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GENERAL INTRODUCTION

Haemostasis
The hemostatic reaction to vascular injury requires a complex and highly regulated 
mechanism that involves platelets, red blood cells, (anti-)coagulation proteins, and 
vascular wall components (endothelial cells and von Willebrand factor (VWF)) to form a 
localized hemostatic plug that prevents bleeding [1]. 

The role of platelets in haemostasis
Resting circulating platelets have a discoid shape and do not interact with the intact 
vessel wall. When the vessel wall is damaged, the reaction of platelets can be roughly 
dissected into adhesion, activation and aggregation (Figure 1). 

Under physiological conditions, circulating VWF is organized in a compact globular 
conformation and does not spontaneously interact with platelets [2, 3]. Immobilization 
of VWF to exposed subendothelial collagen or elevated shear stress (as in stenosis) 
results in the unfolding of VWF and in the expose of its A1 domain allowing platelets to 
transiently bind via GPIbα, to slow down, and to further bind to matrix proteins via other 
receptors like α2β1 and GPVI, all leading to a stable platelet adhesion [4-6]. 

Platelet adhesion allows collagen GPVI interaction, and hence platelet activation. This 
platelet activation results in cytoskeletal rearrangements (shape change) and exposure 
of phosphatidylserine (PS) at platelet surface, platelet granule release and integrin 
activation [7, 8]. 

Platelet secretion is characterized by the release of α-granule proteins including 
membrane bound receptors (P-selectin, CD63 and CD40L), coagulation related 
factors (including factor (F)V, FVIII, protein S, antithrombin (AT), plasminogen/plasmin, 
plasminogen activator inhibitor 1 (PAI-1), C1-inhibitor, nexin 1 and 2, cytokines, 
chemokines, growth factors, microbicidal proteins and immune mediators), and 
secretion of dense granules containing high concentrations of adenine nucleotides 
(ADP and ATP), serotonin, histamine, Ca2+, Mg2+, K+, pyrophosphate and polyphosphate 
(PolyP). The secreted ADP together with locally generated thromboxane A2 and traces 
of thrombin induce the secondary platelet activation response via the P2Y1/P2Y12, 
thromboxane (TP) and PAR-1/PAR-4 receptors, respectively, evoking an amplification of 
platelet activation [9-12].
In addition to granule release, integrin αIIbβ3 activation is another characteristic 
of platelet activation. Active αIIbβ3 binds to fibrinogen, which is bound to another 
platelet to form platelet-fibrinogen bridges. Multiple platelet fibrinogen complexes 
will lead to platelet aggregates formation [7]. At low shear rate, platelet aggregation is 
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mainly mediated by αIIbβ3-fibrinogen interactions, with soluble agonists maintaining 
the activated state of the integrins. At higher shear rate, platelet-platelet interactions 
become increasingly dependent on VWF and its binding to GPIbα receptors [13-16] .

Figure 1. Platelet’s reactions during hemostasis, see above paragraph for detailed explanations, 
illustration created with Biorender.com. 

Coagulation 
In venous blood, the shear rates are lower than in arteries. At low shear rates the 
enzymatic coagulation process is the most important pathway in haemostasis and 
thrombosis. The physiological coagulation pathway is triggered by tissue factor (TF) 
exposed at sites of vascular injury. TF binds FVIIa, which is present in the blood. The TF-
FVIIa complex activates FIX and FX into FIXa and FXa, respectively. FXa can activate more 
FVII, accelerating the start of the coagulation. During initiation of coagulation, FXa alone 
can cleave prothrombin to produce trace amounts of thrombin, and this thrombin 
can activate coagulation factors FV, FVIII and FXI. Thrombin is the central player of 
coagulation, that converts fibrinogen to fibrin monomers, which polymerizes and are 
cross-linked into a dense clot to seal the wound. In addition to TF, coagulation can be 
triggered by the contact of FXII with negatively charged surfaces, such as polyphosphates 
(polyP), double stranded DNA or misfolded proteins. Active FXII activates FXI and FIX, 
which further activate FX and prothrombin. 

To prevent excessive thrombin formation, there are several natural anticoagulant 
proteins present in the circulation, including tissue factor pathway inhibitor (TFPI) which 

Introduction and outline | 11

1 1



inhibits FVIIa and FXa; antithrombin and alpha2-macroglobulin that target FIXa, FXa 
and thrombin. Also thrombin binds to thrombomodulin (TM) on endothelial cells and 
activates protein C, which then, together with its cofactor protein S, degrades FVIIIa and 
FVa to limit thrombin generation [17].

Fibrinolysis
Besides limiting clot growth, degradation of the fibrin clot (fibrinolysis), is crucial 
to maintain a balance in haemostasis. Plasmin is the key protease of the fibrinolytic 
system, cleaving fibrin into fibrin degradation products (FDPs). During clot development, 
plasmin is generated from plasminogen, which is mediated by tissue-type plasminogen 
activator (tPA), released from endothelial cells, and to a lesser extent, by urokinase-type 
plasminogen activator (uPA) [18].

Platelets’ participation in coagulation
The interplay between platelets and coagulation is more effective than the two 
processes separately [19, 20] (Figure 2). At the initial stage of coagulation activation, 
platelets are activated by thrombin via the PAR-1 and PAR-4 receptors and via the GPIb-
IX-V complex, resulting in a strong platelet activation, exposure of phosphatidylserine 
(PS) and amplification of coagulation, respectively. The PS on the platelet membrane can 
act as assembly sites for the tenase complex (FIXa together with FVIIIa activating FX) and 
the prothrombinase complex (FXa together with FVa activating prothrombin), increasing 
the activities of these complexes by nearly 1000-fold, resulting in a burst of thrombin in 
the propagation phase of coagulation [21-23]. Furthermore, activated platelets supply 
partially activated FV from α granules to support the coagulation cascade and PolyP 
from dense granules that may cause FXII activation and promotion of FXI back-activation 
by thrombin [24-27]. 

Platelets and inflammation
Apart from its traditionally well-known role in hemostasis, there is growing recognition that 
platelets also have a critical role in inflammation and immune responses [28]. Platelets 
can directly or indirectly interact with bacteria via αIIbβ3 or GPIbα, leading to platelet 
activation and aggregation [29-32]. During activation, platelets secrete a wide range of 
mediators of inflammation, including P-selectin, CD40L, platelet factor 4, macrophage 
inflammatory protein (MIP)-1α, interleukin (IL)-1 and IL-8 that have predominantly pro-
inflammatory effects [28]. Especially, platelet P-selectin expression and subsequent 
formation of platelet-leukocyte aggregates upregulates leukocyte pro-inflammatory 
functions [33]. Furthermore, platelet TLR4 can interact with bacterial lipopolysaccharide 
(LPS), increasing platelet adhesion to fibrinogen and inducing the formation of neutrophil 
extracellular traps (NETs) that ensnare bacteria [34, 35]. Taken together, activated 
platelets may serve as a link for hemostatic and inflammatory responses.
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Figure 2. Coagulation and platelet-based amplification of coagulation, adapted from Sang et al., 
Blood reviews 2021, 46:100733.

Platelet function abnormalities in diseases
Since the essential role of platelets in the maintenance of normal haemostasis, 
(congenital) defects in platelet reactivity can lead to easy or spontaneous bruising, 
mucocutaneous bleeds, or prolonged bleeding [36-38]. Platelet defects can be caused 
by disturbed intracellular signaling pathways (thromboxane A synthase (Ghosal 
syndrome ) and cytosolic phospholipase A2), by the presence and function of platelet 
receptors (defective or low levels of αIIbβ3 (Glanzmann’s thrombasthenia), deficiency 
of GPIb-IX-V (Bernard-Soulier syndrome), GPVI deficiency, P2Y12 receptor deficiency), in 
granule secretion (alpha granule formation defect (grey platelet syndrome) and dense 
granule deficiency (Hermansky-Pudlack and Chediak-Higashi syndrome)), or by the 
defective scrambling of phospholipids on platelets (Scott syndrome). 

Platelet function (reactivity) tests
Several platelet reactivity assays have been developed to assist in the diagnosis of 
platelet related disorders of haemostasis and to assess anti-platelet therapy [39, 40]. 
Tests to measure platelet aggregation under static conditions are light transmission 
aggregometry (LTA), VerifyNow and PlateletWorks. Furthermore, the Multiplate 
(impedance-based aggregometry) measures aggregation under stirring conditions 
while the cone and platelet analyzer (CPA) and platelet function analyzer (PFA-100/PFA-
200) measure aggregation in the presence of shear forces [41]. Tests to detect platelet 
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secretion defects focus on measuring the ATP release from dense granules (luminometry 
test) or on assessing granule number and function (transmission electron microscopy 
(TEM)/immunofluorescence assays). Furthermore, there are microfluidics/flow chamber 
assays that assess platelet deposition and thrombus growth on coated surfaces under 
flow by microscopy and there are flow cytometric assays analysing the expression of 
activation markers on platelet surfaces with fluorescence-labelled antibodies. 

For the diagnosis of bleeding disorders, LTA is the most commonly used and is therefore 
considered as the gold standard in clinical practice [42]. The technique determines 
platelet aggregation percentage in platelet-rich plasma (PRP) by measuring the increase 
in light transmission in response to the addition of a platelet agonist. However, LTA has 
several limitations as it is not very sensitive for mild platelet function disorders and it 
is quite laborious, time consuming and requires large volumes of blood and a minimal 
platelet count of 150 * 109/L [42, 43]. 

The use of flow cytometry has been recommended as an integral component of the 
investigation of platelet function disorders under several guidelines [37, 44]. The 
method of detecting activated platelets in whole blood by using activation-dependent 
monoclonal antibodies and flow cytometry was first described in 1987 by Shattil et al [45]. 
Similar to the agonist panel in LTA, multiple agonists (e.g. PAR-1 activating peptides like 
thrombin receptor activating peptide-6 (TRAP-6), PAR-4 activating peptides, ADP, cross-
linked collagen-related peptide (CRP-XL) or convulxin, arachidonic acid or thromboxane 
A2 mimetic) can be used to assess the common platelet signaling pathways leading 
to platelet activation. Platelet reactivity can be determined by measuring platelet 
activation markers such as α-granule membrane markers (P-selectin, CD40L), dense 
granule membrane marker (CD63) or by detection of activated integrin, αIIbβ3 (antibody 
PAC-1 or the binding of fluorochrome-conjugated fibrinogen). Besides the classical 
markers of platelet activation, flow cytometry can be used to assess the expression of 
anionic phospholipids on activated platelets for testing platelet procoagulant activity 
(fluorochrome-conjugated annexin-V or lactadherin). Also, VWF-binding (anti-VWF 
antibody staining) can be indicative of VWF-mediated platelet agglutination and biallelic 
Bernard-Soulier syndrome, platelet type VWD and acquired VWD [46, 47]. 

The flow cytometric measurement of platelet reactivity has several advantages. 
The single cell-based analysis makes the test largely independent of platelet count, 
therefore it is feasible to measure platelet function in blood from patients with severe 
thrombocytopenia. However, a platelet count lower than 10 x 109/mL might influence in 
vitro platelet activation due to the decreased release of ADP, which serves as important 
amplifier of platelet activation [48]. Furthermore, only small amounts of whole blood 
are required making the technique suitable for measuring platelet response in neonatal 
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samples. However, at this moment, protocols to measure platelet reactivity with flow 
cytometry still vary considerably between different laboratories, and each laboratory 
needs to establish intra-laboratory standardization, validation and determination of 
reference ranges. 

In vivo platelet activation evaluated by platelet-monocyte complexes (PMCs)
Although P-selectin is considered as the ‘gold standard’ marker of platelet activation, in 
vivo circulating degranulated platelets rapidly lose their surface P-selectin, decreasing 
the sensitivity of P-selectin measurement as platelet activation status evaluation [49]. 
Besides measuring P-selectin expression, there is increasing interest in measuring 
platelet-monocyte complexes. Upon activation, platelets can form complexes with 
monocytes via the binding between P-selectin and P-selectin glycoprotein ligand-1 
(PSGL-1), which is constitutively expressed on leukocyte surfaces. The complexes are 
further stabilized by the binding of platelet GPIbα and monocyte macrophage-1 antigen 
(Mac-1) [50]. Circulating PMCs can be quantified with flow cytometry as the number of 
events double positive for platelet markers and monocyte markers. There has been 
some research suggesting that other than P-selectin, PMCs may have the potential to be 
a marker for measuring in vivo platelet activation [51] and increased PMCs were found in 
stable coronary artery disease, unstable angina and acute myocardial infarction [52-56].

Clinical tests to measure coagulation
The two classic clotting-based methods, prothrombin time (PT) and activated partial 
thromboplastin time (APTT), are the most used first line screening to test bleeding 
phenotype [57]. Both tests measure the time taken for a plasma sample to form 
a dense fibrin clot after samples are triggered with either an extrinsic or intrinsic 
activator (kaolin). Besides classical endpoint assays, there are viscoelastic assays and 
thrombin generation (TG) assays measuring the kinetics of fibrin or thrombin formation, 
respectively. The viscoelastic assays utilize mechanical rotation to detect the dynamics 
of clot formation, stabilization and dissolution in whole blood sample, thus providing 
the time of clot formation and also information on platelet function and fibrinolysis [58].
TG assays, for instance the Calibrated Automated Thrombography (CAT), measure the 
concentrations of thrombin formed over time by monitoring the cleavage of a thrombin 
substrate [59, 60]. Studies have shown that TG assays can be used to elucidate 
coagulation mechanisms, to investigate haemorrhagic coagulopathies, to monitor 
antithrombotic drugs and to predict risk of venous thromboembolism [59, 61]. 

Many efforts have been made to develop assays that can measure thrombin formation 
in whole blood and recently, with some optimizations that prevent erythrocyte 
sedimentation during measurement, a novel whole-blood thrombin generation (WB-
TG) assay was developed [62]. WB-TG is one step closer to physiology by involving the 
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intrinsic blood cells instead of synthetic phospholipids. Furthermore, because recent 
findings have suggested that abnormal blood cell characteristics may contribute to 
coagulopathies, this assay may be a solution for investigating the prothrombotic role of 
blood cells in thrombotic disorders. 

OUTLINE OF THE THESIS

The first part of this thesis is to provide some insights into the interplay between platelets 
and coagulation, with 2 studies investigating platelet activation and coagulation profiles 
in patients who have increased thrombosis risk. 

The complex interplay between platelets and the coagulation system has been 
underestimated for decades. Although the awareness that many steps in platelet 
thrombus formation are closely connected to the different stages of thrombin formation, 
little is known about the mechanisms behind it. For example, collagen can not only 
trigger coagulation via activation of FXII, it can also trigger coagulation independently of 
FXII. In chapter 2 we explored a novel mechanism of coagulation initiation via collagen-
dependent platelet activation in vitro. To investigate this mechanism in more detail, we 
used the CAT method, and TG was initiated with the GPVI-specific agonists collagen-
related peptide (CRP-XL, cross-linked peptide composed of GPO repeats) and convulxin 
(venom of the snake Crotalus durissus terrificus) that bind selectively to GPVI and not to 
the integrin α2β1 [63, 64]. 

Although the interplay between platelets and the coagulation system is important, 
and many disease- and therapy-related thrombotic events are induced by damaged 
or affected platelets rather than by changes in coagulation factors, there are still no 
accessible tools to study this in clinical research. This may explain the lack of associations 
between plasma coagulation tests and thrombotic incidents. Viscoelastic tests, such as 
ROTEM and TEG are used to study blood cell-mediated thrombotic risk, however, these 
tests are not specific to be a serious alternative for plasma coagulation tests or platelet 
function tests. Our group recently developed a whole blood thrombin generation test 
(WB-TG) that shows good correlation with plasma thrombin generation and this test 
was used in chapter 3 to investigate the whole blood coagulation profile in multiple 
myeloma (MM) patients and healthy controls. Multiple myeloma is associated with an 
increased incidence of venous thromboembolism (VTE), despite a high prevalence of 
thrombocytopenia and anaemia. The real cause of the high VTE risk remains unclear, 
despite several studies that have been performed on the relation between global 
coagulation and VTE risk. In this study, platelet function, WB-TG and plasma TG were 
measured to investigate the paradoxical high prevalence of bleeding symptoms versus 
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an increased thrombosis risk. 

In chapter 4, the prothrombotic state in chronic obstructive pulmonary disease (COPD) 
patients following acute exacerbation was investigated. Exacerbations are associated 
with increased systemic inflammation, which may drive coagulation. In this prospective 
cohort study, we determined how acute exacerbations in COPD affects platelet 
activation, the endothelium, plasmatic coagulation and fibrinolysis. We also investigated 
the association with inflammation as the prevalence of thrombotic events is known 
to increase during and shortly after acute exacerbations of COPD, but the precise 
mechanism is unknown.

In a second part of this thesis, we focus on the whole blood flow cytometric platelet 
activation test (WB-PACT). In chapter 5, platelet function was measured in patients on 
dual anti-platelet therapy. Dual antiplatelet therapy (DAPT) with aspirin and the P2Y12 
receptor antagonist is commonly prescribed as secondary prevention for patients after 
percutaneous angioplasty with stent implantation, and it was shown to effectively reduce 
future ischemic events in patients with atherosclerotic cardiovascular disease. Several 
studies indicated high on-treatment residual platelet reactivity (HRPR) in patients on 
DAPT with higher risk of thrombotic events. In this study platelet function triggered 
with ADP was measured with the WB-PACT and compared with the golden standard 
LTA to detect high on treatment residual platelet reactivity. In chapter 6, a population 
of patients with suspected thrombocytopathy were tested with WB-PACT. Although LTA 
is the ‘gold standard’ platelet function test to define suspected bleeding disorders, it 
still lacks sensitivity for mild platelet function defects, and it does not predict the risk 
of bleeding complication among patients with various platelet defects. Therefore, there 
is an urgent need for alternative methods to give complimentary information about 
mild platelet function defects. In this study, both the WB-PACT and LTA were conducted 
using multiple agonists to determine platelet function. Furthermore, the VWF function 
application of the WB-PACT was compared with the ristocetin induced agglutination 
measurement for detecting VWF disfunction. Both tests use ristocetin to activate VWF, 
however, this does not reflect the in vivo situation. In Chapter 7, an immunosorbent 
assay was characterized to directly detect circulating VWF in its active conformation. 
This assay is based on a recombinant llama-derived antibody directed against a cryptic 
epitope in the A1 domain of VWF. The aims of the current study were to (1) characterize 
the analytical performance of this assay; (2) provide a reference interval for active VWF 
and (3) determine correlations between this assay and other, established VWF assays 
and a whole blood flow cytometric assay for platelet-VWF binding. 

Chapter 8 provides a summary of findings in this thesis and possible future research 
directions.
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ABSTRACT

Introduction
Patients with chronic obstructive pulmonary disease (COPD) are at increased risk 
for cardiovascular events, particularly following an acute exacerbation (AE-COPD). 
Exacerbations are associated with increased systemic inflammation, which may drive 
coagulation. This prospective cohort study aimed to determine how an AE-COPD affects 
platelet activation, the endothelium, plasmatic coagulation and fibrinolysis, and its 
association with systemic inflammation.

Materials and methods
Fifty-two patients with an AE-COPD were included. Blood samples at admission, at day 
3 of treatment and at convalescence were available for 32 patients. Platelet-monocyte 
complex (PMC) formation, monocyte Mac-1 expression and platelet (re)activity (P-selectin 
expression, αIIbβ3 activation) were measured by flow cytometry. Von Willebrand Factor 
(VWF), thrombin generation (TG) and clot lysis time (CLT) were determined as measures 
of endothelial activation, plasmatic coagulation and fibrinolysis, respectively.

Results
Exacerbations were associated with increased PMCs (MFI 31.3 vs 23.8, p = 0.004) and 
Mac-1 (MFI 38.2 vs 34.8, p = 0.006) compared to convalescence, but not with changes in 
platelet (re)activity. VWF (antigen, activity, active fraction) and TG (peak, ETP and velocity 
index) were all significantly higher during AE-COPD compared to convalescence. PMCs, 
Mac-1, VWF and TG were positively associated with systemic inflammation (CRP). CLT 
was prolonged in AE-COPD patients with systemic inflammation. Moreover, platelet 
hyperreactivity on admission was associated with an increased risk for exacerbation 
relapse.

Conclusions
Acute exacerbations are associated with an inflammation-associated prothrombotic 
state, characterized by increased PMCs, endothelial activation and plasmatic coagulation. 
Our findings provide direction for future studies on biomarkers predicting the risk of 
exacerbation relapse and cardiovascular events.
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INTRODUCTION

Cardiovascular disease (CVD) is the most important comorbidity associated with chronic 
obstructive pulmonary disease (COPD) due to its impact on overall prognosis, including 
mortality [1]. Importantly, the prevalence of thrombotic events, such as myocardial 
infarction, stroke and pulmonary embolism, is known to increase during and shortly 
after acute exacerbations of COPD (AE-COPD), but the precise mechanisms remain 
unclear [2-4].

COPD exacerbations are most frequently caused by viral and/or bacterial infections [5]. 
The inflammatory response that is needed to control the infection, might also affect 
coagulation during an AE-COPD [6]. First, inflammatory stimuli may induce platelet 
activation, resulting in αIIbβ3 (glycoprotein [GP]IIbIIIa) activation, thereby mediating 
platelet adhesion and aggregation [7, 8]. Activated platelets also secrete procoagulant 
substances, such as ADP and fibrinogen, as well as P-selectin [7]. P-selectin can bind to 
its counterreceptor P-selectin glycoprotein ligand-1 (PSGL-1), constitutively expressed 
on the membrane of monocytes. Binding of platelets to monocytes results in the 
expression of the monocyte integrin Mac-1 [9]. Several studies have demonstrated 
the importance of these platelet-monocyte complexes (PMCs) as a marker of platelet 
activation [8, 10], but also as an early process in the pathogenesis of atherothrombosis 
[11-13]. Second, inflamed endothelium releases von Willebrand Factor (VWF), which 
mediates adhesion of platelets to the vessel wall and subsequent thrombus growth 
[14]. Third, inflammation also promotes thrombin generation (TG). Thrombin is the key 
effector of plasmatic coagulation, but also has an array of effects on endothelial cells, 
monocytes, and platelets [15].

The interplay between inflammation and coagulation during AE-COPD suggests that 
activation of platelets, the endothelium and the plasmatic coagulation may all play a 
role in the pathogenesis of CVD in these patients. Few studies investigated platelet 
activation during AE-COPD, and found increased PMCs without changes in platelet 
P-selectin expression [16, 17]. In addition, increased VWF antigen (VWF:Ag) levels and 
VWF ristocetin cofactor activity (VWF:RCo) have been reported in AE-COPD patients [18]. 
Active VWF and VWF propeptide (VWFpp) provide additional information about VWF 
processing and the chronicity of endothelial activation, but these have not been studied 
in AE-COPD [19, 20]. Moreover, whereas a previous study found increased thrombin-
antithrombin complex (TAT), a surrogate marker of thrombin formation during AE-
COPD, full thrombin generation profiles have not been determined in AE-COPD [21]. 
Lastly, previous reports mostly focused on the effects of an AE-COPD on coagulation, 
while limited information is available on how fibrinolysis is affected.
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Together, platelets, endothelium and circulating coagulation and fibrinolytic factors 
determine the overall thrombotic tendency, but they have been scarcely studied 
together in AE-COPD patients. Therefore, the current study aimed to determine how 
an AE-COPD affects platelet activity and PMC formation, endothelial function, plasmatic 
coagulation and fibrinolysis. We hypothesized that during an AE-COPD all pro-coagulant 
factors are in a heightened state of activation, while fibrinolysis may be decreased, and 
that these changes are associated with increased systemic inflammation.

METHODS

Study subjects and design
In this prospective observational cohort study, we recruited 52 subjects with a confirmed 
diagnosis of an AE-COPD (in accordance with the GOLD 2019 definition [22]), admitted 
to the Department of Respiratory Medicine of the Gelre Hospitals Apeldoorn, the 
Netherlands, between December 2018 and June 2019. Inclusion criteria were: (1) age 
≥40 years, (2) current or former smoker (≥10 pack-years) (3) moderate to severe COPD 
(GOLD ≥ 2) and (4) hospital admission due to an AE-COPD. An AE-COPD was defined as 
an acute worsening of respiratory symptoms requiring additional therapy [22]. Exclusion 
criteria were: use of platelet function inhibitors (therapy with acetylsalicylic acid was 
allowed), vitamin K antagonists or direct oral anticoagulants; concomitant diagnosis 
of asthma, hepatic and/or renal failure, malignancies (excluding basal cell carcinoma) 
and chronic inflammatory diseases (including systemic lupus erythematosus, chronic 
kidney disease, rheumatoid arthritis and all other inflammatory joint diseases, psoriasis 
and inflammatory bowel diseases). Eligible patients were asked to participate within 
24 h after admission. All patients received exacerbation treatment in accordance with 
national Dutch guidelines and were treated with steroids (100%) and antibiotics (27%). 
The majority of patients (87%) also received prophylactic low molecular weight heparin 
on admission based on current guidelines on antithrombotic therapy.

Ethics
Patients were included after written informed consent, complying with the Declaration of 
Helsinki (version 2013). This study was approved by the Medical Research Ethics Committee 
of Maastricht University, the Netherlands (METC azM/UM, reference NL66067.068.18).

Blood collection and processing
Blood samples were obtained during AE-COPD (within 24 h of admission, ‘‘AE-COPD’‘), 
3 days later (’‘day 3 of treatment’‘) and (when clinically stable) on average 8 weeks (min 
6, max 12 weeks) after discharge (’‘convalescence’‘). Of note, the timepoint at day 3 of 
their hospital stay was included as patients received exacerbation treatment that could 
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potentially affect coagulation. Venous blood was collected by venipuncture into EDTA and 
3.2% sodium citrate vacuum tubes (BD Vacutainer System, Franklin Lakes, USA). Blood 
cell counts, routine coagulation tests (additional detail on these tests and VWF assays 
is provided in an online data supplement) and flow cytometric assays were performed 
within 4 h after blood collection. The remaining blood was centrifuged twice at 2840 g for 
10 min. Platelet-poor plasma (PPP) was stored at −80 °C until further analyses.

PMCs and Mac-1 expression
Whole blood (20 μL) was incubated for 15 min with a 20 μL reaction mixture consisting 
of monoclonal antibodies against monocyte CD14 (APC-conjugated) (Becton Dickinson) 
and platelet αIIbβ3 (anti-CD41a PE-conjugated) for PMCs or antibodies against 
monocyte CD14 (APC-conjugated) and CD11b (FITC-conjugated) for Mac-1 expression. 
Subsequently, BD FACS™ Lysing solution (Becton-Dickinson, diluted 10-fold with milliQ) 
was added, vortexed and incubated for 10  min at room temperature. Samples were 
stored at 4  °C until analysis (on the same day) by flow cytometry (Navios, Beckman 
Coulter, Woerden, the Netherlands). Gating was performed as described previously [16].

Platelet activation and reactivity
Flow cytometric analysis of the activation of αIIbβ3 and expression of P-selectin (CD62P) 
was used to determine platelet activation in response to thrombin-activated peptide 
(TRAP), cross-linked collagen-related peptide (CRP-XL) and adenosine diphosphate 
(ADP), as described previously [23]. Results are expressed as median fluorescent 
intensity (MFI), calculated by subtracting the MFI of the unstimulated control from the 
MFI of the condition with agonist.

Plasmatic coagulation
Calibrated automated thrombinography (CAT) TG in PPP was performed as described 
previously [24].

Fibrinolysis
Fibrinolysis was assessed by measuring the clot lysis time (CLT), as described previously 
[25]. Samples were tested in triplicate and preheated at 37  °C for 10 min. A total of 
80 μl plasma was incubated (10 min, 37 °C) with 20 μl of a bovine serum albumin (5%) 
solution containing tissue plasminogen activator (t-PA, Actilyse, Boehringer Ingelheim, 
Germany), TF and PL at final concentrations of 200 ng/ml, 5 pM and 4 μM, respectively. 
Fibrin clot formation was started by adding 20 μl of a preheated CaCl2/BSA60 solution 
(final concentration 16.7 mM). The optical density at 405 nm was measured every 20 s 
for 1 h at 37 °C using a SpectraMax M2 plate reader (Molecular Devices, Sunnyvale, CA, 
USA). The CLT was calculated as the time from half-maximal fibrin formation to half-
maximal fibrin degradation.
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Statistical analysis
Conformity to the normal distribution was evaluated with Q-Q plots and the Shapiro-Wilk 
test. Categorical variables were expressed as percentages and continuous variables as 
mean ± SD or median (interquartile range, IQR). Comparisons between the three time-
points (for 32 patients with complete follow-up) were performed by repeated-measures 
ANOVA with post-hoc Bonferroni test or non-parametric Friedman tests with post-
hoc Wilcoxon signed-rank tests and Bonferroni correction for multiple comparisons. 
Comparisons between two independent groups (at baseline, all 52 subjects) were 
performed by independent samples t-test or non-parametric Mann-Whitney U test. 
Associations were assessed using Spearman’s rank correlation tests (all 52 subjects). 
A p-value of 0.05 was considered statistically significant. All analyses were performed 
using Statistical Package for Social Sciences (SPSS Inc., Chicago, IL, USA) version 25.

RESULTS

Baseline characteristics of the study population
Fifty-two patients admitted to the Gelre Hospitals Apeldoorn with a confirmed AE-COPD 
were included in this study (Fig. 1). Three patients (6%) died during the follow-up as a 
consequence of respiratory failure. Moreover, 17 patients did not show up for the blood 
draw at convalescence (on average 8 weeks after discharge). Thus, blood samples at all 
3 time points were obtained for 32 subjects (Fig. 1, Table S1).

Figure 1. Inclusion flow-chart.
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Baseline characteristics of the study participants are summarized in Table 1. In approximately 
half of the patients, the AE-COPD had a proven infectious cause. At presentation, 26 of the 
patients had CRP levels >10 mg/L, indicative of systemic inflammation, of which 18 had a 
proven viral (n = 6), bacterial (n = 9) or combined (n = 3) infectious cause. Fifteen patients 
(28.8%) had a history of CVD, for which they all received aspirin. Data are presented as 
the mean ± SD or median (IQR) for normally distributed and non-parametric continuous 
variables, respectively, and as the absolute number [percentage of total (n  =  52)] for 
categorical variables. * Hypoxemia was defined as oxygen saturation <90% while breathing 
room air. † Including deep venous thrombosis, ischemic stroke, transient ischemic attack, 
pulmonary embolism, acute coronary syndrome, heart failure. Abbreviations: FEV1, forced 
expiratory volume in 1  s; VC, vital capacity; LMWH: prophylactic low-molecular-weight 
heparin; SAMA/LAMA, short-acting/long-acting muscarinic antagonist; SABA/LABA, short-
acting/long-acting beta-agonists; ICS, inhaled corticosteroids; CRP, C-reactive protein; AE-
COPD, acute exacerbation of COPD; CVD, cardiovascular disease.

Table 1. Baseline patient characteristics.
Variable Mean ± SD; Median (IQR); n [%]
N 52
Age, years 66.5 ± 10.4
Male, n [%] 21 [40.4%]
Body mass index, kg/m2 25.1 (5.3)
Current smoker, n [%] 16 [30.8%]
Smoking history, pack-years 31.5 ± 12.9
GOLD score, n [%]

 II 15 [28.8%]
 III 22 [42.3%]
 IV 15 [28.8%]

Pulmonary function
FEV1, l 0.92 (0.53)
FEV1 predicted, % 36.0 (17.4)
VC, l 2.5 ± 0.9
VC predicted, % 74.6 ± 18.7
Tiffeneau index, % 37.0 (16.0)

Inhalation medication, n [%]
Short-acting bronchodilators (SAMA/SABA) 45 [86.5%]
Monotherapy long-acting (LABA/LAMA) 7 [13.5%]
Double therapy (LABA + LAMA/LABA + ICS) 16 [30.8%]
Triple therapy (LABA + LAMA + ICS) 25 [48.1%]

Emphysema, n [%] 34 [65.4%]
Exacerbation rate, n per year 2 (2)
Hypoxemia* at presentation, n [%] 19 [36.5%]
CRP >10 mg/L at presentation, n [%] 26 [50.0%]
Infectious cause of AE-COPD, n [%] 27 [51.9%]

Viral infection 12 [23.1%]
Bacterial infection 10 [19,2%]
Combined bacterial and viral infection 5 [9.6%]

Duration of hospitalization, days 6 (4)
LMWH during hospital stay, n [%] 45 [86.5%]
History of CVD†, n [%] 15 [28.8%]
On aspirin therapy, n [%] 15 [28.8%]
Data are presented as the mean ± SD or median (IQR) for normally distributed and non-parametric 
continuous variables, respectively, and as the absolute number [percentage of total (n = 52)] for 
categorical variables. * Hypoxemia was defined as oxygen saturation <90% while breathing room 
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air. † Including deep venous thrombosis, ischemic stroke, transient ischemic attack, pulmonary 
embolism, acute coronary syndrome, heart failure. Abbreviations: FEV1, forced expiratory volume 
in 1  s; VC, vital capacity; LMWH: prophylactic low-molecular-weight heparin; SAMA/LAMA, short-
acting/long-acting muscarinic antagonist; SABA/LABA, short-acting/long-acting beta-agonists; ICS, 
inhaled corticosteroids; CRP, C-reactive protein; AE-COPD, acute exacerbation of COPD; CVD, 
cardiovascular disease.

Increased PMC formation and monocyte activation during AE-COPD
PMCs were significantly increased during AE-COPD (median 31.3, IQR 15.3) compared 
to after three days of treatment (median 20.8, IQR 8.2, p < 0.001) and convalescence 
(median 23.8, IQR 7.9, p = 0.004) (Fig. 2A). There was a small, positive correlation between 
PMCs and CRP levels (Fig. 2B, open circles).

Monocyte Mac-1 expression was also increased during AE-COPD (median 38.2, IQR 20.0) 
compared to during treatment (median 34.0, IQR 9.9, p  =  0.001) and convalescence 
(median 34.8, IQR 12.5, p = 0.006) (Fig. 2C). There was a positive correlation between 
monocyte Mac-1 expression and PMC formation (r = 0.353, p < 0.001) (Fig. 2D). Patients 
with CRP levels >10 mg/L at baseline had significantly higher monocyte Mac-1 expression 
(median MFI 38.7, IQR 14.5) than patients with CRP below this cut-off (33.5, IQR 11.4) 
(p = 0.002) and the correlation between CRP and Mac-1 was also significant (r = 0.423, 
p < 0.001) (Fig. 2B, closed circles).

Platelet P-selectin expression and αIIbβ3 activation are not affected by AE-COPD
P-selectin expression, either unstimulated or in response to TRAP, CRP-XL and ADP, 
was not significantly different between AE-COPD, day 3 of treatment and convalescence 
(Table 2, top half). Similarly, activation of the P-selectin expression and αIIbβ3 activation 
were measured by flow cytometry as markers of platelet activation. Whole blood was 
incubated without (unstimulated, representing spontaneous/’‘in vivo’’ platelet activation) 
or with one of the platelet agonists TRAP, CRP or ADP. Data are presented as the median 
(IQR) (n = 32). Abbreviations: TRAP, thrombin receptor activating peptide; CRP-XL, cross-
linked collagen-related peptide; ADP, adenosine diphosphate; MFI, median fluorescent 
intensity; ns, non-significant.
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Figure 2. Platelet-monocyte complexes and monocyte Mac-1 expression during and after 
AE-COPD. Circulating PMCs (A) and Mac-1 expression (C) were measured at the 3 time points 
(n = 32). The horizontal line represents the median, whiskers indicate the first and third quartiles. 
Significant differences are indicated with corresponding p-values. (B) The correlation between 
PMCs (right axis, open circles with dashed linear regression) and Mac-1 expression (left axis, closed 
circles with solid linear regression) with inflammation, measured as CRP. Corresponding Spearman 
correlation coefficients and p-values are indicated in the upper left and right corners for Mac-1 
and PMCs, respectively (data from all three time points, n = 52). (D) Correlation between PMCs and 
Mac-1 expression (data from all 3 time points, n  =  52). Abbreviations: PMCs, platelet-monocyte 
complexes; MFI, median fluorescent intensity.

Table 2. Platelet (re)activity during and after AE-COPD.
Parameter AE-COPD Day 3 of treatment Convalescence P-value
P-selectin expression (MFI)
 Unstimulated 0.32 (0.07) 0.32 (0.08) 0.32 (0.12) ns, p = 0.552
 TRAP 26.2 (8.6) 25.0 (10.1) 23.9 (6.0) ns, p = 0.156
 CRP-XL 24.4 (9.4) 24.3 (7.8) 24.8 (8.0) ns, p = 0.055
 ADP 5.8 (8.0) 5.6 (5.1) 6.4 (7.2) ns, p = 0.129
αIIbβ3 activation (MFI)
 Unstimulated 0.53 (0.30) 0.57 (0.27) 0.64 (0.27) ns, p = 0.249
 TRAP 2.6 (2.2) 2.1 (2.6) 3.2 (2.7) ns, p = 0.051
 CRP-XL 19.1 (10.5) 20.9 (13.1) 20.2 (9.2) ns, p = 0.897
 ADP 13.3 (7.6) 11.9 (9.2) 13.6 (11.0) ns, p = 0.084
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Endothelial activation during AE-COPD
Endothelial function was evaluated by measuring various VWF parameters. VWF:Ag 
levels were significantly elevated during AE-COPD (median 218%, IQR 113%) and at day 
3 of treatment (median 217%, IQR 126%) compared to convalescence (median 182%, 
IQR 110%) (Fig. 3A). Similarly, VWF:RCo activity was increased during AE-COPD (median 
157%, IQR 89%, p = 0.009) and day 3 of treatment (median 158%, IQR 64%, p = 0.002) 
compared to convalescence (median 135%, IQR 71%) (Fig. 3B).

Figure 3. Endothelial cell activation measured by circulating VWF parameters. (A) VWF:Ag, (B) 
VWF:RCo, (C) active VWF and (D) VWF propeptide at the 3 sample time points. The horizontal line 
represents the median, whiskers indicate the first and third quartiles. Significant differences are 
indicated with corresponding p-values (n = 32). Abbreviations: NPP, normal pooled plasma; VWF:Ag, 
VWF antigen; VWF:RCo, VWF ristocetin cofactor activity; AE-COPD, acute exacerbation of COPD.

Active VWF levels were highest during AE-COPD (median 151%, IQR 48), followed by a drop 
during treatment (median 142%, IQR 32, p < 0.001) and lowest levels at convalescence 
(median 125%, IQR 27, p < 0.001) (Fig. 3C). In contrast, VWFpp levels remained stable 
over time (Fig. 3D). CRP correlated significantly with active VWF (Spearman r = 0.395, 
p < 0.001), VWF:Ag (Spearman r = 0.475, p < 0.001) and VWFpp (Spearman r = 0.312, 
p = 0.001) levels.
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Plasmatic coagulation is increased during AE-COPD
The total (ETP) and maximum (peak) amount of thrombin generated and the velocity of 
thrombin formation (VI) were all significantly increased during AE-COPD compared to 
convalescence, at all concentrations (0, 1 and 5 pM) of TF (Table 3). The ETP (at 1 and 
5 pM TF) was also increased during AE-COPD (1.502 ± 356 and 1.503 ± 335 nM min, 
respectively) compared to day 3 of treatment (1.440 ± 332 and 1.418 ± 271 nM min, 
respectively, both p  <  0.001). The ‘‘time-parameters’’ lagtime and TTP were not 
significantly different between the timepoints.

Table 3. Thrombin generation during and after AE-COPD.
AE-COPD Day 3 treatment Convalescence p-value

5 pM TF
LT, s 3.6 (3.3–3.9) 3.3 (3.0–4.0) 3.6 (3.1–4.0) ns, p = 0.103
ETP, nM.min 1503 ± 335*† 1418 ± 271† 1400 ± 360* *p = 0.015 

†p < 0.001
Peak, nM 283 (240–321)* 260 (230–308) 251 (209–290)* *p = 0.003
TTP, s 6.6 (6.0–7.0) 6.3 (6.0–7.3) 6.7 (6.2–7.3) ns, p = 0.350
VI, nM/min 101.3 ± 39.0* 91.8 ± 39.8 80.2 ± 36.1* *p = 0.01

1 pM TF
LT, s 5.8 (5.4–6.6) 6.0 (5.3–6.8) 6.0 (5.2–6.6) ns, p = 0.095
ETP, nM.min 1502 ± 356*† 1440 ± 332† 1375 ± 361* *p = 0.008 

†p < 0.001
Peak, nM 303 (261–350)* 278 (233–328) 265 (218–291)* *p = 0.001
TTP, s 8.7 (8.0–9.3) 8.5 (8.2–9.9) 8.9 (8.0–9.9) ns, p = 0.481
VI, nM/min 116.7 ± 42.6* 107.4 ± 48.8 90.7 ± 41.9* *p = 0.002

0 pM TF
LT, s 11.0 (9.8–12.6) 11.8 (10.2–12.5) 11.5 (9.5–13.5) ns
ETP, nM.min 1452 ± 354* 1379 ± 305* 1331 ± 295 *p < 0.001
Peak, nM 355 (308–390)* 335 (281–386)† 315 (264–347)*† *p = 0.003 

†p = 0.016
TTP, s 13.0 (12.0–15.0) 13.8 (12.3–15.2) 13.9 (11.5–15.8) ns, p = 0.787
VI, nM/min 162.7 ± 48.1* 152.4 ± 60.0† 133.0 ± 43.1*† *p = 0.003 

†p = 0.008

Of note, other global assays for plasmatic coagulation, the prothrombin time (PT) and 
activated partial thromboplastin time (aPTT), did not show any differences between the 
3 time points (Table S2). CRP correlated significantly with the ETP (Spearman r between 
0.244 and 0.315), peak (r between 0.361 and 0.405) and velocity index (r between 0.364 
and 0.450) of TG stimulated with 0, 1 and 5 pM (Table S3). In line with this, patients with 
CRP>10  mg/L had a significantly elevated peak, ETP and velocity index compared to 
those without systemic inflammation (Fig. S1).

Data are presented as mean  ±  SD for normally distributed variables and median 
(25th-75th quartile) for non-parametric variables. *, † and § indicate the values that 
are significantly different from each other (n  =  32). Abbreviations: AE-COPD, acute 
exacerbation of COPD; TF, tissue factor; LT, lagtime; ETP, endogenous thrombin potential; 
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TTP, time to thrombin peak; VI, velocity index; ns, non-significant at the p = 0.05 level.
Fibrinogen was significantly elevated during AE-COPD (mean 4.8 ± SD 1.5) compared 
to day 3 of treatment (mean 4.2  ±  SD 1.3) (Table S2). Levels of FVIII were highest at 
day 3 of treatment (median 198, IQR 87) compared to onset AE-COPD (median 185, 
IQR 91) and convalescence (median 153, IQR 84). Fibrinogen and FVIII levels correlated 
with CRP (Spearman r  =  0.722 and 0.339, respectively, both p  <  0.001) and were 
significantly increased in patients with signs of systemic inflammation (fibrinogen mean 
5.4, SD 1.2 g/L; FVIII median 154%, IQR 78%) compared to patients without systemic 
inflammation (fibrinogen mean 3.6, SD 0.7 g/L; FVIII median 205%, IQR 78%). D-dimer 
levels, a marker of in vivo coagulation activation, were not different between the 3 time 
points (Table S2).

Fibrinolysis rate is decreased in patients with systemic inflammation
To study the influence of an AE-COPD on fibrinolysis we measured the clot lysis time 
(CLT) at all three study time points. At day 3 of in-hospital treatment, the clot lysis time 
was significantly longer (median 22.9 min, IQR 9.4 min) compared to during AE-COPD 
(20.8 min, IQR 8.7 min, p = 0.001) (Fig. S2, panel A; Table S2). At convalescence, the CLT 
returned back to the AE-COPD level (median 20.4, IQR 7.6, p  =  0.001). A significant, 
positive correlation between CLT and CRP levels (r  =  0.297, p  =  0.01) was observed. 
Moreover, during AE-COPD, patients with systemic inflammation (median 21.7 min, IQR 
6.5) had significantly longer CLT than those without systemic inflammation (median 
17.7 min, IQR 10.2, p = 0.013) (Fig. S2, panel B).

Clinical outcomes in relation to coagulation parameters
Three patients died during hospital admission. Clinical outcomes could be determined 
for all other 49 patients. Three patients suffered a cardiovascular event during the 
study: during admission, one patient suffered a non-ST segment elevation myocardial 
infarction and one had acute Takotsubo cardiomyopathy, while after discharge one 
patient had an unprovoked pulmonary embolism. No remarkable baseline (AE-COPD) 
coagulation parameter values were observed in these 3 patients, and given the small 
number of events we refrained from further post-hoc analyses.

Twenty-one patients suffered from a relapse of AE-COPD within the study follow-up 
period. Post-hoc analysis showed that platelet hyperreactivity at baseline, i.e. at hospital 
admission, was significantly associated with AE-COPD relapse after hospital discharge: 
patients who would later relapse had significantly higher platelet αIIbβ3 activation in 
response to TRAP (MFI 7.9, IQR 4.8, p = 0.001), CRP-XL(MFI 44.8, IQR 21.0, p = 0.007) 
and ADP (MFI 31.6, IQR 11.1, p = 0.017) at hospital admission compared to patients who 
did not have a relapse during the follow up (TRAP MFI 4.5, IQR 3.8; CRP-XL MFI 35.4, IQR 
24.8; ADP MFI 23.6, IQR 10.9).
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DISCUSSION

Acute exacerbations of COPD are associated with a prothrombotic state that is 
characterized by both platelet- and endothelial activation, as well as by an increase in 
plasmatic coagulation potential. Moreover, activation of these coagulation parameters 
was associated with increased systemic inflammatory markers, suggesting that both 
inflammation and coagulation may drive the prothrombotic state in AE-COPD.

Despite the evidence that AE-COPDs are associated with an increased risk of arterial and 
venous thrombotic events [1, 26], there are surprisingly few studies directly linking AE-
COPD to the function and activation status of the coagulation system. In one prospective 
cohort study, Wedzicha et al. found that fibrinogen levels are elevated in stable COPD 
and further increase during an exacerbation [27]. Two smaller studies have shown an 
increase in circulating platelet-monocyte complexes (PMCs) during an AE-COPD [16, 17]. 
Our study extends these results by showing that an AE-COPD is a ‘‘pan-thrombotic’’ 
state in which platelets, monocytes, the endothelium and plasmatic coagulation are all 
activated. Our finding that activated VWF is elevated during an AE-COPD is especially 
relevant since active VWF can directly interact with platelets, and is therefore highly 
thrombogenic. The observed simultaneous activation of the whole coagulation system 
supports the hypothesis that an AE-COPD itself is a thrombogenic trigger and thereby 
increases the risk of both arterial and venous thromboembolic events. Furthermore, 
measurements at day 3 of in-hospital treatment showed, on average, a beneficial effect 
of treatment, i.e. a decrease in prothrombotic markers such as TG and active VWF, likely 
as a result of strongly reduced inflammation. However, fibrinolysis, as measured by CLT 
was significantly prolonged at day 3. Further studies are needed to gain more insight 
into the effects of in-hospital exacerbation therapy on coagulation and fibrinolysis.

In addition, the coagulation system might potentially contribute to the occurrence of 
COPD exacerbations. Some studies have shown that even at baseline there might be 
some activation of the coagulation system in patients with stable COPD [28, 29]. It is 
hypothesized that platelet- and endothelial activation might affect COPD progression 
and exacerbation rate by impairing microvascular pulmonary blood flow and maintaining 
inflammation in COPD [30]. In the MESA and SPIROMICS cohort studies chronic aspirin 
use was found to attenuate emphysema progression and was associated with a lower 
risk of exacerbations [31, 32]. This is in line with our observation of increased VWF:Ag 
but stable VWFpp, which suggests chronic, rather than acute, endothelial activation 
[20]. Chronic endothelial activation in early adulthood has been associated with future 
emphysema development [33]. Moreover, we report significantly higher platelet 
reactivity during the index exacerbation in patients who later suffer from a recurrent 
exacerbation. Given the post-hoc nature of this analysis, the multiple comparisons, 
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potential index event bias and risk of confounding, this finding should be interpreted 
very prudently.

We profiled thrombin generation to assess changes in plasmatic coagulation during an 
AE-COPD. Thrombin peak, ETP and velocity of thrombin generation were significantly 
increased during AE-COPD, while D-dimer levels, a marker of in vivo coagulation 
activation, did not change. In addition, the time until clot formation, reflected by the 
aPTT, PT and TG lagtime, were comparable at all time points. Together, this implies that 
the increased thrombin generation potential mainly serves to stabilize clots. Increased 
peak TG has been associated with subsequent risk of venous thromboembolism (VTE), 
independent of established VTE risk factors [34]. TG peak, ETP and velocity significantly 
correlated with inflammation, possibly through the inflammatory cytokine IL-6, which 
stimulates fibrinogen and FVIII release [35, 36]. Elevated FVIII and fibrinogen levels 
during AE-COPD contribute to the increased TG [27, 37]. Moreover, Mac-1 on activated 
monocytes catalyzes the conversion of FX to FXa, which also boosts TG [38]. Of note, 
the high TG peak and velocity index in the absence of added TF indicate that in vivo 
processes increase the availability of TF. These processes are likely linked to systemic 
inflammation, as IL-6 and CRP induce TF expression on monocytes, and apoptosis of 
several cell types increases circulating TF-bearing microparticles [39]. Together, these 
results underscore the close relationship between inflammation and coagulation in the 
occurrence of thromboembolic events after an AE-COPD.

Contrary to our hypothesis, we did not find “in vivo” platelet activation and hyperreactivity 
as measured by αIIbβ3 activation and P-selectin expression, either unstimulated or 
after stimulation with platelet agonists, respectively (Table 2). PMC formation may be a 
more sensitive marker of platelet activation, as circulating platelets rapidly shed surface 
P-selectin but continue to circulate in complex with monocytes [10]. The fact that we 
also found an increased mean platelet volume (Table S1), another surrogate marker of 
platelet activation, is in line with the increased PMC formation and supports that platelet 
activation did occur during AE-COPD. However, other mechanisms such as monocyte 
activation as the primary driver for PMC formation in COPD should be considered. 
We observed significantly increased monocyte Mac-1 expression during AE-COPD 
compared to convalescence, which correlated with PMC formation. Mac-1 expression is 
predominantly triggered by interaction with platelets through P-selectin-PSGL-1 binding 
but can also occur in response to inflammatory mediators such as CRP [38], which 
was significantly increased during AE-COPD and correlated positively with both Mac-1 
expression and circulating PMCs. This would support the hypothesis that inflammation-
associated monocyte activation plays a key role in the PMC formation during AE-COPD.
Contrary to our hypothesis, we did not observe changes in the rate of fibrinolysis, 
measured as CLT, between AE-COPD and at convalescence. Though PAI-1 levels are 
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known to be higher in COPD patients compared to healthy controls [40], PAI-1 levels 
did not rise during AE-COPD in a previous study [41]. Interestingly, AE-COPD patients 
with systemic inflammation had a prolonged clot lysis time compared to those without 
systemic inflammation. Inflammatory stimuli are known to induce increased expression 
of PAI-1 [42]. Although we did not directly measure PAI-1 levels, we hypothesize that the 
prolonged CLT in AE-COPD patients with systemic inflammation may be (at least partly) 
explained by an inflammation-induced increase in PAI-1. The prolonged clot lysis time 
suggests that decreased fibrinolysis might additionally contribute to the prothrombotic 
state in this subgroup of AE-COPD patients with systemic inflammation.

Although the strengths of this study include the careful and comprehensive assessment 
of prothrombotic markers during an AE-COPD and after convalescence, several limitations 
should be discussed. First, our study sample was relatively small and loss-to-follow-
up was larger than expected, which in part reflects the labor-intensive nature of such 
mechanistic studies. Nonetheless, due to the large changes in prothrombotic markers from 
exacerbation to convalescence, the study was still sufficiently powered to detect statistically 
significant changes. Of note, the large loss-to-follow-up could have potentially resulted in 
selection bias, although in post-hoc analyses we did not find any differences in outcome 
parameters between patients who withdrew themselves from the study (n = 17) or passed 
away (n = 3), versus those who did complete the study (n = 32). Regrettably, we could not 
detect correlations between prothrombotic markers and the occurrence of cardiovascular 
outcome, nor could we find clinical risk factors for the increase in thrombotic markers. This is 
not surprising since our study was not set up and powered as such. Nevertheless, the large 
changes in thrombotic biomarkers seen in this study warrant future investigations into their 
relationship with the incidence of cardiovascular events. Our data suggest that active VWF, 
PMCs, and TG could be candidate biomarkers in such future studies. Of note, 37 out of 52 
patients were GOLD III or IV, hence our findings should not be extrapolated to milder COPD, 
including exacerbations treated in primary care. Furthermore, the uniqueness of AE-COPD 
as a thrombogenic trigger should not be overestimated. Epidemiological studies in non-
COPD populations have yielded similar results, demonstrating an increased cardiovascular 
risk following acute infections [43]. Since COPD patients are more susceptible to infections, 
it might not be an intrinsic characteristic of COPD patients to develop thrombosis, but 
rather a multitude of infectious insults that initiates the thrombotic cascade. In addition, 
we included 3 time-points in our study, whereas longer, sequential time points would have 
provided more insight into the course of the prothrombotic changes seen during and after 
an AE-COPD and the subsequent risk of CVD. Finally, we applied a Bonferroni correction 
for multiple comparisons, which is known to be rather conservative, especially since the 
test statistics at each time point were not fully independent. This may have caused an 
increased risk of type II error/false negative rate, which was preferred over a high risk of 
type I error/false positive rate.
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CONCLUSIONS

In conclusion, elevated circulating PMCs, (active) VWF and thrombin generation, 
combined with decreased fibrinolysis, together contribute to the prothrombotic state 
of COPD patients during an acute exacerbation, particularly in patients with increased 
systemic inflammation. Moreover, platelet hyperreactivity was associated with 
exacerbation relapse. These findings signify that AE-COPDs are ‘‘pan-thrombotic’’ events, 
but also suggest a reciprocal relationship in which increased platelet hyperreactivity may 
contribute to recurrent COPD exacerbations. The current study may therefore provide a 
basis for future studies with the aim to predict which AE-COPD patients have the highest 
risk of developing a cardiovascular event.
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SUPPLEMENTARY METHODS

Complete blood count and global clotting assays
Blood cell counts were measured with a Cell Dyn Sapphire analyser (Abbott Diagnostics, 
Santa Clara, CA). Prothrombin time (PT), activated partial thromboplastin time (aPTT) 
and D-dimer were measured in PPP on a STA-R Max analyser (Diagnostica Stago, Leiden, 
the Netherlands). 

Von Willebrand Factor parameters
VWF antigen (VWF:Ag) was measured on a STA-R Max coagulation analyzer (Stago, 
Leiden, the Netherlands). VWF ristocetin cofactor activity (VWF:RCo) was determined 
using the HemosIL® AcuStar chemiluminescence assay (IL-Werfen, Bedford, MA, 
USA). VWF propeptide (VWFpp) was measured with an ELISA (Sanquin, Amsterdam, 
The Netherlands). Results of the VWFpp and active VWF assay were normalized (%) to 
normal pooled plasma (NPP) on the same plate. 

SUPPLEMENTARY FIGURES

Figure S1. The effects of inflammation on thrombin generation. (A-C) ETP, peak and velocity 
index of TG in patients with (white) versus without (grey) systemic inflammation, defined as CRP>10 
mg/L, for all tested concentrations of TF (5, 1 and 0 pM). Centre lines represent the median, 
whiskers represent Tukey’s whiskers. Corresponding p-values are indicated (Mann-Whitney U test) 
(n=52). Abbreviations: CRP, C-reactive protein; TF, tissue factor; ETP, endogenous thrombin 
potential.
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Figure S2. The effects of an AE-COPD and inflammation on fibrinolysis. (A) Clot lysis time was 
measured at exacerbation, day 3 of treatment and convalescence. The centre line represents the 
median, whiskers indicate the first and third quartiles (n=32). (B) Clot lysis time in the presence 
(open circles) versus absence (closed circles) of systemic inflammation, defined as CRP>10 mg/L, 
in AE-COPD patients (at hospitalisation). The centre line represents the median, whiskers indicate 
the first and third quartiles (n=52).*, p-value <0.05 (Mann-Whitney U test). Abbreviations: CRP, 
C-reactive protein; CLT, clot lysis time.

SUPPLEMENTARY TABLES
Table S1. Complete blood count parameters during and after AE-COPD.
Parameter AE-COPD Day 3 of treatment Convalescence p-value Reference

values
Leukocytes, x109/L 11.9 ± 3.5* 12.2 ± 3.5† 10.0 ± 3.4*† *p=0.015

†p=0.003
4-11

Neutrophils, x109/L 10.2 ± 3.1* 8.8 ± 3.4 7.4 ± 3.1* *p=0.001 2-7.2
Lymphocytes, x109/L 0.8 (0.5)*† 2.4 (1.4)*§ 1.7 (1.0)†§ *p<0.001

†p<0.001
§p=0.01

1-4

Monocytes, x109/L 0.6 ± 0.3* 1.0 ± 0.3*† 0.7 ± 0.3† *p<0.001
†p<0.001

0.15-0.9

Eosinophils, x109/L 0.02 (0.03)* 0.04 (0.08)† 0.13 (0.16)*† *p<0.001
†p<0.001

0-0.5

Basophils, x109/L 0.03 (0.03)* 0.04 (0.06) 0.06 (0.06)* *p=0.001 0-0.15
Erythrocytes, x1012/L 4.5 ± 0.4* 4.4 ± 0.4*† 4.6 ± 0.4† *p=0.005

†p=0.001
3.8-6.0

Platelets, x109/L 279 (108.5) 281 (132) 272 (120) ns, p=0.803 150-400
MPV, fL 8.9 ± 1.7* 8.9 ± 1.8† 8.2 ± 1.3*† *p<0.001

†p<0.001
7.5-11.5 

Data are presented as the mean ± SD or median (IQR) for normally distributed and skewed 
continuous variables, respectively. *, † and § indicate the values that are significantly different from 
each other in Wilcoxon signed-rank tests, whereas ‘‘ns’’ and the corresponding p-value indicates the 
result of the Friedman test if not statistically significant (n=32). Abbreviations: ns, non-significant; 
MPV, mean platelet volume.
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Table S2. Global coagulation assays and coagulation factors
Parameter AE-COPD Day 3 of treatment Convalescence p-value Ref. values

Global coagulation assays
PT, s 13.3 (1.13) 12.8 (1.9) 13.1 (0.9) ns, p=0.174 11-14
aPTT, s 28 (4.3) 28 (4.3) 29 (7.0) ns, p=0.135 30-40
Markers of inflammation/acute phase proteins
CRP, mg/L 40.6 ± 64.8*§ 20.8 ± 26.9*† 6.6 ± 12.6†§ *p<0.001

†p=0.005
§p<0.001

<10

Fibrinogen, g/L 4.8 ± 1.5* 4.2 ± 1.3* 4.2 ± 1.0 *p=0.001 2-4
Markers of in vivo coagulation 
D-dimer, ng/mL 520 (367) 530 (503) 510 (360) ns, p=0.531 <500
VWF and FVIII
VWF:Ag, % 218 (113)* 217 (126) † 182 (110)*† *p=0.009

†p<0.001
50-150

VWF:RCo, % 156.7 (88.8) 158.3 (64.4)*† 135.1 (71.4)*† *p=0.009
†p=0.002

50-150

Active VWF, % of NPP 151 (48)*§ 142 (32)*† 125 (27)†§ *p<0.001
†p<0.001
§p<0.001

92-155

VWFpp, % of NPP 123 ± 48 118 ± 38 109 ± 42 ns, p=0.123 73-189
FVIII:C, % 185 (91)* 198 (87)*† 153 (84)† *p=0.001

†p<0.001
50-150

Fibrinolysis
CLT, min 20.8 (8.7)* 22.9 (9.4)*† 20.4 (7.6)† *p=0.001

†p=0.001
Data are presented as the mean ± SD or median (IQR) for normally distributed and skewed 
continuous variables, respectively. *, † and § indicate the values that are significantly different from 
each other in Wilcoxon signed rank tests, whereas ‘‘ ns’’ and corresponding p-values indicate the 
result of the Friedman test if not statistically significant (n=32). Abbreviations: ns, non-significant; 
MPV, mean platelet volume, CLT, clot lysis time.

Table S3. Correlations between TG parameters and CRP.
Inflammation, CRP 

Spearman r p-value
5 pM TF

LT, s 0.339 p<0.001
ETP, nM.min 0.244 p=0.008
Peak, nM 0.405 p<0.001
TTP, s -0.042 ns, p=0.250
VI, nM/min 0.450 p<0.001

1 pM TF
LT, s 0.158 ns, p=0.617
ETP, nM.min 0.277 p=0.002
Peak, nM 0.388 p<0.001
TTP, s -0.016 ns, p=0.463
VI, nM/min 0.405 p<0.001

0 pM TF
LT, s -0.009 ns, p=0.769
ETP, nM.min 0.315 p=0.001
Peak, nM 0.361 p<0.001
TTP, s -0.041 ns, p=0.923
VI, nM/min 0.367 p<0.001

Abbreviations: TF, tissue factor; LT, lagtime; ETP, endogenous thrombin potential; TTP, time to 
thrombin peak; VI, velocity index; ns, non-significant with corresponding p-values (n=32).
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Dear editors,

Dual antiplatelet therapy (DAPT) with aspirin and a P2Y12 receptor antagonist is commonly 
prescribed as secondary prevention for patients after percutaneous angioplasty with stent 
implantation, and it was shown to effectively reduce future ischemic events in patients with 
atherosclerotic cardiovascular disease[1]. Clopidogrel is the most frequently prescribed 
P2Y12 antagonist, though variability in its pharmacokinetic and pharmacodynamic effect. 
It is an orally administered prodrug that needs metabolization in the liver to exert its 
antiplatelet effect. Differences in the extent and rapidity of this effect are partially due 
to genetic variations in the CYP2C19 enzyme that metabolizes the prodrug in its active 
metabolite[2]. Other factors that may contribute to the variable anti-platelet effect of 
clopidogrel are differences in absorption, smoking, drug interactions, and other patient-
related factors[3]. Several studies indicated high on-treatment residual platelet reactivity 
(HRPR) in patients on DAPT with higher risk of thrombotic events[1, 4]. Despite, there is 
discussion on measuring the in vitro effect of antiplatelet therapy.

In this study, approved by the ethical committee of the Ghent University Hospital, 
we assessed residual platelet reactivity in 42 patients receiving DAPT (median age 61 
years, 33% men). Citrated whole blood (BD Vacutainer, Becton Dickinson, Plymouth, UK) 
was collected. Light transmission aggregometry (LTA) was performed on a chrono-log 
model 700 (Chrono-log corporation, Havertown, US) according to the manufacturer’s 
instructions and to the North American Consensus Guideline on platelet function 
testing (imprecision below 8%)[5-8]. As alternative for LTA, to handle the increasing 
demand for antiplatelet drug monitoring in our laboratory, the whole blood platelet 
activation test (WB-PACT) was tested as it is a less time and sample volume consuming 
method[7]. WB-PACT was performed using a batch of tests strips stored at -20°C with 
a total volume of 20 µl consisting of no agonist or 2 µmol/L MesADP and 1.5 µl PE-
conjugated anti-P-selectin, 2 µl FITC-conjugated PAC-1 and 0.5 µl APC-conjugated anti-
CD42b (BD Biosciences) in HEPES buffered saline (HBS, 10 mmol/L HEPES, 150 mmol/L 
NaCl, 1 mmol/L MgSO4, 5 mmol/L KCL, pH 7.4). The assay was performed at 37°C. 
Whole blood was 1:4 diluted in HEPES-buffered saline and 5 µl was added to each test. 
After an incubation of 20 minutes the reaction was stopped by adding 250 µl fixation 
solution (137 mmol/L NaCl, 2.7 mmol/L KCl, 1.12 mmol/L NaH2PO4, 1.15 mmol/L 
KH2PO4, 10.2 mmol/L Na2HPO4, 4 mmol/L EDTA, 0.5% formaldehyde). FACS CantoTM 

II (BD Biosciences) was used to analyze the samples. Platelets were discriminated form 
other cells using the forward and sideward scatter pattern and gating on the CD42b 
positive cells. Fluorescent intensity in the FITC gate and PE channels were determined 
and results were expressed as median fluorescent intensity (MFI) corrected for the MFI 
of blood to which no platelet agonist was added. Intra-assay variation of the test is 5.3% 
and 13.3% for αIIbβ3 activation and P-selectin, respectively. 

90 | Chapter 5

5 5



In 56 healthy donors (median age of 25, 44% men) recruited in the hospital and not 
taking any medication that influences haemostasis, αIIbβ3 activation and P-selectin 
expression was quantified and the 2.5th, 10th, 25th and 50th percentiles were determined. 
The αIIbβ3 activation and P-selectin expression in men and women on DAPT are shown 
in Figure 1A. For LTA, maximal aggregation, disaggregation and prolongation of the 
lagtime in response to ADP was measured. The scoring system for both tests is shown 
in Figure 1B. There was a strong correlation between the WB-PACT platelet score in 
response to MesADP and the LTA platelet score in response to ADP with a Spearman 
correlation coefficient of 0.65 (P<0.001, Figure 2).

Figure 1. For WB-PACT, both αIIbβ3 receptor activation (panel A left) and P-selectin expression 
(panel A right) in response to MeSADP was determined in blood of patients on dual antiplatelet 
therapy (black dots). The 50th (median), 25th, 10th and 2.5th percentiles, of the healthy population are 
indicated. For each patient on DAPT, a score for each parameter was given (panel B left). For LTA, 
maximal aggregation, disaggregation, and prolongation of the lagtime was scored (panel B right). 

To study the agreement between both tests, patients on DAPT with at least one 
parameter lower than the 10th percentile measured with WB-PACT and at least one 
value deviating from the normal range (<50% maximal aggregation, prolonged lagtime 
and/or disaggregation >20%) measured with LTA were considered sensitive for DAPT. 
If the criteria were not met, patients were recognized as HRPR. In total, 40 out of 42 
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patients (95%) on DAPT showed an agreement between MesADP-triggered WB-PACT 
and ADP-triggered LTA (Cohen’s kappa (κ)=0.48, P=0.002). This was a better agreement 
than the agreement described earlier between LTA and AggreGuide A-100 (κ=0.019)[3]. 
Reduced platelet reactivity was measured in 39 patients on DAPT, and one patient was 
HRPR according to both WB-PACT and LTA. In addition, there was one patient that was 
HRPR according to WB-PACT but not according to LTA and one patient according to LTA 
but not according to WB-PACT. 

Data on the application of WB-PACT in the measurement of platelet reactivity of patients 
on DAPT therapy are scare. A comparable correlation between aggregometry and flow 
cytometry for the assessment of ADP-induced platelet reactivity in patients on DAPT was 
reported by Gremmel et al[9]. Our data suggest that the WB-PACT may be a feasible 
alternative for LTA. 
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Figure 2. Correlation of WB-PACT with LTA for determining platelet function in patients on DAPT. 

The Spearman correlation coefficient and P value are depicted.
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ABSTRACT 

Introduction 
Light transmission aggregometry (LTA) is the gold standard for diagnosing bleeding 
disorders. Although LTA is laborious, requires large volumes of blood and is relatively 
insensitive to small changes in platelet function, there is still no competing alternative 
approach to replace LTA for the diagnosis of platelet bleeding disorders

Materials and Methods 
This study investigates the correlation between flow cytometry-based whole blood 
platelet activation test (WB-PACT) and LTA and whether WB-PACT is of additional value 
for the identification of bleeding disorders. In total, 161 patients with suspected bleeding 
diathesis were tested. 

Results 
A correlation of 0.41 between LTA and WB-PACT was found, and there was agreement 
between tests in 62% of cases (κ =0.23). The WB-PACT is of additional value to LTA to 
detect platelet function disorders (PFD) as 10 patients with elevated bleeding score 
(BS) were detected with WB-PACT, 4 with LTA and 7 patients were positive with both 
tests. Interestingly, in contrast to LTA, WB-PACT has an additional option to detect VWF 
disfunctions. 

Conclusion 
WB-PACT may have added value for the routine diagnostic work-up in patients who 
need to have platelet function tested.
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INTRODUCTION

The assessment of platelet (dys)function is required for the identification of mild 
bleeding disorders (MBDs) characterized by disproportional bleeding after trauma or 
surgery, menorrhagia, excessive and frequent mucocutaneous hemorrhage and easy 
bruising [1, 2].

Currently, light transmission aggregometry (LTA) is the ‘gold standard’ platelet function 
test to define suspected bleeding disorders. Although LTA is used for more than four 
decades in diagnostic laboratories, it still lacks sensitivity for mild platelet function 
defects (PFDs) and it does not predict the risk of bleeding complications among 
patients with various platelet function defects [3-8]. It has been shown that only 60% 
of patients with excessive clinical bleeding and a suspected underlying inherited PFD, 
had a demonstrable abnormality in platelet aggregation [9], while in patients with mild 
bleeding, approximately 40% had a defect when assessed by LTA and serotonin and 
ATP release measurements [9, 10]. Disadvantages of LTA are the poor standardization 
despite existing guidelines, the requirement of a considerable volume of a fresh blood 
sample and the fact that it is time and labor intensive and not applicable for samples 
with low platelet count [11-16]. Accordingly, alternative methods to measure platelet 
aggregation have been developed but despite potential advantages, none of these 
techniques competed with LTA with regard to bleeding diagnostics [16]. There is an 
urgent need for alternative methods to give complimentary information about mild 
platelet function defects.

The whole blood platelet activation test (WB-PACT), introduced in 1987 by Shattil et 
al. [17], is a flow cytometric approach that allows stimulation of platelets with multiple 
agonists, while platelet activation can be quantified with different types of activation 
markers of granule release, glycoprotein activation and phospholipid expression. Since 
many laboratories do not offer facilities for both aggregometry and flow cytometry, 
data regarding the agreement between both approaches are scarce and these data 
would be of great value to correctly interpret the results achieved with either of these 
two approaches. For the diagnosis of MBDs, recently, Boknäs et al. [18] suggested that 
flow cytometric analysis of platelet function could become a feasible alternative for LTA, 
while van Asten et al. [19] concluded that this approach has added value to LTA.

In this study, we compared LTA and WB-PACT for the detection of PFDs in patients with 
bleeding diathesis.
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MATERIALS AND METHODS

Study population
Platelet function by LTA and WB-PACT was measured in parallel in 161 patients 
investigated for bleeding diathesis and in 56 healthy controls. For the patients 
investigated for bleeding diathesis, a bleeding score was calculated using the ISTH-BAT 
(elevated BS: >5 in women, >3 in men and >2 in children) [20]. Our study protocol was 
approved by the ethical committee of the Ghent University Hospital. Citrated whole 
blood (BD Vacutainer, Becton Dickinson, Plymouth, UK) was collected and processed 
according to the recommendations for the standardization of LTA [16].

Reagents
Platelet agonists used for flow cytometric analysis of platelet function include the P2Y12 
agonists 2MeS-ADP (1624, Tocris), the protease activated receptor (PAR)-1 agonist 
thrombin receptor activator peptide (TRAP-6 (SFLLRN), H-2936; Bachem, Germany), the 
glycoprotein VI (GPVI) agonist collagen-related peptide (CRP, purchased from Professor 
Farndale, University of Cambridge, UK) [21]. Ristocetin was purchased from ABP Ltd 
(Germany). The monoclonal antibodies used were FITC-conjugated PAC1, directed 
against the activated αIIbβ3 receptor, PE-conjugated anti-P-selectin (CD62P, clone AK4), 
APC-conjugated anti-GPIb (CD42b, clone HIP1) and APC-conjugated anti-αIIbβ3 (CD41a), 
all purchased from BD Pharmingen (NJ, USA) and FITC-conjugated anti-VWF (CL7616F, 
Cedarlane, Burlington, USA). 

Platelet agonists, used for LTA were ADP, epinephrine, arachidonic acid, ristocetin 
(Avant- Medical, The Netherlands), U46619 (Sigma Aldrich, Belgium) and collagen 
(Takeda Pharma, Austria). 

Whole blood platelet activation test (WB-PACT)
Platelet activation tests for flow cytometric analysis were prepared as published earlier 
[22, 23]. In short, test strips consisting of no agonist, 30 µmol/L TRAP, 5 µg/ml CRP and 2 
µmol/L MeSADP were prepared in advance and stored at -20°C. Each reaction mixture 
with a total volume of 20 µl consists of 2 µl FITC-conjugated PAC-1, 1.5 µl PE-conjugated 
anti-P-selectin and 0.5 µl APC-conjugated anti-CD42b with or without agonist in HEPES-
buffered saline (HBS, 10 mmol/L HEPES, 150 mmol/L NaCl, 1 mmol/L MgSO4, 5 mmol/L 
KCL, pH 7.4). In addition, test strips were prepared with no agonist, 1.2 mg/ml or 0.2 
mg/ml ristocetin in a reaction mixture of 2 µl FITC-conjugated anti-VWF and 0.5 µl APC-
conjugated anti-CD41a in HEPES buffered saline, and stored at -20°C.

Whole blood was kept at RT for at least 30 min and maximum 4h. Test strips were 
thawed to 37°C and shortly centrifuged. Subsequently, whole blood was incubated at 
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37°C for 10 minutes and diluted 1:4 in pre-heated HEPES-buffered saline to minimize 
the formation of platelet aggregates. From this diluted blood, 5 µl was added to each 
reaction mixture (20 µl, final dilution 1:20) and the tests were incubated for exactly 
20 minutes at 37°C. Reactions were stopped by adding 250 µl fixation solution (137 
mmol/L NaCl, 2.7 mmol/L KCl, 1.12 mmol/L NaH2PO4, 1.15 mmol/L KH2PO4, 10.2 mmol/L 
Na2HPO4, 4 mmol/L EDTA, 0.5% formaldehyde). 

A FACS Canto
TM

 II (BD Biosciences, Erembodegem, Belgium) was used to analyze the 
samples (supplemental Fig. 1). First, using the forward and sideward scatter pattern 
and gating on the CD42b or CD41a positive cells, platelets were discriminated from 
other cells. Fluorescent intensity in the FITC gate and PE gate was selected to determine 
activated αIIbβ3 or VWF binding and P-selectin density, respectively and results are 
expressed as median fluorescent intensity (MFI) minus the MFI of the unstimulated cells. 
Single measurements were performed as intra-assay precision for this assay is below 
5% with the exception of P-selectin expression in response to MesADP [22].

Light transmission aggregometry
Light transmission aggregometry (LTA) was performed on a chrono-log model 700 
(Chrono-log corporation, Havertown, US) according to the manufacturer’s instructions 
and to the North American Consensus Guideline on platelet function testing [15]. 
Platelet-rich citrate plasma was obtained after centrifugation (10 minutes, 180 g/min) 
(Hettich Universal 32; DJB Labcare, Buckinghamshire, UK). LTA curves were assessed 
after addition of 25 μL of the agonists ADP (2.5 and 5 μmol/L), collagen (2.5 and 5 μg/
mL), ristocetin (0.5 and 1.5 mg/mL), epinephrine (10 μmol/L), arachidonic acid (AA) 
(1 mmol/L), and thromboxane A2 analogue (1 μmol/L) to 225 μL platelet rich citrate 
plasma. Light transmission was recorded for 6 minutes and compared to platelet poor 
plasma (PPP). Aggregation was expressed as % maximum aggregation compared to 
PPP, lagtime was expressed in seconds. Disaggregation was defined as the difference 
between maximal and final platelet aggregation after 6 minutes expressed as percentage 
and >20% of disaggregation was considered significant. For LTA imprecision is below 
8% for all parameters, ristocetin low concentration not considered because of the low 
maximal aggregation as expected in normal individuals. In routine setting, analyses 
are not performed in duplicate, but abnormal results are repeated as confirmation for 
decreased maximal aggregation or desaggregation.

VWF antigen and VWF activity
The HemosIL AcuStar VWF:Ag assay (VWF:Ag Acustar) and HemosIL AcuStar VWF:RCo 
assay (Instrumentation Laboratory) was performed on an ACL AcuStarTM (Instrumentation 
Laboratory) using magnetic particles coated with anti-VWF polyclonal antibodies (antigen 
detection) or Recombinant GPIbα (rGPIbα) (activity measurement)[24]. The assay was 
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executed according to the instructions of the manufacturer.

Scoring system platelet function tests
The WB-PACT by flow cytometry quantifies αIIbβ3 activation and P-selectin expression 
in response to MeSADP, TRAP and CRP. Similarly, this test can be used to quantify VWF 
binding to platelets in response to ristocetin. The 2.5th, 10th and 25th percentiles for WB-
PACT parameters were determined in 56 healthy donors to score the patients samples 
and the scoring system is shown in Fig. 1A. For LTA, maximal aggregation, disaggregation 
and prolongation of the lagtime in response to ADP, collagen, epinephrine, AA, a 
thromboxane A2 analogue and ristocetin was scored (Fig. 1B). 

To study the agreement between both tests in patients investigated for bleeding 
diathesis, patients with at least one parameter lower than the 10th percentile measured 
with WB-PACT or at least one parameter deviating from the normal range measured 
with LTA (<50% maximal aggregation, prolonged lagtime and/or disaggregation >20%) 
were categorized as abnormal for PFD.

Statistics
Analyses were performed using the software packages SPSS version 23.0 and GraphPad 
Prism 6. Spearman rank correlations were used to test for correlations between the 
different methods. Agreement between the methods was assessed using two-by-
two analysis and Cohen’s kappa statistic. P-values < 0.05 were considered statistically 
significant.
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Figure 1. The WB-PACT was scored by first determining the 2.5th, 10th and 25th percentiles 
for WB-PACT parameters in 56 healthy donors. In patients, if MFI was lower than the 2.5th 
percentile (0–2.5%), between the 2.5th and 10th percentiles (2.5–10%), between the 10th and 
25th percentiles (10–25%) or higher than the 25th percentile (>25%) a score of 3, 2, 1 or 0 was 
given, respectively (panel A). For LTA, maximal aggregation, disaggregation and prolongation of the 
lagtime were scored. In patients, if maximum aggregation was between 0% and 25%, between 25% 
and 50%, between 50% and 75% or more than 75% as score of 3, 2, 1, 0 was given, respectively. If 
disaggregation was present, a score of 2 or 1 was given depending on the agonist and if an increase 
in lagtime was measured a score of 1 was given (panel B). Patients with at least one parameter 
lower than the 10th percentile measured with WB-PACT and at least one value deviating from the 
normal range measured with LTA were categorized as abnormal for PFD.
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RESULTS

Patient characteristics, bleeding assessment and platelet function
In total, 161 patients with a bleeding diathesis (median age 32 years) were included in the 
study (Table 1). A bleeding score was reported for 117 of 161 patients and an elevated 
BS was reported for 32%, 18% and 39% of men, women and children, respectively. 

Table 1. Baseline characteristics.
All Men Women Children

N 161 31 100 30
Age, years; median (IQR) 32 (20–51) 54 (27–61) 35.5 (24–50) 9 (4–13)
VWF:Ag (%); median (IQR) 93 (68–122)
VWF:Rco; median (IQR) 87 (64–120)
BS
N of BS reported 117 22 72 23
median BS 3 2 3 2
% of elevated BS 25 32 18 39
N, number of patients; IQR, interquartile ranges; BS, bleeding score; N of BS reported, number of 
patients interviewed to determine a bleeding score.

Platelet function was measured in response to MeSADP, CRP, TRAP and ristocetin and 
the extent of αIIbβ3 activation, P-selectin expression and VWF binding to platelets is 
shown in Figure 2. In addition, platelet aggregation with LTA was measured according to 
general clinical practice [15]. For each agonist a score was calculated for both WB-PACT 
and LTA (Fig. 1, Table 2). In patients with expected bleeding diathesis, a low median 
score (0 or 1) was defined, for each platelet activation or aggregation agonist (Table 
2). The distribution of the scores in the patients with bleeding diathesis is shown in 
supplemental Fig. 2.

More in detail, the binding of VWF to platelets detected by flow cytometry was more 
sensitive for diagnosing deviations in VWF concentration or function than ristocetin 
induced platelet agglutination measured with LTA (Fig. 3). In total, 29 patients were 
detected with abnormal VWF:Ag and/or VWF:RCo, and interestingly, 21/29 patients 
had an increased score for ristocetin (high concentration) induced binding of VWF to 
platelets (WB-PACT). More in detail, 8/29 patients were abnormal for VWF-binding to 
platelets (score>1 i.e. <10th percentile). In contrast, for LTA, only 1 out of 29 patients 
had a score different from zero (score 1 i.e. <75% agglutination) for ristocetin induced 
agglutination of platelets.
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Figure 2. Both αIIbβ3 receptor activation (left panels) and P-selectin expression (right 
panels) in response to MeSADP (A), CRP (B) and TRAP (C) was determined in blood of patients 
with bleeding diathesis. In addition, VWF binding was determined in response to 1.5 mg/ml 
ristocetin (D) in the same population. The 50th (median), 25th, 10th and 2.5th percentiles, of the 
healthy population are indicated. If patients are between the 25th and 10th percentile (green), 
they received a score of one point for each agonist. If patients are between the 10th and 2.5th 
percentile (blue), they received a score of two points for each agonist. If patients are below the 
2.5th percentile (red), they received a score of three points for each agonist.
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Figure 3. The scoring of the conventional methods to investigate VWF concentration and 
function was based on low VWF:Ag and/or low VWF:RCo (score 1) and normal VWF:Ag and 
VWF:RCo (score 0). The binding of VWF to platelets (WB-PACT) and platelet agglutination (LTA) in 
response to low and high concentrations of ristocetin is scored according to Fig. 1.

Correlation and agreement between LTA and WB-PACT
Furthermore, a Spearman correlation coefficient of 0.41 between LTA platelet activation 
score versus WB-PACT platelet activation score was observed (Fig. 4). Furthermore, for 
99 of 161 patients (62%) there was agreement between the tests (κ =0.23, P=0.003) with 
46 patients (29%) diagnosed with PFDs and 53 patients (33%) without PFD. In total, 25 
(15%) and 37 (23%) patients were diagnosed with PFD according to LTA and WB-PACT, 
respectively. 

Figure 4. Correlation of WB-PACT with LTA for determining platelet function in patients 
suspected for bleeding diathesis. The Spearman correlation coefficient and P value are depicted.
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In the group that was diagnosed with PFDs by both LTA and WB-PACT, 25% of the 
patients had an elevated bleeding score (Fig. 5A). For patients with PFDs according to 
WB-PACT only and LTA only, an elevated BS was recorded for 33% and 21% of the 
patients, respectively (Fig. 5B and C). In total, 8 (6 women and 2 men) out of 29 patients 
(28%) with an elevated BS were not diagnosed with PACT nor LTA (Supplemental Fig. 
3). In the group of children with elevated BS, 7 out of 9 children were detected with 
WB-PACT (78%), while only 4 out of 9 children were detected with LTA (44%). However, 
when combining both tests, all children with elevated BS were detected. Remarkably, 
in the group patients with a normal BS, 24% were diagnosed with PFD with both tests, 
17% with LTA, 23% with WB-PACT, and 36% of patients were found negative for PFDs 
(supplemental Fig. 3B). 

Figure 5. Agreement of bleeding score (BS) with PFD according to both LTA and WB-PACT 
(panel A), to only WB-PACT (panel B) and to only LTA (panel C).

DISCUSSION

This study investigates the (additional) value of flow cytometric analysis of platelet 
function in patients with suspected thrombocytopathy. 
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As expected, we observed a weak correlation between the total scores of all parameters/
agonists of LTA and WB-PACT in the study population. It was in line with our expectations 
that there was no complete correlation, because there are major differences between 
LTA (a semi-quantitative method) and whole blood PACT (a quantitative analysis) [25]. 
Our findings and findings of others [19] show that LTA and WB-PACT are complimentary 
tests, which give supplemental insights in the bleeding risk, indicating that the tests 
improve each other’s prediction.

Our data seem to demonstrate that LTA is insensitive to detect deviations in VWF 
concentration or function by measuring platelet agglutination induced by high 
concentrations of ristocetin as none of the patients had an abnormal response 
(score>1). Indeed, LTA is mostly used to detect gain-of-function defects VWD (type2B, 
platelet type) by low ristocetin induced agglutination [8]. Interestingly, WB-PACT was 
able to detect a reduced binding of VWF in response to ristocetin in a population of 
patients with suspected thrombocytopathy, and data corresponded well with decreased 
VWF:Ag and/or VWF:RCo. Other differences between the LTA and the WB-PACT include 
different agonists that were used (Table 2). Unlike LTA, the WB-PACT does not contain a 
thromboxane analogue, AA or epinephrine, however, it does include a PAR-1 activating 
peptide. In the past we validated U46619 and epinephrine with WB-PACT, however 
both agonists gave too much variation between measurements. The triple helical cross-
linked CRP is a powerful GPVI agonist, however, CRP is sensitive to GPVI density on the 
platelet surface. In contrast, although GPVI plays a crucial role in collagen-dependent 
thrombus formation, it shows a low affinity for collagen and the adhesion of platelets on 
collagen is considerably enhanced by interaction with integrin α2β1 [26, 27]. Together, 
in response to collagen, α2β1 and GPVI synergistically stimulate Ca2+ signaling, and 
platelet aggregation [26, 28]. Furthermore, a limitation of this study is the determination 
of the cut-off values for WB-PACT. The reference population only consisted of 56 
healthy individuals instead of the 120 recommended by the CSLI guidelines and the 
10th percentile was used as the cut-off value. Also, the score model was not previously 
validated in a group of severe defined PFD. However, in a previous study, we showed 
that the PACT assay discriminates Bernard-Soulier from non-Bernard-Soulier by the 
absence of binding of the anti-GPIb antibody, while Glanzmann thrombasthenia is 
discriminated from non-Glanzmann thrombasthenia by the absence of αIIbβ3 antibody 
binding to platelets [19].

In the population patients presenting with suspicion of bleeding diathesis, we show a 
weak agreement between the two tests (concordant in 62% of the cases, κ=0.23). In 
other studies, this agreement was higher (concordant in 65% of the cases, κ=0.32), which 
may be explained by the different agonist panels and the different patient populations 
(exclusion of children, pregnancy, von Willebrand disease and factor deficiency) [19]. In 
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patient populations with a history of excessive bleeding (median BS=13), the agreement 
between the tests is much higher (concordant in 84% of cases, κ=0.67) [29] then in 
populations with milder bleeding phenotypes. 

The unified ISTH-BAT, has gained general acceptance, and the uniform reporting of 
reference ranges according to age and gender allows standardization of the results and 
comparison between studies [20, 30]. We observed that 28% of patients with elevated 
BS were not diagnosed with WB-PACT nor LTA and that 64% of patients with normal 
BS were detected with PFD according to LTA and/or WB-PACT. This is in contrast with 
the high negative predictive value of the ISTH-BAT reported earlier [31, 32]. However, a 
systemic review does not support this finding and report that, as disease prevalence in 
the studies was low (because most patients do not have a MBD) there are many true-
negative test results, but the lower sensitivity in these studies indicates that the few 
patients with a MBD still could be missed by the ISTH-BAT [33]. 

In conclusion, in this population consisting of patients suspected for thrombocytopathy, 
a weak correlation was found between WB-PACT test results and the results from the 
widely used LTA test. Although 28% of patients with high BS were not detected with WB-
PACT nor LTA, all children with elevated BS had either a positive LTA or a positive WB 
PACT test. A major advantage of WB-PACT is that the ristocetin induced VWF-binding to 
platelets can be measured in exactly the same setting as platelet activation. Ristocetin 
induced VWF-binding to platelets is a representative measurement for VWF:Ag and 
VWF:RCo positivity. Therefore, based on the present results in combination with the 
advantages compared to LTA (little amount of blood needed, less preprocessing steps 
and quantitative results), WB-PACT may have added value for the routine diagnostic 
work-up in patients who need to have platelet function tested.
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SUPPLEMENTAL FIGURES

Supplemental figure 1. Gating strategy WB-PACT. In a dot plot of FSC-height versus SSC-height, 
a gate P1 is created around the platelets (panel A). To discriminate doublets, FSC-height versus 
FSC-area gated on region “P1” was plotted and a gate P2 was placed around the singlets (panel 
B). Subsequently, SSC-height versus SSC-area gated on region “P2 in P1” was plotted and gate P3 
was placed around the singlets (panel C). Subsequently, a FSC-height versus APC-height plot gated 
on region “P3 in (P2 in P1)” (panel D). Platelets were stained with anti-GPIb antibody conjugated 
with APC. In this plot the platelets will appear as APC positive and a gate P4 is placed around 
these platelets. Finally, histograms FITC-height (panel E) and PE-height (panel F) were created gated 
on region “P4 in (P3 in (P2 in P1))”. The median fluorescence intensity (MFI) of the FITC signal 
corresponds to αIIbβ3 receptor activation or VWF binding and the MFI of the PE signal corresponds 
with the P-selectin expression.
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Supplemental figure 2. Distribution of total scores among patients with bleeding diathesis 
according to WB-PACT (panel A) and LTA (panel B). 
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Supplemental figure 3. Occurrence of test results among individual women (grey bars), men (dark 
grey bars) and children (white bars) with elevated bleeding score (panel A) and normal bleeding 
score (panel B). Table showing occurrence of test results among patients with elevated bleeding 
score and normal bleeding score (panel C). 
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ABSTRACT

Background
Interaction of von Willebrand factor (VWF) with platelets requires a conformational 
change that exposes an epitope within the VWF A1 domain, enabling platelet 
glycoprotein Ibα binding. Quantification of this ‘‘active” conformation of VWF has been 
shown to provide pathophysiological insight into conditions characterized by excessive 
VWF-platelet interaction.

Methods
We developed an immunosorbent assay based on a variable heavy chain antibody 
fragment against the VWF A1 domain as a capture antibody. Assay performance in 
terms of specificity (binding to active R1306W- and sheared VWF), precision, accuracy, 
linearity, limits of detection and stability were determined. Active VWF, VWF antigen, 
VWF ristocetin cofactor activity, VWF:GP1bM and VWF propeptide were measured in 
citrated plasma and platelet- VWF binding in whole blood from 120 healthy individuals 
to establish a reference interval for active VWF and to assess associations with other 
VWF parameters.

Results
Intra- and inter-assay CVs were between 2.4–7.2% and 4.1–9.4%, depending on the 
level. Mean recovery of spiked recombinant R1306W VWF was 103±3%. The assay 
was linear in the range of 90.1–424.5% and had a limit of quantification of 101%. 
The reference interval for active VWF was 91.6–154.8% of NPP. Significant, positive 
correlations between active VWF and all other VWF parameters were found, with the 
strongest correlation with VWF: GP1bM binding.

Conclusions
We developed and validated an immunosorbent assay for the accurate detection of 
active VWF levels in plasma. The assay fulfilled all analytical criteria in this study and a 
reference interval was established, allowing its use to quantify active VWF in pathological 
conditions for future research.
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INTRODUCTION

Von Willebrand factor (VWF) is a multimeric plasma protein that mediates platelet 
adhesion and platelet-platelet interactions [1]. VWF binds via its A3 domain to exposed 
subendothelial collagen at sites of vascular injury. Collagen-bound VWF tethers platelets 
to the vessel wall via transient interaction of its A1 domain with the platelet glycoprotein 
(GP)Ib-IX-V receptor complex [2]. Circulating VWF can only exert this function after 
conversion from its latent, globular conformation to an active conformation, in which the 
binding site for platelet GpIbα is exposed. Under physiological conditions, conversion to 
this active state is well regulated.

Upon vascular injury, VWF immobilization to subendothelial collagen in conjunction with 
increased shear stress induce VWF unfolding [3], allowing for platelet-VWF interaction [4].

Various pathological conditions are associated with premature and/or excessive 
formation of VWF–platelet aggregates [5]. Von Willebrand disease (VWD) type 2B, 
for instance, is characterized by increased interactions between VWF and platelets, 
resulting from gain-of-function mutations (e.g. R1306W) in the VWF A1 domain [6]. 
Consequently, these patients lack high-molecular-weight VWF multimers and suffer 
from thrombocytopenia, clinically resulting in a bleeding phenotype [7]. In thrombotic 
thrombocytopenic purpura (TTP) patients, an acquired or inherited deficiency of the 
VWF cleaving protease ADAMTS13 results in accumulation of ultra large (UL)-VWF 
multimers [8]. Clinically the result is a thrombotic phenotype caused by platelet-rich 
thrombi occluding the microvasculature [8]. Spontaneous VWF-plate- let interaction in 
these conditions is indicative of the presence of VWF in its active conformation.

Several laboratory tests to assess VWF are available. The VWF antigen (VWF:Ag) assay is 
a quantitative assay that provides an overall level of VWF present in plasma, but yields 
no information concerning the quality of VWF in terms of its ability to bind platelets [9]. 
The ristocetin cofactor (VWF:RCo) assay is the most widely used method to assess the 
functional activity of VWF [10]. However, VWF:RCo assays are highly variable [11] and the 
need for ristocetin to activate VWF does not reflect the in vivo situation. A more recently 
developed assay uses recombinant GPIb fragments with two gain-of-function mutations 
that allow binding to VWF in the absence of ristocetin (VWF:GPIbM) [12]. Although this 
VWF:GPIbM assay eliminates the need for the non-physiological activator ristocetin, 
it is based on non-physiological binding of VWF to a mutant receptor. Therefore, an 
immunosorbent assay to directly detect circulat- ing VWF in its active conformation was 
previously developed [13]. This assay is based on a recombinant llama-derived antibody 
(AU/VWFa-11) that preferentially binds the GpIbα- binding conformation of the VWF A1 
domain [13]. Using this assay, elevated active VWF levels were identified in plasma from 
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patients with VWD type 2B [13], TTP [13], HELLP syn- drome [14], systemic inflammatory 
response syndrome [15], antiphospholipid syndrome [16], diabetes [17], first ST-segment 
elevation myocardial infarction (STEMI) [18], sickle cell disease [19], malaria [20] and 
dengue [21]. Together, these findings have provided new insights into the presence of, 
as well as the mechanism behind increased active VWF in these pathological conditions. 
Moreover, quantification of active VWF has potential value for diagnostics, for example to 
differentiate VWD 2B from other types of VWD, to distinguish between forms of VWD 2B 
and to differentiate between patients with acquired and congenital TTP [13, 22].

However, there are no reports of an analytical validation of this assay. Therefore, we 
developed our own in-house immunosorbent assay to measure active VWF, also based 
on a llama- derived variable heavy chain antibody fragment (VHH) directed against a 
cryptic epitope in the A1 domain of VWF. The aims of the current study were to (1) 
characterize the analytical performance of this assay; (2) provide a reference interval 
for active VWF and (3) determine correlations between this assay and other, established 
VWF assays and a whole blood flow cytometric assay for platelet-VWF binding (Plt:VWF 
binding, adapted from others [23–25]).

MATERIALS AND METHODS

Ethics statement
The research complied with all the relevant national regulations, institutional policies 
and the tenets of the Helsinki Declaration, and has been evaluated by the Medical Ethical 
Committee (METC) of Maastricht University Medical Center/University of Maastricht 
(METC reference 152015). Participants gave full written informed consent.

Reagents
Haemate P (CSL Behring, Pennsylvania, USA) VWF/FVIII concentrate (stock 12 mg/mL) 
was used as native human VWF in its globular conformation, referred to as ‘‘HVWF”. 
Recombinant VWF with the VWD type 2B R1306W (stock 17 μg/mL) or R1306Q (stock 55 
μg/mL) mutation (produced as described previously [26]) was used as VWF constitutively 
in its active conformation. Polyclonal rabbit anti-VWF antibody conjugated to HRP was 
purchased from Dako (P0226, Glostrup, Denmark). Bovine serum albumin (BSA; A7906), 
SIGMAFAST o- Phenylenediamine dihydrochloride (OPD; P9187) and sulfuric acid 
(H2SO4; 339741) were all purchased from Sigma–Aldrich (Zwijndrecht, The Netherlands).

Production of VHH
See S1 Methods for a detailed description of VHH production.
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Study population and plasma preparation
The study population consisted of 120 healthy individuals, aged 18–65 years, recruited 
between March 12, 2018 and May 17, 2018. Participants did not take any anti-coagulant 
or anti-platelet drugs for at least one week and did not have a history of thrombosis 
or bleeding. Analytical characterization of the assay was performed using residual, 
anonymized citrated plasma from the reference value study samples as well as residual, 
anonymized citrated plasma initially collected for routine laboratory diagnostics 
conducted at the Gelre Hospitals Apeldoorn, the Netherlands. Blood was collected 
by antecubital venipuncture into vacuum tubes (1 volume trisodium citrate 0.105M 
to 9 volumes blood) (BD Vacutainer System, Becton Dickinson, Franklin Lakes, USA). 
Cell counts in whole blood were performed with a Coulter Counter analyzer (Beckman 
Coulter, Woerden, The Netherlands). Plasma was prepared by centrifugation at 2,840 g 
for 10 minutes, pipetting off the plasma fraction, and repeating centrifugation to obtain 
the platelet-poor plasma fraction, which was stored at -80˚C.

Active VWF immunosorbent assay
The active VWF assay is based on a llama-derived single-domain antibody (VHH) directed 
against a cryptic epitope in the A1 domain of VWF (Fig 1), which is only exposed upon 
unfolding of VWF [13]. Briefly, 96 wells microtiter plates (NUNC Maxisorp, Thermo Fisher 
Scientific, Waltham, USA) were coated overnight at 4˚C with 1.98 μg/ml VHH against active 
VWF in a carbonate-bicarbonate coating buffer (pH 9.6), followed by a blocking step with 
2% BSA in phosphate-buffered saline (PBS) for 45 minutes at room temperature (RT). 
After washing with 0.01% Tween-20 in PBS, plasma samples (diluted 1:20 in PBS/1% BSA) 
were incubated for 2 hours at RT. Following another wash-step, the wells were incubated 
with HRP- conjugated anti-VWF antibodies (1.2 μg/mL) in PBS/1% BSA for 2 hours at room 
temperature. Plates were then washed again before addition of SIGMAFAST OPD (Sigma). 
The reaction was stopped with 3 M sulfuric acid (H2SO4, Sigma). Optical densities (OD) 
were measured at 490 nm using an ELx808 Absorbance Microplate Reader (Biotek, Bad 
Friedrich- shall, Germany). Results were normalized (%) to normal pooled plasma (NPP) 
on the same plate. This differs from the quantification method in earlier studies using the 
previous version of this assay, reporting the VWF activation factor [13]. The VWF activation 
factor was calculated by dividing the absorbance slope of the dilution curves for a patient 
sample by the slope of a NPP sample. We simplified the assay and reduced required 
sample volume by measuring one dilution of each plasma sample and expressing its active 
VWF level compared to that in NPP. For the NPP, blood from 10 healthy control donors 
was collected. After double centrifugation (2,840 g for 10 min), plasmas were pooled and 
aliquots of 1 ml were stored at -80˚C until use in the active VWF ELISA. Of note, NPP 
contains only a very small amount of active VWF. If an individual has an active VWF level of 
150%, he/she has 1.5 times more circulating active VWF than is present in the NPP, which 
is still a minute amount, but the current assay is sensitive enough to detect this difference.
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Figure 1. Scheme for measurement of active VWF. (A) The protein domain structure of mature 
VWF (adapted from Crawley et al.[27]). (B) The set-up of the immunosorbent assay described here, 
based on a variable heavy chain antibody fragment (VHH) directed against a cryptic epitope in 
the A1 domain of VWF as capture antibody, and a polyclonal rabbit anti-human VWF antibody 
conjugated with HRP as detecting antibody.

Assay performance studies
See S1 Methods for a detailed description of the assay performance studies.

Established VWF parameters
VWF antigen (VWF:Ag) levels were determined using the Liatest VWF assay on an 
automated STA-R Max coagulation analyser (Diagnostica Stago, Leiden, the Netherlands). 
VWF ristocetin cofactor activity (VWF:RCo) was measured with the automated 
chemiluminescent HemosIL VWF:RCo assay (Werfen-Instrumentation Laboratory, 
Bedford, USA). VWF propeptide (VWFpp) was measured using the anti-human VWFpp 
MW1939 antibody pair and Tool Set 2 (Sanquin, Amsterdam, The Netherlands) [28] 
according to the manufacturer instructions, with the exception that VWFpp was 
expressed as a % of the level in NPP included the same plate (due to limited number of 
available kits the recommended 8 step 2-fold serial dilution curve could not be included) 
VWF:GP1bM was measured using the INNOVANCE VWF Ac assay on a Sysmex CS-2500 
instrument (Siemens Healthcare Diagnostics GmbH, Marburg, Germany) according to 
the manufacturer’s protocol.

Flow cytometric analysis of Plt:VWF binding
See S1 Methods for a detailed description of this assay, for which standardization and a 
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reference range were described previously [29].

Statistical analysis
Outlier analysis was performed using Tukey’s hinges. One outlier in the active VWF 
values was detected (167.9%) but there was no evidence of an experimental error 
and this value was hence not excluded. Normality was tested using Q-Q plots and the 
Shapiro-Wilk test. None of the VWF parameters were normally distributed. Continuous 
variables were expressed as median and interquartile range (25%-75%). Reference 
intervals were obtained using nonparametric calculation, according to the latest CLSI 
guidelines [30], i.e. the 2.5th percentile to the 97.5th percentile of the distribution. 
Associations between variables were determined using Spearman’s rank correlation 
coefficient. Groups were compared using the Mann-Whitney U test for independent 
samples (continuous variables) or Chi-square test for categorical variables. Multiple 
linear regression was used to adjust for the effect of differences in VWF:Ag levels on 
associations between (1) blood group and VWF:RCo, VWF:GP1bM and Plt:VWF binding, 
and (2) sex and active VWF levels. A p-value of 0.05 was considered statistically sig- 
nificant for all comparisons. Analyses were performed using Statistical Package for 
Social Sci- ences (SPSS Incorporate, Chicago, USA) version 25. Figures were prepared 
using GraphPad Prism version 5.00 (Graphpad Software, San Diego, USA).

RESULTS

VHH specifically detects active VWF
To test the specificity of the VHH for the active conformation of VWF, its binding to 
HVWF, R1306W VWF, R1306Q VWF, and VWF in NPP was investigated (Fig 2A). The VHH 
neither interacted with HVWF nor VWF in NPP, as apparent from the weak (background) 
signal at 490 nm. In contrast, binding of the VHH to constitutively active R1306W and 
R1306Q VWF resulted in a strong dose-dependent signal. To confirm that the VHH also 
recognizes native VWF that is activated by high shear stress we also tested vortexed 
NPP. As a result, the VHH interacted with the shear-unfolded VWF in NPP. Thus, the VHH 
specifically recognizes VWF in its active conformation.

Analytical performance of active VWF assay 
We proceeded with the analytical characterization of the assay, summarized in Table 1 
and depicted in Fig 2B–2F. Precision studies revealed intra-assay CVs of 2.4–7.2% and 
inter-assay CVs of 4.1–9.4%, depending on measurand level (Fig 2B). Spiked R1306W 
VWF could be accurately measured in a plasma matrix at concentrations as low as 0.25 
μg/mL, with observed levels well within 90–110% of the expected levels (Fig 2C). The 
assay was linear (R2>0.99) in almost the entire range of dilutions of plasma spiked with 
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R1306W (Fig 2D and Table 1).

Figure 2. Analytical characteristics of the active VWF assay. (A) Binding of the VHH to R1306W 
VWF (•), R1306Q VWF ( ), HVWF (∇), VWF in NPP under static conditions (▲) and NPP after vortexing 
to simulate shear stress (▪, only 10x diluted). Dilution factors are indicated at the x-axis. (B) Mean 
active VWF levels in plasma pools (with low (91–110%), medium (150–200%) and high (>220%) active 
VWF levels) with corresponding SDs for 20 replicates on a single plate on the same day (intra-assay, 
white bars) or on 20 separate days (inter-assay, grey bars). (C) Recovery (%) of increasing levels 
of R1306W VWF spiked to plasma pool. The acceptance range of 90–110% of expected values 
is indicated by dotted lines. (D) Assay response (OD at 490 nm) for a 12-step, 1.2-fold dilution 
series of plasma spiked with R1306W. Linear regression parameters (±SD) are: slope 0,21 ± 0.006, 
intercept 0.03 ± 0.005, SD of residuals 0.007. (E) Low (L) and high (H) active VWF plasma pools were 
mixed in varying proportions to assess dilutional linearity. (F) Stability of active VWF in a plasma 
pool at baseline and after multiple freeze-thaw steps (Thaw 1–4). The acceptance criterium of <10% 
analyte loss is indicated by the dotted line. Data represent the mean ±SD (n = 3) unless otherwise 
stated.

Table 1. Analytical performance characteristics of the active VWF ELISA assay.
Parameter Assay performance
Precision Intra-assay (Mean [SD;%CV]) Inter-assay (Mean [SD;%CV])

L 102% [7.3%; 7.2%] L 107% [10.1%; 9.4%]
M 182% [6.6%; 3.7%] M 172% [7.6%; 4.4%]
H 235% [5.7%; 2.4%] H 226% [9.2%; 4.1%]

Accuracy Spiked 1.0 μg/mL
[E]OD 0.233 - [O]OD 0.230 [E]% 333 - [O]% 329—Rec% 99
Spiked 0.75 μg/mL
[E]OD 0.171 - [O]OD 0.175 [E]% 250 - [O]% 245—Rec% 98
Spiked 0.5 μg/mL
[E]OD 0.117 - [O]OD 0.122 [E]% 167 - [O]% 175—Rec% 105
Spiked 0.35 μg/mL
[E]OD 0.093 - [O]OD 0.101 [E]% 140 - [O]% 144—Rec% 103
Spiked 0.25 μg/mL
[E]OD 0.069 - [O]OD 0.076 [E]% 100 - [O]% 108—Rec% 108
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Table 1. Continued
Parameter Assay performance
Linearity Spiked with R1306W aVWF

Assessed: OD 0.073–0.635 (90.1%– 787.2% of NPP)
Linear range: OD 0.073–0.342 (90.1%– 424.5% of NPP)
Linearity curve through points: R2 = 0.9923
Dilution of L with H pool
Range: OD 0.083–0.199
Mix content—aVWF mean (SD) - % of expected
100% H / 0% L—236 (5.5) - n.a.
75% H / 25% L—208 (2.1) - 103
50% H / 50% L—165 (1.9) - 97
25% H / 75% L—147 (1.9) - 108
0% H / 100% L—103 (2.3) - n.a.
Linear fit [O]OD vs [E]OD: R2 = 0.9879
OD—% of NPP

LoQ 0.081–101.2
LoB 0.060–80.0
LoD 0.067–89.1
Stability Baseline aVWF: 153% (SD 2.7%)

Repeated freeze-thawing Recovery extended storage
Thaw #—mean (SD)—% Rel. to BL t—mean (SD)—% Rel. to BL
1–150 (3.8) - 98 24h -153 (2.6) - 100
2–146 (3.2) - 95 48h - 152 (3.3) - 100
3–138 (4.4) - 90 7d- 150 (4.0) - 98
4–129 (3.2) - 84 1m - 146 (3.2) - 95

2m - 147 (2.3) - 96
SD, standard deviation; CV, coefficient of varation; L, low; M, medium; H, high; E, expected; O, 
observed; OD, optical density; [E]%/[O]%, expected and observed active VWF (aVWF) level, as 
a % of NPP; LoQ, limit of quantitation; LoB, limit of blank; LoD, limit of detection; NPP, normal 
pooled plasma; Rel. to BL, relative to baseline value, calculated as 100x(observed value/baseline), 
expressed as %; t, timepoint; h, hours; d, days; m, month.

Recovery of active VWF in mixes of low (L) and high (H) plasma pools was within the pre- 
defined acceptable limits of 90–110%. Moreover, the curve fitted through the 5 points 
for these mixes (expected OD based on levels in individual pools versus observed) was 
linear (R2 = 0.99) (Fig 2E). The limit of quantitation (LoQ) was 101% (corresponding to an 
OD of 0.081). The limit of blank (LoB) and limit of detection (LoD) were 80.0% (OD 0.060) 
and 89.1% (OD 0.067), respectively. Active VWF in citrated plasma was stable for at 
least 2 months (longest time tested) at -80˚C (Table 1). Importantly, freeze-thawing up 
to 3 times slightly decreased the detected active VWF, whereas more frequent freeze-
thawing resulted in loss of analyte exceeding the criterion of 10% (Fig 2F).

Reference interval and inter-individual variation for (active) VWF
Demographic data and blood counts of 120 healthy individuals are summarized in Table 
2. Hemoglobin levels, hematocrit and red blood cell counts were significantly higher 
in male compared to female subjects. The distribution of active VWF (S1 Fig) in this 
population showed a clear right-skewedness, with the majority of values approximating 
that in NPP (100%). The corresponding reference interval for active VWF was 91.6–
154.8%. Reference intervals for VWF:Ag, VWF:RCo, VWF: GP1bM, VWFpp and Plt:VWF 
binding were 65.1–189.9%, 47.0–161.5%, 58.3–189.7%, 73.3–205% and 1.4–15.6% 
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respectively (Table 3). Moreover, active VWF had a considerably lower inter-individual 
variation (15.1%) than all other VWF parameters.

Table 2. Demographic and laboratory results of healthy donors in reference interval study.
Parameter All Male (n = 60) Female (n = 60) p-value
General
Age (years) 31 (25–44.5) 29 (25–39) 32.5 (26–50) ns
OC use (%) 15 - 15 (25%) -
Haematological
Blood groupa (%) O n = 26 (40%) n = 12 (41%) n = 14 (39%) ns

A n = 29 (45%) n = 12 (41%) n = 17 (47%)
B n = 9 (14%) n = 5 (17%) n = 4 (11%)
AB n = 1 (1%) n = 1 (3%)

Platelets (x109/L) 233 (208–270) 229 (207–257) 244 (216–284) ns
WBC (x109/L) 5.2 (4.6–6.0) 5.2 (4.6–5.8) 5.3 (4.7–6.2) ns
RBC (x1012/L) 4.5 (4.2–4.7) 4.6 (4.5–4.8) 4.3 (4.1–4.5) <0.0001
Hb (mmol/L) 7.9 (7.5–8.4) 8.3 (8.0–8.6) 7.6 (7.2–7.9) <0.0001
Hct (L/L) 0.39 (0.37–0.41) 0.40 (0.39–0.41) 0.37 (0.35–0.39) <0.0001
MPV (fL) 7.5 (7.1–8.2) 7.4 (7.1–8.2) 7.6 (7.2–8.3) ns
OC, oral contraceptives; freq, frequency; WBC, white blood cell count; RBC, red blood cell count; Hb, 
haemoglobin; Hct, haematocrit; MPV, mean platelet volume. a Blood group known for 65 individuals 
(36 female, 29 male), percentages indicate proportions for each blood group from total individuals 
with known blood group. Medians and interquartile ranges (25–75%) are given unless otherwise 
indicated.

Mutual correlations of VWF parameters
A variety of assays may be performed for the assessment of VWF in plasma, each 
quantifying a different form of VWF (globular native VWF:Ag, active VWF, VWFpp) or 
providing qualitative information on its function (VWF:RCo, VWF:GP1bM, Plt:VWF 
binding). Significant correlations were observed between all these VWF parameters in 
our study population. Active VWF levels were significantly and positively correlated with 
VWFpp (r = 0.281, p = 0.005), Plt:VWF binding (0.273, p = 0.003), VWF:Ag levels (r = 
0.390, p<0.001), VWF:RCo (r = 0.401, p<0.001) and the highest correlation was found 
with VWF:GP1bM (r = 0.464, p<0.001) (Fig 3 and S1 Table). Overall, the highest degree of 
correlation (p<0.001) existed between VWF:GP1bM activity and VWF-platelet binding as 
measured by the Plt:VWF binding assay. There were also strong associations between 
these assays and the other two functional assays for active VWF and VWF:RCo, and 
between the functional assays and VWF:Ag (S1 Table).
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Table 3. Reference intervals for active VWF and other VWF parameters in 120 healthy 
individuals.
Parameter Mean SD %CV Median IQR Ref. interval 2.5%-97.5% Min Max
VWF:Act (%) 115.4 17.4 15.1 112.9 25.1 91.6–154.8 91.0 167.9
VWF:Ag (%) 115.1 32.2 28.0 104.5 39.8 65.1–189.9 40.0 218.0
VWF:RCo (%) 103.9 32.9 31.7 102.6 48.1 47.0–161.5 20.8 243.4
VWF:GP1bM (%) 112.9 32.9 29.1 110.6 43.1 58.3–189.7 41.3 229.5
VWFpp (%) 121.8 23.1 24.1 121.2 32.1 73.3–188.7 60.3 210.3
Plt:VWF (%) 6.9 3.2 46.4 6.4 3.8 1.4–15.6 0.9 18.0
%CV, inter-individual variation expressed as coefficient of variation, calculated as (SD/Mean)*100; 
IQR, interquartile range, calculated as 75th– 25th percentile; Ref. interval, reference interval, 
calculated as the 2.5th percentile to the 97.5th percentile of the distribution; VWF:Act, active VWF, % 
of level in NPP. VWF:Ag, VWF antigen; VWF:RCo, VWF ristocetin cofactor activity; VWF:GP1bM, VWF 
binding to gain-of-function GP1b fragments; VWFpp, VWF propeptide, % of level in NPP; Plt:VWF, 
platelet-VWF binding, % of signal for beads.

Figure 3. Correlation of active VWF with other VWF parameters. Scatterplots and corresponding 
Spearman rank correlations (r) between active VWF assay (VWF:Act) and (A) VWF:Ag, (B) VWF:RCo, 
(C) VWF:GP1bM, (D) VWFpp and (E) Plt:VWF binding. Dotted lines delineate reference intervals 
determined in this study, with the centre square containing 95% of values. Spearman rank 
correlation coefficients (r) are indicated in the upper left corner of each panel.

VWF parameters related to clinical parameters
Active VWF levels correlated with gender (r = 0.21, p = 0.019) and were significantly (p = 
0.033) higher in male (median 115.2%, IQR 105.6–127.4%) compared to female subjects 
(107.1%, IQR 97.5–126.1%). Therefore, sex-specific reference intervals were calculated, 
but these did not differ considerably (93.3–158.5% for men, 91.2–159.7% for women), 
and corresponding confidence intervals overlapped (S2 Fig). VWF:Ag levels were also 
significantly (p = 0.044) higher in male (median 112.5%, IQR 95.5–135.3%) compared to 
female subjects (median 99.5%, IQR 91.0–122.5%). Adjustment for VWF:Ag levels using 
multiple linear regression strongly reduced the association between active VWF and 
sex (p = 0.047 to p = 0.289). Active VWF did not correlate with age, whereas significant 
positive correlations of VWF:Ag levels (r = 0.236, p = 0.009) and VWF:RCo (r = 0.181, p = 
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0.048) with age were observed (S3 Fig). No association between active VWF levels and 
blood group was found (r = 0.196, p = 0.118), while VWF:Ag levels (r = 0.296, p = 0.018), 
VWF:RCo (r = 0.299, p = 0.017), VWF:GP1Bm (r = 0.280, p = 0.025) and Plt:VWF binding 
(r = 0.293, p = 0.021) were significantly lower in O compared to non-O blood group 
subjects (S4 Fig). However, in multiple linear regression analysis adjustment for VWF:Ag 
levels eliminated the significant association between VWF:RCo (p = 0.270), VWF:GP1bM 
(p = 0.297) and Plt:VWF binding (p = 0.612) with blood group.

DISCUSSION

Here, we describe an immunosorbent assay for the reliable, accurate and specific 
quantification of active VWF in citrated plasma. We established its reference interval in 
a healthy population and we demonstrated a clear association of active VWF levels with 
four clinically established VWF assays and a flow cytometric VWF-platelet binding assay.
The active VWF assay fulfilled our pre-defined analytical requirements. First, the assay 
was highly specific for active VWF, as only the two recombinant VWF proteins that 
are constitutively in their active conformation were detected and no cross-reactivity 
with native (NPP) and purified HVWF was observed. This is in accordance with findings 
by Hulstein et al [13]. Of note, serial dilutions of NPP did not substantially increase 
the OD since NPP only contains minute amounts of active VWF. Reproducibility was 
adequate, with values below 10% for both the intra- and inter-assay CV, comparable 
with those found by others [13, 18]. All values obtained from the population of healthy 
individuals were above the LoD (89.1%), whereas 26 (22%) values were below the LoQ 
of 101%. This is not necessarily a limitation, since high active VWF levels are much more 
relevant as they may induce thrombosis or bleeding. Lastly, active VWF showed good 
stability in samples stored at -80˚C, and a maximum of 3 freeze-thawing steps should 
be allowed to prevent analyte loss of more than 10%. This effect of freeze-thawing may 
be explained by an increased proportion of small molecular weight fragments, as was 
observed previously [31]. Taken together, these data demonstrate the robust analytical 
performance of this assay.

In order to identify elevated active VWF levels in patient samples, it is essential to 
establish a reference interval in healthy individuals. To this end, we determined active 
VWF levels in 120 healthy individuals, as recommended by CLSI guidelines [30]. The 
reference range shows a right-skewed distribution, with most individuals having very 
low active VWF levels, similar to that in NPP (set to 100%). The right skew indicates that 
slightly more active VWF is present in native plasma of some healthy individuals, and 
these small differences could be detected due to the high sensitivity of our assay. The 
reference interval includes the majority of active VWF levels reported by others, although 
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values below the LoD of the current assay were previously reported [16, 20, 21, 32]. This 
difference may be attributed to an alternative calculation method for the VWF ‘activation 
factor’ (see limitations below) [13]. Of note, the number of healthy controls in previous 
studies was much lower than 120, ranging from nine [13, 14] to fifty-nine [17].

In addition, we determined VWF:Ag, VWF:RCo, VWF:GP1bM, VWFpp and Plt:VWF binding 
in these 120 samples. Increased active VWF can potentially have major impact on the risk 
of bleeding and/or thrombosis, as exemplified by VWD type 2B and TTP [13]. Therefore, 
regulatory mechanisms, for instance the natural inhibitor β2GPI, are keeping active VWF 
levels low in healthy individuals [16]. The inter-individual variation in active VWF levels 
(15.1%) was nearly half of that in VWF:Ag levels and the majority of active VWF values 
were close to the level in NPP (100%). The observed inter-individual variation for VWF:Ag 
was similar to the previously reported inter-individual biologic variation for VWF [33].

We identified significant positive correlations between all VWF parameters (S1 Table). 
With regard to active VWF, the highest correlation was found with two other activity 
assays, namely VWF:RCo and VWF:GP1bM as expected based on assay principles. Active 
VWF circulates in a GPIbα-binding conformation and will therefore contribute to the 
chemiluminescent signal in the VWF:RCo assay, generated when VWF (either active 
VWF already present or VWF activated by ristocetin) binds to microparticles coated 
with GPIbα. Similarly, in the VWF:GP1bM assay only active VWF can bind spontaneously 
to the microparticle-(mutant) GP1b complex, inducing agglutination that is measured 
turbidimetrically. Whereas the VWF: GP1bM and VWF:RCo assays are much more widely 
established, advantages of the active VWF ELISA assay are that neither non-physiological 
additives (ristocetin or mutant GP1b) nor specialized instruments are required. 
Moreover, active VWF correlated well with VWF:Ag levels (r = 0.390), showing that with 
increasing VWF the amount of circulating VWF in its active, unfolded conformation 
was also higher. This is in accordance with correlations found between VWF activation 
factor and VWF:Ag in previous studies in patients with a first STEMI (r = 0.58) [18] and 
malignant hypertension (r = 0.62) [34]. The stronger correlation in these studies may be 
explained by reporting the activation factor, which corrects for differences in VWF:Ag 
levels. Moreover, active VWF correlated with VWFpp. Relatively increased VWFpp is 
commonly used as a marker for acute endothelial cell activation, while relatively high 
VWF: Ag levels are considered a marker for more chronic endothelial cell activation 
[28]. VWF in endothelial cells is likely in its active conformation, as freshly secreted VWF 
is able to interact with the platelet GpIb–IX–V complex [5]. Thus, it can be postulated 
that circulating active VWF was secreted from endothelial cells (hence correlating with 
VWFpp and VWF:Ag levels), but escaped ADAMTS-13 proteolysis.

In our healthy population, active VWF and VWF:Ag levels were significantly higher in men 
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than in women In contrast to the activation factor calculation method [13], our calculation 
of active VWF levels does not correct for differences in VWF:Ag levels. Therefore, sex-
related differences in active VWF levels have not been reported in previous studies. 
Whereas the major- ity of the literature on the influence of sex (gender) on VWF:Ag 
reports no differences [9, 35], Conlan et al. reported higher VWF:Ag levels in female 
compared to male subjects [36], while Campos et al. found higher VWF:Ag levels in men 
than in women [37]. In addition, both older age and non-O blood group were associated 
with higher VWF:Ag levels, as described in literature [9, 38–41]. VWF:RCo, VWF:GP1bM 
and Plt:VWF binding were also higher in indi- viduals with a non-O blood group, but 
correction for VWF:Ag levels rendered these associa- tions non-significant.

A possible limitation of the current assay is that it expresses the amount of active 
VWF as a percentage, normalized to values in NPP. We consider this a more reliable 
approach than expressing the absolute concentration with regard to a monomeric 
VWF A1 domain, because one VHH binds active VWF multimers with different sizes [42] 
and hence variable numbers of VWF epitopes. The assay cannot adjust for variation 
in the multimeric composition between individuals. In addition, in order to calculate 
the concentration of active VWF, we would need to assume that the VHH recognizes 
mutation-induced activated VWF (e.g. R1306W) similarly as non-mutated (activated) 
VWF and as active VWF in a variety of conditions. Because we are uncertain of these 
assumptions, we propose that expressing active VWF as a percentage of NPP is a more 
reliable calibrator for the moment. However, the normalized result makes it more 
difficult to standardize the assay, and the reported reference interval may have been 
slightly different using another batch of NPP. Given the small inter-individual varia- tion 
in active VWF in healthy individuals and the large increases observed in several patholo- 
gies [5], we do not expect minor differences in NPP active VWF levels to cause wrong 
classification of active VWF in a sample as pathological.

CONCLUSIONS

Previously, it has been shown that several pathological conditions are associated 
with strongly increased active VWF levels [5]. The underlying mechanism can likely be 
attributed to (a com- bination of) three causes: (1) changes in the (conformation of) 
VWF itself (e.g. VWD type 2B [13]), (2) changes in endothelial secretion (e.g. malaria [20], 
diabetes [17]), processing or clearance of VWF (e.g. TTP [13], HELLP [14]) or (3) increased 
shear stress (e.g. mild aortic stenosis [32], first STEMI [18]). Increased circulating active 
VWF levels may also be present in other conditions associated with infection and/or 
inflammation, for instance in chronic kidney dis- ease (submitted). Moreover, using the 
current assay, we found that active VWF levels in healthy individuals increase following 
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strenuous exercise [43]. Quantification of active VWF in a variety of diseases could 
provide valuable pathophysiological insight for diagnosis and development of new 
treatment strategies. The current validation of an immunosorbent assay for active VWF 
and the establishment of a reference interval will facilitate future studies investigating 
the role of active VWF in health and disease.
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SUPPLEMENTAL INFORMATION

S1 Methods
Production of VHH
VWF A1 domain specific VHH antibodies (MW 16.4 kDa) were commercially produced 
by U-Protein Express BV (Utrecht, the Netherlands). Briefly, HEK293E-253 cells were 
transfected with endotoxin-free maxiprep DNA for the desired sequence of the anti-
VWF VHH (based on the sequence provided by1). Six days post-transfection conditioned 
medium containing recombinant protein was harvested by low-speed centrifugation 
(10 minutes, 1000 g) followed by high-speed centrifugation (10 minutes, 4000g) and 
immobilized metal affinity chromatography (IMAC) purification. The VHH was further 
purified by gel filtration using a Superdex75 26/600 column. The resulting VHH-
containing fractions were sterilized by filtration over a 0.22 μm syringe filter and stored 
at 4 ˚C. 

Assay performance studies
Specificity
The assay was performed as described under ‘‘Active VWF immunosorbent assay’’ in 
the Methods section. Normal pooled plasma (NPP, static or vortexed at 2,500 rpm for 
10 minutes), HVWF, R1306W VWF or R1306Q VWF (all 1.7 ug/mL), were serially diluted 
(except for vortexed NPP, only measured at 1:10 dilution) with dilution buffer (PBS/1% 
BSA) and incubated in the plate coated with VHH at RT for 2 hours, followed by detection 
steps as described. 

Precision 
Pools of citrated plasma samples were prepared based on previously measured active 
VWF levels: the ‘‘low’’ (L) pool contained samples with active VWF levels between 91 
and 110% (mean 102%), the ‘‘medium’’ (M) pool contained samples with active VWF 
levels between 150 and 200% (mean 182%) and the ‘‘high’’ pool samples with active 
VWF levels >220% (mean 235%). These ‘‘cut-offs’’ were arbitrarily chosen, to cover the 
range of relevant values, and they do not have clinical meaning. Intra-assay (within run) 
precision was assessed by repeated (n=20) measurements of these plasma pools active 
VWF in one plate on the same day. Inter-assay (between run) precision was determined 
by duplicate measurements of the same plasma pools on 20 different days, within 2 
months. Acceptance criteria were CV ≤10% for intra-assay precision and CV ≤15% for 
inter-assay precision.

Accuracy
Accuracy was assessed by adding known concentrations of recombinant R1306W VWF 
(stock 17 μg/mL, concentrations 1.0, 0.75, 0.5, 0.35 or 0.25 μg/mL R1306W VWF) or 
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dilution buffer (control) to NPP. Recovery (Rec%) was calculated based on the observed 
OD (OOD) and expected OD (EOD) as follows: Rec% = (OOD/EOD)*100% and was considered 
acceptable between 90% and 110%.

Linearity
Linearity was determined by two serial recovery studies. First, for spiking with 
recombinant R1306W VWF, a pool of plasma with low active VWF was prepared. Half of 
this low active VWF pool was spiked with recombinant R1306W VWF (maximal 10 v/v%, 
not higher to minimize matrix dilution effects) to obtain a high active VWF pool. The high 
active VWF sample pool was then diluted with the remaining low active VWF sample pool 
to create a 12 steps 1.2-fold dilution series. Secondly, to determine the linearity when 
diluting native plasma samples, a high pool (active VWF >200% of NPP, as determined 
in previous experiments) was diluted with a low pool (active VWF <120%, as determined 
in previous experiments) in 5 steps: 100% of each and 3 mixes of 75%/25%, 50%/50% 
and 25%/75%. For both dilution experiments three replicates per dilution step were 
measured in 1 run. 

Limits
The limit of quantitation (LoQ) was determined using 11 citrated plasma pools over a 
range of concentrations (114 – 248%), each measured in duplicate over 10 days. The 
LoQ was extrapolated from the binomial curve through the points in the plot of mean 
active VWF (x-axis) versus inter-assay CV% (y-axis) as the mean active VWF level at which 
the inter-assay CV was 20%. The limit of blank (LoB) was determined by measuring a 
blank sample (dilution buffer) 60-fold and calculated as LoB=meanblank+1.645*SDblank. 
The limit of detection (LoD) was determined based on the LoB and 60 test replicates 
of a sample known to contain a low concentration of analyte (also used for intra-assay 
precision as ‘‘ low/L’’ pool). LoD was calculated as LoD=LoB+1.645(SDlow sample). 

Stability
We performed a stability study limited to the conditions used for (the validation of) this 
assay, i.e. with the aims to assess the (1) effect of repeated freeze/thawing and (2) stability 
during storage at -80°C. To determine freeze/thaw stability, a plasma pool with medium 
active VWF level (152.9%) was stored frozen at −80 °C and was measured in triplicate 
with the immunosorbent assay after being subjected to four freeze-thaw cycles during 
one day. Furthermore, at day 1, day 2, day 7, 1 month and 2 months aliquots of this 
pool were thawed and active VWF was determined in triplicate. Mean recovery of active 
VWF expressed in absolute values (i.e., absolute recovery, expressed as active VWF in % 
of NPP) and in percent of the baseline value (i.e., relative recovery) was calculated. The 
acceptance criterion was ±10% difference from the original concentration. 
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Flow cytometric analysis of VWF:platelet binding
Test strips for three test conditions (no agonist control, 1.2 mg/mL ristocetin and 
positive beads control [PC]) were prepared in advance and stored at -20°C. The reaction 
mixtures with a total volume of 20 μl consisted of 2 μl FITC-conjugated anti-VWF 
antibodies (CL7616F, Cedarlane, Burlington, USA) and 0.5 μl APC-conjugated anti-CD41a 
antibodies (559777, BD Biosciences, San Jose, USA) with or without agonist in HEPES-
buffered saline (HBS, 10 mmol/L HEPES, 150 mmol/L NaCl, 1 mmol/L MgSO4, 5 mmol/L 
KCL, pH 7.4). The PC tube only contained 2 μl FITC-conjugated anti-VWF antibodies in 
HBS.

After venipuncture, whole blood was kept at RT for at least 30 minutes and subsequently 
incubated at 37°C for 10 minutes. All tests were performed at 37°C. Blood was diluted 1:4 
in HBS. From the diluted blood, 5 μl was added to the tubes with reaction mixture (20 μl, 
final dilution 1:20). In addition, 5 μl of anti-mouse Ig κ particles was added to the PC tube. 
Tests were incubated for exactly 20 minutes at 37°C. Reactions were stopped by adding 
250 μl fixation solution (137 mmol/L NaCl, 2.7 mmol/L KCl, 1.12 mmol/L NaH2PO4, 1.15 
mmol/L KH2PO4, 10.2 mmol/L Na2HPO4, 4 mmol/L EDTA, 0.5% formaldehyde). Samples 
were analysed 1 day after the experiment. Flow cytometry was used to discriminate 
platelets from other cells, using the forward and side scatter pattern and by gating on 
the CD41a positive cells. Median fluorescent intensity in the FITC gate was selected to 
determine VWF-platelet binding. Results are corrected for the MFI in the unstimulated 
test condition and expressed as a % of the MFI for the PC beads. 

S1 Fig. Distribution of active VWF in a healthy population. Citrated plasma samples obtained 
from 120 healthy subjects were measured with the active VWF assay. Limit of detection (LoD) and 
Limit of Quantitation (LoQ) are indicated. The frequency distribution shows skewness to the right.

136 | Chapter 7

7 7



S2 Fig. Effect of gender on active VWF levels. Active VWF levels (normalized to levels in NPP) 
were determined in plasma of 120 healthy volunteers, and are shown here for males (n = 60) 
and females (n = 60). Median and IQR are indicated. The area delineated by the dot- ted lines 
represents the reference interval of the total population (2.5 percentile–97.5 percentile). Active 
VWF levels were significantly (p = 0.033) higher in males compared to females, but adjustment for 
VWF:Ag levels abolished the association between active VWF and gender. 

S3 Fig. VWF:Ag and VWF:RCo correlate significantly with age. Scatterplot and correspond- ing 
Spearman rank correlation (r) between VWF:Ag (a) and VWF:RCo (b) with age. Dotted lines delineate 
reference intervals for VWF:Ag and VWF:RCo determined in this study.
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S4 Fig. Effect of blood group O and non-O on VWF parameters. VWF:Ag (A), VWF:RCo (B), 
VWF:GP1bM (C) and Plt:VWF binding (D) were determined in plasma of 120 healthy volunteers, 
and are shown here for individuals with non-O and O blood group. Median and IQR are indicated. 
The areas delineated by the dotted lines represent the reference intervals (2.5 percentile–97.5 
percentile). Statistical significance of differences in VWF parameters between O and non-O subjects 
were tested by Mann-Whitney U test, p<0.05.

S1 Table. Spearman rank correlations between VWF assays
Assay VWF:Act VWF:Ag VWF:RCo VWF:GP1bM VWFpp Plt:VWF
VWF:Act
VWF:Ag 0.390**
VWF:RCo 0.401** 0.617**
VWF:GP1bM 0.464** 0.669** 0.564**
VWFpp 0.281** 0.457** 0.442** 0.404**
Plt:VWF 0.273** 0.636** 0.619** 0.679** 0.396**
Values represent Spearman rank correlation coefficients (r) with corresponding significance: **, p 
value <0.01. VWF:Act, active VWF; VWF:Ag, VWF antigen; VWF:RCo, VWF ristocetin cofactor activity; 
VWF:GP1bM, VWF binding to gain-of-function GP1b fragments; VWFpp, VWF propeptide; Plt:VWF, 
platelet VWF binding.
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GENERAL DISCUSSION

This thesis focuses on the interplay between platelets and coagulation and the 
application of flow cytometric platelet function tests in clinical settings. Chapter 2 
describes a new mechanism to initiate thrombin generation via GPVI activated platelets. 
In chapter 3 the interplay between platelets and coagulation is investigated in multiple 
myeloma patients (MM) and healthy controls. In chapter 4, 5 and 6 clinical studies are 
presented investigating platelet reactivity/activation in patients with chronic obstructive 
pulmonary disease (COPD), patients on dual anti-platelet therapy (DAPT) and in patients 
with suspected thrombocytopathy. Chapter 7, the flow cytometric platelet function test 
is used to study platelet-VWF binding and is compared to an in-house ELISA assay for 
measuring circulating active VWF.

Coagulation initiation by GPVI activated platelets 
Established platelet derived triggers of coagulation are secreted polyphosphates 
(PolyP) to activate FXII and the expression of functional tissue factor (TF), which remains 
controversial [1, 2]. Collagen can also trigger coagulation via FXII activation, however, we 
showed in the current thesis, that, in the presence of platelets (in platelet-rich plasma), 
coagulation initiated by collagen can only partly be antagonized by a FXIIa inhibitor. 
We hypothesized that activated platelets play a role in the initiation of coagulation by 
collagen and tried to investigate the underlying mechanisms. 

We found that, not only collagen, but also other GPVI agonists (CRP-XL and convulxin) 
can induce platelet activated thrombin generation (TG), which is mainly displayed as a 
moderate onset of TG with a high peak. Experiments with inhibitors and factor deficient 
plasmas suggested that initiation of TG via GPVI activated platelets is not dependent 
on plasma FXII, FXI or TF/FVIIa. In a purified system with washed platelets, FX and FVIII, 
results suggested that activated platelets deliver FIXa, which was later confirmed by 
the inhibitory effect of an anti-FIX Ab and the recovery of TG in FIX deficient plasma 
supplemented with FVIII.

It was shown with transmission electron microscopy study that FIX is found in the alpha 
granules of platelets. The origin of the FIXa activity from activated platelets is not known. 
It is possible that FIX is produced in Megakaryocytes, but it is also possible FIX is taken 
from the plasma and transported to the alpha granules [3]. In this thesis, we could not 
confirm the presence of FIX with western blot or with protein fingerprinting, indicating 
that the concentrations are extremely low. 

Other possibilities for initiation of coagulation by activated platelets were excluded. 
For example, polyP, an established trigger of FXII activation which is stored in dense 
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granules, was not the trigger of coagulation in our experiments as TG in CTI-inhibited 
and FXII-deficient plasma was not affected. In addition, we excluded that TG was induced 
by platelet derived FVII(a) or FXIa as FVIIai nor FVIIa or FXI inhibiting antibodies had a 
significant effect. 

Platelets and coagulation in treated multiple myeloma patients
Multiple myeloma (MM) is a disease characterized by malignant proliferation of plasma 
cells that produce a monoclonal immunoglobulin, called M protein or paraprotein. 
In recent years, with increasing clinical evidence and the development of treatment, 
venous thromboembolism (VTE) and its prevention seem to gain more attention in MM 
patients as both bleeding and VTE are recognised complications of MM [4]. There are 
multiple factors that can contribute to a high thrombotic risk in MM patients. First of 
all, cancer and cancer treatments in general are identified as risk factors for VTE [5]. 
In patients with MM, the treatment with immunomodulatory drugs like thalidomide 
or lenalidomide in combination with high dosage of dexamethasone, doxorubicin, 
or combination chemotherapy are shown to be associated with high VTE rates [6]. 
Secondly, the advanced age of most MM patients that is associated with immobility and/
or hyperviscosity results in increased VTE risk [7, 8]. Thirdly, activation of coagulation, 
reduced natural anticoagulation mechanisms and an inflammatory environment in MM 
can attribute to a hypercoagulable state [9-11]. On the other hand, MM itself belongs to 
a broader disease category called monoclonal gammopathies, which often predispose 
patients to haemorrhage, especially following surgical procedures. Possible underlying 
mechanisms like thrombocytopenia, paraprotein-induced platelet function defects, 
acquired von Willebrand syndrome, acquired factor X deficiency, abnormalities of the 
function of fibrin can be the cause [12, 13]. 

We investigated the complex situation of higher incidence of haemostatic abnormalities 
in on-treatment MM patients by measuring their platelet reactivity and activity and 
coagulation profiles. The major strength of our study is measuring TG in the presence 
of blood cells. A delayed initiation of TG (lagtime and time-to peak were prolonged) 
and increased thrombin potential (increased ETPp) was measured in whole blood (WB) 
of MM patients, which was associated with properties of RBCs and platelets (negative 
correlation between RBC count and platelet reactivity, and the initiation time of WB-TG). 
This imbalanced haemostasis may explain that MM patients have a high incidence of 
VTE and a high bleeding tendency. Interestingly, in contrast to WB-TG, in the absence of 
cells (plasma TG), no difference in TG was measured between MM patients and controls. 
MM patients had impaired αIIbβ3 activation in response to agonists, while baseline 
platelet activation and platelet-monocyte complexes were comparable with the control 
group. Our platelet reactivity results point in the same direction as previous research 
that described platelet hypo-reactivity and reduced aggregation in MM patients [14, 
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15]. There are several explanations for platelet hypo-reactivity in MM. First of all, the 
nonspecific coating by paraproteins is supposed to inhibit platelet function [16], and the 
association between impaired platelet function (based on prolonged bleeding time and 
abnormal platelet aggregation) and elevated serum paraproteins was reported [17, 18]. 
Secondly, high activation of platelets may result in “platelet exhaustion”, which is then 
displayed as low responsiveness [19]. Furthermore, besides the cause from the disease 
itself, anti-myeloma therapy may also influence platelet vitality, as one study reported 
platelet dysfunction in thrombocytopenic cancer patients undergoing chemotherapy 
[20].

A strong point of the study is the combined invitation of patients and their controls. 
This guarantees the identical preconditioning of the blood samples. Furthermore, the 
controls were of the same age and the same social economic state, which make the 
groups comparable.

The interesting observations on the differences between plasma TG and whole blood 
TG, and the correlations between blood cell properties and whole blood TG parameters 
give insights in the involvement of blood cells in thrombin generation under pathological 
conditions. Also this study may trigger future prospective studies on MM related 
hemostasis disorders to further study the impact of whole blood thrombin generation 
on the incidence of thrombosis and bleeding in MM patients. 

Acute exacerbations of COPD induce a prothrombotic state
Chronic obstructive pulmonary disease (COPD) is characterized by airway inflammation, 
excessive mucus production, progressive destruction of the lung parenchyma with loss 
of elasticity and abnormal remodelling of the pulmonary vasculature [22]. Patients with 
COPD are reported to have increased risk for cardiovascular events, like myocardial 
infarction, stroke and pulmonary embolism, particularly following an acute exacerbation 
[23-25]. Previous studies have observed that systemic inflammation may contribute to 
platelet activation. With the extensive crosstalk between inflammation and coagulation, 
we hypothesized that the elevated inflammatory state during an AE-COPD may 
contribute to a prothrombotic phenotype [26, 27].

In chapter 4, in a cohort of 32 COPD patients, we showed that platelet activation measured 
as the levels of platelet-monocyte complexes (PMCs), was significantly increased during 
AE-COPD compared to day 3 of treatment and convalescence. The main interactions 
between platelets and monocytes to form PMCs are via binding of platelet P-selectin 
to PSGL-1 on monocytes or by binding of monocyte Mac-1 to platelet αIIbβ3 or GPIbα. 
Interestingly, P-selectin expression and αIIbβ3 activation did not change and MAC-1 
expression increased during an AE-COPD suggesting that PMC formation is driven by 
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monocyte activation (binding of MAC-1 to platelet GP1bα). MAC-1 expression can be 
driven by inflammatory mediators such as IL-6 and CRP, and we found associations 
between CRP level (marker for systemic inflammation) with both platelet activation 
level and platelet reactivity level. Concomitant with elevated platelet activation, we 
saw significantly enhanced plasmatic coagulation (the TG peak, ETP and velocity were 
significantly increased) and higher level of VWF (both antigen and the active form) during 
AE-COPD, all together suggesting a pro-thrombotic state. D-dimer levels and the time 
until clot formation did not change during AE-COPD. 

Our results on platelet activation are in line with previous published data reporting 
higher circulating platelet-monocyte aggregates in patients with stable COPD compared 
to well-matched controls, and also further rise of these complexes during an acute 
exacerbation [28]. In contrast to Munoz-Esquerre et al. who reported an increased 
platelet reactivity during AECOPD, we didn’t observe a significant difference in platelet 
reactivity in our cohort. Possible explanations are the differences of sample size, patient 
inclusion criteria and measurement methods between studies [29]. Due to the small 
sample size of our study with some loss to follow-up and with only 3 patients suffering 
from a cardiovascular event during investigation, we were not able to find direct links 
between clinical outcomes and markers of haemostasis. 

Apart from this, our results seem to give more evidence on the interwoven connection 
between inflammation and platelets in COPD patients. Increased systemic inflammation, 
hypoxemia and oxidative stress are reported to induce platelet activation in these 
patients [30, 31]. In the meantime, increasing evidence suggests that platelets exert 
significant modulatory effects on inflammatory- and immune-mediated pathways, for 
instance, through an increase in leukocyte elastase activity and the dysregulation of 
specific hypoxia-related signalling pathways [29, 32]. Though not in the context of treating 
COPD, the use of P2Y12 inhibitors was found to decrease platelet-monocyte interaction 
as well as systemic inflammation [33, 34]. Furthermore, the use of antiplatelet agents 
was associated with a significant reduction in all-cause mortality in COPD patients [35] 
and anticoagulant low-molecular-weight heparin (LMWH), recommended by current 
guidelines for VTE prevention in AE-COPD patients with reduced mobility, can have anti-
inflammatory properties [36-38].

Taken together, our study demonstrates that AE-COPD patients with systemic 
inflammation have an increased prothrombotic tendency and that they may benefit 
from anti-thrombotic treatment. 
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WB-PACT assay for recognizing platelet function defects and assessing anti-
platelet therapy efficacy
Previously our lab optimized and standardized a fast, user-friendly WB-PACT assay, 
together with the development of platelet-VWF binding measurement in the same 
setting [39]. In chapter 5 and 6, the WB-PACT test was compared with light transmission 
aggregometry (LTA) to study a group of patients on dual antiplatelet therapy and patients 
suspected of bleeding diathesis, respectively. 

Platelet function defects (PFDs) may occur because of inherited or acquired conditions 
and sometimes it coexist with thrombocytopenia [40]. Inherited platelet function 
disorders (IPFDs) are a group of bleeding disorders, characterized by a wide phenotypic 
and genotypic heterogeneity. Severe IPFD, like Glanzmann Thrombasthenia (GT) or 
Bernard-Soulier Syndrome (BSS), are straightforward to identify, while the diagnosis 
of most other mild forms is cumbersome and requires complex assays, which makes 
PFDs underdiagnosed, and its prevalence underestimated in some sense [41-45]. More 
common than IPFDs in clinical practice, acquired platelet function disorders can be 
due to some systemic/hematologic disorders or adverse reactions after procedures, or 
more often it can be the anticipated effects of antiplatelet drugs aiming for thrombosis 
prevention [46]. 

For diagnosing PFDs, the Scientific and Standardization Committee (SSC) guidelines 
of the International Society on Thrombosis and Haemostasis (ISTH) recommend an 
algorithm flow chart. The first step in this chart is the evaluation of personal, familial 
bleeding history and bleeding score, followed by a step-wise laboratory investigation, 
which contains preliminary laboratory investigations (full blood count, prothrombin time, 
activated partial thromboplastin time and VWF screening tests) and later a diagnostic 
work-up that includes a blood smear, LTA and flow cytometric measurements [47].

In chapter 6 we introduced a scoring system for the WB-PACT and in a population of 161 
patients suspected of bleeding diathesis, a moderate agreement was found between the 
WB-PACT and LTA. Moreover, in patients with an elevated ISTH bleeding score, WB-PACT 
detected more abnormal responses than LTA, and the flow cytometric test to detect 
VWF-platelet binding detected some patients with deviations in VWF concentration or 
function.

The partial agreement between LTA and WB-PACT in this study can be due to the different 
methodology (LTA is semi-quantitative while WB-PACT gives quantitative results), the 
scoring system (the cut off values can largely affect the analysis) and differences in 
agonists used (LTA was not performed with PAR-1 agonist, while collagen, epinephrine 
and arachidonic acid were not included in WB-PACT). Previously by only comparing the 
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responses after ADP and CRP-XL stimulations, Navred et al. also reported a moderate 
agreement between their modified flow cytometric platelet activation and LTA in 
detection of PFDs [48]. Although the partial agreement is to some extent expected, 
our results still offer some information on cross-validation between the two tests. By 
analysing the associations of the tests with the ISTH bleeding score, we suggested that 
WB-PACT may have added value for the routine diagnostic work-up in patients who 
need to have platelet function tested while others suggest that flow cytometric analysis 
of platelet function have potential to become an alternative for LTA [49].

In chapter 5, we assessed platelet function, or to be more precise, in vitro residual 
platelet reactivity by LTA and WB-PACT in 42 patients receiving aspirin and clopidogrel. 
Aspirin and clopidogrel are the two most widely used antiplatelet drugs for secondary 
prevention of cardiovascular diseases in the world. However, some patients do not 
respond adequately to aspirin or to clopidogrel [50-54]. High on-treatment residual 
platelet reactivity (HRPR) was reported to be associated with high risk of thrombotic 
events [55]. This argues for, in vitro, platelet function monitoring of the effects of anti-
platelet drugs. In this small population, a moderate agreement was found between 
MesADP-triggered WB-PACT and ADP-triggered LTA on recognizing HRPR. As arachidonic 
acid was not included in the WB-PACT agonist panel, we were unable to compare the 
detection of aspirin resistance. Nonetheless, this study may offer some information for 
future investigations on the application of WB-PACT in anti-platelet therapy monitoring.

Active VWF detection by ELISA
In chapter 7, we describe the technical validation of an in-house developed 
immunosorbent assay with a VHH directed against a cryptic epitope of the VWF A1 
domain. If VWF undergoes a conformational change due to activation, then the cryptic 
domain will become available for the VHH and thus measurable by the ELISA. A similar 
ELISA for detecting active VWF already existed for more than 10 years, however technical 
validation for broader applications was lacking [56]. The specificity, the intra- and inter 
assay variability and the linearity of this assay was demonstrated and a reference interval 
for active VWF in 120 healthy adults was established. Besides, positive correlations 
between active VWF and other VWF parameters (quantifications for different forms 
of VWF and qualitative evaluation of its binding capacity) were found in this healthy 
population. 

Previously, it has been shown that active VWF levels are associated with VWD type 2B, 
HELLP, malaria and diabetes [56-59]. Furthermore, active VWF was recommended 
for stratifying SIRS patients at high mortality risk with the APACHE-IV score and as an 
independent risk factor for first STEMI in patients [60, 61]. After the validation study, this 
assay was applied in several studies, in which increased circulating active VWF levels are 
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found in healthy individuals following strenuous exercise, patients with chronic kidney 
disease and AE-COPD patients [62-64]. With a robust analytical performance and a high 
specificity for the active form of VWF, the assay can be used to measure active VWF as a 
biomarker in many pathologies. 

CONCLUSION 

In conclusion, the current thesis describes novel insights in platelet activation mediated 
initiation of coagulation. The studies in this thesis confirm that blood cells are crucial 
players in the regulation of coagulation, especially in pathological disorders. Blood cell 
dependent thrombin generation is affected in MM, while plasma thrombin generation 
seems not associated with MM prevalence. Whether WB-TG can predict the increased 
bleeding and thrombosis risk in MM-patients needs to be studied in a cohort study on 
MM patients and thrombosis incidence during follow-up. This thesis shows that platelet 
activation and platelet monocyte complex formation are affected during the acute 
exacerbation of COPD. Furthermore, WB-PACT is showed to have value for monitoring 
patients on DAPT and recognizing patients with bleeding diathesis.
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IMPACT

Platelet activation and coagulation are essential parts in hemostasis. Many steps in 
platelet thrombus formation are closely connected to the different stages of thrombin 
formation. We explored a novel mechanism for the interplay between platelets and 
coagulation by studying the FXII-independent initiation of thrombin generation by 
collagen in vitro. More in detail, platelets activated with GPVI agonists (CRP-XL and 
convulxin), but not with α2β1 agonists (GFOGER), were able to induce thrombin 
generation. The FXa generation experiments done with purified coagulation factors 
and inhibition of an anti-FIX antibody, along with the recovery of TG in FIX deficient 
plasma with the addition of FVIII, suggested FIXa activity from GPVI activated platelets. 
Taken together, our findings indicate that apart from the well-known participations of 
platelets in coagulation (providing an assembly site for coagulation factors by exposed 
PS, releasing partially activated FV and polyP), activated platelets can contribute to 
thrombin generation via FIXa activity. The clinical significance of our findings remains to 
be demonstrated. Our findings show that coagulation can be initiated via tissue factor 
and contact activation independent triggers. This pathway may be important for certain 
forms of venous thrombo-embolism (VTE), because in the majority of VTE patients, there 
are no indications of exposure to TF or contact activation. Furthermore, our findings 
indicate a potential mechanism to explain why the clinical manifestations in haemophilia 
B patients are milder compared to the bleeding severity in haemophilia A patients [1], 
while treatment of haemophilia B or A mice with platelet-targeted FIX or FVIII gene 
therapy, respectively, reduces bleeding and restores haemostasis [2, 3].

On-treatment multiple myeloma (MM) patients have an increased incidence of venous 
thromboembolism (VTE), despite a high prevalence of thrombocytopenia and anaemia. 
We investigated platelet reactivity, platelet activation, plasma thrombin generation 
and whole blood thrombin generation profiles in MM patients and healthy controls. 
Compared to controls, plasma thrombin generation was not different in treated 
MM patients. However, they showed diminished platelet reactivity, delayed initiation 
but increased thrombin generation potential in whole blood, which were associated 
with several properties of RBCs and platelets. These findings help to understand the 
disbalanced haemostasis in treated MM patients with an emphasis on the contributions 
of blood cells, which may further help providing more specific prevention strategies for 
VTE in MM patients. Also, the WB-TG test applied in this study may be a promising tool 
for future research studying blood cells in coagulation and thrombosis related diseases.
COPD is a chronic, progressive condition with a high prevalence. The Global Burden 
of Disease Study 2015 estimated the global prevalence of COPD at about 174 million 
cases [4]. For COPD patients, the periodic deteriorations called exacerbations pose 
the highest financial burden due to supplementary treatment and increased hospital 
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admissions [5]. Also, exacerbations are associated with an increased risk of thrombotic 
cardiovascular events, which contribute significantly to the overall disease morbidity 
and mortality [6]. Exacerbations were found to be associated with increased PMCs, 
but not with changes in platelet reactivity. VWF and TG were significantly higher 
during AE-COPD compared to convalescence. Furthermore, PMCs, VWF and TG were 
positively associated with systemic inflammation. Therefore, we concluded that acute 
exacerbations are associated with an inflammation-associated prothrombotic state. 
Our findings justify the further investigation on biomarkers of endothelial cell activation, 
platelet pathophysiology, hyper-coagulation and hypo-fibrinolysis to predict the risk 
of exacerbation relapse and of cardiovascular events. If large clinical outcome studies 
would prove that these markers have additional diagnostic value, implementation in 
clinical chemistry laboratories may be considered. 

In the secondary prophylaxis of CVD such as myocardial infarction and stroke, anti-
platelet therapy is the cornerstone.  High on-treatment residual platelet reactivity 
(HRPR) is associated with high risk of thrombotic events and thus testing response to 
anti-platelet therapy may bring value for patients [7]. LTA is the standard technique to 
monitor HRPR, however, LTA is poorly standardized despite existing guidelines, requires 
a considerable volume of fresh blood and is time and labor intensive. We found a 
moderate agreement between MesADP-triggered whole blood platelet activation test 
(WB-PACT) and ADP-triggered LTA on recognizing HRPR in patients receiving aspirin and 
clopidogrel. This study indicates that WB-PACT is an optional platelet reactivity test for 
monitoring anti-platelet therapy. Patients with a high platelet reactivity on clopidogrel/
aspirin treatment are suitable for treatment with new antiplatelet agents like prasugrel 
or ticagrelor.

The prevalence of inherited platelet function disorders (IPFDs) among the general 
population has not been established, and little is known about the burden of IPFDs, 
probably because the identification of inherited platelet function defects is challenging 
due to the complexity of platelet function and consequently, the large diversity of platelet 
defects. It is relatively straightforward to diagnose severe IPFDs since these patients with 
distinct clinical and laboratory features can readily be detected with current available 
diagnostic tools, while for mild IPFDs the diagnosing could be cumbersome due to the 
heterogeneous phenotype that requires a combination of tests. We investigated the 
correlation between the flow cytometric WB-PACT and LTA in patients with suspected 
bleeding diathesis for platelet function defect identification. A moderate correlation was 
found between LTA and WB-PACT and there was agreement between both tests in 62% 
of the cases. By comparing to bleeding score, the WB-PACT detected more abnormal 
responses than LTA in high BS patients. Therefore, with the advantages of less handling 
steps, suitability for low platelet count samples and neonatal blood samples, WB-PACT 
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may have added value for the routine diagnostic work-up in platelet function defect 
recognition. Accurate and timely diagnosis for patients with suspected IPFDs would help 
them with appropriate treatments, minimize the associated bleeding risk, and therefore 
improve their quality of life [8]. 

Lastly, an immunosorbent assay was characterized to directly detect circulating VWF 
in its active conformation. Current evidence indicated a possible role of active VWF 
measurements in monitoring TTP patients, while large, clinical outcome studies are still 
needed for exploring its clinical usefulness [9, 10]. At the moment, the value of active VWF 
quantification seems to lie in the research field for unraveling the pathophysiological 
mechanisms of hemostatic complications in a variety of conditions [11-13]. 

Concluding remark
The research presented in this thesis provides new insights in the initiation of coagulation 
and in the role of blood cells in coagulation. Both insights may lead to new diagnostic 
targets to estimate the risk of thrombosis in high-risk patients. Furthermore, intervention 
in platelet activation induced thrombin generation and in cell dependent thrombin 
generation may be novel targets for anti-thrombotic treatment. These hypotheses need 
to be further explored in prospective follow-up studies and, if confirmed, in intervention 
studies. 
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Dit proefschrift richt zich op de wisselwerking tussen bloedplaatjes en stolling en op het 
gebruik van flowcytometrische plaatjesfunctie testen in een klinische omgeving. 

Het belang van de complexe interactie tussen bloedplaatjes en stolling werd jaren 
onderschat. Hoewel er aandacht besteed wordt aan het feit dat veel stappen binnen de 
vorming van een bloedplaatjes trombus nauw gelinkt zijn met de verschillende stadia van 
trombinevorming, is er nog weinig bekend over de mechanismes die hieraan ten grondslag 
liggen. Zo kan collageen bijvoorbeeld stolling tot stand brengen via de activatie van FXII, 
maar ook onafhankelijk van FXII. In hoofdstuk 2 hebben we een nieuw mechanisme 
voor initiatie van de stolling onderzocht dat gebaseerd is op bloedplaatjesactivatie door 
collageen. Niet alleen collageen maar ook andere GPVI-agonisten (CRP-XL en convulxin) 
geactiveerde bloedplaatjes bleken trombinevorming te induceren. Trombinegeneratie 
experimenten met remmers of met factor deficiënte plasma’s suggereerden dat deze 
initiatie van bloedplaatjesactivering via GPVI niet afhankelijk is van de stollingsfactoren 
FXII, FXI of TF/FVIIa. Met behulp van een gezuiverd systeem waar FXa vorming werd 
gemeten in de aan en afwezigheid van anti-FIX antilichamen alsook met trominevorming 
experimenten in FIX deficiënt plasma gesupplementeerd met FVIII werd aangetoond dat 
GPVI-geactiveerde plaatjes FIXa activiteit leveren. 

Hoewel de wisselwerking tussen bloedplaatjes en het stollingssysteem belangrijk is en 
veel ziekte- en therapiegerelateerde trombotische gebeurtenissen worden veroorzaakt 
door beschadigde of aangetaste bloedplaatjes in plaats van door veranderingen in 
stollingsfactoren, zijn er nog steeds geen toegankelijke instrumenten om dit in klinisch 
onderzoek te bestuderen. Visco-elastische testen zoals ROTEM en TEG worden 
gebruikt om bloedcelgemedieerde trombotische risico’s te bestuderen. Deze testen 
zijn echter niet specifiek genoeg om als alternatief voor plasmacoagulatietesten 
of bloedplaatjesfunctietesten te dienen. Onze groep heeft onlangs een volbloed-
trombinegeneratietest (WB-TG) ontwikkeld die een goede correlatie vertoont met de 
trombinegeneratietest in plasma. 

Bij patiënten met multipel myeloom (MM) die onder behandeling zijn werd aangetoond 
dat ze een verhoogde incidentie van VTE hebben ondanks hoge prevalentie van 
trombocytopenie en anemie. In hoofdstuk 3 hebben we in MM patiënten ne als in 
gezonde donoren trombinegeneratie profielen gemeten in plasma en in volbloed. 
Verder werd ook de bloedplaatjesreactiviteit en bloedplaatjesactiviatie gemeten. In 
vergelijking met de controles werd verminderde bloedplaatjesreactiviteit waargenomen 
bij patiënten terwijl het niveau van bloedplaatjesacitvatie, aangegeven door de 
hoeveelheid plaatjes-monocyt complexen, niet significant verschilde tussen de groepen. 
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Opmerkelijk was de bevinding dat in volbloed de vorming van trombine in patiënten 
vertraagd van start ging, maar dat er een verhoogde trombine potentiaal gemeten werd 
terwijl er geen verschillen werden gemeten tussen patiënten en controles in plasma 
trombinegeneratie. De verschillen en volbloed trombinegeneratie waren geassocieerd 
met eigenschappen van rode bloedcellen en bloedplaatjes. Deze bevindingen helpen 
om de onevenwichtige hemostase bij MM patiënten te begrijpen. 

In hoofdstuk 4 werd de protrombotische toestand bij patiënten met chronische 
obstructieve longziekte (COPD) na acute exacerbatie onderzocht. COPD-patiënten 
hebben een verhoogd risico op cardiovasculaire voorvallen, vooral na acute exacerbaties. 
Exacerbaties gaan gepaard met verhoogde systemische ontsteking die stolling kan 
veroorzaken. In deze prospectieve cohortstudie werd bepaald hoe acute exacerbaties 
bij COPD de bloedplaatjesactivatie, het endotheel, de stolling en fibrinolyse beïnvloeden. 
Ook de associatie met ontsteking werd onderzocht aangezien bekend is dat de 
prevalentie van trombotische voorvallen toeneemt tijdens en kort na acute exacerbaties 
van COPD (AE-COPD). Het exacte mechanisme is onbekend. Allereerst vonden we 
dat bloedplaatjesactivatie, gemeten als de vorming van bloedplaatjes-monocyte 
complexen, verhoogd was tijdens AE-COPD. Aan de andere kant was de reactiviteit van 
de bloedplaatjes niet significant verschillen met de tijdstippen dag 3 van behandeling 
en herstel. In deze patiënten vertoonden zowel bloedplaatjesactivatie als reactiviteit 
associaties met systemische ontsteking (CRP niveau). Tijdens AE-COPD werd ook een 
verhoogde trombinevorming en een verhoogde concentratie VWF (zowel antigeen als 
de actieve vorm) gemeten wat samen een protrombotische toestand suggereert. Deze 
studie toont aan dat de gemeten parameters mogelijk biomarkers kunnen zijn voor het 
voorspellen van acute exacerbaties en cardiovasculaire gebeurtenissen. 

In het tweede deel van dit proefschrift ligt de focus op de volbloed flowcytometrische 
bloedplaatjesfunctietest (WB-PACT). In hoofdstuk 5 hebben we de mogelijke toepassing 
ervan bestudeerd voor het monitoren van de effecten van antibloedplaatjesmedicatie. 
In vitro Dubbele antibloedplaatjestherapie (DAPT) met aspirine en de P2Y12 
receptorantagonist clopidogrel wordt vaak voorgeschreven als secundaire preventie 
voor patiënten na percutane angioplastiek met stentimplantatie en voor patiënten met 
atherosclerotische cardiovasculaire ziekte. Verschillende studies wezen op een hoge 
restbloedplaatjesreactiviteit (HRPR) tijdens de behandeling met DAPT met een hoger 
risico op trombotische voorvallen. Om HRPR te detecteren werd in deze studie de 
bloedplaatjesreactiviteit gemeten met behulp van de WB-PACT en vergeleken met de 
LTA. Een matige overeenkomst werd gevonden tussen MeSADP-gestimuleerde WB-
PACT en de ADP-gestimuleerde LTA en onze data suggereerden dat de WB-PACT een 
mogelijk alternatief kan zijn voor LTA in het monitoren van DAPT. 
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In hoofdstuk 6 werd de bloedplaatjesfunctie getest met behulp van WB-PACT in een 
patiëntenpopulatie met een bloedingsdiathese. Hoewel LTA de ‘gouden standaard’ van 
de bloedplaatjesfunctietesten is, is deze techniek nog niet gevoelig genoeg voor het 
detecteren van lichte bloedplaatjesfunctiedefecten en kan deze techniek ook niet altijd 
het risico op bloedingscomplicaties in patiënten met verschillende bloedplaatjesdefecten 
voorspellen. Daarom is er een dringende nood aan alternatieve methoden om 
aanvullende informatie te geven over milde funtiestoornissen van de bloedplaatjes. In 
deze studie werden WB-PACT gestimuleerd met meerdere agonisten vergeleken met 
LTA. Voor het detecteren van VWF-disfunctie werd de VWF-functietoepassing van de 
WB-PACT vergeleken met de door ristocetine geïnduceerde agglutinatiemeting. Beide 
technieken werden met elkaar vergeleken op basis van een scoringssysteem en een 
matige correlatie werd gevonden. Bij patiënten met een verhoogde bloedingsscore 
was de WB-PACT beter in het detecteren van verminderde plaatjesreactiviteit dan de 
LTA. Bovendien herkende de WB-PACT een aantal patiënten met afwijkingen in VWF-
concentratie of -functie. Als we hoofdstuk 5 en 6 samen beschouwen kan WB-PACT een 
toegevoegde waarde hebben voor de routinematige diagnostiek bij het monitoren van 
de bloedplaatjesfunctie. 

In hoofdstuk 7 werd een ELISA gekarakteriseerd om circulerend VWF in zijn actieve 
conformatie te detecteren. Deze test is gebaseerd op een recombinant, van lama 
afgeleid, antilichaam gericht tegen een cryptisch epitoop in het A1 domein van VWF. 
Naast de karakterisatie van de analytische prestaties van deze test werden ook positieve 
correlaties met andere gevestigde VWF methoden alsook met de VWF-functietoepassing 
van de WB-PACT vastgesteld. Tenslotte werden voor actief VWF en voor andere VWF 
parameters referentie-intervallen bepaald in een populatie van 120 gezonde vrijwilligers. 
Concluderend beschrijft dit proefschrift nieuwe inzichten in bloedplaatjesactivatie 
gemedieerde initiatie van stolling. De studies in dit proefschrift bevestigen dat 
bloedcellen cruciale spelers zijn in de regulatie van stolling, vooral in pathologische 
ziektes. 

162 | Appendices

A A



中文概要中文概要

本论文的重点是血小板和凝血之间的相互作用以及流式细胞仪血小板功能检测在临床中的

应用。

多年来，血小板和凝血之间复杂相互作用的重要性一直被低估。尽管已经注意到血小板血

栓形成的许多步骤与凝血酶形成的不同阶段密切相关，但对其潜在机制知之甚少。例如，

胶原蛋白可以通过激活 FXII 介导凝血，但也可以独立于 FXII。在第 2 章中，我们探索

了一种基于胶原蛋白激活血小板的新型凝血启动机制。不仅胶原蛋白而且其他 GPVI 激动

剂（CRP-XL 和 convul  xin）激活的血小板也被发现诱导凝血酶形成。使用抑制剂或缺乏

因子的血浆进行的凝血酶生成实验表明，通过 GPVI 启动血小板活化的凝血酶形成不依赖

于凝血因子 FXII、FXI 或 TF/FVIIa。使用纯化的系统，其中在存在和不存在抗 FIX 抗体

的情况下测量 FXa 形成，以及在补充有 FVIII 的 FIX 缺陷血浆中的凝血酶生成实验，显

示 GPVI 激活的血小板提供 FIXa 活性。 

尽管血小板和凝血系统之间的相互作用很重要，并且许多与疾病和治疗相关的血栓事件是

由受损的血小板而不是凝血因子的变化引起的，但在临床研究中仍然没有可用的工具来研

究这一点。ROTEM 和 TEG 等粘弹性测定用于研究血细胞介导的血栓形成风险。然而，这

些测试的特异性不足以替代血浆凝固测试或血小板功能测试。我们小组最近开发了一种全

血凝血酶生成测试 (WB-TG)，它与血浆凝血酶生成测试显示出良好的相关性。   

尽管血小板减少症和贫血症的发病率很高，但接受治疗的多发性骨髓瘤 (MM) 患者的 VTE 

发生率增加。在第 3 章中，我们测量了 MM 患者以及健康供体的血浆和全血中的凝血酶

生成谱。此外，还测量了血小板反应性和血小板活化程度。与对照组相比，在患者中观察

到血小板反应性降低，而血小板活化水平（由血小板-单核细胞复合物的数量表示）在组

间没有显着差异。值得注意的是，在全血中，患者凝血酶形成的开始被延迟，但测量到的

凝血酶生成潜力增加，而患者和对照之间在血浆凝血酶生成方面没有测量到差异。全血凝

血酶生成的差异与红细胞和血小板一些特征有关。这些发现有助于了解 MM 患者的不平衡

的止血状态。        

第4章对慢性阻塞性肺病患者急性加重期（AECOPD）的促血栓形成状态进行了研究。COPD 

患者发生心血管事件的风险增加，尤其是在急性加重后，这与可导致凝血的全身炎症增加

有关。这项前瞻性队列研究旨在了解 COPD 的急性加重如何影响血小板活化、内皮、凝血

和纤溶。同时还研究了这些与炎症的关联，因为已有文献报道慢阻肺患者急性加重期间和

之后不久血栓形成事件的发生率会增加，但确切的机制仍然未知。首先，我们发现血小板

活化（以血小板-单核细胞复合物的形成来衡量）在AECOPD 期间增加。另一方面，血小板

反应性在患者接受治疗和恢复的第 3 天没有显著差异。在研究的患者中，血小板活化水

平和反应性均显示与全身炎症（CRP 水平）相关。同时在 AE-COPD 期间，血浆凝血酶形

成增加，VWF（抗原和活性形式）浓度增加，这些都暗示存在血栓前状态。这些结果提示

血小板活化水平可能是预测急性加重和心血管事件的生物标志物。        
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在本论文的第二部分，重点是全血流式细胞仪血小板功能测试（WB-PACT）。在第 5 章

中，我们研究了其在监测抗血小板药物作用方面的潜在应用。阿司匹林和 P2Y12受体拮抗

剂氯吡格雷的体外双重抗血小板治疗 (DAPT)通常作为动脉粥样硬化性心脏病患者经皮血

管成形术和支架植入术后的二级预防。几项研究表明，在 DAPT 治疗期间存在高残留血小

板反应性 (HRPR)，血栓事件风险较高。为了检测 HRPR，本研究中使用 WB-PACT 测量血

小板反应性并与 LTA 进行比较。在 MeSADP激动 的 WB-PACT 和 ADP 激动的 LTA 之间

发现了中等一致性，我们的数据表明 WB-PACT 可能是 LTA 监测 DAPT 的潜在替代方案。          
第 6 章使用 WB-PACT 在具有潜在出血风险的患者群体中测试了血小板功能。虽然 LTA 是

血小板功能检测的“金标准”，但该技术的灵敏度尚不足以检测轻度血小板功能缺陷，也

不能很好地预测各种血小板缺陷患者发生出血并发症的风险。因此，迫切需要替代方法来

提供有关轻度血小板功能障碍的额外信息。在这项研究中，与 LTA 相比，WB-PACT 受到

多种激动剂的刺激。为了检测 VWF 功能障碍，将 WB-PACT 的 VWF 功能应用与瑞斯托霉素

诱导的凝集测量进行了比较。在评分系统的基础上对这两种技术进行了比较，发现了适度

的相关性。在出血评分升高的患者中，WB-PACT 在检测血小板反应性降低方面优于 LTA。

此外，WB-PACT 还识别出许多 VWF 浓度或功能异常的患者。如果我们将第 5 章和第 6 章

放在一起考虑，WB-PACT 可能对监测血小板功能的常规诊断具有附加价值。   
       
第 7 章对检测血液中活性VWF的 ELISA方法进行了表征。该测定是基于针对 VWF A1 域中

的隐蔽表位的重组美洲羊驼衍生抗体。除了表征该测试的分析性能外，还发现了与其他已

建立的 VWF 检测方法以及与 WB-PACT 的 VWF 功能应用有正相关。最后，本研究确定了 

120 名健康志愿者的活化 VWF水平和其他 VWF相关参数的参考区间。    

综上，本论文描述了血小板活化介导的凝血启动的新见解，提示血细胞是凝血调节的关键

参与者，同时也研究了全血流式细胞仪血小板功能测试未来可能的应用方向。
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