integrity and activates platelets in vitro. (A) Human pulmonary 
arterial endothelial cells were exposed to supernatants of macrophages that were unstimulated or had been 
stimulated with poly(I:C) and spike protein, with or without serum from patients with COVID-19. Endothelial barrier 
integrity was quantified by measuring the resistance over time using electrical cell-substrate impedance sensing. 
Statistics were calculated using an ordinary one-way ANOVA and corrected with Tukey’s comparisons test. (B) 
Endothelium stimulated as in (A) for 24 hours was perfused with platelets for 5 min, after which the area covered 
by platelets was quantified. FOV, field of view. (C) Flow supernatant was collected after perfusion under (B), and 
von Willebrand factor concentrations were measured with ELISA. Statistics were calculated using an ordinary one-
way ANOVA and corrected using Sidak’s multiple comparison test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 
0.0001. 
 

  

Because changes in glycosylation of the Fc tail can differentially affect the interaction of IgG with the 
different FcγRs, we also blocked the three different FcγRs upon costimulation with monoclonal IgG 
that either had conventional Fc glycosylation or low fucose and high galactose. Cytokine induction by 
both IgG with conventional glycosylation and low fucose and high galactose was mostly dependent on 
FcγRIIa (Figure 6C). However, FcγRIII appeared to be the primary receptor responsible for the 
enhanced cytokine production by aberrant IgG glycosylation, because blocking FcγRIII specifically 
counteracted IL-6 and TNF production induced by IgGs with low fucose and high galactose (Figure 6C). 
We did not observe this for IL-1β (Supplementary Figure 3A), which may be related to the activation 
of caspase-1 that is known to be mainly dependent on FcγRIIa36. 
 
FcγRs are known to induce signaling that critically depends on the kinase Syk12,36. To determine 
whether we could counteract anti-spike–induced immune activation, we blocked Syk using R406, the 
active component of the small-molecule inhibitor fostamatinib, a U.S. Food and Drug Administration 
(FDA)– and European Medicines Agency (EMA)–approved drug for the treatment of immune 
thrombocytopenia (ITP)37. R406 significantly reduced proinflammatory cytokine production induced 
by anti-spike IgG from patients with severe COVID-19 (P < 0.0001; Figure 6D-E). Inhibition by R406 
appeared to be specific, because it selectively blocked anti-spike–induced amplification of cytokines 
but did not substantially affect cytokine production induced by poly(I:C) alone (Figure 6D). Similar 
effects were observed with primary human macrophages obtained from BAL fluid (Supplementary 
Figure 3B). 

 
To assess the consequences of inhibition by fostamatinib in greater detail, we analyzed the effects of 
R406 on macrophages stimulated with spike, serum from patients with COVID-19, and poly(I:C) by 
RNA sequencing. In total, 4386 genes were suppressed by R406 treatment, whereas 3976 genes were 
induced [false discovery rate (FDR) < 0.05; Figure 6F]. Many of the classical proinflammatory 
mediators were present in the list of genes down-regulated by R406 treatment, including TNF, IL1B, 
IL6, and CCL2. Pathway analyses showed no clear pathways in the up-regulated genes, although 
suppressed genes were linked to inflammatory pathways (Supplementary Figure 3C). Last, gene set 
enrichment analysis (GSEA) showed that genes associated with several proinflammatory pathways, 
including IL-1 signaling and TNF production and response, were significantly down-regulated by R406 
(P = 0.013; Figure 6G). Response to type I IFN, FcγR signaling, glycolysis, and platelet activation gene 
sets were suppressed (Supplementary Figure 3D). These data demonstrate that the excessive 
inflammatory response by anti-spike IgG from severely ill COVID-19 patients can be counteracted by 
the Syk inhibitor fostamatinib. 
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Figure 6. Anti-spike IgG–
induced inflammation is FcγR 
dependent and can be 
counteracted by fostamatinib. 
(A) Membrane expression of 
FcγRI, FcγRII, and FcγRIII by 
human macrophages was 
determined by flow cytometry. 
FMO, fluorescence minus one 
control. (B) FcγRI, FcγRII, FcγRIII, 
and FcαRI were blocked by 
specific antibodies, after which 
macrophages were stimulated 
with spike, COVID-19 serum, 
poly(I:C), or a combination. IL-6 
production was measured after 
24 hours. Triplicate values from 
a representative experiment 
with serum from three different 
patients with COVID-19 and two 
different macrophage donors 
(means ± SD). (C) FcγRI, FcγRII, 
and FcγRIII were blocked by 
specific antibodies, after which 
macrophages stimulated with 
poly(I:C) and immune 
complexes of wild-type 
antibody or an antibody that 
had been modified to express 
low fucose and high galactose. 
Each dot represents cytokine 
production after 24 hours by a 
different macrophage donor 
(means ± SEM). (D and E) 
Macrophages were 
preincubated with Syk inhibitor 
R406, after which cells were 
stimulated as in (B). Cytokine 
production was measured after 

24 hours. A representative donor is shown (D), and data are presented as means ± SD. The response for multiple 
donors with or without preincubation with R406 is shown (E). Every pair of dots represents cytokine production 
after 24 hours by a different serum donor. Statistics were calculated with a ratio paired t test. ***P < 0.001; 
****P < 0.0001. (F) Volcano plot depicting up- and down-regulated genes when comparing macrophages 
stimulated for 6 hours with spike, poly(I:C), and serum to the same stimulation in the presence of R406. (G) Gene 
set enrichment analysis (GSEA) of curated gene sets suppressed by R406: IL-1–mediated signaling pathway (GO: 
0070498), TNF production (GO: 0032640), response to TNF (GO: 0034612). NES, normalized enrichment score; 
adj. P, Benjamini-Hochberg (BH)–adjusted P value. 
 

Discussion 

It is still not well understood why many patients with COVID-19 become critically ill around the time 
of activation of adaptive immune responses. Here, we identified the induction of pathogenic IgG 
antibody responses against the spike protein as a potential cause, which not only amplifies 
proinflammatory responses by human macrophages but also induces subsequent endothelial barrier 

  

disruption and thrombosis (Supplementary Figure 4). The induction of inflammation by anti–SARS-
CoV-2 IgG is both dependent on anti-spike IgG titers and on low fucosylation of these antibodies, 
which increases their inflammatory potential, most likely by overactivation through FcγRIII. During the 
course of infection, both these inflammatory parameters change. Anti-spike IgG titers rapidly increase 
after seroconversion followed by a gradual decline38. In contrast, only the first wave of anti-spike IgG 
displays aberrant Fc glycosylation (characterized by low fucose and high galactose), which rapidly 
normalizes in the following days to weeks. On the basis of these two parameters, the induction of 
excessive inflammation by anti-spike IgG is particularly likely to occur in the days right after 
seroconversion, when titers are high and glycosylation is most aberrant. This correlates with the 
observed pathology in severely ill COVID-19 patients, which show a peak in inflammation, edema, and 
thrombosis around the time of seroconversion2,3. In addition, this also correlates with the common 
absence of excessive inflammation in people that become reinfected with SARS-CoV-239,40, because 
the anti-spike IgG in these reinfected individuals will have lower titers and most likely will have 
normalized Fc glycosylation. 
 
In general, antibodies are beneficial for host defense by providing various mechanisms to counteract 
infections, including pathogen neutralization, phagocytosis, complement activation, antibody-
dependent cellular cytotoxicity (ADCC), and cytokine production41. These different effector functions 
of antibodies are induced to a greater or lesser extent depending on antibody-intrinsic characteristics, 
such as isotype, subclass, allotype, and glycosylation26. In patients who are severely ill with COVID-19, 
the glycosylation of anti-spike IgG is changed, which can lead to pathology by overactivation of IgG 
effector functions, as we show here by particularly amplifying the production of COVID-19–associated 
cytokines such as IL-6 and TNF5,42. Decreased IgG fucosylation, as observed in severe cases of COVID-
19, has previously been observed in patients infected with HIV or dengue virus43, 44 and may actually 
be a general phenomenon in a response to enveloped viruses28. For dengue virus, decreased IgG 
fucosylation has been described to contribute to the worsening of the course of disease after 
reinfection10. However, it is important to realize that the underlying mechanism by which low-fucose 
IgG contributes to disease exacerbation is very different between dengue virus and SARS-CoV-2. In 
dengue virus infections, decreased IgG fucosylation worsens the pathology by binding to the virus and 
increasing the infection of host cells through enhanced uptake by FcγRs, a process known as ADE10. 
For SARS-CoV-2, there is very little evidence for ADE. Instead, increased pathology by afucosylated IgG 
in patients with COVID-19 likely results from excessive immune activation. To make this difference 
clear, we propose to not use the term ADE but instead to use ADI to denote antibody-induced 
pathology as observed in patients with COVID-19. 
 
The combination of decreased fucosylation and increased galactosylation of IgG is known to increase 
the affinity for FcγRIII26. Whereas FcγRIII was the primary receptor responsible for the inflammatory 
responses that were specifically induced by IgG with low fucose and high galactose, FcγRIIa 
contributed most to anti-spike–induced inflammation overall. These findings indicate that 
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pathology as observed in patients with COVID-19. 
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collaboration between multiple FcγRs is required for ADI by anti-spike IgG. The observed FcγR-
dependent overactivation of human alveolar macrophages, which generally have a wound-healing M2 
phenotype, is in line with the general concept that the effect of ADI is most pronounced in immune 
cells that have a tolerogenic or anti-inflammatory phenotype, such as synovial M2 macrophages12 or 
intestinal CD103+ dendritic cells45. Although we focused on alveolar macrophages in this study, FcγRII 
and FcγRIII are also expressed by various other myeloid immune cells that are found in the inflamed 
lungs of patients with severe COVID-19, such as monocytes and neutrophils3,46. Overactivation of 
neutrophils by COVID-19 patient plasma can also be inhibited by fostamatinib47. In addition, the high 
degree of aberrantly glycosylated anti-spike IgG could also contribute to pathology by activating 
nonimmune cells. For example, airway epithelial cells express FcγRIII, are one of the main target cells 
of infection by SARS-CoV-2, closely interact with activated macrophages48, and are a major source of 
IL-649. In addition, anti-spike IgG may activate platelets through FcγRIIa50,51, which would provide a 
direct way of platelet activation in addition to the indirect activation by macrophages and pulmonary 
endothelium that we observed in this study, thereby further promoting microvascular thrombosis. 
 
It is still unclear how severe SARS-CoV-2 infections lead to the generation of IgG antibodies with 
aberrant glycosylation. Regarding the total amount of IgG in circulation, changes in glycosylation are 
associated with age and sex, which results in slightly decreased IgG fucosylation with age52,53. 
However, in severely ill patients with COVID-19, it is specifically the anti-spike IgG that shows lower 
fucosylation. Although production of afucosylated IgG seems to be a general mechanism in response 
to enveloped viruses28, it is unclear why afucosylation is more pronounced in patients with COVID-19 
who develop severe disease as compared to mild disease. The quick normalization of glycosylation of 
anti-spike IgG after seroconversion hints toward the aberrant activation of B cells that are responsible 
for the first wave of anti–SARS-CoV-2 antibodies, mostly likely the short-lived plasmablasts. Critically 
ill COVID-19 patients are characterized by extrafollicular B cell activation, which coincides with early 
production and high concentrations of SARS-CoV-2–specific neutralizing antibodies54. The molecular 
processes that underlie the production of IgG with aberrant glycosylation in these cells are still unclear 
but could be related to increased endoplasmic reticulum stress or different expression of proteins 
such as Jagunal homolog 155. For future studies, it would be very interesting to study how risk factors 
of severe COVID-19 (such as age, obesity, and comorbidities) affect these glycosylation processes in B 
cells. In addition to IgG, the extrafollicular B cells also produce IgM and IgA54. Whether these isotypes 
are also aberrantly glycosylated in patients with severe COVID-19 is still unknown. However, in 
particular, antibodies of the IgA isotype can promote inflammation depending on the glycosylation 
profile56. On top of this, IgG subclasses (IgG1 to IgG4) could also play a role in both the amplitude and 
the kinetics of anti-spike–induced inflammatory responses57. For example, IgG3 is typically the first 
IgG subclass to be produced in response to viruses and generally shows a glycosylation pattern similar 
to IgG126,58. Last, cell-intrinsic differences in macrophages may also contribute to increased or 
decreased susceptibility of particular individuals to IgG glycosylation differences. This could be related 
to genetic polymorphisms, such as FCGR2A and FCGR3A single-nucleotide polymorphisms or 

  

downstream signaling molecules, but could also be related to epigenetic differences in macrophages 
or their precursors. 
 
A limitation of our current study is that we have not been able to perfectly match mild and severe 
COVID-19 patients in terms of age and several other parameters because of practical limitations. This 
study required serum from mild patients quickly after seroconversion, which is generally difficult to 
obtain because mildly ill patients with COVID-19 are not hospitalized (or even diagnosed) and 
therefore difficult to follow over time. Although, here, we were able to match for the most important 
parameter (day of onset), it will be relevant to additionally match for age, sex, body mass index, and 
comorbidities in future studies. In addition, it is not yet clear whether ADI is specific for severe SARS-
CoV-2 infection or whether it may also occur upon infection with other viruses. Although induction of 
afucosylated IgG may be a common trait of enveloped viruses28, excessive inflammation right after 
seroconversion appears to be a rare event for most viral infections in humans, with the exception of 
SARS-CoV-114. However, theoretically, ADI may still occur during other viral infections but in a less 
pronounced manner that does not lead to pathology. Last, it is important to realize that, although we 
specifically focused on ADI in this study, antibodies have additional effector functions that will be 
activated simultaneously in patients with COVID-19. Whereas overactivation of ADI leads to 
pathology, increased activation of ADCC or phagocytosis of infected cells by afucosylated IgG could 
simultaneously have beneficial effects such as increasing viral clearance. Therefore, in future work, it 
will be interesting to determine how afucosylation affects other antiviral IgG effector functions in 
patients with COVID-19. 
 
We here showed that the observed inflammatory response induced by anti-spike IgG from severe 
patients could be specifically counteracted by the Syk inhibitor R406, the active component of 
fostamatinib. Fostamatinib is an FDA- and EMA-approved drug that is currently used for the treatment 
of ITP37, which may facilitate repurposing for the treatment of patients with severe COVID-19. A study 
indicates that fostamatinib may also counteract acute lung injury by inhibiting Mucin-1 expression on 
epithelial cells, suggesting that fostamatinib may target multiple pathways simultaneously59. In 
addition to fostamatinib, other drugs that also interfere with FcγR activation could be efficacious to 
counteract anti-spike IgG–induced inflammation in patients with COVID-19. Previous studies already 
showed the beneficial effects of treatment with intravenous immunoglobulin, which can interfere 
with FcγR activation60. Alternatively, it could be interesting to target critical molecules in FcγR 
downstream signaling. For example, the Syk-dependent FcγR signaling pathway critically depends on 
the transcription factor IFN regulatory factor 5 (IRF5)17,36, which can be targeted using cell-penetrating 
peptides61. Furthermore, FcγR stimulation is known to induce metabolic reprogramming of human 
macrophages36, which is also observed in patients with COVID-1962, and therefore may provide 
additional targets for therapy. These findings may not only be valuable to find new ways to treat the 
most severely ill COVID-19 patients but may also have implications for the therapeutic use of 
convalescent serum, for which it may be wise to omit the afucosylated IgGs that are present in 
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collaboration between multiple FcγRs is required for ADI by anti-spike IgG. The observed FcγR-
dependent overactivation of human alveolar macrophages, which generally have a wound-healing M2 
phenotype, is in line with the general concept that the effect of ADI is most pronounced in immune 
cells that have a tolerogenic or anti-inflammatory phenotype, such as synovial M2 macrophages12 or 
intestinal CD103+ dendritic cells45. Although we focused on alveolar macrophages in this study, FcγRII 
and FcγRIII are also expressed by various other myeloid immune cells that are found in the inflamed 
lungs of patients with severe COVID-19, such as monocytes and neutrophils3,46. Overactivation of 
neutrophils by COVID-19 patient plasma can also be inhibited by fostamatinib47. In addition, the high 
degree of aberrantly glycosylated anti-spike IgG could also contribute to pathology by activating 
nonimmune cells. For example, airway epithelial cells express FcγRIII, are one of the main target cells 
of infection by SARS-CoV-2, closely interact with activated macrophages48, and are a major source of 
IL-649. In addition, anti-spike IgG may activate platelets through FcγRIIa50,51, which would provide a 
direct way of platelet activation in addition to the indirect activation by macrophages and pulmonary 
endothelium that we observed in this study, thereby further promoting microvascular thrombosis. 
 
It is still unclear how severe SARS-CoV-2 infections lead to the generation of IgG antibodies with 
aberrant glycosylation. Regarding the total amount of IgG in circulation, changes in glycosylation are 
associated with age and sex, which results in slightly decreased IgG fucosylation with age52,53. 
However, in severely ill patients with COVID-19, it is specifically the anti-spike IgG that shows lower 
fucosylation. Although production of afucosylated IgG seems to be a general mechanism in response 
to enveloped viruses28, it is unclear why afucosylation is more pronounced in patients with COVID-19 
who develop severe disease as compared to mild disease. The quick normalization of glycosylation of 
anti-spike IgG after seroconversion hints toward the aberrant activation of B cells that are responsible 
for the first wave of anti–SARS-CoV-2 antibodies, mostly likely the short-lived plasmablasts. Critically 
ill COVID-19 patients are characterized by extrafollicular B cell activation, which coincides with early 
production and high concentrations of SARS-CoV-2–specific neutralizing antibodies54. The molecular 
processes that underlie the production of IgG with aberrant glycosylation in these cells are still unclear 
but could be related to increased endoplasmic reticulum stress or different expression of proteins 
such as Jagunal homolog 155. For future studies, it would be very interesting to study how risk factors 
of severe COVID-19 (such as age, obesity, and comorbidities) affect these glycosylation processes in B 
cells. In addition to IgG, the extrafollicular B cells also produce IgM and IgA54. Whether these isotypes 
are also aberrantly glycosylated in patients with severe COVID-19 is still unknown. However, in 
particular, antibodies of the IgA isotype can promote inflammation depending on the glycosylation 
profile56. On top of this, IgG subclasses (IgG1 to IgG4) could also play a role in both the amplitude and 
the kinetics of anti-spike–induced inflammatory responses57. For example, IgG3 is typically the first 
IgG subclass to be produced in response to viruses and generally shows a glycosylation pattern similar 
to IgG126,58. Last, cell-intrinsic differences in macrophages may also contribute to increased or 
decreased susceptibility of particular individuals to IgG glycosylation differences. This could be related 
to genetic polymorphisms, such as FCGR2A and FCGR3A single-nucleotide polymorphisms or 

  

downstream signaling molecules, but could also be related to epigenetic differences in macrophages 
or their precursors. 
 
A limitation of our current study is that we have not been able to perfectly match mild and severe 
COVID-19 patients in terms of age and several other parameters because of practical limitations. This 
study required serum from mild patients quickly after seroconversion, which is generally difficult to 
obtain because mildly ill patients with COVID-19 are not hospitalized (or even diagnosed) and 
therefore difficult to follow over time. Although, here, we were able to match for the most important 
parameter (day of onset), it will be relevant to additionally match for age, sex, body mass index, and 
comorbidities in future studies. In addition, it is not yet clear whether ADI is specific for severe SARS-
CoV-2 infection or whether it may also occur upon infection with other viruses. Although induction of 
afucosylated IgG may be a common trait of enveloped viruses28, excessive inflammation right after 
seroconversion appears to be a rare event for most viral infections in humans, with the exception of 
SARS-CoV-114. However, theoretically, ADI may still occur during other viral infections but in a less 
pronounced manner that does not lead to pathology. Last, it is important to realize that, although we 
specifically focused on ADI in this study, antibodies have additional effector functions that will be 
activated simultaneously in patients with COVID-19. Whereas overactivation of ADI leads to 
pathology, increased activation of ADCC or phagocytosis of infected cells by afucosylated IgG could 
simultaneously have beneficial effects such as increasing viral clearance. Therefore, in future work, it 
will be interesting to determine how afucosylation affects other antiviral IgG effector functions in 
patients with COVID-19. 
 
We here showed that the observed inflammatory response induced by anti-spike IgG from severe 
patients could be specifically counteracted by the Syk inhibitor R406, the active component of 
fostamatinib. Fostamatinib is an FDA- and EMA-approved drug that is currently used for the treatment 
of ITP37, which may facilitate repurposing for the treatment of patients with severe COVID-19. A study 
indicates that fostamatinib may also counteract acute lung injury by inhibiting Mucin-1 expression on 
epithelial cells, suggesting that fostamatinib may target multiple pathways simultaneously59. In 
addition to fostamatinib, other drugs that also interfere with FcγR activation could be efficacious to 
counteract anti-spike IgG–induced inflammation in patients with COVID-19. Previous studies already 
showed the beneficial effects of treatment with intravenous immunoglobulin, which can interfere 
with FcγR activation60. Alternatively, it could be interesting to target critical molecules in FcγR 
downstream signaling. For example, the Syk-dependent FcγR signaling pathway critically depends on 
the transcription factor IFN regulatory factor 5 (IRF5)17,36, which can be targeted using cell-penetrating 
peptides61. Furthermore, FcγR stimulation is known to induce metabolic reprogramming of human 
macrophages36, which is also observed in patients with COVID-1962, and therefore may provide 
additional targets for therapy. These findings may not only be valuable to find new ways to treat the 
most severely ill COVID-19 patients but may also have implications for the therapeutic use of 
convalescent serum, for which it may be wise to omit the afucosylated IgGs that are present in 
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severely ill patients. Similarly, for recombinant neutralizing antibodies, the composition of the Fc tail 
needs to be carefully considered, because extreme activation of Fc effector functions by afucosylation 
needs to be prevented, while at the same time, Fc effector functions should remain partially intact to 
provide optimal therapeutic protection63. Because ADI appears to lead to excessive inflammation 
upon infection with both SARS-CoV-114 and SARS-CoV-2 viruses, these findings may also be relevant 
in case of an emergence of a future outbreak with related coronaviruses. In conclusion, our data 
indicate a pathogenic role for anti–SARS-CoV-2 antibodies in patients who are severely ill with COVID-
19 caused by high titers and low fucosylation of anti-spike IgG. Moreover, we define therapeutically 
relevant approaches to suppress the induced cytokine release. These data thus warrant future 
investigations into the therapeutic potential of targeting this inflammatory mechanism in patients 
with COVID-19. 

 

Materials and Methods 

Study design 
The study was designed to investigate the effect of SARS-CoV-2 immune complexes on macrophage 
activation and clinically relevant in vitro parameters. We applied a human monocyte-derived 
macrophage model of IL-10–polarized macrophages, resembling human alveolar macrophages16. We 
verified these data in primary human macrophages obtained via BAL. In the studies, we analyzed sera 
from patients hospitalized at Amsterdam UMC ICUs (n = 27) and compared these to sera from ICU 
patients negative for SARS-CoV-2 (n = 2), sera from patients positive for SARS-CoV-2 but negative for 
IgG against spike protein (n = 4), and to the response induced by recombinant anti-spike IgG, COVA1-
1824. The patients with COVID-19 were included on the basis of serology (positive for anti-spike), 
except for the control COVID-19 patients in Figure 1D, who not only needed to have a positive 
quantitative polymerase chain reaction (qPCR) result but also had to be seronegative. No other 
selection criteria were used, and there were no outliers. For the comparison with mild patients, we 
worked with sera from patients who tested positive for SARS-CoV-2 but were not hospitalized (n = 
10). Mild patients’ sera were selected by matching gender and serum collection date as comparable 
as possible with the ICU sera. Smaller subsets of sera were used for selected experiments as described 
in the respective methods. Cytokine production assays were repeated at least in two donors. 
Investigators were not blinded for the patient status of the serum used. Samples were randomly 
assigned to positions in culture plates. 
 
Cells 
Buffy coats from healthy anonymous donors were acquired from the Sanquin blood supply in 
Amsterdam, The Netherlands. All the individuals provided written informed consent before donation 
to Sanquin. Monocytes were isolated from the buffy coats through density centrifugation using 
Lymphoprep (Axis-Shield) followed by human CD14 magnetic bead purification with the MACS cell 
separation columns (Miltenyi Biotec) as previously described (16). The resulting monocytes were 
seeded on tissue culture plates and subsequently differentiated to macrophages for 6 days in the 

  

presence of human M-CSF (50 ng/ml; Miltenyi Biotec) with Iscove’s modified Dulbecco’s medium 
(Lonza) containing 5% fetal bovine serum (FBS; Biowest) and gentamicin (86 μg/ml; Gibco). The 
medium was renewed on the third day. After a 6-day differentiation period, the medium was replaced 
by culture medium without M-CSF and supplemented with IL-10 (50 ng/ml; R&D Systems) for 24 hours 
to generate alveolar macrophage-like monocyte-derived macrophages. These macrophages were 
then detached with TrypLE Select (Gibco) for further treatment and stimulation. 
 
PAECs were obtained from resected pulmonary artery tissue, obtained from lobectomy surgery 
performed at Amsterdam UMC, and isolated according to the previously published protocol (35). 
Briefly, the endothelial cell layer was carefully scraped onto fibronectin-coated (5 μg/ml) culture 
dishes (Corning, #3295) and maintained in culture in endothelial cell medium (ECM; ScienCell, #1001) 
supplemented with 1% penicillin/streptomycin, 1% endothelial cell growth supplement (ECGS), 5% 
FBS, and 1% nonessential amino acids (NEAA; Biowest, #X055-100). Cells were grown until passages 4 
to 6 for experiments. 
 
Primary macrophages were prepared from BAL fluid that was obtained as spare material from the 
ongoing DIVA study (Netherlands Trial Register: NL6318; AMC Medical Ethical Committee approval 
number: 2014_294). The DIVA study includes healthy male volunteers aged 18 to 35. In this study, the 
individuals are given lipopolysaccharide (LPS) intravenously and, 2 hours later, a dose of either fresh 
or aged platelet concentrate or 0.9% NaCl intravenously. Six hours after the platelet or NaCl 
treatment, a BAL was performed by a trained pulmonologist according to national guidelines. 
Fractions 2 to 8 were pooled and split in two, one-half is centrifuged (4°C, 1750g, 10 min), the cell 
pellet of which was used in this research. Because of the COVID-19 pandemic, individuals are also 
screened for SARS-CoV-2 via throat swab PCR 2 days before the BAL. All individuals in the DIVA study 
have signed an informed consent form. The frequency of macrophages (80 to 85%) in the BAL was 
determined by counting the cells that did not adhere to the plate after 30 min at 37°C. For our 
experiments, complete cell pellets were stimulated. 
 
Coating 
To mimic spike protein–specific immune complexes, soluble prefusion-stabilized spike proteins of 
SARS-CoV-2 (2 μg/ml) were coated overnight on a 96-well high-affinity plate (Nunc). Plates were 
blocked with 10% fetal calf serum (FCS) in phosphate-buffered saline (PBS) for 1 hour at 37°C. Then, 
diluted serum or 2 μg/ml of anti–SARS-CoV-2 monoclonal antibodies or purified IgG was added and 
incubated for 1 hour at 37°C. The spike and anti–SARS-CoV-2 monoclonal antibody COVA1-18 were 
generated as described previously24. When using anti-D glyco-variants, soluble antibodies (2 μg/ml) 
were coated overnight on a 96-well high-affinity plate (Nunc), and plates were blocked afterward with 
10% FCS in PBS for 1 hour at 37°C. Patient sera were provided by the Amsterdam UMC COVID-19 
Biobank based on a deferred consent procedure for the usage of materials and clinical information 
for research purposes, approved by the medical ethics committees of Amsterdam UMC. Patients with 
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severely ill patients. Similarly, for recombinant neutralizing antibodies, the composition of the Fc tail 
needs to be carefully considered, because extreme activation of Fc effector functions by afucosylation 
needs to be prevented, while at the same time, Fc effector functions should remain partially intact to 
provide optimal therapeutic protection63. Because ADI appears to lead to excessive inflammation 
upon infection with both SARS-CoV-114 and SARS-CoV-2 viruses, these findings may also be relevant 
in case of an emergence of a future outbreak with related coronaviruses. In conclusion, our data 
indicate a pathogenic role for anti–SARS-CoV-2 antibodies in patients who are severely ill with COVID-
19 caused by high titers and low fucosylation of anti-spike IgG. Moreover, we define therapeutically 
relevant approaches to suppress the induced cytokine release. These data thus warrant future 
investigations into the therapeutic potential of targeting this inflammatory mechanism in patients 
with COVID-19. 

 

Materials and Methods 

Study design 
The study was designed to investigate the effect of SARS-CoV-2 immune complexes on macrophage 
activation and clinically relevant in vitro parameters. We applied a human monocyte-derived 
macrophage model of IL-10–polarized macrophages, resembling human alveolar macrophages16. We 
verified these data in primary human macrophages obtained via BAL. In the studies, we analyzed sera 
from patients hospitalized at Amsterdam UMC ICUs (n = 27) and compared these to sera from ICU 
patients negative for SARS-CoV-2 (n = 2), sera from patients positive for SARS-CoV-2 but negative for 
IgG against spike protein (n = 4), and to the response induced by recombinant anti-spike IgG, COVA1-
1824. The patients with COVID-19 were included on the basis of serology (positive for anti-spike), 
except for the control COVID-19 patients in Figure 1D, who not only needed to have a positive 
quantitative polymerase chain reaction (qPCR) result but also had to be seronegative. No other 
selection criteria were used, and there were no outliers. For the comparison with mild patients, we 
worked with sera from patients who tested positive for SARS-CoV-2 but were not hospitalized (n = 
10). Mild patients’ sera were selected by matching gender and serum collection date as comparable 
as possible with the ICU sera. Smaller subsets of sera were used for selected experiments as described 
in the respective methods. Cytokine production assays were repeated at least in two donors. 
Investigators were not blinded for the patient status of the serum used. Samples were randomly 
assigned to positions in culture plates. 
 
Cells 
Buffy coats from healthy anonymous donors were acquired from the Sanquin blood supply in 
Amsterdam, The Netherlands. All the individuals provided written informed consent before donation 
to Sanquin. Monocytes were isolated from the buffy coats through density centrifugation using 
Lymphoprep (Axis-Shield) followed by human CD14 magnetic bead purification with the MACS cell 
separation columns (Miltenyi Biotec) as previously described (16). The resulting monocytes were 
seeded on tissue culture plates and subsequently differentiated to macrophages for 6 days in the 

  

presence of human M-CSF (50 ng/ml; Miltenyi Biotec) with Iscove’s modified Dulbecco’s medium 
(Lonza) containing 5% fetal bovine serum (FBS; Biowest) and gentamicin (86 μg/ml; Gibco). The 
medium was renewed on the third day. After a 6-day differentiation period, the medium was replaced 
by culture medium without M-CSF and supplemented with IL-10 (50 ng/ml; R&D Systems) for 24 hours 
to generate alveolar macrophage-like monocyte-derived macrophages. These macrophages were 
then detached with TrypLE Select (Gibco) for further treatment and stimulation. 
 
PAECs were obtained from resected pulmonary artery tissue, obtained from lobectomy surgery 
performed at Amsterdam UMC, and isolated according to the previously published protocol (35). 
Briefly, the endothelial cell layer was carefully scraped onto fibronectin-coated (5 μg/ml) culture 
dishes (Corning, #3295) and maintained in culture in endothelial cell medium (ECM; ScienCell, #1001) 
supplemented with 1% penicillin/streptomycin, 1% endothelial cell growth supplement (ECGS), 5% 
FBS, and 1% nonessential amino acids (NEAA; Biowest, #X055-100). Cells were grown until passages 4 
to 6 for experiments. 
 
Primary macrophages were prepared from BAL fluid that was obtained as spare material from the 
ongoing DIVA study (Netherlands Trial Register: NL6318; AMC Medical Ethical Committee approval 
number: 2014_294). The DIVA study includes healthy male volunteers aged 18 to 35. In this study, the 
individuals are given lipopolysaccharide (LPS) intravenously and, 2 hours later, a dose of either fresh 
or aged platelet concentrate or 0.9% NaCl intravenously. Six hours after the platelet or NaCl 
treatment, a BAL was performed by a trained pulmonologist according to national guidelines. 
Fractions 2 to 8 were pooled and split in two, one-half is centrifuged (4°C, 1750g, 10 min), the cell 
pellet of which was used in this research. Because of the COVID-19 pandemic, individuals are also 
screened for SARS-CoV-2 via throat swab PCR 2 days before the BAL. All individuals in the DIVA study 
have signed an informed consent form. The frequency of macrophages (80 to 85%) in the BAL was 
determined by counting the cells that did not adhere to the plate after 30 min at 37°C. For our 
experiments, complete cell pellets were stimulated. 
 
Coating 
To mimic spike protein–specific immune complexes, soluble prefusion-stabilized spike proteins of 
SARS-CoV-2 (2 μg/ml) were coated overnight on a 96-well high-affinity plate (Nunc). Plates were 
blocked with 10% fetal calf serum (FCS) in phosphate-buffered saline (PBS) for 1 hour at 37°C. Then, 
diluted serum or 2 μg/ml of anti–SARS-CoV-2 monoclonal antibodies or purified IgG was added and 
incubated for 1 hour at 37°C. The spike and anti–SARS-CoV-2 monoclonal antibody COVA1-18 were 
generated as described previously24. When using anti-D glyco-variants, soluble antibodies (2 μg/ml) 
were coated overnight on a 96-well high-affinity plate (Nunc), and plates were blocked afterward with 
10% FCS in PBS for 1 hour at 37°C. Patient sera were provided by the Amsterdam UMC COVID-19 
Biobank based on a deferred consent procedure for the usage of materials and clinical information 
for research purposes, approved by the medical ethics committees of Amsterdam UMC. Patients with 
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COVID-19 were included on the basis of serology (positive for anti-spike), except for the control 
COVID-19 patients in Figure 1D, who not only needed to have a positive qPCR result but also had to 
be seronegative. Patients with severe COVID-19 were defined as hospitalized at the ICU, whereas mild 
patients were defined as symptomatic but not hospitalized. 
 
The anti-D glyco-variant antibodies were made as previously described64.The specific glyco-
engineered antibodies were made from the potent SARS-CoV-2 neutralizing antibody COVA1-18 
produced in 293F cells as previously described24. Glyco-engineering tools were used to alter N-linked 
glycosylation of the N297 glycan in the Fc domain and thereby generated several COVA1-18 
glycoforms65. To decrease fucosylation of the N-linked glycan, 0.2 mM of the decoy substrate for 
fucosylation, 2-deoxy-2-fluoro-L-fucose (2FF) (Carbosynth, MD06089), was added 1 hour before 
transfection. To produce a COVA1-18 variant with elevated galactosylation, 293F cells were 
cotransfected (1% of total DNA) with a plasmid expressing β-1,4-galactosyltransferase 1 (B4GALT1). 
In addition, 5 mM D-galactose was added 1 hour before transfection. Antibodies were purified with 
protein G affinity chromatography as previously described24 and stored in PBS at 4°C. To determine 
the glycosylation of COVA1-18, aliquots of the monoclonal antibody samples (5 μg) were subjected to 
acid denaturation (100 mM formic acid, 5 min), followed by vacuum centrifugation. Subsequently, 
samples were trypsinized, and Fc glycopeptides were measured as described previously28. Relative 
abundances of Fc glycopeptides were determined, and amounts of bisection, fucosylation, 
galactosylation, and sialylation were determined as described before28. 
 
Total IgG from individual donors was purified from about 10 μl of serum diluted in PBS using the 
AssayMAP Bravo platform (Agilent Technologies) with protein G–coupled cartridges as described 
elsewhere28. Samples were eluted into neutralization buffer (214 mM tris and 22 mM sodium 
phosphate buffer) to obtain neutral pH. Concentrations of purified IgG were determined by 
absorbance at 280 nm (NanoDrop, Thermo Fisher Scientific). 
 
Titer determination 
Total IgG to RBD was measured as described previously (66), using RBD proteins as described by 
Vogelzang et al67. In short, MaxiSorp plates were coated with RBD (1.0 μg/ml) in PBS overnight. After 
washing, samples were diluted 10,800-fold in PBS supplemented with 0.02% polysorbate 20 and 0.3% 
gelatin (PTG) and incubated for 1 hour at room temperature. After washing, horseradish peroxidase 
(HRP)–conjugated monoclonal mouse anti-human IgG (0.5 μg/ml; MH16, Sanquin) was added for 1 
hour at room temperature, diluted in PTG. Afterward, enzymatic conversion of the 
tetramethylbenzidine substrate was used to evaluate antibody binding by measuring the difference 
in absorbance at 450 and 540 nm. Antibody binding was quantified using a serially diluted calibrator 
consisting of pooled convalescent plasma that was included on each plate. This calibrator was 
arbitrarily assigned a value of 100 arbitrary units (AU)/ml. Results are expressed as arbitrary units per 
milliliter and represent a semiquantitative measure of the concentrations of IgG antibodies. 

  

 
Stimulation 
Macrophages (50,000 per well) were stimulated in precoated plates as described above in 
combination with poly(I:C) (20 μg/ml; Sigma-Aldrich), LPS (100 ng/ml; from Escherichia coli o111:B4, 
Sigma-Aldrich), CL097 (5 μg/ml; InvivoGen), R848 (100 ng/ml; Sigma-Aldrich), or Pam3CSK (10 μg/ml; 
InvivoGen). To block Syk, cells were preincubated with 0.5 μM R406 (Selleckchem) or dimethyl 
sulfoxide (Sigma-Aldrich) as a control, for 30 min at 37°C. To block the different FcRs, cells were 
preincubated with 20 μg/ml of the antibodies anti-FcyRI (CD64; 10.1; BD Biosciences), anti-FcyRIIa 
(CD32a; IV.3; STEMCELL Technologies), anti-FcyRIII (CD16; 3G8; BD Biosciences), and anti-FcαRI (CD89; 
MIP8a; Abcam) for 30 min at 4°C. Then, media was added to a final antibody concentration of 5 μg/ml. 
 
Virus and HEK293F opsonization 
To mimic opsonized SARS-CoV-2 or infected cells, SARS-CoV-2 pseudovirus or SARS-CoV-2 spike–
expressing human embryonic kidney (HEK) 293F cells were generated. Transient transfection of 
HEK293F cells with SARS-2 spike was performed as previously described24. To obtain spike surface 
expression, 62.5 ml of HEK293F cells (at a density of 1 × 106/ml) was transfected with 20 μg of SARS-
CoV-2 full-length spike plasmid DNA and 60 μg of PEI MAX. After 60 to 72 hours, cells were harvested 
and preincubated with COVA1-18. Then, HEK293F cells were washed three times and added to the 
macrophages at a 1:1 ratio in combination with or without poly(I:C). After 24 hours, supernatant was 
harvested, and cytokine production was assessed with enzyme-linked immunosorbent assay (ELISA). 
To produce a SARS-CoV-2 S–pseudo-typed HIV-1 virus, a SARS-CoV-2 spike expression plasmid was 
cotransfected in HEK293T cells (American Type Culture Collection, CRL-11268) with an HIV backbone 
expressing firefly luciferase (pNL4-3.Luc.R-E-) as previously described24. After 3 days, culture 
supernatants were harvested and stored at −80°C. To quantify pseudovirus production and determine 
the viral input for the macrophage activation assay, a capsid p24 antigen ELISA was performed68. 
Monocyte-derived macrophages were incubated in 96-well flat-bottom plates at 37°C with SARS-CoV-
2 pseudo-typed particles (an equivalent of 0.2 ng of CA p24 antigen) in the presence or absence of 
poly(I:C) (20 μg/ml; Sigma-Aldrich) and COVA1-18 antibody (0.4 ng/ml). After 24 hours, supernatant 
was harvested, and cytokine production was assessed by ELISA. 
 
Endothelial barrier function 
PAEC passage 4 to 6 cells were seeded 1:1 in 0.1% gelatin-coated 8-well (8W10E) or 96-well (96W10idf 
PET) ibidi culture slides for electrical cell-substrate impedance sensing, as previously described34. Cells 
were maintained in culture in ECM (ScienCell, #1001) supplemented with 1% penicillin/streptomycin, 
1% ECGS, 5% FBS, and 1% NEAA (Biowest, #X055-100), with medium change every other day. From 
seeding onward, electrical impedance was measured at 4000 Hz every 5 min. Cells were grown to 
confluence, and after 72 hours, ECM medium was removed and replaced by the supernatant of 
alveolar macrophage–like monocyte-derived macrophages stimulated for 6 hours as described above 
with poly(I:C) or in combination with patient serum. Within every experiment, triplicate 
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COVID-19 were included on the basis of serology (positive for anti-spike), except for the control 
COVID-19 patients in Figure 1D, who not only needed to have a positive qPCR result but also had to 
be seronegative. Patients with severe COVID-19 were defined as hospitalized at the ICU, whereas mild 
patients were defined as symptomatic but not hospitalized. 
 
The anti-D glyco-variant antibodies were made as previously described64.The specific glyco-
engineered antibodies were made from the potent SARS-CoV-2 neutralizing antibody COVA1-18 
produced in 293F cells as previously described24. Glyco-engineering tools were used to alter N-linked 
glycosylation of the N297 glycan in the Fc domain and thereby generated several COVA1-18 
glycoforms65. To decrease fucosylation of the N-linked glycan, 0.2 mM of the decoy substrate for 
fucosylation, 2-deoxy-2-fluoro-L-fucose (2FF) (Carbosynth, MD06089), was added 1 hour before 
transfection. To produce a COVA1-18 variant with elevated galactosylation, 293F cells were 
cotransfected (1% of total DNA) with a plasmid expressing β-1,4-galactosyltransferase 1 (B4GALT1). 
In addition, 5 mM D-galactose was added 1 hour before transfection. Antibodies were purified with 
protein G affinity chromatography as previously described24 and stored in PBS at 4°C. To determine 
the glycosylation of COVA1-18, aliquots of the monoclonal antibody samples (5 μg) were subjected to 
acid denaturation (100 mM formic acid, 5 min), followed by vacuum centrifugation. Subsequently, 
samples were trypsinized, and Fc glycopeptides were measured as described previously28. Relative 
abundances of Fc glycopeptides were determined, and amounts of bisection, fucosylation, 
galactosylation, and sialylation were determined as described before28. 
 
Total IgG from individual donors was purified from about 10 μl of serum diluted in PBS using the 
AssayMAP Bravo platform (Agilent Technologies) with protein G–coupled cartridges as described 
elsewhere28. Samples were eluted into neutralization buffer (214 mM tris and 22 mM sodium 
phosphate buffer) to obtain neutral pH. Concentrations of purified IgG were determined by 
absorbance at 280 nm (NanoDrop, Thermo Fisher Scientific). 
 
Titer determination 
Total IgG to RBD was measured as described previously (66), using RBD proteins as described by 
Vogelzang et al67. In short, MaxiSorp plates were coated with RBD (1.0 μg/ml) in PBS overnight. After 
washing, samples were diluted 10,800-fold in PBS supplemented with 0.02% polysorbate 20 and 0.3% 
gelatin (PTG) and incubated for 1 hour at room temperature. After washing, horseradish peroxidase 
(HRP)–conjugated monoclonal mouse anti-human IgG (0.5 μg/ml; MH16, Sanquin) was added for 1 
hour at room temperature, diluted in PTG. Afterward, enzymatic conversion of the 
tetramethylbenzidine substrate was used to evaluate antibody binding by measuring the difference 
in absorbance at 450 and 540 nm. Antibody binding was quantified using a serially diluted calibrator 
consisting of pooled convalescent plasma that was included on each plate. This calibrator was 
arbitrarily assigned a value of 100 arbitrary units (AU)/ml. Results are expressed as arbitrary units per 
milliliter and represent a semiquantitative measure of the concentrations of IgG antibodies. 
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Macrophages (50,000 per well) were stimulated in precoated plates as described above in 
combination with poly(I:C) (20 μg/ml; Sigma-Aldrich), LPS (100 ng/ml; from Escherichia coli o111:B4, 
Sigma-Aldrich), CL097 (5 μg/ml; InvivoGen), R848 (100 ng/ml; Sigma-Aldrich), or Pam3CSK (10 μg/ml; 
InvivoGen). To block Syk, cells were preincubated with 0.5 μM R406 (Selleckchem) or dimethyl 
sulfoxide (Sigma-Aldrich) as a control, for 30 min at 37°C. To block the different FcRs, cells were 
preincubated with 20 μg/ml of the antibodies anti-FcyRI (CD64; 10.1; BD Biosciences), anti-FcyRIIa 
(CD32a; IV.3; STEMCELL Technologies), anti-FcyRIII (CD16; 3G8; BD Biosciences), and anti-FcαRI (CD89; 
MIP8a; Abcam) for 30 min at 4°C. Then, media was added to a final antibody concentration of 5 μg/ml. 
 
Virus and HEK293F opsonization 
To mimic opsonized SARS-CoV-2 or infected cells, SARS-CoV-2 pseudovirus or SARS-CoV-2 spike–
expressing human embryonic kidney (HEK) 293F cells were generated. Transient transfection of 
HEK293F cells with SARS-2 spike was performed as previously described24. To obtain spike surface 
expression, 62.5 ml of HEK293F cells (at a density of 1 × 106/ml) was transfected with 20 μg of SARS-
CoV-2 full-length spike plasmid DNA and 60 μg of PEI MAX. After 60 to 72 hours, cells were harvested 
and preincubated with COVA1-18. Then, HEK293F cells were washed three times and added to the 
macrophages at a 1:1 ratio in combination with or without poly(I:C). After 24 hours, supernatant was 
harvested, and cytokine production was assessed with enzyme-linked immunosorbent assay (ELISA). 
To produce a SARS-CoV-2 S–pseudo-typed HIV-1 virus, a SARS-CoV-2 spike expression plasmid was 
cotransfected in HEK293T cells (American Type Culture Collection, CRL-11268) with an HIV backbone 
expressing firefly luciferase (pNL4-3.Luc.R-E-) as previously described24. After 3 days, culture 
supernatants were harvested and stored at −80°C. To quantify pseudovirus production and determine 
the viral input for the macrophage activation assay, a capsid p24 antigen ELISA was performed68. 
Monocyte-derived macrophages were incubated in 96-well flat-bottom plates at 37°C with SARS-CoV-
2 pseudo-typed particles (an equivalent of 0.2 ng of CA p24 antigen) in the presence or absence of 
poly(I:C) (20 μg/ml; Sigma-Aldrich) and COVA1-18 antibody (0.4 ng/ml). After 24 hours, supernatant 
was harvested, and cytokine production was assessed by ELISA. 
 
Endothelial barrier function 
PAEC passage 4 to 6 cells were seeded 1:1 in 0.1% gelatin-coated 8-well (8W10E) or 96-well (96W10idf 
PET) ibidi culture slides for electrical cell-substrate impedance sensing, as previously described34. Cells 
were maintained in culture in ECM (ScienCell, #1001) supplemented with 1% penicillin/streptomycin, 
1% ECGS, 5% FBS, and 1% NEAA (Biowest, #X055-100), with medium change every other day. From 
seeding onward, electrical impedance was measured at 4000 Hz every 5 min. Cells were grown to 
confluence, and after 72 hours, ECM medium was removed and replaced by the supernatant of 
alveolar macrophage–like monocyte-derived macrophages stimulated for 6 hours as described above 
with poly(I:C) or in combination with patient serum. Within every experiment, triplicate 



Chapter  7170

7

  

measurements were performed for each condition. For every experiment, PAECs and macrophages 
obtained from different donors were used. 
 
Platelet adhesion on PAEC under flow 
PAECs were seeded in 0.1% gelatin-coated μ-Slide VI 0.4 ibiTreat flow slides (ibidi, #80606) and 
cultured for 7 days. PAECs were preincubated for 24 hours with the supernatant of alveolar 
macrophage–like monocyte-derived macrophages stimulated for 6 hours as described above with 
poly(I:C) or in combination with patient serum before flow experiments were performed. On the day 
of perfusion, citrated blood was collected from healthy volunteers, and platelets were isolated as 
previously described69. Platelets were perfused for 5 min, and phase-contrast and fluorescent images 
were taken with an Etaluma LS720 microscope using a 20× phase-contrast objective. Platelet adhesion 
was quantified in ImageJ by determining the area covered by platelets per field of view. 
 
Enzyme-linked immunosorbent assay 
To determine cytokine production, supernatants were harvested after 24 hours of stimulation, and 
cytokines were detected using the following antibody pairs: IL-1β and IL-6 (U-CyTech Biosciences), 
TNF (eBioscience), and IL-8 (Invitrogen). Concentration of (anti-spike) antibodies present in patient 
serum was determined as described before28. 
Flow supernatant was collected after perfusion, and von Willebrand factor concentrations were 
measured with ELISA. A 96-well high-affinity ELISA plate was coated with polyclonal anti–von 
Willebrand factor (1:1000; Dako, #A0082) and blocked with 2% bovine serum albumin. Samples were 
loaded, and bound von Willebrand factor was detected with HRP-conjugated rabbit polyclonal anti–
von Willebrand factor (1:2500; Dako, #A0082). Normal plasma with a stock concentration of 50 nM 
von Willebrand factor (gifted from Sanquin) was used as a standard for determination of 
concentration, measured at 450 and 540 nm. 
 
Quantitative polymerase chain reaction 
Total RNA was isolated with the RNeasy Mini Kit (Qiagen) and RNase-Free DNase Set (Qiagen) as per 
the manufacturer’s protocol. RNA was then converted to complementary DNA (cDNA) with iScript 
(Life Technologies). qPCR was performed with SYBR Green Fast on a ViiA7 PCR machine (Applied 
Biosystems). All genes were normalized to the mean of the relative expression values of two 
housekeeping genes, HPRT1 and RACK1. Primers used are as follows: IL6 (hsIL6-FW, 
GAGTAGTGAGGAACAAGCCAG; hsIL6-RV, TTGTCATGTCCTGCAGCC); IL8 (CXCL8) (hsIL8-FW, 
ATACTCCAAACCTTTCCACC; hsIL8-RV, TCCAGACAGAGCTCTCTTCC); TNF (hsTNFa-FW, 
GGCGTGGAGCTGAGAGAT; hsTNFa-RV, TGGTAGGAGACGGCGATG); CXCL10 (hsCXCL10-FW, 
GAAAGCAGTTAGCAAGGAAAGGT; hsCXCL10-RV, GACATATACTCCATGTAGGGAAGTGA); HPRT1 
(hsHPRT1_FW, GACCAGTCAACAGGGGACAT; hsHPRT1_RV, AACACTTCGTGGGGTCCTTTTC); RACK1 
(hsRACK1_FW, GAGTGTGGCCTTCTCCTCTG; hsRACK1_RV, GCTTGCAGTTAGCCAGGTTC); CD163 

  

(hsCD163_FW, AGTCCCAAACACTGTCCTCG; hsCD163_RV, GGCGAAGTTGACCACTCTCTAT); CD209 
(hsCD209_FW, AATGGCTGGAACGACGACAAA; hsCD209_RV, CAGGAGGCTGCGGACTTTTT). 
 
Meso Scale Discovery multiplex assay 
V-PLEX Custom Human Cytokine 10-plex kits for Proinflammatory Panel 1 and Chemokine Panel 1 
(K151A0H-2, for IL-1β, IL-6, IL-8, IL-10, TNF, CCL2, and CXCL10) and U-PLEX human Interferon Combo 
SECTOR (K15094K-2, for IFN-α2a, IFN-β, IFN-γ, and IFN-λ1) were purchased from Meso Scale Discovery 
(MSD). The lyophilized cocktail mix calibrators for Proinflammatory Panel 1 and Chemokine Panel 1 
and four calibrators for U-PLEX Biomarker Group 1 (calibrators 1, 3, 6, and 9) were reconstituted in 
provided assay diluents, respectively. U-PLEX plates were coated with supplied linkers and 
biotinylated capture antibodies according to the manufacturer’s instructions. Proinflammatory 
cytokines and chemokines in supernatant collected at 24 hours after stimulation were detected with 
precoated V-PLEX, and IFNs in the 6-hour supernatant were measured by coated U-PLEX plates. The 
assays were performed according to the manufacturer’s protocol with overnight incubation of the 
diluted samples and standards at 4°C. The electrochemiluminescence signal was detected by a MESO 
QuickPlex SQ 120 plate reader (MSD) and analyzed with Discovery Workbench Software (v4.0, MSD). 
The concentration of each sample was calculated on the basis of the four-parameter logistic fitting 
model generated with the standards (concentration was determined according to the certificate of 
analysis provided by MSD). Log10 values of the measured concentrations of IL-1β, IL-6, IL-8, IL-10, TNF, 
IFN-β, IFN-γ, and CXCL10 were used for the principal component analysis. Log10 IgG titers [half-
maximal effective concentration (EC50)] were used for the color overlay. 
 
RNA sequencing 
Cells were stimulated as described above and lysed after 6 hours. Total RNA was isolated with the 
RNeasy Mini Kit (Qiagen) and RNase-Free DNase Set (Qiagen) as per the manufacturer’s protocol. 
cDNA libraries were prepared using the standard protocol of KAPA mRNA HyperPrep Kits (Roche) with 
input of 300 ng of RNA per sample. Size-selected cDNA libraries were pooled and sequenced on a 
HiSeq 4000 sequencer (Illumina) to a depth of 16 to 20 M per sample according to the 50–base pair 
single-end protocol at the Amsterdam UMC, location Vrije Universiteit Medical Center. Raw FASTQ 
files were aligned to the human genome GRCh38 by STAR (v2.5.2b) with default settings70. Indexed 
binary alignment map files were generated and filtered on MAPQ>15 with SAMTools (v1.3.1)71. Raw 
tag counts and reads per kilobase million (RPKM) per gene were calculated using HOMER2’s 
analyzeRepeats.pl script with default settings and the -noadj or -rpkm options for raw counts and 
RPKM reporting72 for further analyses. 
 
Flow cytometry 
After detachment, macrophages were stained with antibodies against FcγRs: FcγRI (CD64, catalog no. 
305014, BioLegend), FcγRII (CD32, catalog no. 555448, BD Biosciences), and FcγRIII (CD16, catalog no. 
562293, BD Biosciences). Fluorescence was measured with the CytoFLEX flow cytometer and analyzed 
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measurements were performed for each condition. For every experiment, PAECs and macrophages 
obtained from different donors were used. 
 
Platelet adhesion on PAEC under flow 
PAECs were seeded in 0.1% gelatin-coated μ-Slide VI 0.4 ibiTreat flow slides (ibidi, #80606) and 
cultured for 7 days. PAECs were preincubated for 24 hours with the supernatant of alveolar 
macrophage–like monocyte-derived macrophages stimulated for 6 hours as described above with 
poly(I:C) or in combination with patient serum before flow experiments were performed. On the day 
of perfusion, citrated blood was collected from healthy volunteers, and platelets were isolated as 
previously described69. Platelets were perfused for 5 min, and phase-contrast and fluorescent images 
were taken with an Etaluma LS720 microscope using a 20× phase-contrast objective. Platelet adhesion 
was quantified in ImageJ by determining the area covered by platelets per field of view. 
 
Enzyme-linked immunosorbent assay 
To determine cytokine production, supernatants were harvested after 24 hours of stimulation, and 
cytokines were detected using the following antibody pairs: IL-1β and IL-6 (U-CyTech Biosciences), 
TNF (eBioscience), and IL-8 (Invitrogen). Concentration of (anti-spike) antibodies present in patient 
serum was determined as described before28. 
Flow supernatant was collected after perfusion, and von Willebrand factor concentrations were 
measured with ELISA. A 96-well high-affinity ELISA plate was coated with polyclonal anti–von 
Willebrand factor (1:1000; Dako, #A0082) and blocked with 2% bovine serum albumin. Samples were 
loaded, and bound von Willebrand factor was detected with HRP-conjugated rabbit polyclonal anti–
von Willebrand factor (1:2500; Dako, #A0082). Normal plasma with a stock concentration of 50 nM 
von Willebrand factor (gifted from Sanquin) was used as a standard for determination of 
concentration, measured at 450 and 540 nm. 
 
Quantitative polymerase chain reaction 
Total RNA was isolated with the RNeasy Mini Kit (Qiagen) and RNase-Free DNase Set (Qiagen) as per 
the manufacturer’s protocol. RNA was then converted to complementary DNA (cDNA) with iScript 
(Life Technologies). qPCR was performed with SYBR Green Fast on a ViiA7 PCR machine (Applied 
Biosystems). All genes were normalized to the mean of the relative expression values of two 
housekeeping genes, HPRT1 and RACK1. Primers used are as follows: IL6 (hsIL6-FW, 
GAGTAGTGAGGAACAAGCCAG; hsIL6-RV, TTGTCATGTCCTGCAGCC); IL8 (CXCL8) (hsIL8-FW, 
ATACTCCAAACCTTTCCACC; hsIL8-RV, TCCAGACAGAGCTCTCTTCC); TNF (hsTNFa-FW, 
GGCGTGGAGCTGAGAGAT; hsTNFa-RV, TGGTAGGAGACGGCGATG); CXCL10 (hsCXCL10-FW, 
GAAAGCAGTTAGCAAGGAAAGGT; hsCXCL10-RV, GACATATACTCCATGTAGGGAAGTGA); HPRT1 
(hsHPRT1_FW, GACCAGTCAACAGGGGACAT; hsHPRT1_RV, AACACTTCGTGGGGTCCTTTTC); RACK1 
(hsRACK1_FW, GAGTGTGGCCTTCTCCTCTG; hsRACK1_RV, GCTTGCAGTTAGCCAGGTTC); CD163 

  

(hsCD163_FW, AGTCCCAAACACTGTCCTCG; hsCD163_RV, GGCGAAGTTGACCACTCTCTAT); CD209 
(hsCD209_FW, AATGGCTGGAACGACGACAAA; hsCD209_RV, CAGGAGGCTGCGGACTTTTT). 
 
Meso Scale Discovery multiplex assay 
V-PLEX Custom Human Cytokine 10-plex kits for Proinflammatory Panel 1 and Chemokine Panel 1 
(K151A0H-2, for IL-1β, IL-6, IL-8, IL-10, TNF, CCL2, and CXCL10) and U-PLEX human Interferon Combo 
SECTOR (K15094K-2, for IFN-α2a, IFN-β, IFN-γ, and IFN-λ1) were purchased from Meso Scale Discovery 
(MSD). The lyophilized cocktail mix calibrators for Proinflammatory Panel 1 and Chemokine Panel 1 
and four calibrators for U-PLEX Biomarker Group 1 (calibrators 1, 3, 6, and 9) were reconstituted in 
provided assay diluents, respectively. U-PLEX plates were coated with supplied linkers and 
biotinylated capture antibodies according to the manufacturer’s instructions. Proinflammatory 
cytokines and chemokines in supernatant collected at 24 hours after stimulation were detected with 
precoated V-PLEX, and IFNs in the 6-hour supernatant were measured by coated U-PLEX plates. The 
assays were performed according to the manufacturer’s protocol with overnight incubation of the 
diluted samples and standards at 4°C. The electrochemiluminescence signal was detected by a MESO 
QuickPlex SQ 120 plate reader (MSD) and analyzed with Discovery Workbench Software (v4.0, MSD). 
The concentration of each sample was calculated on the basis of the four-parameter logistic fitting 
model generated with the standards (concentration was determined according to the certificate of 
analysis provided by MSD). Log10 values of the measured concentrations of IL-1β, IL-6, IL-8, IL-10, TNF, 
IFN-β, IFN-γ, and CXCL10 were used for the principal component analysis. Log10 IgG titers [half-
maximal effective concentration (EC50)] were used for the color overlay. 
 
RNA sequencing 
Cells were stimulated as described above and lysed after 6 hours. Total RNA was isolated with the 
RNeasy Mini Kit (Qiagen) and RNase-Free DNase Set (Qiagen) as per the manufacturer’s protocol. 
cDNA libraries were prepared using the standard protocol of KAPA mRNA HyperPrep Kits (Roche) with 
input of 300 ng of RNA per sample. Size-selected cDNA libraries were pooled and sequenced on a 
HiSeq 4000 sequencer (Illumina) to a depth of 16 to 20 M per sample according to the 50–base pair 
single-end protocol at the Amsterdam UMC, location Vrije Universiteit Medical Center. Raw FASTQ 
files were aligned to the human genome GRCh38 by STAR (v2.5.2b) with default settings70. Indexed 
binary alignment map files were generated and filtered on MAPQ>15 with SAMTools (v1.3.1)71. Raw 
tag counts and reads per kilobase million (RPKM) per gene were calculated using HOMER2’s 
analyzeRepeats.pl script with default settings and the -noadj or -rpkm options for raw counts and 
RPKM reporting72 for further analyses. 
 
Flow cytometry 
After detachment, macrophages were stained with antibodies against FcγRs: FcγRI (CD64, catalog no. 
305014, BioLegend), FcγRII (CD32, catalog no. 555448, BD Biosciences), and FcγRIII (CD16, catalog no. 
562293, BD Biosciences). Fluorescence was measured with the CytoFLEX flow cytometer and analyzed 
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with FlowJo software version 7.6.5 (FlowJo LLC). Fluorescence Minus One (FMO) controls were used 
for each staining as negative controls. 
 
Functional analyses of transcriptomic data 
All analyses were performed in the R statistical environment (v3.6.3). Differential expression was 
assessed using the Bioconductor package edgeR (v3.28.1)73. Lowly expressed genes were filtered with 
the filterByExpr function, and gene expression was called differential with an FDR < 0.05. Pathway 
enrichment analyses were performed on the differentially regulated genes with an absolute log2(fold 
change) higher than 1 using the Metascape (http://metascape.org/gp/index.html)74 on 26 June 2020. 
For heatmaps, normalized expression values (counts per million) of each gene were calculated and 
plotted using pheatmap (v1.0.12) with values scaled by gene. GSEA was performed with Bioconductor 
package fgsea (v1.12.0)75 with genes ranked by effect size (Cohen’s d) with respect to the 
“R406+serum+spike+poly(I:C) vs serum+spike+poly(I:C)” against the curated gene sets obtained from 
gene ontology (GO) by Bioconductor package biomaRt (v2.42.1) (76). A total of 5000 permutations 
were performed to estimate the empirical P values for the gene sets. Normalized enrichment scores 
and the Benjamini-Hochberg (BH)–adjusted P values are provided in the Figures. De novo transcription 
factor motif analysis was performed by using HOMER (v4.11)77 using the following parameters: -start 
-200 -end 100 -len 8, 10, 12. 
 
Statistical analysis 
Statistical significance of the data was performed in GraphPad Prism version 8 (GraphPad Software). 
For t tests or nonparametric analysis comparing two sets of measurements, data were first examined 
with D’Agostino-Pearson normality test with α = 0.05. For the data following normal distribution, 
paired or unpaired t tests were conducted on the basis of the experiment design. For unpaired data 
not following a normal distribution, Mann-Whitney test was applied. For multiple comparison tests, 
one-way or two-way analysis of variance (ANOVA) was applied on the basis of the addressed scientific 
question. Brown-Forsythe and Welch’s ANOVA test was applied when not assuming that the 
compared groups were sampled from populations with equal variances (examined by Brown-Forsythe 
test), otherwise an ordinary one-way ANOVA was performed. For differential analysis and GSEA of 
transcriptomic data, P values were adjusted by BH procedure to control the FDR. The analysis methods 
applied for each figure are stated in the legends. 
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with FlowJo software version 7.6.5 (FlowJo LLC). Fluorescence Minus One (FMO) controls were used 
for each staining as negative controls. 
 
Functional analyses of transcriptomic data 
All analyses were performed in the R statistical environment (v3.6.3). Differential expression was 
assessed using the Bioconductor package edgeR (v3.28.1)73. Lowly expressed genes were filtered with 
the filterByExpr function, and gene expression was called differential with an FDR < 0.05. Pathway 
enrichment analyses were performed on the differentially regulated genes with an absolute log2(fold 
change) higher than 1 using the Metascape (http://metascape.org/gp/index.html)74 on 26 June 2020. 
For heatmaps, normalized expression values (counts per million) of each gene were calculated and 
plotted using pheatmap (v1.0.12) with values scaled by gene. GSEA was performed with Bioconductor 
package fgsea (v1.12.0)75 with genes ranked by effect size (Cohen’s d) with respect to the 
“R406+serum+spike+poly(I:C) vs serum+spike+poly(I:C)” against the curated gene sets obtained from 
gene ontology (GO) by Bioconductor package biomaRt (v2.42.1) (76). A total of 5000 permutations 
were performed to estimate the empirical P values for the gene sets. Normalized enrichment scores 
and the Benjamini-Hochberg (BH)–adjusted P values are provided in the Figures. De novo transcription 
factor motif analysis was performed by using HOMER (v4.11)77 using the following parameters: -start 
-200 -end 100 -len 8, 10, 12. 
 
Statistical analysis 
Statistical significance of the data was performed in GraphPad Prism version 8 (GraphPad Software). 
For t tests or nonparametric analysis comparing two sets of measurements, data were first examined 
with D’Agostino-Pearson normality test with α = 0.05. For the data following normal distribution, 
paired or unpaired t tests were conducted on the basis of the experiment design. For unpaired data 
not following a normal distribution, Mann-Whitney test was applied. For multiple comparison tests, 
one-way or two-way analysis of variance (ANOVA) was applied on the basis of the addressed scientific 
question. Brown-Forsythe and Welch’s ANOVA test was applied when not assuming that the 
compared groups were sampled from populations with equal variances (examined by Brown-Forsythe 
test), otherwise an ordinary one-way ANOVA was performed. For differential analysis and GSEA of 
transcriptomic data, P values were adjusted by BH procedure to control the FDR. The analysis methods 
applied for each figure are stated in the legends. 
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CHAPTER 8
General discussion and conclusion



  
 

In this thesis, we investigated the role of the endothelium in pulmonary thrombosis (Figure 1). In part 
one, we provide an overview of the role of VWF in thrombosis and how its expression is regulated on 
a transcriptional and translational level in inflammatory conditions such as atherosclerosis, chronic 
thromboembolic pulmonary hypertension (CTEPH) and corona virus disease 2019 (COVID-19). To 
investigate the role of inflammation in endothelium-platelet interaction we developed a preclinical 
model to study in situ pulmonary thrombosis.  
 
In the second part of this thesis, we investigated how the pulmonary artery endothelium contributes 
to thrombus formation and platelet adhesion in CTEPH. It is acknowledged that VWF levels are 
upregulated in CTEPH, and we present evidence of an inflammation-driven mechanism of in situ 
thrombosis in which VWF plays a central role. We followed up on this by performing transcriptomics 
and proteomics of CTEPH-PAEC and evaluated whether differential expression was due to epigenetic 
modifications. Subsequently, those expression profiles were linked to pathways involved in platelet 
signaling and increased thrombosis.  
 
The current treatment options for CTEPH are limited to pulmonary endarterectomy surgery, balloon 
pulmonary angioplasty or medical treatment with vasodilators. In addition, patients receive lifelong 
anticoagulation to prevent recurrent thrombi. However, the combined use of vasodilators with 
anticoagulative drugs can be associated with an increased risk of bleeding. In the final part of this 
thesis, we identified a mechanism by which riociguat affects endothelial function which may lead to 
increased risk of bleeding.  
 
Finally, we investigated why severe COVID-19 patients experience vascular leakage by pulmonary 
edema and thrombosis, and identified mechanisms that play a key role in the progression of the 
disease.  
 
  

  
 

Preclinical models of thrombosis 
Starting in the early 1970s, flow chambers were used to study thrombus formation on extracellular 
matrix components of the vascular wall1,2. However, the first devices required a large amount of 
blood, and caused pre-activation of platelets that only provided end-stage outcomes of thrombus 
formation3. Throughout the years, many efforts have been put into overcoming these issues which 
resulted in several in vitro techniques to study thrombus formation. Nowadays, microfluidics are 
widely used to recapitulate and unravel complex dynamic cellular and extracellular interactions4. 
 
In chapter 3 we investigated how we can study such interaction processes between endothelial cells 
and platelets under conditions of blood flow. First, we described a method for custom-made 
microfluidic channels to study the effect of vascular geometry on thrombus formation. Endothelial 
cells are constantly subjected to flow and mechanical stresses: processes that continuously influence 
biophysical, biochemical and genetic regulatory responses of endothelial cells5.. Biophysical 
properties are determined by vessel architecture and flow-conditions. Vascular bifurcations, for 
example, induce non-laminar flow that alters endothelial function towards an inflammatory 
phenotype6.  
 

 
Figure 1. Graphical illustration of the work presented in this thesis 
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The most commonly used microfluidic models to study thrombosis are parallel chambers with 
unidirectional flow. A monolayer of cells is created at the bottom of the channel after which blood 
flow and shear stresses induce endothelial signaling. This method has been widely used to study 
endothelial cell signaling in responses in dynamic physical conditions and blood cell adhesion to 
endothelial cells. Various strategies can be employed to control the coagulation process, e.g. 
endothelial modifications, treatment with specific medication, addition of a selected thrombogenic 
marker or adaptation of the blood flow rate7. However, these simple systems do not recapitulate 
vascular geometries and hemodynamic forces as observed in vascular diseases. A soft lithography 
technique has been used to study a variety of microfluidic systems capable of mimicking vascular 
geometries such as bifurcations and stenosis4. Yet, these models still have rectangular cross-sections 
that have non-physiological edge-effects. Therefore, many studies have tried to improve the vascular 
mimicry by designing round channel geometries for example with 3D bio-printing or 
electrospinning8,9.  
 
The major drawback of these advanced techniques is the use of bio-inert materials that challenges 
the efficiency of cell seeding, usually requiring a high number of cells for sufficient cell adhesion and 
growth10. Current techniques to isolate primary pulmonary endothelial cells do not yield such high cell 
numbers. The most commonly method for cell isolation involves tissue digestion and yields 
endothelial cell populations that are contaminated with other cell types, requiring purification with a 
resultant further loss of cells11,12. We have optimized a technique that immediately yields endothelial 
cell growth from pulmonary artery tissue, limiting the contamination of unwanted cell types. 
However, a limitation of this method is that it is only feasible using material from patients who 
underwent surgery. Recently, a new protocol was developed to isolate PAEC from Swan-Ganz 
pulmonary arterial catheters, which are used during routine diagnostic or follow up right heart 
catheterization to diagnose pulmonary hypertension. The use of this technique allows non-invasive 
patient specific pulmonary artery endothelial isolation, excluding circulating endothelial cells13,14.  
 
Current animal models poorly reflect the pathophysiology of thromboembolic processes. The most 
common animal species utilized for thrombosis research are rodents, such as mice, rats, hamsters and 
rabbits. Pulmonary embolism can be induced via four main methods: 1) induction of acute embolism 
via intravenous administration of clotting agents, such as collagen or thrombin, 2) induction of 
thromboembolism via injection of an in vitro prepared blood clot, 3) administration of non-thrombotic 
particles such as microspheres and 4) surgical procedures to ligate pulmonary arteries in order to 
create occlusion15. The choice for a specific model or animal species is based on the objectives of the 
proposed study. At present, such models are primarily applied to study the consequences of 
thrombosis or for drug testing16. Understanding the exact pathobiology of thrombosis in the different 
blood vessels of these animal models is hampered by the complex interaction between platelets and 
endothelial cells. The use of microfluidics is promising technology because it permits the inclusion of 

  
 

primary human cells and blood obtained from patients. With the model presented in this thesis, we 
provided novel insights into the response of human disease-specific endothelial cells in thrombosis. 
 
Inflammation and thrombosis 
Although inflammation-induced thrombosis is a well-known entity, its pathogenesis remains 
complicated. There are complex interactions between inflammation and hemostasis, involving 
proinflammatory cytokines, chemokines, adhesion molecules, tissue factor expression, platelet and 
endothelial activation17. The role of endothelial VWF at the interface of platelet activation and 
coagulation has been well established. Epidemiological studies have shown a strong relationship 
between elevated plasma VWF levels and the risk of thrombosis. In chapter 2, we discussed the role 
of VWF in inflammation-mediated thrombosis. Elevated VWF levels are not specific for an 
inflammatory acute phase response, but may be regarded as an indicator of vascular dysfunction. As 
such, VWF connects the hemostatic and inflammatory pathways.  
 
In this thesis we have shown a strong role of inflammation in pulmonary thrombosis. Both 
physiological hemostasis and immuno-thrombosis represent normal responses to trauma or invading 
microorganisms; any deregulation of these processes can lead to aberrant intravascular coagulation 
and pathological obstruction of blood flow, which is generally defined as thrombosis18. In chapter 4, 
we showed that CTEPH endothelial cells are characterized by increased VWF expression, resulting in 
enhanced platelet accumulation under flow. The increased VWF expression is induced by NFκB2. NFκB 
is a central mediator of inflammation and thus fundamentally involved in the molecular links between 
inflammatory and thrombotic processes18. The major biological function of NFκB is to change cellular 
programs in all different kinds of stress situations. In chapter 5, we showed that CTEPH endothelial 
cells show altered extracellular matrix organization and cell-cell adhesion pathways, which affects 
endothelial barrier integrity. The function of endothelial integrity is to respond to rapid changes as a 
result from environmental events. In addition, it functions to bind other cellular components, to 
regulate membrane properties and endothelial barrier. Disruption of endothelial integrity influences 
the thrombotic response by exposure of subendothelial proteins that mediates initial platelet 
adhesion from the circulation19, initiating the process of thrombosis.  
 
In chapter 7 we found that the pro-inflammatory response of human alveolar macrophages from 
severely ill COVID-19 patients is amplified by altered glycosylation of the anti-spike IgG. In general, 
antibodies are activated for host defense by providing various mechanisms to counteract infections, 
including pathogen neutralization, phagocytosis, complement activation and cytokine production20. 
However, these antibody alterations lead to overactivation of IgG effector function, thereby inducing 
an excessive inflammatory response21. This antibody induced inflammation (ADI) has been suggested 
to be a common immune response against all enveloped viruses22.  
 



General  d iscuss ion and conclus ion 183

8

  
 

The most commonly used microfluidic models to study thrombosis are parallel chambers with 
unidirectional flow. A monolayer of cells is created at the bottom of the channel after which blood 
flow and shear stresses induce endothelial signaling. This method has been widely used to study 
endothelial cell signaling in responses in dynamic physical conditions and blood cell adhesion to 
endothelial cells. Various strategies can be employed to control the coagulation process, e.g. 
endothelial modifications, treatment with specific medication, addition of a selected thrombogenic 
marker or adaptation of the blood flow rate7. However, these simple systems do not recapitulate 
vascular geometries and hemodynamic forces as observed in vascular diseases. A soft lithography 
technique has been used to study a variety of microfluidic systems capable of mimicking vascular 
geometries such as bifurcations and stenosis4. Yet, these models still have rectangular cross-sections 
that have non-physiological edge-effects. Therefore, many studies have tried to improve the vascular 
mimicry by designing round channel geometries for example with 3D bio-printing or 
electrospinning8,9.  
 
The major drawback of these advanced techniques is the use of bio-inert materials that challenges 
the efficiency of cell seeding, usually requiring a high number of cells for sufficient cell adhesion and 
growth10. Current techniques to isolate primary pulmonary endothelial cells do not yield such high cell 
numbers. The most commonly method for cell isolation involves tissue digestion and yields 
endothelial cell populations that are contaminated with other cell types, requiring purification with a 
resultant further loss of cells11,12. We have optimized a technique that immediately yields endothelial 
cell growth from pulmonary artery tissue, limiting the contamination of unwanted cell types. 
However, a limitation of this method is that it is only feasible using material from patients who 
underwent surgery. Recently, a new protocol was developed to isolate PAEC from Swan-Ganz 
pulmonary arterial catheters, which are used during routine diagnostic or follow up right heart 
catheterization to diagnose pulmonary hypertension. The use of this technique allows non-invasive 
patient specific pulmonary artery endothelial isolation, excluding circulating endothelial cells13,14.  
 
Current animal models poorly reflect the pathophysiology of thromboembolic processes. The most 
common animal species utilized for thrombosis research are rodents, such as mice, rats, hamsters and 
rabbits. Pulmonary embolism can be induced via four main methods: 1) induction of acute embolism 
via intravenous administration of clotting agents, such as collagen or thrombin, 2) induction of 
thromboembolism via injection of an in vitro prepared blood clot, 3) administration of non-thrombotic 
particles such as microspheres and 4) surgical procedures to ligate pulmonary arteries in order to 
create occlusion15. The choice for a specific model or animal species is based on the objectives of the 
proposed study. At present, such models are primarily applied to study the consequences of 
thrombosis or for drug testing16. Understanding the exact pathobiology of thrombosis in the different 
blood vessels of these animal models is hampered by the complex interaction between platelets and 
endothelial cells. The use of microfluidics is promising technology because it permits the inclusion of 

  
 

primary human cells and blood obtained from patients. With the model presented in this thesis, we 
provided novel insights into the response of human disease-specific endothelial cells in thrombosis. 
 
Inflammation and thrombosis 
Although inflammation-induced thrombosis is a well-known entity, its pathogenesis remains 
complicated. There are complex interactions between inflammation and hemostasis, involving 
proinflammatory cytokines, chemokines, adhesion molecules, tissue factor expression, platelet and 
endothelial activation17. The role of endothelial VWF at the interface of platelet activation and 
coagulation has been well established. Epidemiological studies have shown a strong relationship 
between elevated plasma VWF levels and the risk of thrombosis. In chapter 2, we discussed the role 
of VWF in inflammation-mediated thrombosis. Elevated VWF levels are not specific for an 
inflammatory acute phase response, but may be regarded as an indicator of vascular dysfunction. As 
such, VWF connects the hemostatic and inflammatory pathways.  
 
In this thesis we have shown a strong role of inflammation in pulmonary thrombosis. Both 
physiological hemostasis and immuno-thrombosis represent normal responses to trauma or invading 
microorganisms; any deregulation of these processes can lead to aberrant intravascular coagulation 
and pathological obstruction of blood flow, which is generally defined as thrombosis18. In chapter 4, 
we showed that CTEPH endothelial cells are characterized by increased VWF expression, resulting in 
enhanced platelet accumulation under flow. The increased VWF expression is induced by NFκB2. NFκB 
is a central mediator of inflammation and thus fundamentally involved in the molecular links between 
inflammatory and thrombotic processes18. The major biological function of NFκB is to change cellular 
programs in all different kinds of stress situations. In chapter 5, we showed that CTEPH endothelial 
cells show altered extracellular matrix organization and cell-cell adhesion pathways, which affects 
endothelial barrier integrity. The function of endothelial integrity is to respond to rapid changes as a 
result from environmental events. In addition, it functions to bind other cellular components, to 
regulate membrane properties and endothelial barrier. Disruption of endothelial integrity influences 
the thrombotic response by exposure of subendothelial proteins that mediates initial platelet 
adhesion from the circulation19, initiating the process of thrombosis.  
 
In chapter 7 we found that the pro-inflammatory response of human alveolar macrophages from 
severely ill COVID-19 patients is amplified by altered glycosylation of the anti-spike IgG. In general, 
antibodies are activated for host defense by providing various mechanisms to counteract infections, 
including pathogen neutralization, phagocytosis, complement activation and cytokine production20. 
However, these antibody alterations lead to overactivation of IgG effector function, thereby inducing 
an excessive inflammatory response21. This antibody induced inflammation (ADI) has been suggested 
to be a common immune response against all enveloped viruses22.  
 



Chapter  8184

8

  
 

A crucial event in immunothrombosis is the activation of platelets and immune cells, resulting in clot 
formation and vessel occlusion. Inflammation causes local thrombus formation and thrombosis can 
amplify the inflammatory response. It has been shown that sustained inflammation is involved in 
thrombus nonresolution and fibrotic remodeling of the vasculature23 and that inflammation 
propagates progression of thrombosis24. Whether inflammation is a driver of chronic thrombosis or a 
consequence thereof, remains elusive. 
 
Epigenetic regulation of endothelial cells in pulmonary thrombosis 
The sequence of events leading to the generation of functional VWF protein that participates in 
thrombosis includes numerous factors. Genetic and epigenetic factors have been associated with the 
regulation of VWF levels. External stimuli such as hypoxia, trauma or inflammation can activate 
transcription factors that can either stimulate or repress VWF transcription, depending on the binding 
site on the promoter region, as described in chapter 2. Epigenetic modifications are an important link 
between environmental factors and gene expression25. External factors such as diet, environment or 
lifestyle can impose aberrant gene expression by controlling DNA methylation and histone 
modification26.  Increased acetylation and tri-methylation of histone H3 are associated with 
accessible, actively transcribed euchromatins, whereas low acetylation or methylation are linked with 
transcriptionally inactive heterochromatin. Gene expression requires physical interaction between a 
transcription factor and DNA, depending on the conformation of chromatin. It has been shown that 
epigenetic factors are mediators of inflammation and chronic inflammatory disease. For example, 
DNA hypermethylation in peripheral blood mononuclear cells is associated with high CRP levels and 
cardiovascular mortality27. In addition, inflammatory cytokines such as IL-6 or IL-8 have reduced 
promoter methylation, which have been found to be increased in atheromatous plaques of coronary 
artery disease patients28,29.  
 
In chapter 4 we found that the VWF promoter was epigenetically regulated in the endothelium of 
CTEPH patients, which supports the hypothesis that in situ thrombosis propagates disease 
development. VWF expression is modulated in response to external stimuli such as shear stress, 
vascular bed-specific heterogeneity and inflammatory responses. With our study, we identified a 
novel mechanism for the control of VWF in chronic inflammatory condition. Neither epigenetic 
regulation of the VWF promoter in the context of disease, nor increased binding of inflammatory 
transcription factors to the VWF promoter have been reported previously. We observed reduced tri-
methylation and enhanced acetylation of histone H3 in the VWF promotor reflected by increased 
NFkB2 binding. But it has also been shown that the traditional transcription factor for VWF, GATA, is 
highly susceptible to inflammation. For example, in inflammatory condition there is more EC 
angiogenesis28,30. In addition, other epigenetic regulators, including the HDAC4 histone lysine 
methyltransferase EHMT2, play a role in vascular inflammation and thrombosis31,32. This suggests 
epigenetic regulation of immunothrombosis in diseases such as CTEPH.  
 

  
 

In chapter 5, we showed that cytoskeletal cell-cell and extracellular matrix organization is altered in 
CTEPH-PAEC due to the transcription permissive epigenome of these extracellular matrix genes in 
endothelial cells. We demonstrated that CTEPH-PAEC show increased endothelial permeability upon 
stimulation with TNFα. This rapid response in barrier integrity may be induced by the altered histone 
acetylation in these cell-cell and extracellular matrix genes, but this mechanism requires further 
investigation.  A possible explanation may be that inflammatory activation by for example the NFκB 
pathway can activate histone acetyl/methyl transferases or deacetylases33,34.  
 
Treatment options 
CTEPH patients who are not eligible for surgery to remove the blood clots, are receiving the soluble 
guanylate cyclase stimulator riociguat35. However, combining riociguat treatment with 
anticoagulation may increase the risk of bleeding 36. In chapter 6, we aimed to understand how 
riociguat affects primary hemostasis. Investigating the effect of riociguat on platelet adhesion to 
CTEPH PAECs, we found that riociguat reduced VWF string formation by decreased P-selectin 
expression on the cell surface. P-selectin expression on the surface of endothelial cells initiates 
leukocyte rolling along the vessel wall, and has been shown to be increased in inflammatory 
conditions. In response to stimuli, VWF is unfolded and anchored by P-selectin to the endothelial 
surface, which stabilizes VWF string formation and enhances platelet adhesion37. Inhibition of P-
selectin has been shown to reduce venous thromboembolisms and vascular fibrosis without an 
increase in bleeding38. In addition, studies have demonstrated that leukocyte adhesion and 
transmigration contribute to the initiation of thrombosis by disrupting the endothelial barrier and 
exposing the underlying basement membrane, providing a surface for the activation of coagulation38. 
Blocking P-selectin expression has been shown to effectively inhibit inflammatory cell adhesion to the 
vascular wall and consequently, a reduction of thrombosis39.  
 
Inflammation can start local thrombosis, and thrombosis can amplify inflammation. Specific anti-VWF 
targets have been tested and proven to be effective to reduce the thrombotic response, as discussed 
in chapter 2. However, dampening the inflammatory response would serve as a potential 
antithrombotic agent that may suppress inflammation and help breaking the vicious cycle. 
Inflammation is often induced by a response from immune cells. Interacting with these cells, would 
therefore inhibit the inflammatory response, while the hemostatic response remains unaffected. As 
we showed in chapter 7 with fostamatinib. Fostamatinib inhibits Syk signaling by reducing the 
formation of neutrophil extracellular traps40. We showed that by using the active compound of 
Fostamatinib, R406, inflammation elicited by inflammatory antibodies from severely ill COVID-19 
patients could be abolished. In addition, R406 reversed the potentiation of VWF induced thrombus 
formation41, which finding was confirmed in a clinical trial for COVID-19 therapy42,43. The pro-
thrombotic environment in critically ill COVID-19 patients is exacerbated by a cytokine storm that may 
be driven by activated macrophages. This induces VWF secretion from endothelial cells to recruit 
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thrombosis includes numerous factors. Genetic and epigenetic factors have been associated with the 
regulation of VWF levels. External stimuli such as hypoxia, trauma or inflammation can activate 
transcription factors that can either stimulate or repress VWF transcription, depending on the binding 
site on the promoter region, as described in chapter 2. Epigenetic modifications are an important link 
between environmental factors and gene expression25. External factors such as diet, environment or 
lifestyle can impose aberrant gene expression by controlling DNA methylation and histone 
modification26.  Increased acetylation and tri-methylation of histone H3 are associated with 
accessible, actively transcribed euchromatins, whereas low acetylation or methylation are linked with 
transcriptionally inactive heterochromatin. Gene expression requires physical interaction between a 
transcription factor and DNA, depending on the conformation of chromatin. It has been shown that 
epigenetic factors are mediators of inflammation and chronic inflammatory disease. For example, 
DNA hypermethylation in peripheral blood mononuclear cells is associated with high CRP levels and 
cardiovascular mortality27. In addition, inflammatory cytokines such as IL-6 or IL-8 have reduced 
promoter methylation, which have been found to be increased in atheromatous plaques of coronary 
artery disease patients28,29.  
 
In chapter 4 we found that the VWF promoter was epigenetically regulated in the endothelium of 
CTEPH patients, which supports the hypothesis that in situ thrombosis propagates disease 
development. VWF expression is modulated in response to external stimuli such as shear stress, 
vascular bed-specific heterogeneity and inflammatory responses. With our study, we identified a 
novel mechanism for the control of VWF in chronic inflammatory condition. Neither epigenetic 
regulation of the VWF promoter in the context of disease, nor increased binding of inflammatory 
transcription factors to the VWF promoter have been reported previously. We observed reduced tri-
methylation and enhanced acetylation of histone H3 in the VWF promotor reflected by increased 
NFkB2 binding. But it has also been shown that the traditional transcription factor for VWF, GATA, is 
highly susceptible to inflammation. For example, in inflammatory condition there is more EC 
angiogenesis28,30. In addition, other epigenetic regulators, including the HDAC4 histone lysine 
methyltransferase EHMT2, play a role in vascular inflammation and thrombosis31,32. This suggests 
epigenetic regulation of immunothrombosis in diseases such as CTEPH.  
 

  
 

In chapter 5, we showed that cytoskeletal cell-cell and extracellular matrix organization is altered in 
CTEPH-PAEC due to the transcription permissive epigenome of these extracellular matrix genes in 
endothelial cells. We demonstrated that CTEPH-PAEC show increased endothelial permeability upon 
stimulation with TNFα. This rapid response in barrier integrity may be induced by the altered histone 
acetylation in these cell-cell and extracellular matrix genes, but this mechanism requires further 
investigation.  A possible explanation may be that inflammatory activation by for example the NFκB 
pathway can activate histone acetyl/methyl transferases or deacetylases33,34.  
 
Treatment options 
CTEPH patients who are not eligible for surgery to remove the blood clots, are receiving the soluble 
guanylate cyclase stimulator riociguat35. However, combining riociguat treatment with 
anticoagulation may increase the risk of bleeding 36. In chapter 6, we aimed to understand how 
riociguat affects primary hemostasis. Investigating the effect of riociguat on platelet adhesion to 
CTEPH PAECs, we found that riociguat reduced VWF string formation by decreased P-selectin 
expression on the cell surface. P-selectin expression on the surface of endothelial cells initiates 
leukocyte rolling along the vessel wall, and has been shown to be increased in inflammatory 
conditions. In response to stimuli, VWF is unfolded and anchored by P-selectin to the endothelial 
surface, which stabilizes VWF string formation and enhances platelet adhesion37. Inhibition of P-
selectin has been shown to reduce venous thromboembolisms and vascular fibrosis without an 
increase in bleeding38. In addition, studies have demonstrated that leukocyte adhesion and 
transmigration contribute to the initiation of thrombosis by disrupting the endothelial barrier and 
exposing the underlying basement membrane, providing a surface for the activation of coagulation38. 
Blocking P-selectin expression has been shown to effectively inhibit inflammatory cell adhesion to the 
vascular wall and consequently, a reduction of thrombosis39.  
 
Inflammation can start local thrombosis, and thrombosis can amplify inflammation. Specific anti-VWF 
targets have been tested and proven to be effective to reduce the thrombotic response, as discussed 
in chapter 2. However, dampening the inflammatory response would serve as a potential 
antithrombotic agent that may suppress inflammation and help breaking the vicious cycle. 
Inflammation is often induced by a response from immune cells. Interacting with these cells, would 
therefore inhibit the inflammatory response, while the hemostatic response remains unaffected. As 
we showed in chapter 7 with fostamatinib. Fostamatinib inhibits Syk signaling by reducing the 
formation of neutrophil extracellular traps40. We showed that by using the active compound of 
Fostamatinib, R406, inflammation elicited by inflammatory antibodies from severely ill COVID-19 
patients could be abolished. In addition, R406 reversed the potentiation of VWF induced thrombus 
formation41, which finding was confirmed in a clinical trial for COVID-19 therapy42,43. The pro-
thrombotic environment in critically ill COVID-19 patients is exacerbated by a cytokine storm that may 
be driven by activated macrophages. This induces VWF secretion from endothelial cells to recruit 
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platelets to initiate a thrombus. As this effect is caused by inflammation, blocking ADI or macrophage 
activation has the potential to reduce thrombosis in COVID-19 infection. 
 
Future perspectives  
Collectively, this thesis showed that inflammatory mechanisms are an early and catalyzing event in in 
situ thrombosis in the pulmonary arteries, which challenges the embolic hypothesis of CTEPH. We 
showed that in COVID-19, cytokines play an important role as initiators of microvascular thrombosis. 
Cytokines and neutrophils play an important role in chronic inflammation. It would be of interest to 
investigate the effect of these immune cells on endothelial modifications in CTEPH. Besides platelets, 
neutrophils play an important role in inflammation and thrombosis. Neutrophils are the most 
abundant immune cell, constituting approximately for 70% of leukocytes in human blood and are 
regarded as first responders of the innate immune system. It has been shown that neutrophils and 
the formation of neutrophil extracellular traps (NETs) are increased in CTEPH, thereby contributing to 
chronic thrombosis23. NETs have been predominantly described in early stages of thrombus 
formation44, which is further supported by the identification of in situ microvascular thrombi in the 
progression of SARS-CoV-2 pulmonary infection45. It would therefore be of interest, whether 
neutrophils induce the inflammatory response of VWF.  
 
In addition, to date, proper animal models to study in vivo pathophysiology are still lacking. Existing 
thrombosis models involve intravenous administration of clotting agents, such as collagen or 
thrombin to induce acute pulmonary embolisms, but are not suitable to study mechanisms of primary 
hemostasis. In addition, CTEPH animal models consist of large animal models that allow studying the 
hemodynamic consequences of CTEPH, but fail to reproduce the characteristic vascular lesions. As 
such, there remains a translational gap in the study of mechanisms involved in in vivo thrombosis.  
 
Lastly, the exact role of platelets in immunothrombosis remains open for discussion. Although we 
showed absence of coagulation abnormalities in CTEPH blood, it has been reported that platelets from 
CTEPH patients are hyperresponsive to environmental stimulation46,47. The direct interaction of CTEPH 
platelets with endothelium has not been studied and could be for interest to evaluate current 
anticoagulation therapy with anti-platelet therapy.  
 
General conclusion 
We propose that inflammation plays a critical role in in situ thrombosis by interfering with VWF-
mediated platelet adhesion. Our findings may provide interesting therapeutic treatment options for 
inflammatory induced VWF mediated thrombosis, interfering between inflammation, coagulation and 
homeostasis.  
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platelets to initiate a thrombus. As this effect is caused by inflammation, blocking ADI or macrophage 
activation has the potential to reduce thrombosis in COVID-19 infection. 
 
Future perspectives  
Collectively, this thesis showed that inflammatory mechanisms are an early and catalyzing event in in 
situ thrombosis in the pulmonary arteries, which challenges the embolic hypothesis of CTEPH. We 
showed that in COVID-19, cytokines play an important role as initiators of microvascular thrombosis. 
Cytokines and neutrophils play an important role in chronic inflammation. It would be of interest to 
investigate the effect of these immune cells on endothelial modifications in CTEPH. Besides platelets, 
neutrophils play an important role in inflammation and thrombosis. Neutrophils are the most 
abundant immune cell, constituting approximately for 70% of leukocytes in human blood and are 
regarded as first responders of the innate immune system. It has been shown that neutrophils and 
the formation of neutrophil extracellular traps (NETs) are increased in CTEPH, thereby contributing to 
chronic thrombosis23. NETs have been predominantly described in early stages of thrombus 
formation44, which is further supported by the identification of in situ microvascular thrombi in the 
progression of SARS-CoV-2 pulmonary infection45. It would therefore be of interest, whether 
neutrophils induce the inflammatory response of VWF.  
 
In addition, to date, proper animal models to study in vivo pathophysiology are still lacking. Existing 
thrombosis models involve intravenous administration of clotting agents, such as collagen or 
thrombin to induce acute pulmonary embolisms, but are not suitable to study mechanisms of primary 
hemostasis. In addition, CTEPH animal models consist of large animal models that allow studying the 
hemodynamic consequences of CTEPH, but fail to reproduce the characteristic vascular lesions. As 
such, there remains a translational gap in the study of mechanisms involved in in vivo thrombosis.  
 
Lastly, the exact role of platelets in immunothrombosis remains open for discussion. Although we 
showed absence of coagulation abnormalities in CTEPH blood, it has been reported that platelets from 
CTEPH patients are hyperresponsive to environmental stimulation46,47. The direct interaction of CTEPH 
platelets with endothelium has not been studied and could be for interest to evaluate current 
anticoagulation therapy with anti-platelet therapy.  
 
General conclusion 
We propose that inflammation plays a critical role in in situ thrombosis by interfering with VWF-
mediated platelet adhesion. Our findings may provide interesting therapeutic treatment options for 
inflammatory induced VWF mediated thrombosis, interfering between inflammation, coagulation and 
homeostasis.  
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English summary 

With every heartbeat, the body ensures sufficient blood supply to and from all tissues and organs. The 
heart pumps oxygen and nutrients to, and eliminates carbon dioxide and waste products from the 
organs via a closed circulatory network of blood vessels. The inner layer of these blood vessels is 
formed by endothelial cells, and form the interface between the bloodstream and tissues. To prevent 
fluid leakage or bleeding, endothelial cells are highly active to sense and respond to extracellular 
signals. Alterations and/or damage of the endothelium plays a central role in several cardiovascular 
diseases such as atherosclerosis, thrombosis and pulmonary hypertension. 
 
Various factors such as inflammation or disturbed blood flow can damage the vessel wall and activate 
endothelial cells to form a blood clot. Endothelial cells secrete a sticky protein string, called Von 
Willebrand Factor (VWF) that captures blood platelets from the circulation. This initiates the 
recruitment of other proteins that continue the process for the formation of a stable blood clot. When 
the blood vessel is repaired, the body has a mechanism that breaks down the blood clot. However, if 
there is excessive blood clot formation that limits or blocks continuous blood flow, it is called 
thrombosis.  
 
The aim of this thesis was to investigate the role of endothelial cells in thrombosis in the lung vessels. 
In chapter 1, we provide general background information about the pulmonary vessels, and the role 
of inflammation in thrombosis. In chapter 2, we reviewed the regulation of VWF production and how 
this is altered in inflammation. In chapter 3, we have implemented a model to study endothelial 
function in pulmonary thrombosis. We demonstrated a protocol for the isolation of pulmonary artery 
endothelial cells that can be used to study endothelial-platelet interaction.  

 
If blood clots in the lungs do not break down by its own body mechanisms, patients receive 
medication, also known as anticoagulation therapy. If there is no improvement after at least three 
months of medication, it will result in chronic narrowing of the pulmonary vessels which makes it 
harder for the heart to pump blood through the lungs. This impaired blood flow results in reduced gas 
exchange and an increased work load for the heart, which in the end results in heart failure. If this is 
caused by these chronic thrombi in the lung vessels, this disease condition is called chronic 
thromboembolic pulmonary hypertension (CTEPH).  
 
In chapter 4 we tried to find out why these CTEPH patients have chronic thrombus formation. We 
provided evidence of a mechanism of in situ thrombosis, where the local formation of a blood clot 
contributes to the progression of the disease. We found a strong link between inflammation and VWF 
expression, consequently leading to increased platelet adhesion on the pulmonary endothelium of 
CTEPH patients. This is caused by genetic alterations in that increases the production of VWF in 
inflammatory condition.  
 

  

In chapter 5, we found that the pulmonary endothelium of CTEPH cells show disrupted signaling in 
their cell-cell contacts and cell-matrix contacts, which are also caused by similar genetic alterations as 
we have found in chapter 4. This makes the vessel more susceptible to leakage and exposure to 
coagulation proteins, which induces thrombosis.  
 
Some CTEPH patients are eligible for a surgery that removes blood clots from the lung vessels. 
However, operability is based on the criteria that the lesions are surgically accessible and the absence 
of relevant comorbidities. As an alternative, blood flow can be restored with a balloon catheter that 
opens the vessels. This is often performed in combination with medical therapy that widens the blood 
vessels, known as vasodilators. However, the combined use of vasodilators with anticoagulation 
medication, can be associated with an increased risk of bleeding. In chapter 6, we attempted to find 
a mechanism how a specific vasodilator, riociguat, affect endothelial function and found that 
endothelial cells stimulated with riociguat inhibited ultra large VWF formation. This reduced initial 
platelet binding which may lead to increased risk of bleeding.  
 
Finally, we have investigated why intensive care COVID-19 patients experience severely symptoms 
compared to ward or non-hospitalized patients. Severely ill COVID-19 patients experience vascular 
leakage by pulmonary edema and thrombosis that play a key role the progression of the disease. In 
chapter 7, we have shown that antibodies from critically ill COVID-19 patients are different than less 
ill patients. These antibodies induce an excessive inflammatory response, that subsequently induces 
endothelial barrier disruption and pulmonary thrombosis.  
 
The main conclusion of this thesis provides strong evidence of inflammation and thrombosis leading 
to excessive production of VWF, involved in the primary initiation of thrombosis. In chapter 8 we have 
discussed our findings with current literature and provided new options for future research to improve 
understanding of pulmonary thrombosis.  
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Nederlandse leken samenvatting 
De vorming van een bloedstolsel omvat een complexe interactie tussen de vaatwand en het bloed. In 
dit proefschrift hebben we onderzocht hoe deze interactie verstoord is tijdens longziekten, met in het 
bijzonder: chronische trombo-embolische pulmonale hypertensie (CTEPH), letterlijk vertaald als 
verhoogde bloeddruk in de longen door langdurige bloedstolsels in de longbloedvaten.   
 
We hebben dit onderzoek mogelijk gemaakt door een methode te ontwikkelen waarmee we deze 
interactie tussen de vaatwand en het bloed in het lab kunnen bestuderen. De belangrijkste ontdekking 
was dat CTEPH patiënten meer bloedplaatjes uit de bloedcirculatie vangen doordat hun vaatwand 
meer eiwit maakt waar deze bloedplaatjes aan binden. Dit komt door genetische veranderingen die 
door omgevingsfactoren worden veroorzaakt. Met name tijdens een ontstekingsreactie kunnen 
hierdoor extra veel bloedplaatjes binden, waardoor er een overmatige vorming van bloedstolsels 
ontstaat die de doorstroom van het bloed verstoren en voor ziekte kan zorgen. De hoofdbevindingen 
van dit proefschrift zijn samengevat in Figuur 1, welke hierna verder zullen worden toegelicht.   
 
De vorming van een bloedstolsel 
Hoofdstuk 1 beschrijft algemene achtergrondinformatie over de inhoud van dit proefschrift. Een 
bloedstolsel vormt zich in het vaatstelsel van de bloedsomloop. De bloedsomloop bestaat uit het hart- 
en vaatstelsel. Het hart werkt als een pomp en zorgt ervoor dat de bloedsomloop tijdens elke 
hartklopping in beweging blijft. Het vaatstelsel vormt een netwerk van buisvormige structuren die het 
bloed langs alle weefsels en organen van het lichaam brengt. De binnenkant van dit bloedvatenstelsel 
is bekleed met een enkele laag cellen, welke endotheelcellen worden genoemd. Endotheelcellen 
liggen als stoeptegels tegen elkaar aan en reguleren de uitwisseling van gassen zoals zuurstof en 
koolstofdioxide, en de doorlaatbaarheid van voedingsstoffen zoals suikers, eiwitten en vetten, naar 
de weefsels en organen. In een gezond bloedvat maken endotheelcellen stofjes aan die voorkomen 
dat bloedcellen aan de vaatwand kunnen binden, en het bloed dus goed blijft stromen. Bij 
beschadiging van een bloedvat, door bijvoorbeeld een ontsteking, wordt een reparatiemechanisme 
gestart dat het vloeibare stromende bloed kan omzetten in een vaste substantie, een bloedstolsel. 
Als het bloed dusdanig goed stolt en daarmee de doorstroom van het bloed blokkeert, spreekt men 
van trombose en wordt het bloedstolsel een trombus genoemd. De vorming van een trombus begint 
met endotheelcellen die een stollingseiwit afgeven in het bloed. Dit stollingseiwit heet Von 
Willebrand Factor (VWF) en vormt lange plakkerige draden in de vaatwand waar bloedplaatjes uit de 
bloedcirculatie aan kunnen blijven hangen. Op deze manier wordt het begin van een 
bloedplaatjesprop gemaakt, die zich door de interactie met andere stollingsfactoren verder 
ontwikkelt tot een stabiel bloedpropje.  

  

 
 
Figuur 1. Een illustratie van de belangrijkste bevindingen van dit proefschrift   
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Hoofdstuk 1: introductie over de vorming van een bloedstolsel

Hoofdstuk 3: de vorming van een bloedstolsel nabootsen in het lab 
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In hoofdstuk 2 hebben we geprobeerd te begrijpen hoe de eerste interactie tussen endotheelcellen 
en bloedplaatjes plaats vindt, en hoe deze acuut wordt beïnvloed tijdens infectie met het coronavirus, 
of bij langdurige ziektes zoals slagaderverkalking en terugkerende longembolieën. We beschrijven hoe 
VWF wordt geproduceerd in endotheelcellen en hoe een ontstekingsreactie in de bloedvaten de 
aanmaak van dit stofje kan verstoren. Voordat endotheelcellen het VWF uitscheiden, wordt eerst het 
DNA omgezet in RNA, dat de genetische code die het functionele VWF eiwit kan maken. Een 
genetische verandering in het DNA of een ontstekingsreactie kan er voor zorgen dat stofjes worden 
geactiveerd die meer RNA zullen maken. Het gevolg is dat er meer van het functionele VWF eiwit 
wordt gemaakt. Voordat het wordt uitgescheiden in de bloedsomloop, wordt het eerst opgeslagen in 
de endotheelcellen. Hier worden nog extra moleculen afknipt of bijgehangen aan het eiwit, waardoor 
mensen meer of minder gevoelig zijn voor een ontsteking en het ontwikkelen van een bloedstolsel. 
Bij mensen met bloedgroep O ontbreken er bijvoorbeeld moleculen die het VWF eiwit minder 
functioneel maken.  
 
In hoofdstuk 3 hebben we een methode opgezet waarmee de interactie tussen endotheelcellen en 
bloed kan worden bestudeerd in het lab. Allereerst hebben we een manier ontwikkeld waarbij 
endotheelcellen uit de bloedvaten van de long, in het lab kunnen worden gekweekt. Deze bloedvaten 
zijn van patiënten bij wie bloedstolsels operatief uit de long worden verwijderd. Hierbij komt naast de 
trombus, ook een stuk van de vaatwand mee waaruit we gemakkelijk cellen konden isoleren voor 
gebruik in het lab.  Deze cellen worden vervolgens in zogenaamde mini kanaaltjes gekweekt om zo 
een bloedvat na te bootsen. Vervolgens worden bloedplaatjes geïsoleerd uit het bloed, waarna deze 
over de endotheelcellen worden gestroomd. Door het gebruik van patiënten materiaal, hebben we 
een methode ontwikkeld om patiënt en ziekte specifieke bloedvaten na te maken in het lab. Hiermee 
hebben we bijvoorbeeld in het lab kunnen aantonen dat endotheelcellen van patiënten die veel 
bloedstolsels in hun longen hebben, inderdaad ook veel meer bloedplaatjes vangen uit het bloed dan 
endotheelcellen van niet-zieke patiënten.  
 
Trombose in de longen 
Als een bloedstolsel in de longen terechtkomt, heet het een longembolie. Het kan echter ook 
voorkomen dat een trombus plaatselijk in de longen wordt gevormd. Vaak krijgen patiënten dan 
antistollingsmedicatie, in de volksmond bekend als bloedverdunners. Deze antistollingsmedicatie 
helpt het lichaam om de vorming van een bloedstolsel te voorkomen. Het komt soms echter ook voor 
dat dit niet effectief genoeg werkt waardoor bloedvaten verstopt en of vernauwd achter blijven. 
Omdat dezelfde hoeveelheid bloed dan door minder of smallere bloedvaten moet gaan, stijgt de 
bloeddruk in de longen. Als deze bloeddruk dusdanig hoog is waardoor het hart harder moet pompen, 
heet dit chronische trombo-embolische pulmonale hypertensie (CTEPH), een verhoogde bloeddruk 
in de longen door langdurige bloedstolsels.   
 

  

In hoofdstuk 4 hebben we aangetoond dat de plaatselijke vorming van een bloedstolsel in de longen 
bijdraagt aan de ontwikkeling van CTEPH. We vonden dat dit komt doordat endotheelcellen van 
CTEPH patiënten meer bloedplaatjes vangen doordat zij meer VWF aanmaken. De verhoogde VWF 
aanmaak wordt veroorzaakt doordat het DNA van dit eiwit in CTEPH patiënten beter toegankelijk is 
voor eiwitten die het DNA omzetten tot het functionele stollingseiwit. Tijdens een ontstekingsreactie, 
wat veelal voorkomt in CTEPH patiënten, wordt dit proces extra gestimuleerd waardoor het VWF eiwit 
productie als een sneeuwbaleffect bloedplaatjes uit de bloedcirculatie vangt.  
 
Naast VWF spelen ook andere eiwitten een belangrijke rol in de vorming van een bloedstolsel. In 
hoofdstuk 5 hebben we van een ingewikkelde labtechniek gebruik gemaakt die in één keer vele 
genetisch materiaal en eiwitstructuren uit cellen kan identificeren. De resultaten uit dit onderzoek 
laten zien dat genen en eiwitten in de cel die een rol spelen tijdens de zogenaamde barrière functie 
van een bloedvat, veranderd zijn in endotheelcellen van CTEPH patiënten. Deze barrière functie zorgt 
ervoor dat het bloed wordt gescheiden van weefsels en er geen bloed kan weglekken. Als dit niet goed 
functioneert, worden er moleculen aan het bloed blootgesteld die de vorming van een bloedstolsel 
kunnen initiëren. Echter is er meer onderzoek nodig om te achterhalen of deze ook van belang zijn in 
de interactie tussen endotheel en bloedplaatjes.  
 
Overmatige bloedstolsels van CTEPH patiënten worden momenteel operatief verwijderd via de 
longslagader. Het kan echter voorkomen dat zulke operaties een te groot risico zijn voor de patiënt, 
of dat de bloedvaten dusdanig diep zitten waardoor een operatie niet mogelijk is. Als alternatief kan 
een bloedvat weer worden geopend door een ballon die middels een katheter in het bloedvat wordt 
geplaatst. Dit verwijdert echter niet de bloedprop, waardoor patiënten vaak nog vaatverwijdende 
medicatie moeten slikken. Echter, als CTEPH patiënten zulk medicijn slikken in combinatie met 
antistollingsmedicatie, ontstaan er soms overmatige bloedingen. In hoofdstuk 6 hebben we 
geprobeerd te ontdekken hoe een veelgebruikt vaatverwijdend medicijn, riociguat, endotheelcellen 
en VWF productie aantasten. We hebben gevonden dat riociguat de vorming van de lange plakkerige 
VWF draden remt. Endotheelcellen blijven wel voldoende VWF aanmaken, maar het eiwit plakt niet 
meer goed tegen de vaatwand doordat riociguat de expressie van dit bindingseiwit remt. Doordat het 
VWF eiwit niet meer goede plakdraden vormt, kunnen minder bloedplaatjes binden. Dit kan als gevolg 
hebben dat er een verhoogd risico op bloeding ontstaat. 
 
Tenslotte hebben we naast CTEPH patiënten ook coronapatiënten onderzocht. In hoofdstuk 7 hebben 
we aangetoond dat ernstig zieke coronapatiënten die op de spoedeisende hulp liggen niet ziek 
worden van het virus zelf, maar voornamelijk door hun afweerreactie tegen het virus. Deze patiënten 
maken andere antistoffen aan dan coronapatiënten die minder ernstig ziek zijn. Deze veranderde 
antistoffen activeren juist afweercellen die een ernstige ontstekingsreactie induceren. Deze 
ontstekingsreactie zorgt voor meer lekkage en vaatschade in de longen. Dit zien we terug in 
endotheelcellen die worden geïnfecteerd met het bloed van deze zieke patiënten. De endotheelcellen 
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liggen niet meer netjes tegen elkaar aan waardoor er vocht in de longen kan lekken en het 
stollingsmechanisme wordt geactiveerd. Er wordt meer VWF aangemaakt en uitgescheiden wat weer 
een verhoogd risico op longtrombose geeft, dat uiteindelijk leidt tot een ernstiger ziekteproces.  
 
De hoofdconclusie uit dit proefschrift is dat ontstekingsreacties in het bloed nauw zijn verbonden met 
de productie van het stollingseiwit Von Willebrand Factor, dat het ontstaan van bloedpropjes initieert. 
We hebben deze bevindingen toegepast in een ziekte waarbij patiënten last hebben van een 
langdurige lichte ontsteking in de longen zoals in CTEPH, maar ook in een acutere fase van ontsteking 
zoals tijdens een infectie met het coronavirus. In hoofdstuk 8 hebben we de meest belangrijke 
bevindingen van dit proefschrift besproken. Daarnaast hebben we gespeculeerd over mogelijke 
vervolgstappen van dit proefschrift die voor een verbeterde diagnose en behandeling voor de patiënt 
kunnen zorgen. 
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