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Chapter 1

In multicellular organisms, cell death is essential to control tissue homeostasis. Plasma 

proteins, such as components of the classical pathway of complement (e.g. C2, C4) play an 

important role as they facilitate phagocytosis of dying cells. Insufficient removal of dying cells 

or the inability to mask and digest cellular material may lead to the release of potentially 

harmful cytotoxic and immunogenic cellular content into the environment (1). A number 

of these immunogenic endogenous molecules are damage-associated molecular pattern 

molecules (DAMPs). Several DAMPs such as DNA, RNA, histones and the DNA-binding protein 

HMGB1 are known to stimulate Toll-like receptors (TLRs). Hence, circulating nucleosomes 

might function as endogenous danger signals. Recently, plasma was shown to release DNA in 

the form of nucleosomes from late apoptotic cells (2). Factor VII-activating protease (FSAP) 

was identified as the plasma serine protease responsible for this nucleosome release (3).

FSAP has initially been described as a plasma hyaluronan acid binding protein 2 (HABP2), 

purified from plasma by affinity chromatography using hyaluronan-conjugated sepharose (4). 

At later time point, when purifying vitamin-K dependent coagulation factors from cryoplasma, 

Hunfeld et al. have found a protease-activity towards a thrombin-sensitive chromogenic 

substrate, which could not be inhibited by hirudin, and identified this protein as HABP2 (5). At 

the same time another group identified a protease which was able to activate factor VII (FVII) 

in vitro in absence of tissue factor (TF) (6). In view of this activity the protease was termed as 

“factor VII-activating protease (FSAP)” which turned out to be identical to HABP2.

Structure of FSAP
FSAP consists of 560 amino acids, including a 23 amino acid pro-peptide at the amino-terminal 

part of the molecule (4). It is synthesized in the liver and has a plasma concentration of ~12 

μg/ml. FSAP consists of three epidermal growth factor (EGF) domains, a kringle domain and a 

serine protease domain at its C-terminus. It has a high homology to urokinase, plasminogen, FXII 

and hepatocyte growth factor-activator (HGF-A) (4;7). In plasma, FSAP circulates as an inactive 

single-chain molecule of 78 kDa that can be converted into its active two-chain form which 

consists of a 50 kDa heavy and a 28 kDa light chain, connected by a disulfide bond. Sequence 

analysis has revealed that the first cleavage step of FSAP occurs at Arg290-Ile291 (8), resulting in 

the active two-chain form. The FSAP light chain harbors the proteolytic domain consisting of the 

catalytic triad formed by His239, Asp388 and Ser486 (4). The N-terminal heavy chain contains 

two possible N-linked glycosylation sites (Asn31 and Asn284) (2). The isoelectric point of FSAP 

was determined at 4.9–5.5 (9). Two single nucleotide polymorphisms (SNPs) were found in 

the FSAP gene (10), named Marburg I (G511E) and Marburg II (G380Q). The presence of the 

Marburg I polymorphism gives rise to diminished proteolytic activity towards pro-urokinase 

(pro-UK) whereas the activity towards FVII is unaffected (10). The Marburg II (E393Q) variant is 

not associated with an altered FSAP function. 

Proefschrift_Femke.indd   8 25-04-14   14:05
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FSAP acti vati on and regulati on
Single-chain FSAP (scFSAP) in purifi ed systems is suscepti ble to autoproteolysis. Kannemeier 

et al. have shown that this autoacti vati on was enhanced in the presence of heparin, whereas 

Ca2+ ions were shown to stabilize scFSAP (8). Furthermore, an acidic environment has been 

shown to reduce the acti vati on and degradati on of scFSAP (8). Negati vely charged polyanions 

with a high charge-to-size rati o enhance autoacti vati on of FSAP resulti ng in the formati on 

of its acti ve two-chain form (11). Besides heparin, also polyphosphates, DNA and RNA have 

been demonstrated to accelerate autoproteolysis of purifi ed scFSAP (6;8;11-13). The EGF3 

domain, containing a positi vely charged cluster, has been shown to be essenti al for this 

polyanion binding and heparin-induced accelerati on of autoproteolysis (11;12). Polycati ons, 

such as polyamine, and positi vely charged histones have been demonstrated to acti vate 

scFSAP as well (14;15). Based on these fi ndings, Yamamichi et al. suggested a model on 

how polyanions and -cati ons might promote autoacti vati on of purifi ed FSAP (Figure 1). They 

suggested that an intramolecular interacti on between the N-terminus containing acidic amino 

acids and positi vely charged basic clusters within the EGF3 domain prevent autoproteolysis. 

Figure 1: Autoacti vati on of FSAP by polyanions and polycati ons
Model on how polyanions and –cati ons might promote autoacti vati on of purifi ed FSAP. An intramolecular interacti on 

between the N-terminus containing acidophilic amino acids and positi vely charged basophilic clusters within the 

EGF3 domain prevent autoproteolysis. Polycati ons interfere with the respecti ve intramolecular interacti on thereby 

allowing intermolecular binding of the N-terminus to the EGF3 domain of an adjacent FSAP molecule to form an 

autoacti vati on complex. Polyanions off er a scaff old to which scFSAP molecules can bind via their EGF3 domain and 

when located in juxtapositi on may lead to autoacti vati on. Figure adapted from Yamamichi et al. (14). Abbreviati ons: 

EGF: epidermal growth factor; scFSAP:  single-chain FSAP

c h a p t e r

1
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Polycations were suggested to interfere with that intra-molecular interaction, thereby 

allowing intermolecular binding of the N-terminus to the EGF3 domain of an adjacent FSAP 

molecule to form an autoactivation complex. In contrast, polyanions offer a scaffold to which 

scFSAP molecules can bind via their EGF3 domain and when located in juxtaposition may lead 

to autoactivation (14). 

In purified systems, several serpins such as C1-inhibitor (C1inh), α2-antiplasmin (AP), 

antithrombin III (AT-III) and the kunitz-type inhibitor inter-α-trypsin-inhibitor have been 

reported to inhibit the amidolytic activity of activated two-chain FSAP (tcFSAP) (5;8;16-18). In 

plasma, C1inh has been reported to be the main inhibitor of tcFSAP (16). In broncheoalveolar 

fluid (BALF) of patients suffering from adult respiratory distress syndrome (ARDS) complexes 

of FSAP with plasminogen activator inhibitor-1 (PAI-1) can be detected suggesting that PAI-1 

might be involved in the regulation of FSAP activity as well (19).

Role in coagulation and fibrinolysis
Römisch et al. reported that FVII could be activated by tcFSAP in a tissue factor independent 

manner in a purified system and the same effect of tcFSAP on FVII could be observed in 

plasma (6). However, FSAP concentrations above the physiological concentration were 

used in plasma and FVIIa generation was lower than in the purified system (6). Moreover, 

Stavenuiter et al. have reported that FVII appears remarkably resistant to activation by 

recombinant FSAP (20). Therefore it remains doubtful whether FVII activation in plasma by 

FSAP is of physiological importance. In addition, FSAP has been reported to contribute to 

fibrinolysis. Pro-urokinase has been demonstrated to act as a substrate for purified tcFSAP 

in vitro (18). Because the Marburg I polymorphism results in diminished proteolytic activity 

towards pro-urokinase while the activity towards FVII remains preserved, the Marburg I 

polymorphism was implicated as a risk factor for thrombosis (10). The effect of the FSAP 

Marburg I polymorphism in deep venous thrombosis is not clear yet (21-24). However, there 

appears to be an association between the presence of FSAP Marburg I polymorphism and 

cardiovascular risk and the risk for late complications of carotic stenosis suggesting a role 

in the pathogenesis of atherosclerosis (25;26). These effects are unlikely to be due to the 

procoagulant and profibrinolytic properties, as FSAP was demonstrated to inactivate platelet 

derived growth factor BB (PDGFBB), thereby inhibiting proliferation and migration of smooth 

muscle cells (27;28). Moreover, FSAP has been identified in atherosclerotic plaques (29). In 

a mouse model, Sedding and colleagues have demonstrated that local application of wild-

type plasma-derived FSAP reduced neointima formation after vascular damage, whereas 

local application of the Marburg I variant did not have any effect on this process (30). These 

findings suggest a role of FSAP in the pathogenesis of neointima formation and hence a 

possible role in the pathogenesis of atherosclerosis.
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Role in inflammation
During inflammation, plasma cascade systems and immune cells are activated. Among 

others, the activation of endothelial cells plays a crucial role in the pathogenesis of local 

and systemic inflammation. Production of pro-inflammatory mediators results in an 

upregulation of procoagulant as well as adhesion molecules and to a fundamental change of 

the composition and contents of glycosaminoglycans on endothelial cells (31;32). Moreover, 

these stimuli may also increase vascular permeability leading to vascular leakage, which 

is a crucial event in the pathogenesis of sepsis (33). FSAP was demonstrated to regulate 

endothelial cell function. Proteolytic release of basic fibroblast growth factor (bFGF) by FSAP 

was shown to activate ERK1/2 kinases via stimulation of the FGF receptor 1 in endothelial 

cells finally resulting in phosphorylation of the transcription factor c-Myc (34). Etscheid 

and colleagues have demonstrated that FSAP proteolytically cleaves high molecular weight 

kininogen (HMWK), resulting in the release of the highly vasoactive bradykinin (BK) (17). 

BK induces an intracellular calcium flux via stimulation of the bradykinin receptor 2 (B2R) 

resulting in an increase of vascular permeability (35;36). BK release by FSAP might contribute 

to the development of potentially fatal hypotension in severe sepsis and septic shock (37). 

Indeed, the fact that FSAP activation could be demonstrated, by the detection of FSAP-PAI-1 

complexes, in the BALF in patients suffering from ARDS, an acute long pathology of various 

etiology characterized by increased permeability of the pulmonary vasculature may point 

to the possible physiological relevance of this pathway (19). Histones have been shown to 

induce FSAP activation in plasma resulting in the liberation of BK (15). 

The inflammatory response during sepsis leads to the induction of widespread cell death 

of parenchymal as well as immune cells. Circulating nucleosomes, a measure for cell death, 

were demonstrated to correlate with disease severity and fatality in sepsis patients (38;39). 

Circulating nucleosomes and DNA-binding proteins such as histones, released either by dead 

or activated cells were reported to induce a potential fatal inflammatory response in sepsis 

(40;41). Histone release contributes to death induced by inflammatory injury or chemical-

induced cellular injury in mouse models, mediated in part through TLRs (42). Interestingly, 

histones are able to induce FSAP activation in plasma resulting in the liberation of BK (15).

In contrast, FSAP was shown to negatively regulate vascular permeability via activation of 

protease-activated receptor signaling/RhoA/Rho kinase signaling. In murine LPS- and acute 

lung injury models, FSAP has been demonstrated to reduce the permeability of the pulmonary 

vasculature (43). Whether this observation is a general phenomenon or is restricted to 

the lung vasculature, is not known yet. Therefore, the net effect of FSAP on the vascular 

permeability during inflammation remains to be established. 

 

1
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Role in autoimmunity
In 2008 a novel role for FSAP was reported by Zeerleder et al. FSAP was identified as the 

plasma serine protease responsible for nucleosome release from late apoptotic cells (2;3). 

Cell death is a fundamental biological process to control development and tissue homeostasis 

of multicellular organisms. Dying cells are efficiently removed by phagocytic cells in order to 

prevent release of potentially harmful cytotoxic and immunogenic cellular content into the 

environment (1). Impaired removal of dying cells results in circulating apoptotic waste, which 

may serve as immunogen for the induction of autoantibody formation, inflammation and 

development of autoimmune diseases, such as systemic lupus erythematosus (SLE) (44-46). 

One of the main characteristics of SLE is the formation of autoantibodies against ubiquitous 

intracellular antigens present in the cell nucleus and cytoplasm e.g. ds-DNA, histones and 

nucleosomes. During the course of the disease, nucleosomes are found in the blood of SLE 

patients, which can trigger the formation of antinuclear antibodies (ANAs). These ANAs form 

immune complexes, which in turn contribute to the pathogenesis of SLE upon deposition. 

Serum DNase I activity has been shown to be decreased in SLE patients compared to that 

of healthy controls (47;48). Furthermore Macanovic et al. have demonstrated that lupus-

prone NZB/NZW mice had significantly lower serum and urine concentrations of DNase I than 

normal mice, and this reduction did not correlate with the presence of the DNase inhibitor 

actin or anti-DNA antibodies (49). Napirei et al. have shown that mouse serum DNase I 

functions together with the serine protease plasmin in the chromatin breakdown of necrotic 

cells (50). Since nucleosomes play a central role in the antinuclear antibody response in SLE 

(51-53) and FSAP has been shown to release nucleosomes from late apoptotic cells (3), it 

would be of great interest to investigate whether the nucleosome releasing activity of FSAP 

is disturbed in patients with SLE.

Scope of this thesis 
Since its discovery, several functions for FSAP have been proposed, including its role in 

coagulation and fibrinolysis. Recently however, FSAP was identified as the plasma protease 

that releases nucleosomes from late apoptotic cells. Cell death and the release of circulating 

nucleosomes and histones forms a critical step in the pathogenesis of sepsis and contributes 

to lethality. Furthermore, nucleosomes represent a set of major autoantigens in the induction 

of SLE and appear to be essential for the development of lupus nephritis. In this thesis we 

explored the role of FSAP in cell death, inflammation and autoimmunity. In chapter 2 the 

activation of FSAP in plasma by dead cells is described as well as its inhibition by the plasma 

inhibitors α2-antiplasmin and C1-inhibitor. Furthermore FSAP activation was investigated in 

several inflammatory conditions (e.g. sepsis and meningococcal sepsis) where cell death is 

a central event in the pathogenesis. We demonstrate FSAP activation during inflammation 

Proefschrift_Femke.indd   12 25-04-14   14:05
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and levels of FSAP-inhibitor complexes correlate with nucleosome levels and correlate 

with severity and mortality in these patients. In chapter 3 the presence of complexes of 

FSAP with plasminogen activator inhibitor-1 in the plasma of severe sepsis, septic shock or 

meningococcal sepsis patients was demonstrated. In Chapter 4 we demonstrate that besides 

the serine protease inhibitors (serpins) AP, C1inh and PAI-1, also tissue factor pathway 

inhibitor (TFPI), a Kunitz-type inhibitor, is an efficient inhibitor of FSAP. In addition to the 

regulation of FSAP, we have studied the activation of FSAP by several primary cells in chapter 
5. We show that dead neutrophils fail to activate FSAP. In chapter 6 FSAP was identified as 

the factor that cooperates with serum DNase I in the release of nucleosomes from necrotic 

cells. The fact that FSAP releases nucleosomes from dead cells is a remarkable finding in 

view of the fact that nucleosomes play a central role in the antinuclear antibody response in 

SLE. Therefore we have investigated in chapter 7 whether the nucleosome releasing activity 

of FSAP is disturbed in patients with SLE. SLE patients in exacerbation show decreased 

nucleosome release which is mainly due to antinuclear antibodies. 
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Abstract 
Introduction: Cell death is a central event in the pathogenesis of sepsis and is reflected by 

circulating nucleosomes. Circulating nucleosomes were suggested to play an important role 

in inflammation and were demonstrated to correlate with severity and outcome in sepsis 

patients. We recently showed that plasma can release nucleosomes from late apoptotic 

cells. Factor VII-activating protease (FSAP) was identified to be the plasma serine protease 

responsible for nucleosome release. The aim of this study is to investigate FSAP activation in 

patients suffering from various inflammatory diseases of increasing severity. 

Methods: We developed ELISAs to measure FSAP-C1-inhibitor and FSAP-α2-antiplasmin 

complexes in plasma. FSAP-inhibitor complexes were measured in plasma of 20 adult patients 

undergoing transhiatal esophagectomy, 32 adult patients suffering from severe sepsis and 

eight from septic shock and 38 children suffering from meningococcal sepsis. 

Results: We demonstrate plasma FSAP to be activated upon contact with apoptotic and 

necrotic cells by an assay detecting complexes between FSAP and its target serpins α2-

antiplasmin and C1-inhibitor, respectively. By means of that assay we demonstrate FSAP 

activation in post-surgery patients, patients suffering from severe sepsis, septic shock and 

meningococcal sepsis. Levels of FSAP-inhibitor complexes correlate with nucleosome levels 

and correlate with severity and mortality in these patients. 

Conclusions: These results suggest FSAP activation to be a sensor for cell death in circulation 

and that FSAP activation in sepsis might be involved in nucleosome release, thereby 

contributing to lethality.
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Introduction 
Sepsis is characterized by an extensive inflammatory response including cytokine generation, 

activation of plasma cascade systems and inflammatory cells leading to organ dysfunction 

and in many cases to death (1). Extensive cell death as downstream effect of these mediators 

was postulated to be critically involved in the development of organ dysfunction (2). Indeed, 

several studies in animal models for sepsis and in sepsis patients demonstrated widespread 

apoptosis of lymphoid tissue and to lesser extent parenchymal cells (3-5). As a result 

of extensive cell death circulating nucleosomes could be measured in sepsis patients (6). 

Moreover, nucleosomes could be detected in patients with severe peritonitis (7). Levels of 

circulating nucleosomes and pulmonary nucleosome levels were demonstrated to correlate 

with severity and outcome in sepsis patients (6;7). Recent findings suggest that these 

circulating nucleosomes play a crucial role in inflammation. Circulating histones H3 and H4 

turned out to be highly cytotoxic and to mediate lethal effects in sepsis (8). We recently 

showed that factor VII-activating protease (FSAP) in plasma can remove nucleosomes from 

late apoptotic cells (9;10).

FSAP, also known as plasma hyaluronic acid binding protein 2 (HABP2), is a serine protease 

which circulates in plasma as an inactive single-chain molecule of 78 kDa. It is proteolytically 

converted in its active two-chain form consisting of a 50 kDa heavy and a 28 kDa light 

chain connected by a disulfide bond (11).  Purified plasma-derived FSAP is described to be 

susceptible to autoactivation (12). Recently published data suggest that purified FSAP can 

bind and be activated by negatively charged polyanions such as heparin, polyphosphates, 

RNA and DNA (11;13-15). In purified systems, various serine protease inhibitors (serpins) 

such as C1-inhibitor (C1inh), α2-antiplasmin (AP), antithrombin III (AT-III) and plasminogen 

activator inhibitor-1 (PAI-1) (11;16-19) were reported to inhibit the amidolytic activity of 

plasma-derived activated FSAP. In plasma, C1inh has been reported to be the main inhibitor 

of activated FSAP (16). 

Since compounds of circulating nucleosomes induce lethality in sepsis (8), we suggest FSAP 

activation in sepsis to be involved in nucleosome release. The aim of this study is to investigate 

FSAP activation in patients suffering from in inflammatory diseases of increasing severity. Due 

to a lack of specific substrate and its susceptibility for autoactivation measurement of FSAP 

activation is troublesome. Therefore we set up assays to follow FSAP activation in plasma. We 

made use of the fact that upon activation FSAP quickly forms stable covalent complexes with 

its plasma inhibitors. We set up ELISA’s to measure FSAP-serpin complexes. By means of these 

assays we measured FSAP activation in patients after surgery, patients with severe sepsis, 

septic shock and meningococcal sepsis.
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Materials and methods
Patients
The study was approved by the institutional medical ethics committees of the centers 

involved, and from all study participants or legal representatives written informed consent 

was obtained.

Healthy controls: Citrated plasma was collected from 20 healthy Dutch lab workers. 

Postoperative acute-phase response: Twenty consecutive patients with resectable 

adenocarcinoma of the middle or distal esophagus or esophagogastric junction were studied. 

Pre-operative and peri-operative investigations revealed no distant metastases, and none of 

the patients received (neo-) adjuvant chemotherapy or radiotherapy (20). EDTA and citrated 

blood was sampled pre-operatively (day 0) and on days 1, 3, 5, 7, and 10 after surgery and the 

blood samples were stored at -80°C until analysis. 

Severe sepsis and septic shock: Patients of the medical and surgical ICU were eligible if they 

met the inclusion criteria for severe sepsis and septic shock according to the definitions of 

the ACCP consensus conference (21). Patients were followed for 90 days or until death. The 

sepsis patients participated in a randomized, double-blind placebo controlled pilot study to 

study the efficacy of C1-inhibitor in sepsis (22). EDTA and citrated blood was sampled at 

inclusion into the study before the administration of C1-inhbitor or placebo, respectively. 

The blood samples were stored at -80°C until analysis. Clinical parameters, organ dysfunction 

scores and acute phase parameters were assessed as recently described (23).

Meningococcal sepsis: Children between 1 month and 18 years of age with septic shock and 

petechiae/purpura were enrolled in this study. The children were included in a randomized, 

double-blind placebo controlled dose-finding study to test the efficacy of plasma-derived 

protein C (PC) in sepsis. Twenty-eight received PC in escalating doses, whereas 10 received 

placebo. EDTA and citrated blood samples were collected within two hours after admission 

(before start of PC or placebo) and several time points afterwards and stored at -80°C until 

analysis. The clinical characteristics of these patients are described in detail elsewhere (24). 

Clinical parameters, organ dysfunction scores and acute phase parameters were assessed as 

recently described (24).

Reagents
Mouse monoclonal antibodies to FSAP (anti-FSAP4 and anti-FSAP9), to complexed C1-

inhibitor (KOK12), to α2-antiplasmin (AAP20), and a control antibody (anti-IL6) were prepared 

at our department (all IgG1κ) (10;25). PE-labeled rabbit-anti-mouse F(ab’)2 antibody 

was obtained from Dako (Glostrup, Denmark). Iscove’s modified Dulbecco’s medium was 

obtained from BioWhittaker Europe (Verviers, Belgium). Fetal calf serum was obtained from 

Bodinco BV (Alkmaar, The Netherlands). Penicillin and streptomycin were obtained from 
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Gibco/Invitrogen (Groningen, The Netherlands). Etoposide, ß-mercaptoethanol, RNase, 

and nitro blue tetrazolium and 5’-bromo-4’-chloro-3’-indolyl phosphate (NBT/BCIP) were 

obtained from Sigma (Zwijndrecht, The Netherlands). NuPage 4–12% polyacrylamide gels, 

sample buffer, dithiothreitol (DTT) and nitrocellulose membranes were obtained from 

Invitrogen (Groningen, The Netherlands). Western blocking reagent was obtained from 

Roche Diagnostics (Mannheim, Germany). Streptavidin-alkaline phosphatase was obtained 

from Mabtech (Nacka Strand, Sweden). High performance ELISA buffer (HPE) and Poly-

HRP-labeled streptavidin were obtained from Sanquin (Amsterdam, The Netherlands). 

(3,5,3’,5’)-tetramethylbenzidine (TMB) was obtained from Merck (Darmstadt, Germany). 

CNBr-activated sepharose and Protein G Sepharose were obtained from Pharmacia Biochem 

(Uppsala, Sweden). 

Cell culture and induction of apoptosis and necrosis 
Jurkat cells were cultured in culture medium (Iscove’s Modified Dulbecco’s Medium (IMDM) 

containing 5% (v/v) fetal calf serum (FCS), penicillin (100 IU/ml), streptomycin (100 µg/ml) 

and 50 µM ß-mercaptoethanol. Before apoptosis and necrosis induction, cells were washed 

three times with culture medium without FCS by centrifugation at 360 x g for 10 minutes 

and resuspended in culture medium without FCS. Cells (1x106 cells/ml) were incubated for 

48 hours with etoposide in a final concentration of 200 µM to induce apoptosis. For necrosis 

induction cells were incubated with 0.3% H2O2 at 60°C for 60 minutes.

Recalcified plasma
In previous experiments recalcified citrated plasma was used instead of serum clotted in the 

presence of cells since microparticles in serum obscure the FACS analysis (9). It turned out 

that FSAP was not activated upon recalcification and that recalcified citrated plasma removed 

nucleosomes from apoptotic cells as efficiently as serum (9;10).  In the text, recalcified citrated 

plasma is denoted as r-plasma. Blood was obtained from healthy donors in vials containing 

a final concentration of 10 mM sodium citrate and were centrifuged two times at 1300 x g. 

Citrated plasma was recalcified with 20 mM CaCl2 in a glass vial and incubated at 37°C for 30 

minutes. Subsequently the plasma was incubated at 4°C for 30 minutes and the formed clot 

was removed. The r-plasma was stored at -20°C until use. All donors were homozygous for 

the wild-type form of FSAP (26).

FSAP activation in recalcified plasma 
FSAP was activated as recently described (10). Apoptotic, necrotic or living Jurkat cells were 

washed in HN-buffer (10 mM Hepes, 140 mM NaCl, pH 7.2) and resuspended in HN-buffer at 

a concentration of 2x106 cells/ml. RNase was added to the cells to a final concentration of 10 
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U/ml and incubated for 30 minutes at 37°C. R-plasma was incubated for 30 minutes at 37°C 

with living, necrotic or apoptotic Jurkat cells (0.5x106 cells/ml) in HN-buffer.

Binding of FSAP to cells
Apoptotic or living Jurkat cells were washed in HN-buffer (10 mM Hepes, 140 mM NaCl, pH 

7.2) and resuspended in HN-buffer at a concentration of 2x106 cells/ml. RNase was added to 

the cells to a final concentration of 10 U/ml and incubated for 30 minutes at 37°C. R-plasma 

was incubated for 30 minutes at 37°C with living, necrotic or apoptotic Jurkat cells (0.5x106 

cells/ml) in HN-buffer. After three washes with buffer B-0.5 % BSA (10 mM Hepes, 150 

mM  NaCl, 5 mM KCl, 2 mM CaCl2 and 2 mM MgCl2) cells were incubated with an anti-FSAP 

antibody or a irrelevant anti-IL6 antibody for 15 minutes. Cells were washed and stained with 

a PE-labeled rabbit-anti-mouse F(ab’)2 antibody. Cells were washed, resuspended in 150 µl 

buffer B- 0.5% BSA and the samples were analyzed by flow cytometry using BD LSRII flow 

cytometer (Becton Dickinson, Mountain View, CA). Cells being double positive for propidium 

iodide and Annexin V were considered to be apoptotic.

 

Immunoprecipitation and Western blotting
R-plasma was incubated with anti-FSAP4 antibody coupled to CNBr-activated sepharose (10 

mg mAb to 500 mg of sepharose) for 2 hours at room temperature (RT) with gentle shaking 

(10). The sepharose was washed three times with PBS, 0.02% Tween 20, 500 mM NaCl. 

Proteins attached to the beads were eluted by heating to 90°C for 10 minutes with SDS-PAGE 

sample buffer containing 50 mM dithiothreitol (DTT) and samples were applied to NuPage 

4–12% polyacrylamide gels. After electrophoresis, Western blotting was performed on the 

gel according to the Western-blotting protocol Novex®. In brief, samples were blotted onto a 

nitrocellulose membrane and blocked with 1% Western blocking reagent in TBS-T (10 mM Tris 

pH 8.0, 150 mM NaCl, 0.1% Tween 20). Subsequently they were incubated with biotinylated 

anti-FSAP9 recognizing the light chain of FSAP (1 µg/ml). The membranes were washed and 

Streptavidin-alkaline phosphatase in TBS-T 0.5% Western blocking reagent (dilution 1:500 

v/v) was added. The blotting membranes were developed using NBT/BCIP and the reaction 

was stopped with distilled water.

Identification of plasma inhibitors of FSAP
Monoclonal anti-FSAP4 or the irrelevant anti-IL6 was coupled to CNBr-activated sepharose 

(10 mg mAb to 500 mg of sepharose). Columns were washed 5 times with start buffer (10 mM 

Hepes, 1M NaCl, 0.02% Tween 20, pH 7.2). R-plasma incubated with apoptotic Jurkat cells 

or r-plasma incubated with buffer was applied to the column at a flow rate of 1 ml/minute 

followed by washing with 5 column volumes of start buffer. Elution was performed with with 
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0.1M glycine, 140 mM NaCl, 0.02% Tween 20, pH 2.5. The eluate was adjusted to pH 7 with 

1M tris-HCl, pH 8. Subsequently eluates were IgG-depleted. The Protein G Sepharose was 

washed three times with PBS and 1 ml of eluate was added to 0.5 ml of Protein G Sepharose 

and incubated head-over-head overnight at 4°C. The supernatants were diluted in SDS-PAGE 

sample buffer and applied to NuPage 4–12% polyacrylamide gels. Gels were stained with 

Coomassie Blue or silver staining by using a silverstaining kit.

MALDI-TOF peptide mass fingerprinting and MALDI-TOF/TOF peptide sequencing analysis 

was performed on the excised Coomassie Blue stained protein band at Eurosequence B.V. 

(Meditech center, Groningen, The Netherlands). Identification was performed by database 

search using MASCOT software.

Determination of FSAP-AP and FSAP-C1inh complexes by ELISA 
For detection of  complexes of FSAP with C1inh and AP, 96 wells microtiter plates (maxisorp, 

Nunc) were coated for 4 hours at RT with a monoclonal antibody specific for C1inh in complex 

(25) or with a monoclonal antibody against AP both at 2 µg/ml diluted in PBS. All further 

incubations were performed at RT under shaking conditions. After each step, the wells were 

washed five times with washing fluid (PBS, 0.02% Tween 20) with a Microplate Autowasher 

(Bio-tek Instruments, Inc.). All incubation steps were performed in high performance ELISA 

buffer (HPE). Plasma samples were added to the plate and incubated for 60 minutes at RT. 

Wells were washed 5 times and biotinylated anti-FSAP4 (1 µg/ml) was added and incubated 

for 60 minutes. After 5 washes streptavidin-polymerized horseradish peroxidase (poly-HRP) 

conjugate (dilution 1:10,000 v/v) diluted in HPE was added to each well and incubated for 

20 minutes. Plates were developed by addition of 100 µg/ml 3,3’,5,5’-tetramethylbenzidine 

(TMB) and 0.003% hydrogen peroxide in 0.11 M sodium acetate buffer pH 5.5. Coloring 

reaction was stopped by adding 100 µl of 2 M H2SO4. The absorbance was measured at 450 

nm with an ELISA plate reader (Multiskan, Thermo Labsystems). As standard curve we used 

citrated r-plasma incubated with apoptotic cells in presence of 20 mM EDTA as described 

in detail above. Citrated plasma of 20 healthy donors was incubated with apoptotic cells 

and FSAP-serpin complexes were measured. The median of the level of complexes in these 

controls was arbitrarily set as 0.5 AU/ml since plasma was diluted 1:1 (v/v) with apoptotic 

cells. The intra- and inter assay coefficient of variation of the FSAP-AP complex ELISA was 

9% and 8%, respectively. Both, the intra- and inter assay coefficient of variation of the FSAP-

C1inh complex ELISA was 5%. 

 

Nucleosome ELISA
Nucleosome levels were determined by an ELISA as recently described (9). Briefly, 

monoclonal antibody CLB-ANA60, which recognizes histone H3 was used as a catching 
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antibody. Biotinylated F(ab’)2 fragments of CLB-ANA58, which recognizes an epitope exposed 

on complexes of histone H2A, histone H2B and dsDNA, in combination with poly-HRP were 

used for detection. 

Statistics
Results are expressed as mean ± SEM/median with range. The Mann-Whitney rank-sum 

test was used to assess differences between groups at a given time. Correlations between 

variables were assessed by using Spearman’s rank correlation corrected for multiple testing. 

A p-value <0.05 was considered to be statistically significant. The cut-off values for FSAP-

inhibitor complexes in healthy volunteers were calculated by a method described by Rümke 

et al. (27).

Results
FSAP activation by apoptotic and necrotic cells
Since incubation of plasma with apoptotic cells induces nucleosome release via the serine 

protease activity of FSAP we argued that FSAP must become activated by interaction with 

those apoptotic cells (10). We therefore analyzed whether FSAP binds to apoptotic cells. 

Indeed plasma FSAP binds strongly to apoptotic cells whereas binding to living cells is 

negligible (Figure 1A). In addition, plasma FSAP also strongly binds to necrotic cells (data not 

shown). 

Figure 1: FSAP binding and activation upon contact 
with apoptotic and necrotic cells
After incubation of r-plasma with apoptotic and living 

cells, cells were incubated with an anti-FSAP antibody. 

Cells were stained with a PE-labeled rabbit-anti-mouse 

F(ab’)2 antibody and FSAP binding was measured with 

flow cytometry (A). Cells being double positive for 

propidium iodide and Annexin V were considered to 

be apoptotic (not shown).

After incubation of r-plasma with apoptotic (A), necrotic 

(N) and living (L) cells, FSAP was immunoprecipitated 

with anti-FSAP4. R-plasma incubated with buffer (B) 

was used as a negative control. Samples were applied 

to SDS-PAGE 4-12% gel under reduced conditions and 

blotted onto a nitrocellulose membrane. Detection 

was performed by using biotinylated anti-FSAP9 

recognizing the light chain (B). scFSAP: single chain 

FSAP; LC: light chain.
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Furthermore we could show that interaction of r-plasma with dead cells leads to conversion 

of single chain FSAP into active two-chain FSAP as indicated by the appearance of the light 

chain at 28 kDa (Figure 1B). No activation could be found upon incubation with living cells. 

Identification of plasma inhibitors of FSAP
Since serpins form covalent complexes with their target proteases, activated FSAP will 

presumably form covalent complexes with its target inhibitors in plasma (28). Hence, 

measurement of these complexes would offer an easy and sensitive way to monitor FSAP 

activation in r-plasma or plasma. To identify which serpins form complexes with activated 

FSAP, r-plasma was incubated with apoptotic cells and applied to an anti-FSAP affinity 

column. Analysis of the eluate of the r-plasma activated with apoptotic cells by SDS-PAGE 

under non-reducing conditions demonstrated an additional band at 97 kDa as compared 

to the r-plasma that was not incubated with apoptotic cells (data not shown). MALDI-TOF 

peptide mass fingerprinting and MALDI-TOF/TOF peptide sequencing analysis of the 97 kDa 

band resulted in a positive identification for FSAP and α2-antiplasmin (AP) which is described 

to be an inhibitor of FSAP in purified systems (17). Although C1inh was reported to inhibit 

activated FSAP in plasma we were not able to show C1inh to form complexes with FSAP on 

SDS-PAGE (16).

ELISA to measure FSAP-inhibitor complexes as detection method of FSAP activation in 
plasma
Our results demonstrate that upon activation with apoptotic cells FSAP forms covalent 

complexes with AP. To quantify these complexes we set up an ELISA to measure complexes 

between activated FSAP and AP. A monoclonal antibody recognizing AP was used as a catching 

and biotinylated anti-FSAP as detection antibody. Indeed, upon activation of FSAP in r-plasma, 

FSAP-AP complexes could be measured by ELISA, whereas no FSAP-AP complexes could be 

detected in plasma incubated with buffer (Figure 2A). No signal was detected when using an 

irrelevant antibody (anti-IL6) as detecting antibody demonstrating the ELISA to specifically 

detect FSAP-AP complexes (data not shown).

Since inhibition of FSAP with C1inh was described by others (16), we also tested whether 

complexes between activated FSAP and C1inh could be detected by ELISA. As a catching 

antibody a monoclonal antibody was used which exclusively reacts with C1inh when 

complexed with its target proteases (25) and biotinylated anti-FSAP was used for detection. 

FSAP-C1inh complexes could be measured in r-plasma after incubation with apoptotic cells 

whereas no FSAP-C1inh complexes could be measured in r-plasma incubated with buffer 

(Figure 2B). Again no signal could be detected when an irrelevant antibody was used as 

detecting antibody.

Proefschrift_Femke.indd   25 25-04-14   14:05



26

Chapter 2

These assays were used to monitor in vitro activation of plasma FSAP by cells. Citrated plasma 

of 20 healthy donors was incubated with apoptotic cells and FSAP-inhibitor complexes were 

measured. The median of the level of complexes in these controls was arbitrarily set as 0.5 

AU/ml (FSAP-AP 0.5±0.03, FSAP-C1inh 0.5±0.04). 

After incubation with apoptotic and necrotic cells complexes with C1inh and with AP were 

readily detectable (Figure 3). Only low levels of FSAP-inhibitor complexes could be detected 

after incubation with living cells. No complexes could be detected after incubation of plasma 

with buffer. Together these results suggest that measurement of complexes of FSAP with its 

serpins, AP and C1inh, by ELISA is a sensitive tool to assess FSAP activation in plasma.
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Figure 2: ELISA’s to measure FSAP complexes with C1-inhibitor and α2-antiplasmin 
To measure complexes of FSAP with AP, AAP20 recognizing AP was used as catching antibody and biotinylated 

anti-FSAP4 was used for detection (A). To measure complexes of FSAP with C1inh, KOK12, a monoclonal antibody 

recognizing complexed C1inh was used as a catching antibody. As detection biotinylated anti-FSAP4 was used (B). 

Complexes were measured in r-plasma and r-plasma incubated with apoptotic cells. Results are given as mean±SEM, 

(n=3).
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Figure 3: FSAP complexes with C1-inhibitor and α2-
antiplasmin as a measure of FSAP activation
Living (L), necrotic (N) and apoptotic (A) cells were 

incubated with r-plasma for 30 minutes at 37°C. 

Thereafter complexes of FSAP with either AP or C1inh 

were measured by ELISA. R-plasma incubated with 

buffer without cells (B) was used as a negative control. 

Results were expressed in AU/ml. Plasma of 20 healthy 

donors was incubated with apoptotic cells for 30 

minutes at 37°C. Complexes of FSAP with either AP 

or C1inh were measured by ELISA. The median of the 

level of FSAP-inhibitor complexes in these controls was 

arbitrarily set as 0.5 AU/ml and used as a reference. 

Results are given as mean±SEM, (n=3).
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FSAP activation upon inflammation
Because FSAP is known to undergo autoactivation we extensively analyzed how plasma 

levels of FSAP complexes are influenced by sample preparation. Whereas purified plasma-

derived FSAP is susceptible for autoactivation, FSAP in plasma turned out to be very resistant 

to autoactivation. Even blood clotting does not activate FSAP (data not shown). Moreover 

plasma of sepsis patients stored for 3 hours at room temperature contains equal amounts 

of FSAP–serpin complexes as plasma immediately after collection (data not shown). When 

plasma samples of healthy donors are incubated for 3 hours at 37°C also no complexes are 

found. Only when plasma samples of patients were incubated at 37ºC we found an increase 

in complexes levels. Together these results indicate that there is no additional complex 

formation after collection at room temperature, nor via autoactivation, nor via circulating cell 

fragments in plasma of septic patients. We then measured FSAP activation in citrated plasma 

of patients with increasing severity of inflammation.
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Figure 4: FSAP-inhibitor complexes and nucleosomes in plasma of patients undergoing a transhiatal 
esophagectomy
FSAP-AP and FSAP-C1inh complexes and nucleosomes were measured in plasma from 20 patients undergoing 

esophageal resection with proximal gastrectomy, performed by a transhiatal approach without thoracotomy. Blood 

was sampled preoperatively (day 0) and on days 1, 3, 5, 7, 10 after surgery and six weeks postoperatively. FSAP-

inhibitor complexes were expressed as percentage of the amount FSAP-inhibitor complexes present at day 0. The 

absolute values at day 0 were 0.51 AU/ml (range 0.03 – 4.46) for FSAP-AP and 0.06 AU/ml (0.01 – 0.40) for FSAP-C1-

inh complexes. Nucleosomes were expressed as AU/ml. Results are given as mean±SEM.
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Patients with postoperative acute-phase response: All 20 patients undergoing transhiatal 

esophagectomy were of Caucasian descent and 90% were males. The median age was 64.6 

years (range 44.6-78.2 yrs). Postoperative levels of FSAP-AP and FSAP-C1inh complexes 

increased from day 0 with highest levels of FSAP-AP on day 10 and of FSAP-C1inh on day 7 

(Figure 4). FSAP activation correlated with the increase in nucleosome levels. The nucleosome 

levels correlated significantly with FSAP-AP complexes (r = 0.5539; p < 0.0001) and with FSAP-

C1inh complexes (r = 0.6440; p < 0.0001). We also measured FSAP antigen levels in these 
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patients. It turned out that most patients showed a drop in FSAP levels on day 1, returning to 

normal on day 2. This drop is most likely not caused by consumption of FSAP but by the fluid 

balance in these patients. Serum IgM levels showed a similar drop on day 1 (data not shown). 

Patients suffering from severe sepsis and septic shock: Thirty-two patients with severe sepsis 

and 8 with septic shock were enrolled: 33 males (82.5%) and 7 females (17.5%) with a 

median age of 64.5 years (range 28-74 yrs). The clinical characteristics of these patients are 

extensively described elsewhere (22). FSAP complexes with C1inh and AP were elevated in 

75% of the patients. The median complex levels were significantly higher in the sepsis patients 

as compared to the controls (Figure 5). There were no significant differences in the median 

levels of FSAP-inhibitor complexes between survivors (n=27) and non-survivors (n=13), nor 

for patients suffering from severe sepsis (n=32) and septic shock (n=8), respectively. FSAP 
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Figure 5: FSAP-inhibitor complexes in plasma of sepsis patients and healthy controls
FSAP-AP (A) and FSAP-C1inh (B) complexes were measured in citrated plasma from 40 patients with severe sepsis 

or septic shock. FSAP-inhibitor complexes were expressed as AU/ml. Plasma of 20 healthy donors was taken as a 

control. Median values at a given time have been compared by using Mann Whitney Rank Sum test. *** indicates 

a p<0.001. 
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Correlations were calculated by using Spearman rank sum test and corrected for multiple testing. A p-value <0.05 

was considered to be statistically significant.

Abbreviations: FSAP: factor VII-activating protease, C1inh: C1-inhibitor, AP: α2-antiplasmin

    
   FSAP-AP  FSAP-C1inh

    r  p r p

FSAP-AP - -  0.905 <0.0001    

FSAP-C1inh 0.905 <0.0001 -  -

Nucleosomes 0.427 0.006 0.443 0.004      

Table 1: Correlations FSAP-inhibitor complexes and nucleosomes in patients suffering from severe sepsis and 
septic shock
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antigen levels were lower in sepsis patients as compared to healthy controls (data not shown). 

Significant correlations between FSAP-inhibitor complexes as well as with nucleosomes could 

be found (Table 1). No or only weak correlation of FSAP-inhibitor complexes with clinical 

parameters, organ dysfunction scores and acute phase parameters, such as C-reactive 

protein or IL-6 could be found. In contrast, PAI-1 and C3a both being predictive parameters 

for outcome, significantly correlated with FSAP-inhibitor complexes (r>0.33, p<0.05). 

Patients suffering from meningococcal sepsis: Forty children with meningococcal sepsis have 

been included in the study (24). From these 40 patients, citrated plasma samples from 38 

patients were available to measure FSAP-inhibitor complexes. From these 38 patients, 9 died 

as a result of the disease (non-survivors). The median age of the survivors (2.7 years [range 

0.3-16.1 yrs]) was higher (p=0.021) than non-survivors (0.9 years [range 0.5-9.4 yrs]). On 

admission, plasma samples were available from 35 patients. Increased FSAP complexes with 

C1inh and AP were found in all patients at t=0 (Figure 6). Significant differences were found 
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Figure 6: FSAP-inhibitor complexes in plasma of children with meningococcal sepsis 
FSAP-AP (A) and FSAP-C1inh (B) complexes were measured in citrated plasma from 38 meningococcal sepsis patients. 

Blood was sampled at 0 h, 12 h, 24 h and 3 months. FSAP-inhibitor complexes were expressed as AU/ml. Plasma of 20 

healthy donors was taken as a control. Median values at a given time have been compared by using Mann Whitney 

Rank Sum test. *** indicates a p<0.001, ** indicates a p<0.01.
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Correlations were calculated by using Spearman rank sum test and corrected for multiple testing. A p-value <0.05 

was considered to be statistically significant.

Abbreviations: FSAP: factor VII-activating protease, C1inh: C1-inhibitor, AP: α2-antiplasmin

Table 2: Correlations FSAP-inhibitor complexes and nucleosomes in children suffering from meningococcal sepsis
    
   FSAP-AP  FSAP-C1inh

    r  p r p

FSAP-AP - -  0.521 0.001    

FSAP-C1inh 0.521 0.001 -  -

Nucleosomes 0.717 <0.0001 0.616 <0.0001      
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in FSAP-AP and FSAP-C1inh complex levels between t=0, t=12h and t=24h compared to the 

levels at t=3 months and in healthy controls. Furthermore significant correlations between 

FSAP-inhibitor complexes as well as with nucleosomes could be found (Table 2). FSAP-inhibitor 

complexes increased with fatality (Figure 7). FSAP-C1inh complexes were significantly higher 

after 12 and 24 hours in non-survivors as compared to survivors. FSAP-AP complexes were also 

higher in non-survivors as compared to survivors, although the difference was not statistically 

significant. FSAP antigen levels were lower in children suffering from meningococcal sepsis as 

compared to healthy controls (data not shown).

Discussion
We recently demonstrated FSAP to induce nucleosome release from apoptotic cells (10). 

There is growing evidence that the content of dead cells can act as endogenous mediators 

of inflammation (8). Therefore we were interested to measure FSAP activation in disease. 

Direct measurement of FSAP enzyme activity in plasma is extremely difficult due to the lack of 

specific substrates. Moreover it is to be expected that half-life of active enzyme is extremely 

short, due to the presence of high plasma levels of C1inh and AP in plasma. In the present 

paper we demonstrate that FSAP activation in plasma can be monitored by assays detecting 

complexes between FSAP and its target serpins AP and C1inh. We used these assays to 

demonstrate FSAP activation in post-surgery patients, patients suffering from severe sepsis, 

septic shock and meningococcal sepsis.

In purified systems C1inh and AP were reported to be the main inhibitors of activated FSAP 

0 12 24
0

5

10

15

20
non-survivors

survivors

ns:   n=9                           n=3                             n=2
su:   n=26                         n=25                           n=25

hrs

F
S
A
P
-A
P
co
m
p
le
xe
s
(A
U
/m
l)

hrs

Figure 7: FSAP-inhibitor complexes in plasma of survivors and non-survivors of meningococcal sepsis.
FSAP-AP (A) and FSAP-C1inh (B) complexes were measured in citrated plasma from survivors and non-survivors of 

meningococcal sepsis. Blood was sampled at 0 h, 12 h and 24 h. FSAP-inhibitor complexes were expressed as AU/ml. 

The values are indicated by mean values ± SEM. Median values at a given time have been compared by using Mann 

Whitney Rank Sum test. * indicates p<0.05.
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(11;16;17). In plasma only C1inh was demonstrated to be an inhibitor of FSAP (16). Serpins 

form covalent complexes with their target proteases (28;29). Therefore FSAP in plasma is 

expected to form covalent complexes with its inhibitors upon activation. We showed by 

affinity purification and mass spectrometry analysis, that FSAP in plasma forms a complex 

with AP upon activation with apoptotic cells. In order to set up a more simple and sensitive 

method we tried to measure FSAP-inhibitor complexes by ELISA. Indeed, we were able to 

detect FSAP-AP complexes in plasma which is incubated with apoptotic cells. Since no FSAP 

complexes with AP could be detected in plasma which is not activated with apoptotic cells 

or by using an irrelevant detection antibody the ELISA specifically detects complexes of FSAP 

with AP. Although we were not able to detect FSAP-C1inh complexes after affinity purification 

by SDS-PAGE, these complexes could be detected by ELISA. This might indicate that ELISA 

is a more sensitive method than affinity purification and SDS-PAGE or that the FSAP-C1inh 

complex is dissociated upon SDS-PAGE. 

FSAP strongly binds to apoptotic as well as to necrotic cells and no binding to living cells is 

seen. Probably this binding leads to activation of FSAP as shown by Western blotting and 

complex formation. Living cells lead to some complex formation, which is very likely due to 

the presence of dead cells in cultured cells. Indeed Figure 1A shows that living Jurkat cells 

contain a fraction of dead cells that bind FSAP. The fact that FSAP activation by living cells 

is not seen in Western blot reflects the much higher sensitivity of the complex ELISAs to 

detect FSAP activation. To which structure FSAP binds and how FSAP activation is achieved is 

not clear yet. RNA and to a lesser extent also DNA is reported to activate FSAP (13;15). We 

routinely use RNase-treated cells to induce FSAP activation. RNase treatment improves the 

specificity of the propidium iodide staining used in the nucleosome releasing factor assay 

(10). No differences in FSAP activation could be found between RNase treated and untreated 

cells suggesting that FSAP activation by RNA in our system is rather unlikely. Our results 

further show that when in plasma or serum, FSAP is a robust stable molecule. Once purified 

it becomes very susceptible to autoactivation. For a molecule described to be involved in 

coagulation and fibrinolysis is seems odd that even total coagulation of blood does not lead 

to FSAP activation. 

Our results indicate FSAP activation to be a useful tool to measure cell death in circulation. Of 

course some questions remain unanswered. How exactly is FSAP activated, how much FSAP 

remains associated with dead cells and how much is released in the circulation. Another 

question is what determines the inhibitor specificity. Do different types of activation lead 

to different inhibitor complexes and to what extent is inhibitor concentration important? 

Notwithstanding these questions we think that the newly developed complex assays could 

be useful in understanding inflammation such as sepsis. Cell death is a central event in the 

pathogenesis of sepsis and is reflected by circulating nucleosomes (5;23). Indeed, FSAP 
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activation could be detected in severe sepsis, septic shock and meningococcal sepsis and 

significantly correlated with nucleosome levels. Even in a model of “a low grade inflammation” 

FSAP activation could be detected and significantly correlated with nucleosome levels whereas 

FSAP complexes with C1inh or AP could not be detected in healthy controls. Altogether these 

results suggest FSAP activation to be a sensor for cell death in circulation.  

FSAP activation increases with the severity of inflammation as shown by FSAP-inhibitor 

complexes which correlate with the increase in disease severity with the lowest level in post 

surgery and higher levels in adult patients with sepsis and children suffering from meningococcal 

sepsis. FSAP-inhibitor complex levels in meningococcal sepsis were significantly higher in 

survivors than in non-survivors, although the non-survivor group was small. FSAP-inhibitor 

complex levels in adult sepsis increased with the severity of inflammation as evidenced by 

significant correlations with inflammatory markers (C3a, PAI-1) but did not discriminate for 

fatality. The discrepancy between adults and children might be explained by the fact that the 

sepsis patients form a heterogeneous group composed of patients from surgical as well as 

from medical ICU (n=22 vs n=18), whereas the children suffering from meningococcal sepsis 

form a considerably more homogenous population with a clear-cut onset of sepsis. 

In summary, we show that FSAP in plasma is activated upon contact with dead cells and 

this activation can be followed by measuring FSAP-AP and FSAP-C1inh complexes in plasma 

by ELISA. We demonstrate FSAP activation in adults suffering from sepsis and children with 

meningococcal sepsis which increases with the severity of inflammation. Our results suggest 

that FSAP activation in sepsis might be involved in nucleosome release thereby contributing 

to lethality.
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Dear Sirs,
Systemic inflammation in sepsis is characterized by extensive cell death (1) resulting in the 

release of cellular structures, e.g. cell-free DNA and DNA-binding proteins such as histones 

(damage associated molecular patterns, DAMPs). DAMPs have been demonstrated to be 

highly pro-inflammatory and therefore crucially involved in the pathogenesis of sepsis (2). 

Circulating extracellular DNA, nulceosomes and histones correlate with disease severity 

and fatality in sepsis (2-5). At present the precise mechanism involved in DAMP release and 

how it is regulated is unclear. We have previously shown that factor VII-activating protease 

(FSAP) releases nucleosomes from late apoptotic cells and, in concert with DNase I, also 

from necrotic cells (6). FSAP is a serine protease which circulates in plasma as an inactive 

single-chain molecule and is proteolytically converted into its active two-chain form (7). 

FSAP in plasma binds to apoptotic and necrotic cells and is subsequently activated (8). We 

have demonstrated the presence of complexes of FSAP and its inhibitors α2-antiplasmin (AP) 

and C1-inhibitor (C1inh) in plasma of patients suffering from severe sepsis, septic shock 

and meningococcal sepsis (8). In purified systems plasminogen activator inhibitor-1 (PAI-1) 

has been shown to inhibit FSAP (9). Previously, FSAP-PAI complexes have been detected by 

immunoblotting in bronchoalveolar lavage fluids from patients with acute respiratory distress 

syndrome, suggesting that FSAP inhibition by PAI-1 also occurs in vivo (9). In sepsis PAI-1 

plasma levels have been shown to increase with disease severity and are a strong predictor 

for fatality (10;11). A polymorphism in the PAI-1 gene, associated with higher PAI-1 levels, 

has been demonstrated to correlate with poor outcome in meningococcal sepsis (12). The 

adverse effects of increased PAI-1 levels in sepsis are based on its procoagulant and pro-

inflammatory properties due to complex formation with tissue-type plasminogen activator 

(t-PA) and activated protein C (APC), respectively (13).

In our current study, we established an ELISA to measure FSAP-PAI-1 complexes in plasma of 

patients with severe sepsis and septic shock as well as in children suffering from meningococcal 

sepsis. We used a monoclonal anti-FSAP antibody (6) as a catching antibody and a polyclonal 

antibody to PAI-1 for detection (14). As positive control for this ELISA, FSAP in plasma was 

activated by co-incubation with late apoptotic cells. Since PAI-1 levels in healthy individuals 

are very low, recombinant PAI-1 (a kind gift of Paul Declerck, Leuven) (15) was added to 

control plasma before incubation with late apoptotic Jurkat cells (Figure 1A). In the next step 

we measured FSAP-PAI-1 complexes in 40 surgical and medical patients at the time point 

of diagnosis with severe sepsis (n=32) or septic shock (n=8) following the ACCP guidelines 

(16) and in 20 healthy controls. The clinical characteristics of these 40 sepsis patients were 

described in detail elsewhere (4). FSAP complexes with PAI-1 could be measured in 25% of the 

sepsis patients. Although FSAP-PAI-1 complex levels were significantly (p=0.01) higher in the 
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sepsis patients when compared to the controls, no difference could be found in patients with 

severe sepsis and septic shock and between survivors and non-survivors (p>0.05; Figure 1B). 

By using Spearman’s rank correlation (corrected for multiple testing). significant correlations 

of FSAP-PAI-1 complexes with FSAP-AP (r=0.63, p<0.0001), FSAP-C1inh complexes (r=0.73, 

p<0.0001) and nucleosome levels (r=0.44, p<0.005) could be found. As PAI-1 and C3a are both 

predictive parameters for outcome, these significantly correlated with FSAP-PAI complexes 

(r>0.49, p<0.001). No correlation of FSAP-PAI complexes with organ dysfunction scores and 

cytokines could be found. 

Next, we measured FSAP-PAI-1 complexes in 38 children with meningococcal sepsis (17). From 

these 38 patients, 9 died as a result of the disease (non-survivors). On admission, plasma 

samples were available from 35 patients. Increased FSAP-PAI-1 complexes were found in 

91.4% of the patients on admission (Figure 1C). Highest FSAP-PAI-1 levels have been measured 

during acute disease and correlated with fatality (Figure 1D). Significant correlations with 

FSAP-AP (r=0.52, p<0.001), FSAP-C1inh (r=0.41 p=0.014) and nucleosomes (r=0.80 p<0.0001) 

could be found. FSAP-PAI complexes significantly correlated with organ dysfunction scores 

(r>0.53, p<0.001), pro-inflammatory cytokines (r>0.65 p<0.0001), coagulation and fibrinolysis 

markers (r>0.56, p<0.001) as well as with PAI-1 levels in those patients (r=0.871, p<0.0001). 

FSAP antigen levels are stable in plasma of all patients and comparable to healthy controls 

(~12 μg/ml). However, levels of PAI-1 are 5-10 times higher in meningococcal sepsis patients 

(~5 μg/ml (17)) compared to sepsis patients (~0.65 μg/ml (4)). 

In this study we demonstrate the presence of FSAP-PAI-1 complexes in the plasma of patients 

suffering from severe sepsis, septic shock or meningococcal sepsis by means of ELISA. With 

increasing severity, FSAP-PAI-1 complexes increase and significantly correlate with organ 

dysfunction scores and clinical parameters for outcome, a dynamic comparable with PAI-1 

levels in the plasma of these patients. Interestingly, the course of the FSAP-PAI-1 complex 

levels in time differs from the FSAP-C1inh and FSAP-AP complexes in the meningococcal non-

survivors (8). The FSAP-C1inh and FSAP-AP complex levels are increasing in time, while the 

FSAP-PAI-1 levels are decreasing. The dynamics of complex formation of FSAP with different 

serine protease inhibitors (serpins) reflects the presence of serpins in different disease states. 

FSAP was demonstrated to cleave high-molecular kininogen (HMWK) resulting in the release 

bradykinin (BK), a nonapeptide essential in the induction of hypotension in sepsis (18;19). 

Since PAI-1 levels increase during sepsis, inhibition of FSAP by PAI-1 might contribute to 

the prevention of BK release and hence improve hypotension in sepsis patients. On the 

other hand, complex formation of FSAP with PAI-1 neutralizes PAI-1, since serpins form 

an irreversible covalent complex (20). PAI-1 levels closely correlate with disseminated 
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Figure 1: FSAP-PAI-1 complexes
FSAP-PAI-1 complexes were measured by ELISA using anti-FSAP4 (2 µg/ml) as catching antibody and a biotinylated 

polyclonal rabbit antibody against PAI-1 (dilution 1:1000 v/v) for detection. (A) Complexes were measured in 

recalcified plasma (r-plasma) of a healthy donor to which recombinant PAI-1 (1 µg/ml) was added before incubation 

with late apoptotic Jurkat apoptotic cells. Apoptosis was induced by incubation for 48h with etoposide (200 µM). 

This r-plasma was used as standard and arbitrarily set to 50 AU/ml since plasma was diluted 1:2 (v/v) with apoptotic 

cells. Results are given as mean±SEM, (n=3). (B) FSAP-PAI-1 complexes were measured in citrated plasma from 40 

patients with severe sepsis or septic shock. Closed circles represent patients with severe sepsis and open circles 

represent patients with septic shock. Plasma of 20 healthy donors was taken as a control. FSAP-PAI-1 complex levels 

were expressed as AU/ml. (C) FSAP-PAI-1 complexes were measured in citrated plasma from 38 meningococcal 

sepsis patients. Blood was sampled at 0 h, 12 h, 24 h and 3 months. Plasma of 20 healthy donors was taken as a 

control. FSAP-PAI-1 complex levels were expressed as AU/ml. (D) FSAP-PAI-1 complexes were measured in citrated 

plasma from survivors and non-survivors of meningococcal sepsis. Blood was sampled at 0 h, 12 h and 24 h. FSAP-

PAI-1 complex levels were expressed as AU/ml. Results are given as mean±SEM. Median values have been compared 

by using Mann Whitney Rank Sum test. *** indicates a p<0.001, ** indicates a p<0.01, * indicates p<0.05.
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intravascular coagulation and the severity of disease and are predictive for outcome (11;21-

23). This inhibitory mechanism might be especially relevant in severe inflammation since 

both FSAP activation and PAI-1 levels increase with disease severity. Based on these results 

we speculate on a dual role for the interaction of FSAP and PAI-1. On the one hand, complex 

formation with PAI-1 will limit FSAP-mediated BK formation in sepsis. On the other hand 

FSAP-PAI-1 complex formation may attenuate the procoagulant and pro-inflammatory effects 

of PAI-1.
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Abstract 
Background: Factor VII-activating protease (FSAP) is a serine protease that circulates in plasma 

in its inactive single-chain form and can be activated upon contact with dead cells. When 

activated by apoptotic cells, FSAP leads to release of nucleosomes. The serpins C1-inhibitor 

and α2-antiplasmin are reported to be the major inhibitors of FSAP. However, regulation of 

FSAP activity by Kunitz-type inhibitors is not well studied.

Objectives: To compare the inhibition of FSAP activity and FSAP induced nucleosome release 

from apoptotic cells by tissue factor pathway inhibitor (TFPI) to that of C1-inhibitor and α2-

antiplasmin.

Methods: Apoptotic cells were incubated with plasma or FSAP in presence of the inhibitor 

and nucleosome release was analyzed using flow cytometry. Monoclonal antibodies to TFPI 

and altered forms of TFPI were used to investigate which domains of TFPI contribute to FSAP 

inhibition. 

Results and Conclusions: We show that TFPI abrogates FSAP activity and nucleosome 

release from apoptotic cells. TFPI is a much more efficient inhibitor than C1-inhibitor or 

α2-antiplasmin. The active site of the Kunitz-2 domain is required for inhibition of FSAP. A 

direct binding interaction between FSAP and the C-terminal domain of TFPI is also required 

for efficient inhibition. Inhibition of FSAP-induced nucleosome release by recombinant TFPI 

might, in part, explain the anti-inflammatory effects of recombinant TFPI infusion observed 

in animal and human sepsis.
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Introduction
Nucleosomes and DNA-binding proteins are endogenous mediators of inflammation and 

lethality in sepsis (1-4). Levels of circulating nucleosomes correlate with disease severity and 

outcome in sepsis patients (5;6). Histone release contributes to death following inflammatory 

injury or chemical-induced cellular injury in mouse models, mediated in part through Toll-

like receptors (7). Although the cellular source of nucleosomes is unclear, it is likely that 

they are derived from apoptotic cells. Nucleosomes stay associated with the apoptotic cell 

under serum- or plasma-free conditions (8) and are released after contact of apoptotic cells 

with serum or plasma (9). Activation of factor VII-activating protease (FSAP) is essential for 

nucleosome release (10). FSAP, also known as plasma hyaluronic acid binding protein 2 

(HABP2), is a serine protease consisting of three epidermal growth factor (EGF) domains, a 

kringle domain and a serine protease domain at its C-terminus. In plasma, FSAP circulates 

as an inactive single-chain molecule of 78 kDa that can be converted in its active two-chain 

form consisting of a 50 kDa heavy and a 28 kDa light chain connected by a disulfide bond 

(11). In purified systems, several serpins such as C1-inhibitor (C1inh), α2-antiplasmin (AP), 

antithrombin III (AT-III) and plasminogen activator inhibitor-1 (PAI-1) (11-15) have been 

reported to inhibit the amidolytic activity of FSAP. In plasma, C1inh has been reported to 

be the main inhibitor of activated FSAP (12). We demonstrated that when FSAP is activated 

in plasma, complexes with AP and C1inh are formed (16). Incubation of plasma or serum 

with apoptotic cells leads to activation of FSAP, release of nucleosomes, and formation of 

FSAP-C1inh and FSAP-AP complexes. We observed FSAP activation in post-surgery patients, 

patients suffering from severe sepsis, septic shock and meningococcal sepsis and the levels 

of FSAP activation correlated with nucleosome levels, disease severity and mortality in these 

patients (16).

In search for inhibitors of FSAP we found that aprotinin, a synthetic Kunitz-type inhibitor, 

inhibits nucleosome release from apoptotic cells by FSAP in plasma (10). Tissue factor pathway 

inhibitor (TFPI) is a Kunitz-type inhibitor present on endothelium (17), within platelets (18;19) 

and in plasma (20) that has anti-inflammatory properties (21-23). The primary physiological 

function of TFPI is to inhibit coagulation through inhibition of FXa and TF/FVIIa (24). Here we 

report that TFPI is an efficient inhibitor of FSAP.

Materials and Methods
Materials
Mouse monoclonal antibodies to FSAP (anti-FSAP4), to complexed C1-inhibitor (KOK12) 

and to α2-antiplasmin (AAP20) were prepared at our department (all IgG1κ) (10;25). The 

mouse monoclonal antibodies to the various domains of TFPI, plasma purified human C1-

inhibitor (Cetor®), High Performance ELISA buffer (HPE) and Poly-HRP-labeled streptavidin 
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were obtained from Sanquin Reagents (Amsterdam, The Netherlands). Iscove’s modified 

Dulbecco’s medium (IMDM) was obtained from BioWhittaker Europe (Verviers, Belgium). 

Fetal calf serum (FCS) was obtained from Bodinco BV (Alkmaar, The Netherlands). Penicillin 

and streptomycin were obtained from Gibco/Invitrogen (Groningen, The Netherlands). 

Etoposide, ß-mercaptoethanol, RNase, mineral oil and α2-antiplasmin were obtained from 

Sigma (Zwijndrecht, The Netherlands). (3,5,3’,5’)-tetramethylbenzidine (TMB) was obtained 

from Merck (Darmstadt, Germany). Chromogenic substrate S2288 was obtained from 

Chromogenix (Milano, Italy). Recombinant full-length TFPI, TFPI-K1M (Ile 36) and TFPI-K2M 

(Leu 107) expressed in E. coli were a kind gift of A. Creasey, Chiron Corporation (Emeryville, 

USA). In these altered forms of TFPI, the residue at the active-site cleft of the K1 or the K2 

domain has been individually changed leading to a dysfunctional Kunitz domain (24). TFPI-

160 was obtained as described by Warshawsky et al. (26;27). 

Cell culture and induction of apoptosis
Jurkat cells were cultured in culture medium IMDM containing 5% (v/v) FCS, penicillin (100 IU/

ml), streptomycin (100 µg/ml) and 50 µM ß-mercaptoethanol). Before apoptosis induction, 

cells were washed three times with culture medium without FCS by centrifugation at 360 x g 

for 10 minutes and resuspended in culture medium without FCS. Cells (1x106 cells/ml) were 

incubated for 48 hours with etoposide in a final concentration of 200 µM to induce apoptosis.

Recalcified plasma
Serum clotted in the presence of cells contains microparticles which obscure FACS analysis. 

Therefore we used recalcified citrated plasma. It removed nucleosomes from apoptotic 

cells as efficiently as serum and the clotting did not lead to FSAP activation (9). In the text, 

recalcified citrated plasma is denoted as serum.

Blood was obtained from healthy donors in vials containing a final concentration of 10 mM 

sodium citrate and were centrifuged two times at 1300 x g. Citrated plasma was recalcified 

with 20 mM CaCl2 in a glass vial and incubated at 37°C for 30 minutes. Subsequently the 

recalcified plasma was incubated at 4°C for 30 minutes and the formed clot was removed. 

The serum was stored at -20°C until use. All donors were homozygous for the wild-type form 

of FSAP.

Nucleosome releasing factor (NRF) assay
Active two-chain FSAP (tcFSAP) was purified as described earlier (10). Apoptotic Jurkat cells 

were washed in HN-buffer (10 mM Hepes, 140 mM NaCl, pH 7.2) and 1% (w/v) bovine serum 

albumin (BSA) and resuspended in HN-1% BSA to a final concentration of 2x106 cells/ml. Cells 

were incubated with RNAse (40 µg/ml) for 30 minutes at 37°C. After incubation of 100 µl of 
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sample (either plasma or tcFSAP diluted in HN) with 100 µl of cells for 30 minutes at 37°C in a 

glass vial, 150 µl was removed and added to a microtiter plate (96 wells, round bottom). After 

three washes with FACS buffer (10 mM Hepes, 150 mM  NaCl, 5 mM KCl, 2 mM CaCl2, 2 mM 

MgCl2, 0.5% BSA) cells were resuspended in 100 µl FACS buffer and stained with propidium 

iodide (PI) at a final concentration of 4 µg/ml. The median fluorescence intensity (MFI) was 

measured with flow cytometry.

FSAP-C1inhibitor and FSAP-α2-antiplasmin complex ELISA
Complexes of FSAP with C1inh and AP were determined as described previously (16). Briefly, 

the monoclonal antibodies KOK12 against C1inh in complex or AAP20 against AP were used 

for capture of the FSAP-inhibitor complexes. Biotinylated monoclonal antibody anti-FSAP4 

recognizing the light chain of FSAP in combination with poly-HRP-labeled streptavidin was 

used for detection. Results were expressed in AU/ml by reference to a standard which is 

recalcified citrated plasma activated with apoptotic cells (1x106 cells/ml) in presence of 20 

mM EDTA. This standard was arbitrarily set to 50 AU/ml.

FSAP inhibition in chromogenic assay
Increasing concentrations of TFPI, C1inh, AP, TFPI-160, TFPI-K1M or TFPI-K2M were added to 

an excess of chromogenic substrate S2288 (1 mM) (13) in HN-0.1% Tween 20 in a 96 wells 

plate. In additition increasing concentrations of TFPI were pre-incubated with monoclonal 

antibodies against Kunitz domain 1 (K1), Kunitz domain 2 (K2), Kunitz domain 3 (K3) or 

the C-terminus (Cter) of TFPI or an irrelevant antibody (50 µg/ml) and were added to an 

excess of chromogenic substrate S2288 (1 mM) in HN-0.1% Tween 20 in a 96-wells plate.  

Subsequently a fixed concentration of purified tcFSAP (10 nM) was added to the plate. To 

prevent evaporation the samples were covered with a layer of mineral oil. The absorbance 

at 405 nM was recorded for 60 minutes at 37°C using a multiskan spectrum reader (Thermo 

Labsystems; Waltham, MA, USA). The delta absorbance/min (velocity) was calculated. Data 

were plotted as Vi/Vo against the inhibitor concentration, where Vi and Vo are the velocities 

of substrate hydrolysis by 10 nM tcFSAP in presence and absence of inhibitor, respectively. 

The kinetic parameters were calculated from the Michaelis-Mentens regression model. The 

IC50 values for purified tcFSAP inhibition by TFPI, C1inh and AP were determined by plotting 

the Vi/Vo against the inhibitor concentration (Hillslope model). The Ki was calculated using 

the Cheng-Prusoff equation (28).

TFPI binding to FSAP
A 96-wells microtiter plate (maxisorp, Nunc; Roskilde, Denmark) was coated with purified 

tcFSAP (2 µg/ml in PBS) overnight at room temperature (RT). All further incubation steps 
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were performed in PBS, 0.1% (v/v) Tween 20/0.2% (w/v) gelatin (PTG) and after each step 

the wells were washed five times with washing fluid (PBS, 0.02% Tween 20) with a Microplate 

Autowasher 9Bio-tek Instruments, Inc; Winooski, VT, USA). After coating wells were incubated 

with 1% (w/v) BSA overnight to prevent non-specific binding to the plate. Biotinylated TFPI 

was pre-incubated for 60 minutes with anti-K1, anti-K2, anti-K3, anti-Cter or an irrelevant 

antibody of the same isotype (50 µg/ml). Subsequently the TFPI samples were added to 

the plate and incubated for 60 minutes at RT. Finally streptavidin-polymerized horseradish 

peroxidase (poly-HRP) conjugate (dilution 1:10,000 v/v) diluted in PTG was added to each 

well and incubated for 20 minutes. Plates were developed by addition of 100 µg/ml TMB and 

0.003% hydrogen peroxide in 0.11 M sodium acetate buffer pH 5.5. Coloring reaction was 

stopped by adding 100 µl of 2 M H2SO4. The absorbance was measured at 450-540 nm with 

an ELISA plate reader. Results were expressed as percentage binding of TFPI to FSAP where 

binding of TFPI, pre-incubated with an irrelevant antibody, to FSAP was set at 100%.

Results 
Inhibition of FSAP activity by TFPI
To test whether TFPI is able to inhibit the nucleosome releasing activity of FSAP we incubated 

serum (Figure 1A) or purified FSAP (Figure 1B) with TFPI prior to incubation with apoptotic 

cells. C1inh and AP served as controls. Surprisingly, C1inh and AP were significantly less 

efficient in the inhibition of nucleosome release compared to TFPI. Inhibition of purified FSAP 

required lower levels of C1inh and AP, whereas TFPI is equally efficient. To determine whether 

apoptotic cells play a role in the inhibition of FSAP by TFPI we also investigated whether TFPI 

inhibits the amidolytic activity of plasma-derived tcFSAP in the absence of cells. Again, TFPI 

turned out to be a very efficient inhibitor of the amidolytic activity of purified tcFSAP (Figure 

1C). The estimated inhibition constant (Ki) of the inhibition of purified FSAP by recombinant 

TFPI was 0.63 nM. As it is known that physiological concentrations of calcium reduce the 

inhibition of FXa by TFPI, we tested the inhibition of FSAP by TFPI in presence of calcium. 

However, addition of physiological concentrations of calcium TFPI did not alter the inhibition 

of FSAP by TFPI (data not shown).

Inhibition of FSAP-inhibitor complex formation by TFPI
Quantification of FSAP-C1inh and FSAP-AP complexes can be used to monitor both in vitro as 

well as in vivo FSAP activation (16). Upon incubation with apoptotic cells, FSAP is activated 

and FSAP-AP and FSAP-C1inh complexes are formed. To confirm the results of the nucleosome 

releasing assay, FSAP-inhibitor complexes were measured after serum incubation with 

apoptotic cells in the presence of TFPI. TFPI at a concentration of 125 nM was sufficient to 

inhibit complex formation with AP (~0.5 µM in 50% plasma) (Figure 2A). This was also true for 
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Figure 1: Inhibition of FSAP activity by α2-antiplasmin, C1-inhibitor and TFPI
Serum 10% (A) or purified FSAP 10 AU/ml (B) was pre-incubated with increasing concentrations of AP, C1inh or TFPI 

prior to incubation with apoptotic cells for 30 minutes at 37°C. Cells were stained with PI and MFI was measured 

by FACS analysis. NRF activity was expressed in percentage of the decrease in MFI after incubation with 10% serum 

(which contains ~ 18.5 nM FSAP) or 10 AU/ml purified tcFSAP (~ 18.5 nM). Increasing concentrations of TFPI, C1inh 

and AP were added to the chromogenic substrate S2288 (1 mM). Purified tcFSAP (10 nM) was added and the 

absorbance at 405 nm was measured (C). Data were plotted as Vi/Vo against the inhibitor concentration. Vi indicates 

the velocity of substrate hydrolysis by 10 nM tcFSAP in presence of inhibitor and Vo in its absence. The potency to 

inhibit 50% of the reference amidolytic activity (IC50) was determined. Results are given as mean±SEM, (n=3).
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C1inh with an estimated concentration of 1.2 µM (Figure 2B). These results support the data 

obtained in the nucleosome releasing assay and the chromogenic assay indicating TFPI to be 

a more efficient inhibitor as compared to the plasma inhibitors AP and C1inh. 

Kunitz-2, Kunitz-3 and C-terminal domain of TFPI inhibit FSAP activity
Full length TFPI consists of three Kunitz-type domains and a basic C-terminal end. We tested 
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Figure 3: Role of Kunitz domains and C-terminus of TFPI in inhibition of FSAP activity
TFPI was pre-incubated with blocking antibodies against Kunitz domain 1, 2, 3 or the C-terminus of TFPI (50 µg/ml). 

Next serum was incubated with TFPI and antibodies prior to incubation with apoptotic cells for 30 minutes at 37°C. 

Cells were stained with PI and MFI was measured by flow cytometry (A). NRF was expressed in percentage of the 

decrease in MFI after incubation with 10% serum (which contains ~ 18.5 nM FSAP). TFPI was pre-incubated with 

blocking antibodies against Kunitz domain 1, 2, 3 or the C-terminus of TFPI (50 µg/ml) and added to the chromogenic 

substrate S2288 (1 mM). Purified tcFSAP (10 nM) was added and the absorbance at 405 nm was measured (B). Data 

were plotted as Vi/Vo against the inhibitor concentration. Vi indicates the velocity of substrate hydrolysis by 10 nM 

tcFSAP in presence of TFPI and Vo in its absence. Results are given as mean±SEM, (n=3).
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Figure 2: Inhibition of FSAP-AP and FSAP-C1inh complex formation by TFPI
Serum (50%) was pre-incubated with an increasing concentration of TFPI prior to incubation with apoptotic cells 

for 30 minutes at 37°C. FSAP-AP (A) and FSAP-C1inh (B) complexes were measured by ELISA. Results are given as 

mean±SEM, (n=3).
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which domain of TFPI is involved in the inhibition of FSAP activity by using mAbs directed to 

the various domains of TFPI. TFPI was preincubated with antibodies, added to serum and 

incubated with apoptotic cells. Anti-K2 reversed the inhibiting effect of TFPI on the FSAP 

mediated nucleosome release (Figure 3A). Anti-Cter and, to a lesser extent, anti-K3 and 

anti-K1 had a partial effect. Similar results were obtained when FSAP activation was monitored 

via complex formation of FSAP with AP and C1inh (data not shown).  To determine whether 

the involvement of the various domains of TFPI is related to the presence of cells, we tested 

the effect of anti-TFPI antibodies in a chromogenic assay in the absence of cells. Again anti-K2 

was the most efficient inhibitor of TFPI followed by anti-Cter and anti-K3. In contrast to the 

plasma system, anti-K1 has no effect on FSAP inhibition in the chromogenic assay (Figure 3B). 

To confirm the involvement of the various domains of TFPI in FSAP inhibition we analyzed the 

effects of various TFPI mutants. TFPI-160, lacking the K3 and the Cter, was not able to inhibit 

the FSAP activity (Figure 4A), although TFPI-160 was still able to inhibit FXa activity (data not 

shown). TFPI-K1M, with an inactive K1, was still able to inhibit FSAP activity, whereas TFPI-

K2M, with an inactive K2, completely lacked this inhibitory capacity (Figure 4B). 

Binding of TFPI to FSAP
Since the basic Cter tail of TFPI is involved in FSAP inhibition has been reorted to bind to cell 

surfaces and heparin-like structures, we tested whether FSAP binds to TFPI and whether 

the Cter is involved in this binding. Full-length TFPI bound to FSAP dose-dependently. Pre-

incubation with anti-K1, anti-K2 or anti-K3 inhibited the binding to FSAP by ~50%. When 

TFPI was pre-incubated with anti-Cter, the binding of TFPI to FSAP was reduced to 10% of 
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Figure 4: Inhibition of FSAP activity by TFPI, TFPI-160, TFPI-K1M and TFPI-K2M
Increasing concentrations of TFPI, TFPI-160 (A), TFPI-K1M or TFPI-K2M (B) were added to the chromogenic substrate 

S2288 (1 mM). Purified tcFSAP (10 nM) was added and the absorbance at 405 nm was measured. Data were plotted 

as Vi/Vo against the inhibitor concentration. Vi indicates the velocity of substrate hydrolysis by 10 nM tcFSAP in 

presence of inhibitor and Vo in its absence. Results are given as mean±SEM, (n=3).
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Figure 5: Binding of TFPI to FSAP 
To measure binding of TFPI to FSAP, microtiter plates 

were coated with purified tcFSAP. Biotinylated TFPI 

was pre-incubated with anti-K1, anti-K2, anti-K3, 

anti-Cter or an irrelevant antibody (50 µg/ml) before 

addition to the plate. Results were expressed as 

percentage binding of TFPI to FSAP where binding 

of TFPI, pre-incubated with an irrelevant antibody, 

to FSAP was set at 100%. Results are given as 

mean±SEM, (n=4).

Figure 6: Schematic model of FSAP inhibition by TFPI 
TFPI binds directly to FSAP with its C-terminal domain. 

Upon binding of TFPI to FSAP the Kunitz-2 domain of 

TFPI is able to inhibit FSAP activity. Abbreviations: FSAP: 

factor VII-activating protease; hc: heavy chain; lc: light 

chain; TFPI: tissue factor pathway inhibitor; Cter: carboxy-

terminal domain; NH2ter: amino-terminal domain

its original level (Figure 5). This indicates that the Cter is important for TFPI binding to FSAP 

(Figure 6). 

Discussion
We recently described that activated tcFSAP in plasma can release nucleosomes from late 

apoptotic cells (9;10). This nucleosome releasing activity of FSAP can be efficiently inhibited 

by TFPI. Surprisingly, C1inh and AP, serpins described to be efficient inhibitors of FSAP in 

purified systems (13), were significantly less efficient. Inhibition of purified tcFSAP required 

lower levels of C1inh and AP whereas TFPI was equally efficient. Most likely, this is because, 

during preincubation of (partially activated) FSAP with C1inh or AP, complex formation was 

achieved before apoptotic cells were added. The difference might be attributable to the fact 

that TFPI is a Kunitz-type protease inhibitor that has a different inhibitory mechanism than the 

serpins AP and C1inh. The efficacy of TFPI in inhibiting FSAP activity was also demonstrated 

in the absence of apoptotic cells. The amidolytic activity of plasma-derived tcFSAP was 

inhibited more efficiently as compared to C1inh and AP. Why TFPI is much more efficient in 

the inhibition of FSAP as compared to C1inh and AP is not clear. TFPI binds to surfaces and is 

therefore considered to be an efficient surface-bound inhibitor of proteases. However, also 

in a cell-free system, as shown by the results of the chomogenic assay, TFPI was efficient in 

inhibiting FSAP activity. TFPI turned out to be 300 times more efficient than C1inh and AP in 

inhibiting the chromogenic activity of purified FSAP.
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Full length TFPI consists of three Kunitz-type domains and a basic C-terminal end. K1 and K2 

inhibit TF/FVIIa and FXa, respectively, resulting in a quaternary complex TFPI/FXa/TF/FVIIa 

(24). Cter has been reported to bind to cell surfaces and heparin-like structures (29;30). By 

using mAbs against the various domains of TFPI, we demonstrated that inhibition of FSAP 

activity by TFPI was completely abrogated by anti-K2 and attenuated by anti-Cter and anti-K3. 

It is unlikely that the binding of TFPI to the surface of apoptotic cells is important for inhibition 

of FSAP activity, since the effect of the antibodies was also observed in a chromogenic assay 

in the absence of cells. To confirm the role of K2 in FSAP inhibition TFPI-K1M and TFPI-K2M 

mutants were tested as well. In these point mutations of TFPI, the residue at the active-

site cleft of the K1 and the K2 domain has been individually mutated leading to inactive 

Kunitz domains (24).  TFPI-K1M was still able to inhibit FSAP activity, whereas the TFPI-K2M 

completely lacked this inhibitory capacity. This confirms the results obtained with the anti-

TFPI antibodies showing that K2 is indeed essential for the inhibition of FSAP. Anti-K3 and 

anti-Cter partially reversed the inhibition of nulcoeosome releasing factor activity and the 

amidolytic activity of FSAP. When TFPI-160, which contains the first two Kunitz domains, was 

used (26;27), FSAP activity was not inhibited. This suggested that Cter and/or K3 are important 

for FSAP inhibition. Cter has been reported to bind to cell surfaces and heparin-like structures 

(29;30). As Cter is involved in the inhibition of FSAP in the absence of a cell surface, we tested 

whether TFPI directly binds FSAP. By means of ELISA, we showed that, in the absence of 

cells, TFPI did indeed bind directly to FSAP, and that this interaction was partially abrogated 

by addition of anti-Cter. This suggests that FSAP binding to TFPI is a prerequisite for efficient 

inhibition of protease activity by K2 (Fig. 6). Interestingly, this mechanism is similar to FXa 

inhibition by TFPI, where binding of Cter to FXa and direct interaction of FXa with K2 were 

shown to be crucial for FXa inhibition (24;31). As shown by the use of an altered form of TFPI 

lacking K3 but containing the Cter, FXa interacts with the Cter region directly (31). A recent 

paper reported that FSAP increased FXa generation by proteolytic degradation of TFPI (32). 

Proteolytic degradation of TFPI was strongly dependent on FSAP binding to Cter.  This is in 

agreement with our results showing that inhibition was dependent on binding of FSAP to Cter. 

Proteolytic degradation of TFPI, as suggested by Kanse et al., might be a mechanism by which 

FSAP is inhibited by TFPI in our system. TFPI would thereby serve as a substrate for FSAP, and 

hence competing with the chromogenic substrate or target proteases of FSAP. However, the 

inhibition curves of the amidolytic activity after 30 and 60 minutes of incubation are similar 

(data not shown), indicating no substantial loss of TFPI activity, which one would expect after 

proteolytic degradation of TFPI.

TFPI concentrations used in the present study are much higher than the human plasma 

concentration of TFPI which is 1.0-2.5 nM (30;33). Moreover, we used full-length recombinant 
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TFPI for our experiments. In contrast, only a minor fraction of the TFPI measured in plasma 

is considered to be full-length (34). TFPI is mainly produced by and bound to vascular 

endothelial cells (20;35). Therefore, the plasma concentration of TFPI does not reflect the 

local concentration of full-length TFPI on cellular surfaces. Administration of recombinant 

full-length TFPI was demonstrated to attenuate the inflammatory response in animal and 

human sepsis (21-23). The plasma concentrations reached in the human studies after 

therapeutic administration are in a similar range as compared to the concentrations used 

in the present study in vitro (23;36;37). Circulating histones and nucleosomes were shown 

to induce a potential fatal inflammatory response in sepsis (4;5). FSAP was demonstrated 

to induce nucleosome release from apoptotic cells and to be activated in sepsis (10;16). 

We now demonstrate that recombinant TFPI efficiently inhibits FSAP-mediated nucleosome 

release from apoptotic cells. Inhibition of FSAP-induced nucleosome release might therefore 

prevent the organism from the harmful effects of circulating nucleosomes and histones 

during inflammation. Inhibition of FSAP-induced nucleosome release might in part explain 

the anti-inflammatory effects of high-dose administration of recombinant TFPI observed in 

animal and human sepsis (21-23). 
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Abstract 
Introduction: Factor VII-activating protease (FSAP) has been reported as plasma protease 

responsible for nucleosome release from late apoptotic and necrotic cells. FSAP circulates 

as an inactive single-chain molecule and is activated upon contact with dead cells. FSAP 

activation has been observed in several inflammatory conditions. Neutrophils are the main 

effector cells seen early in the response to pathogens. They have a short half-life and high 

turnover rate. Moreover, they have the ability to release their nucleosomes in the form of 

neutrophil extracellular traps (NETs). The aim of this project is to investigate the activation 

of FSAP by neutrophils and to identify the structure(s) responsible for FSAP activation.  

Methods: Formation of complexes of FSAP with its inhibitor α2-antiplasmin is used as a 

measure for FSAP activation. Plasma was incubated with necrotic cells and FSAP-α2-antiplasmin 

complexes were measured by ELISA. To get more insight in which organelle of the cell is 

involved in FSAP activation, binding of FSAP to cells was analyzed by confocal microscopy.  

Results and Conclusions: PBMCs were able to activate FSAP in serum. Interestingly, necrotic 

neutrophils fail to activate FSAP in the serum. The absence of activation was not due to 

proteolysis of FSAP-α2-antiplasmin complexes or the activator of FSAP present in the cells. 

FSAP displayed a strong nucleolar staining and diffuse staining pattern in the cytoplasm. 

Several forms of purified RNA failed to activate FSAP in serum. In conclusion, we show that 

necrotic neutrophils are not capable of activating FSAP. Neutrophils lack a factor that is 

involved in FSAP activation. The nucleolar binding of FSAP and the lack of activation by RNA 

might suggest that a ribosomal protein is involved in FSAP activation.
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Introduction
FSAP, also known as plasma hyaluronic acid binding protein 2 (HABP2), has been initially 

described as a protease which was able to activate factor VII (FVII) in vitro in the absence 

of tissue factor (TF) (1). We recently have reported a novel role for FSAP, being the plasma 

protease responsible for nucleosome release from late apoptotic cells (2). In addition, in 

cooperation with serum deoxyribonuclease I (DNase I), FSAP can release nucleosomes from 

necrotic cells (3).In purified systems, several inhibitors such as C1-inhibitor (C1inh), α2-

antiplasmin (AP), antithrombin III (AT-III), tissue factor pathway inhibitor (TFPI) and PAI-1 have 

been reported to inhibit the amidolytic activity of two-chain FSAP (tcFSAP). In plasma, C1inh 

and AP have been demonstrated to form complexes with activated tcFSAP (4). 

FSAP is a serine protease circulating as an inactive single-chain molecule of 78 kDa in plasma. 

In purified systems, single-chain FSAP (scFSAP) has been reported to be susceptible to 

autoproteolysis. Upon activation scFSAP is converted to its active two-chain form consisting of 

a 50 kDa heavy and a 28 kDa light chain, connected by a disulfide bond (5). Kannemeier et al. 

have shown that this autoactivation was enhanced in the presence of heparin, whereas Ca2+ 

ions stabilized scFSAP (6). Negatively charged polyanions, such as heparin, polyphosphates, 

DNA and RNA have been demonstrated to accelerate autoproteolysis of purified scFSAP 

(1;5;7-9). Also polycations, such as polyamine and histones have been demonstrated to 

activate scFSAP (10;11). 

However, FSAP in plasma is quite resistant to autoactivation (4). Upon purification FSAP 

becomes very susceptible to autoactivation (2). For a molecule described to be involved in 

coagulation and fibrinolysis is seems unusual that even total coagulation of blood does not 

lead to FSAP activation. Moreover in serum no activation of FSAP was observed. We have 

shown that FSAP in plasma becomes activated upon contact with either late apoptotic or 

necrotic cells (4). 

We have observed FSAP activation in post-surgery patients, and patients suffering from 

severe sepsis, septic shock, and meningococcal sepsis (4). The inflammatory response during 

sepsis leads to the induction of widespread cell death and levels of FSAP activation correlated 

with nucleosome levels, disease severity and mortality in these patients (4). Neutralization 

of nucleosomes and DNA-binding proteins such as histones has been shown to attenuate the 

pro-inflammatory response and rescue animals in lethal sepsis models (12).

Neutrophils are the main effector cells to recognize and destroy foreign bacteria at sites of 

infection. Neutrophils belong to the class of polymorphonuclear cells (PMNs), which contain 

nuclei with a multilobulated shape. They constitutively undergo apoptosis both in vivo and in 
vitro. Upon maturation, neutrophils are released into the bloodstream where they circulate 

for ~10–24 hours before migrating into tissue where they may function for an additional 

1–2 days before undergoing apoptosis and being cleared by macrophages (13;14). Recently, 
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it has been reported that activation of neutrophils can lead to the formation of neutrophil 

extracellular traps (NETs). These NETs consist of DNA, histones and antimicrobial enzymes 

and can be secreted by neutrophils to trap and kill pathogens (15). Neutrophils have been 

shown to contribute to the initiation and progression of severe sepsis and may induce organ 

damage through the extracellular release of proteolytic enzymes (16-18), oxygen radicals 

(19;20) and neutrophil extracellular traps (NETs) (21). 

Since there is a high turnover of neutrophils and they have the ability to release their 

nucleosomes in the form of NETs, the aim of this project is to investigate the activation of 

FSAP by neutrophils and to identify the structure(s) responsible for FSAP activation.

Materials and methods
Reagents
Mouse monoclonal antibodies anti-FSAP4 (2) and AAP20 to α2-antiplasmin were prepared 

at our department. Iscove’s modified Dulbecco’s medium was obtained from BioWhittaker 

Europe (Verviers, Belgium). Fetal calf serum was obtained from Bodinco BV (Alkmaar, The 

Netherlands). High performance ELISA buffer (HPE) and Poly-HRP labelled streptavidin were 

obtained from Sanquin (Amsterdam, The Netherlands). (3,5,3’,5’)-tetramethylbenzidine 

(TMB) was obtained from Merck (Darmstadt, Germany). 4’,6-diamidino-2-phenylindole (DAPI) 

was obtained from Sigma (Zwijndrecht, The Netherlands). HEp2 ANA slides were obtained 

from INOVA Diagnostics (San Diego, USA). Fluorescein isothiocyanate (FITC)-labeled goat 

anti-mouse antibody (GαM-FITC) was from DAKO (Glostrup, Denmark). All sera from healthy 

donors (HD) have been obtained as anonymized samples from the diagnostic laboratory, 

according to the Dutch rules and regulation for the use of patient material. All donors were 

homozygous for the wild-type form of FSAP (22).

Cell culture, isolation of PMNs and PBMCs and induction of necrosis 
Human PBMCs and neutrophils were isolated by density gradient centrifugation on 

Lymphoprep™ from citrated blood from healthy donors. PBMCs were washed and 

resuspended with HN-buffer (10 mM Hepes, 140 mM NaCl, pH 7.2). Following erythrocyte 

lysis, neutrophils were washed and resuspended with HN-buffer. Necrosis was induced by 3 

cycles of freezing and thawing the cells (5x106 cells/ml).

FSAP activation 
FSAP was activated by incubating serum for 30 minutes at 37°C with necrotic cells (2.5x106 

cells/ml) in HN-buffer. Samples were centrifuged at 1300 x g for 10 minutes and FSAP 

activation was measured in the supernatant by detection of FSAP- α2-antiplasmin (FSAP-AP) 

complexes.
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Determination of FSAP- α2-antiplasmin complexes by ELISA 
FSAP-AP complex levels were determined by an ELISA as recently described (4). Briefly, a 

monoclonal antibody (AAP20) which recognizes α2-antiplasmin was used as a catching 

antibody. Biotinylated anti-FSAP4 which recognizes the light chain of FSAP in combination 

with poly-HRP was used for detection. 

Confocal microscopy
HEp2 ANA slides were used containing a human epithelial cell line (HEp2) optimally-fixed 

on a 12 wells slide. All incubation steps were performed in a humid plastic container. HEp2 

ANA slides were incubated with plasma of a healthy donor (1:5 dilution in PBS) for 30 min 

at RT. After washing with PBS, the cells were incubated with anti-FSAP4 (50 µg/ml) or a 

control monoclonal antibody of the same isotype with an irrelevant specificity (anti-IL6.8, 

50 µg/ml), for 30 min at RT. Antibodies were diluted in PBS with 0.5% bovine serum albumin 

(BSA). The cells were washed with PBS and incubated with FITC labeled GαM (1:5) and DAPI 

(1:1.000.000). After 30 min incubation in the dark, de cells were washed again with PBS and 

analyzed by confocal microscopy (Zeiss LSM 510 META/TIRF microscope) and Zeiss micro 

imaging software (Carl Zeiss 2009 Zen). 

Statistics
Results are expressed as mean ± SEM. The Mann-Whitney rank-sum test was used to assess 

differences between groups at a given time. A P-value < 0.05 was considered to be statistically 

significant.

Results
Lack of FSAP activation by dead neutrophils
Recently we have shown that FSAP in serum is activated upon contact with late apoptotic 

as well as necrotic cells. A Jurkat cell line was used for these experiments. To investigate the 

activation of FSAP in serum by different types of primary cells, peripheral blood mononuclear 

cells (PBMCs) and polymorphonuclear cells (PMNs) were isolated from blood of a healthy 

donor (HD), necrosis was induced and cells were incubated with HD serum. After incubation, 

FSAP-α2-antiplasmin (FSAP-AP) complex formation was detected by ELISA as a measure for 

FSAP activation. PBMCs were able to activate FSAP in serum. Interestingly, necrotic PMNs 

fail to activate FSAP in the serum (Figure 1). To exclude that FSAP is a property of cell lines 

exclusively we also tested lymphocytes and monocytes isolated from peripheral blood. Both 

necrotic lymphocytes and monocytes were able to activate FSAP in serum (data not shown).
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Proteolysis by neutrophil proteases
The next step was to investigate whether there was a lack of activation by the PMNs 

or inhibition of the activation by a factor in the PMNs. Since PMNs are known to release 

proteases, the absence of FSAP-AP complexes upon incubation with PMNs could be due to 

proteolysis of FSAP-AP complexes or the activator of FSAP present in the cells could still be 

the target of proteolysis. Because necrosis was induced in the absence of serum, the natural 

inhibitors of neutrophil proteases are absent. Therefore, to directly inhibit the proteases 

with their serum inhibitors, necrosis was induced in presence of serum of a FSAP-deficient 

donor. Necrosis induction in PMNs in presence of serum confirmed that PMNs are not able 

to activate FSAP (Figure 2). To check whether there was still an inhibiting factor present, 

PMNs were added to PBMCs and necrosis was induced in presence of FSAP-deficient serum. 

Further incubation with FSAP-sufficient serum leads to the formation of FSAP-AP complexes 

indicating that PMNs do not inhibit the activation by PBMCs (Figure 2). These results suggest 

that the activator of FSAP is not present in PMNs.

Structure of neutrophils
Neutrophils contain nuclei with a multilobulated shape and mature neutrophils contain 

few mitochondria and ribosomes in their cytoplasm (23). To confirm that one of these 
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Figure 2: FSAP activation by necrotic PBMCs and PMNs 
in presence of serum 
Necrosis was induced in isolated PBMCs, PMNs or PBMCs 

combined with PMNs in presence of FSAP-deficient 

serum. Next, cells were incubated with serum of a 

healthy donor for 30 minutes at 37°C. After incubation, 

FSAP activation was measured in the supernatant by 

detection of FSAP-AP complexes. FSAP-AP complexes 

were expressed as percentage of the amount FSAP-

AP complexes present after incubation with necrotic 

PBMCs. Results are given as mean ± SEM, (n = 3).
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Figure 1: FSAP activation by necrotic PBMCs and PMNs
Necrosis was induced in isolated PBMCs and PMNs and 

cells were incubated with serum of a healthy donor for 

30 minutes at 37°C. After incubation, FSAP activation 

was measured in the supernatant by detection of FSAP-

AP complexes. FSAP-AP complexes were expressed as 

percentage of the amount FSAP-AP complexes present 

after incubation with necrotic PBMCs. Results are given 

as mean ± SEM, (n = 3).
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Figure 3: FSAP activation by necrotic human and chicken 
erythrocytes 
Isolated human and chicken erythrocytes (RBC) (12.5x106 

cells/ml) were sonicated and incubated with serum of a 

healthy donor for 30 minutes at 37°C. After incubation, 

FSAP activation was measured in the supernatant by 

detection of FSAP-AP complexes. FSAP-AP complexes 

were expressed in AU/ml. Results are given as mean ± 

SEM, (n = 3).

organelles that are different in PMNs compared to PBMCs are involved in the activation 

of FSAP we used sonicated human erythrocytes which lack a nucleus and cytoplasmic 

organelles such as mitochondria, endoplasmic reticulum, Golgi apparatus and ribosomes. 

We compared these human erythrocytes with avian erythrocytes, which contain a nucleus 

and its cytoplasmic organelles. Serum was incubated with sonicated human erythrocytes 

and chicken erythrocytes. Sonicated human erythrocytes were unable to activate FSAP while 

sonicated chicken erythrocytes can activate FSAP in plasma as shown by the FSAP-AP complex 

formation (Figure 3). This indeed suggests that the nucleus or one of the missing organelles in 

neutrophils and erythrocytes is involved in FSAP activation by dead cells.

Binding of FSAP to dead cells
FSAP binds to late apoptotic as well as necrotic Jurkat cells as shown by flow cytometry 

analysis (4). To get more insight in which organelle of the cell is involved in FSAP activation, 

we investigated the binding of FSAP to cells by confocal microscopy. Since cellular structures 

in Jurkat cells are hard to distinguish by microscopy, we made use of HEp2 cells with a clear 

cellular morphology. First necrotic HEp2 cells were tested in FSAP activation and were shown 

to be able to activate FSAP in serum (data not shown). To visualize the binding of FSAP to 

cells, fixed HEp2 cells were incubated with plasma followed by incubation with a monoclonal 

anti-FSAP antibody. Cells were stained with a FITC-labeled goat anti-mouse antibody. FSAP 

yields a strong nucleolar staining and diffuse staining pattern in the cytoplasm (Figure 4). 

Cells incubated with FSAP-deficient serum or an isotype control antibody were negative for 

FSAP staining (data not shown). These findings suggest that FSAP binds to a target present 

in the nucleoli and cytoplasm of the cells. The nucleoli and also the ribosomes are made up 

of ribosomal proteins and RNA. RNA is described to activate FSAP in a purified system (9). 

We tested total RNA, transfer RNA and poly I:C, the synthetic form of double-stranded RNA, 

in FSAP activation in serum. All tested forms of RNA fail to activate FSAP in serum (data not 

shown).
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Discussion
Single-chain FSAP (scFSAP) in purified systems has been reported to be susceptible to 

autoproteolyis and several activators of purified scFSAP have been described. However, FSAP 

in plasma is quite resistant to autoactivation (4). We have previously shown that FSAP in 

plasma becomes activated upon contact with either late apoptotic or necrotic cells (4). In this 

study we show that necrotic neutrophils are not capable of activating FSAP. Neutrophils lack 

a factor that is involved in FSAP activation. 

FSAP is a serine protease present in serum that is responsible for nucleosome release from late 

apoptotic and necrotic cells. Upon contact with dead cells, FSAP becomes activated and can 

release nucleosomes from the cells (2;4). In absence of serum, nucleosomes remain bound 

to dead cells (24). Circulating phagocytes may not be very efficient in taking up these large 

fragments of cellular material. The removal of nucleosomes from dead cells may therefore help 

in phagocytosis of the cell remnants and prevent exposition of the immunogenic intracellular 

Figure 4: FSAP binding to HEp2 cells
HEp2 cells fixed on ANA slides were incubated with 20% plasma for 30 minutes at RT. Cells were then incubated with 

anti-FSAP4 (50 µg/ml) and stained with a secondary antibody FITC labeled GαM (1:5) to visualize FSAP binding to 

the cells. DNA was counterstained with DAPI (1:1.000.000). Images were acquired with confocal microscopy. Scale 

bars = (A) 50 µm or (B) 20 µm 
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content and thereby the development of an autoimmune response. Dead neutrophils 

however do not activate FSAP and consequently FSAP is not able to remove nucleosomes 

from the neutrophils. Neutrophil turnover is rapid and they are the most abundant but also 

very short-lived human white blood cells. Upon maturation, neutrophils are released into the 

bloodstream where they circulate for 10–24 hours before migrating into tissue where they 

may function for an additional 1–2 days before undergoing apoptosis and being cleared by 

macrophages (25;26). When dead neutrophils would be able to activate FSAP, there would be 

continuous FSAP activation, which is not the case since FSAP activation cannot be detected 

in plasma of healthy subjects (4). Furthermore netosis is an important neutrophil function 

leading to the release of neutrophil extracellular traps (NETs) in response to various stimuli. 

NETs are networks of extracellular fibers, primarily composed of DNA, histones and proteases 

from the neutrophil, which binds pathogens (15). Immediate breakdown of these NETs by 

FSAP due to nucleosome release would abrogate the antimicrobial role of the NET forming 

neutrophil. Recently it was suggested that NETs also participate in the pathogenesis of a 

variety of inflammatory and autoimmune diseases, including systemic lupus erythematosus 

(SLE). An imbalance between NET formation and degradation in SLE patients may play a role 

in the perpetuation of autoimmunity and the exacerbation of disease (27). To our knowledge 

DNase is the only factor described to play a role in this NET degradation. However, FSAP 

might also have a function in the degradation of NETs. We described that in the chromatin 

breakdown and release of nucleosomes from necrotic cells FSAP cooperates with serum 

DNase I (3). A similar mechanism might function in the degradation of NETs.

Neutrophils differ from PBMCs in their morphology in the way that they have multilobed 

nuclei. During maturation the number of mitochondria and ribosomes decreases and the 

Golgi apparatus is small and the rough endoplasmic reticulum is absent. Glycogen granules, 

the main source of energy, fill the cytoplasm of mature neutrophils. Like neutrophils, human 

erythrocytes also lack cytoplasmic organelles such as mitochondria, endoplasmic reticulum, 

Golgi apparatus and ribosomes. In addition, erythrocytes also lose their nucleus during 

maturation. Similar to neutrophils also dead erythrocytes fail to activate FSAP whereas avian 

erythrocytes containing a nucleus and cytoplasmic organelles do activate FSAP. These results 

suggest that the nucleus or one of the missing organelles in neutrophils and erythrocytes is 

involved in FSAP activation by dead cells.

To get an indication which organelle of the cell is involved in FSAP activation, we investigated 

the binding of FSAP to cells. The binding structure of FSAP in the cells does not necessarily 

have to be the activator of FSAP, however this may give an indication of the activator of 

FSAP. Confocal microscopy analysis showed a nucleolar and cytoplasmic binding pattern. This 

binding pattern showed similarities with an antinuclear antibody (ANA) nucleolar staining 

pattern observed in patients with scleroderma or CREST syndrome (28). The nucleolar staining 
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pattern is associated with many antibodies including anti-Scl-70 (anti-topoisomerase 1), anti-

PM-Scl (anti-exosome), anti-fibrillarin, anti-Th/To ribonucleoprotein and anti-RNAPI/III (anti-

RNA polymerase I/III) (29-33). Since most of the autoantibodies showing this distinct staining 

pattern are directed against structures containing- or are composed of ribosomal proteins 

and RNA these structures seem plausible candidates for FSAP binding and/or activation.

 The nucleolus is the site of rRNA transcription and processing, and of ribosome assembly. 

The nucleoli are made up of both, ribosomal proteins and RNA. Nakazawa et al. identified 

cell-derived RNA species as potent cofactors for the autoactivation of FSAP. They have shown 

that several forms of RNA were able to autoactivate the isolated proenzyme of FSAP. Indeed, 

the FSAP binding pattern to HEp2 cells showed a similar pattern as the RNA staining of the 

cells with acridine orange. However, we do not see activation of FSAP in plasma by total 

RNA, transfer RNA or synthetic RNA. This discrepancy in results may be explained by the 

fact that we use a plasma system. Purified FSAP may be more susceptible for activation by 

RNA compared to scFSAP present in plasma, or factors plasma may bind and neutralize the 

RNA. Another difference could be the purity of the several forms of RNA.  In addition, we 

routinely use RNase-treated cells to induce FSAP activation, since RNase treatment improves 

the specificity of the propidium iodide staining used in the nucleosome releasing factor assay 

(24). No differences in FSAP activation could be found between RNase treated and untreated 

cells suggesting that FSAP activation by RNA in our system is rather unlikely. The nucleolar 

binding of FSAP and the fact that FSAP activation is unaffected by RNase treatment might 

suggest that a ribosomal protein is involved in FSAP activation. 

Furthermore DNA and histones are described to activate FSAP in a purified system (11;34). 

However, in our system that is unlikely, since the nucleus present in the neutrophils consists 

of DNA and histones. Furthermore the binding analysis of FSAP to the HEp2 cells did not 

show a nuclear staining. Nakazawa et al. showed that DNA was not capable of mediating the 

autoactivation of FSAP (9). Moreover, bacterial circular double-stranded DNA, did not activate 

FSAP in our plasma system (data not shown). Further research is required to elucidate what 

the exact activator of FSAP is. Furthermore, it is of interest to investigate whether activated 

FSAP is also not able to release nucleosomes of dying neutrophils or cooperate in the 

degradation of neutrophil extracellular traps. In summary, we show that necrotic neutrophils 

are not capable of activating FSAP. Neutrophils lack a factor that is involved in FSAP activation. 
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Abstract
Objectives: Removal of dead cells is essential in maintenance of tissue homeostasis and 

efficient removal prevents exposure of intracellular content to the immune system which 

could lead to autoimmunity. The plasma protease factor VII-activating protease (FSAP) can 

release nucleosomes from late apoptotic cells. FSAP circulates as an inactive single-chain 

protein, which is activated upon contact with either apoptotic or necrotic cells. In this study 

we investigated the role of FSAP in the release of nucleosomes from necrotic cells. 

Methods: Necrotic Jurkat cells were incubated with serum, purified tcFSAP and/or DNase I. 

Nucleosome release was analyzed by flow cytometry and agarose gel electrophoresis was 

performed to detect DNA breakdown. 

Results: We show that serum can release nucleosomes from necrotic cells. FSAP-deficient 

serum or serum in which FSAP is inhibited by an inhibiting antibody is unable to release 

nucleosomes from necrotic cells, confirming that indeed FSAP is the essential serum factor 

in this process. Together with serum DNase I, FSAP induces release of DNA from the cells, 

the appearance of nucleosomes in the supernatant and fragmentation of the chromatin into 

eventually mononucleosomes. 

Conclusions: FSAP and DNase I are the essential serum factors cooperating in DNA degradation 

and nucleosome release in necrotic cells. We propose that this mechanism may be important 

in the removal of potential autoantigens.
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Introduction
In multicellular organisms, cell death is essential for the control of tissue homeostasis. Dying 

cells are efficiently removed by phagocytic cells in order to prevent release of potentially 

harmful cytotoxic and immunogenic cellular content into the microenvironment (1). 

Insufficient removal of dying cells or the inability to mask and digest nuclear material may 

lead to autoantibody formation, inflammation and development of autoimmune diseases, 

such as systemic lupus erythematosus (SLE) (2-4). SLE is a chronic inflammatory autoimmune 

disease, characterized by unpredictable exacerbations and remissions with variable clinical 

manifestations. One of the main characteristics is the formation of autoantibodies against 

ubiquitous intracellular antigens e.g. ds-DNA, histones and nucleosomes. During the course 

of SLE, nucleosomes are found in the blood of patients where they can bind antibodies to 

form immune complexes with the potency to deposit in the glomeruli (5-8).

Napirei et al. have shown that incubation of necrotic cells with mouse serum leads to 

chromatin breakdown as well as to removal of nucleosomes and observed that serum DNase 

I plays a crucial role in this process (9). Moreover the physiological importance of DNase 

I is demonstrated by the fact that decreased activity of serum DNase I has been shown in 

patients with SLE (10;11). However, Napirei et al. showed that serum DNase I was essential 

but insufficient by itself for chromatin breakdown and that the contribution of a serum serine 

protease was required. This protease was identified as plasmin, based on the observation 

that protease inhibitors specific for plasmin were able to inhibit the nucleosome generation 

in necrotic cells (9).

We have previously shown that serum releases nucleosomes from late apoptotic cells (12). 

The serum factor responsible for this nucleosome release is factor VII-activating protease 

(FSAP) (13). FSAP, also known as plasma hyaluronic acid binding protein 2 (HABP2), is a 

serine protease circulating in plasma as an inactive single-chain molecule of 78 kDa. It is 

proteolytically converted into its active two-chain form consisting of a 50 kDa heavy and a 

28 kDa light chain, connected by a disulfide bond (14). FSAP has several plasma inhibitors 

including α2-antiplasmin (15) and tissue factor pathway inhibitor (TFPI) (16), which are 

inhibitors of plasmin as well. FSAP has been described to be activated upon contact with 

either late apoptotic or necrotic cells (15) and circulating histones (17).

Based on the role of FSAP in the nucleosome release from late apoptotic cells, we investigated 

in this study the role of FSAP in the release of nucleosomes from necrotic cells upon incubation 

with serum.

Materials and Methods
Reagents
Mouse monoclonal antibodies anti-FSAP4 (13), AAP20, AAP11, AP1 (18) and ANA58 
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and ANA60 (19) were prepared at our department. IMDM medium was obtained from 

BioWhittaker Europe (Verviers, Belgium). Fetal calf serum was obtained from Bodinco BV 

(Alkmaar, The Netherlands). Penicillin and streptomycin were obtained from Gibco/Invitrogen 

(Groningen, the Netherlands). RNase A, DNase I and ß-mercaptoethanol were obtained 

from Sigma (Zwijndrecht, The Netherlands). High performance ELISA buffer (HPE) and Poly-

HRP labelled streptavidin were obtained from Sanquin (Amsterdam, The Netherlands). 

(3,5,3’,5’)-tetramethylbenzidine (TMB) was obtained from Merck (Darmstadt, Germany). 

QIAamp® DNA Blood Mini kit was obtained from Qiagen (Venlo, The Netherlands). NuPage 

12% polyacrylamide gels, SDS sample buffer, SilverQuest kit and Dynal® CD4+ Isolation kit 

were obtained from Invitrogen (Groningen, The Netherlands). Lymphoprep™ was obtained 

from Axis-shield (Oslo, Norway).

Plasma-derived two-chain FSAP has been obtained by purification as described (13). The 

construction, production, purification and activation of thermolysin-activatable FSAPR313Q 

mutant has been described previously (20). Blood was collected from donors and allowed 

to clot for 30 minutes at room temperature. After centrifugation at 1300 x g for 10 minutes, 

serum was removed and stored at -20°C. All healthy donors were homozygous for the 

wild-type form of FSAP. All sera and buffycoats from healthy donors have been obtained 

as anonymized samples from the diagnostic laboratory, according to the Dutch rules and 

regulation for the use of patient material.

FSAP-deficient donor
The sera received from anonymous healthy donors were tested for nucleosome releasing 

activity, FSAP activation and FSAP antigen levels (13). Serum of one donor was not functional 

in releasing nucleosomes from late apoptotic cells. In addition, no FSAP-inhibitor complexes 

could be detected upon activation of FSAP and the serum was negative in the FSAP antigen 

ELISA. Subsequently DNA was isolated from serum of the FSAP-negative donor as well as 

from a healthy donor using the QIAamp® DNA Mini Kit (Qiagen). Sequence analysis was 

performed as described by Kuijpers et al.(21). A homozygous nonsense mutation substituting 

an arginine with a stopcodon (c.607C>T  p.R203X) was found, leading to a truncated protein 

lacking activity.

Cell culture, isolation of human CD4+ T lymphocytes and induction of necrosis 
Human PBMCs were isolated by density gradient centrifugation on Lymphoprep™ from 

buffycoats obtained from healthy donors. From the PBMCs, CD4+ cells were purified with 

a Dynal® CD4+ Isolation kit. Jurkat cells were cultured in culture medium (Iscove’s Modified 

Dulbecco’s Medium (IMDM) containing 5% (v/v) fetal calf serum (FCS), penicillin (100 IU/ml), 
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streptomycin (100 µg/ml) and 50 µM ß-mercaptoethanol. Necrosis was induced by incubation 

of Jurkat cells or isolated T-cells (2x106 cells/ml) at 56°C for 30 minutes. After induction of 

necrosis, cells (1x106 cells/ml) were cultured in FCS-free medium at an atmosphere of 5% 

CO2 at 37°C for 48 hours in the presence of human serum, purified tcFSAP and/or DNase.

Analysis of nucleosome release by flow cytometry
Necrotic cells were washed with HN buffer (50 mM Hepes, 100 mM NaCl at pH 7.4). To 

examine the release of nucleosomes, cells were stained with propidium iodide (PI) diluted 

in HN buffer (1 µg/ml). Samples were analyzed by flow cytometry. The median fluorescence 

intensity of PI was measured and quantified using the FACS Diva Software (Becton Dickinson, 

Mountain view, CA, USA). In our assay the FSAP content of serum was set on 100 arbitrary 

units per ml (AU/ml). Dilutions of serum (expressed as % serum) were compared with the 

same amount of AU/ml purified FSAP. 

Nucleosome ELISA
Nucleosome levels were determined by an ELISA as recently described (12;19). Briefly, 

monoclonal antibody CLB-ANA60, which recognizes histone H3 was used as a catching 

antibody. Biotinylated F(ab’)2 fragments of CLB-ANA58, which recognizes an epitope exposed 

on complexes of histone H2A, histone H2B and dsDNA, in combination with poly-HRP was 

used for detection. 

Analysis of DNA degradation by agarose gel electrophoresis
After induction of necrosis, cells were cultured in an atmosphere of 5% CO2 at 37°C for 24 

hours in presence of purified FSAP and/or DNase I. Samples were treated with RNase (10 

U/ml) for 30 minutes at 37°C. DNA was isolated using a QIAamp® DNA Blood Mini kit and 

samples were loaded on a 0.9% agarose gel containing 0.5 µg/ml ethidium bromide. The gel 

was run in TAE (Tris-acetate-EDTA) buffer.

Plasmin-α2-antiplasmin complex ELISA
Plasmin-α2-antiplasmin (PAP) complexes were measured using ELISA. Monoclonal antibody 

AAP11, directed against inactivated and complexed α2-antiplasmin was used as a catching 

antibody and monoclonal antibody AP1 against plasmin in combination with poly-HRP 

was used for detection. Plasma incubated with urokinase was used as a standard with a 

concentration of 2100 nmol/l PAP-complexes. Results were expressed in nmol/l (18).

FSAP-α2-antiplasmin complex ELISA
FSAP-α2-antiplasmin (FSAP-AP) complex levels were determined by an ELISA as recently 
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described (15). Briefly, a monoclonal antibody (AAP20) which recognizes α2-antiplasmin was 

used as a catching antibody. Biotinylated anti-FSAP4 which recognizes the light chain of FSAP 

in combination with poly-HRP was used for detection. 

SDS-PAGE and silverstaining
After induction of necrosis, cells (5x106 cells/ml) were cultured in an atmosphere of 5% 

CO2 at 37°C for 48 hours in presence or absence of plasma-purified FSAP or thermolysin-

activated recombinant FSAPR313Q (20).  Cells were washed with HN buffer, taken up in 

SDS-PAGE sample buffer and samples were applied to NuPage 12% polyacrylamide gel. After 

electrophoresis, silverstaining was performed using the SilverQuest silverstaining kit.

Statistics
Results are presented as mean ± SEM. In case of normal distribution, comparison between 

groups is performed by using parametric testing by means of t-test. A p-value <0.05 was 

considered to be statistically significant.

Results
To test whether human serum is able to release nucleosomes from necrotic cells, necrotic 

Jurkat cells or isolated T-cells were incubated with serum and the remaining cellular DNA 

content was measured by staining the cell remnants with propidium iodide (PI) followed by 

flow cytometry analysis. Untreated cells retained all DNA in the cells as shown by the positive 

grey shaded PI-peak in figure 1A. When cells were incubated with serum of a healthy donor, 

a shift of the PI-peak was observed indicating that indeed part of the cells lose their DNA 

(Figure 1A). When FSAP in the serum was blocked with a neutralizing antibody, no decrease 

in PI-staining was observed indicating that FSAP in fact is involved in nucleosome release from 

necrotic cells (Figure 1B). The role of FSAP in nucleosome release was confirmed by using 

serum of an FSAP-deficient donor. Again no nucleosome release could be detected (Figure 

1C). Results of the quantitative analysis of the nucleosome release are shown in Figure 1D.

To test whether FSAP is sufficient for nucleosome release from necrotic cells or that, as 

indicated by Napirei et al (9), also DNase I is required for this process, we incubated necrotic 

cells with purified FSAP alone or in combination with DNase I. When cells were incubated 

with plasma-derived purified FSAP, the cells retained the DNA in the cell comparable to the 

untreated cells (Figure 2A). This indicates that there is no nucleosome releasing activity of 

purified FSAP in necrotic cells. Incubation of DNase I alone does not lead to a decrease in 

PI signal either (Figure 2B). When cells were incubated with DNase I in combination with 

purified FSAP a shift in the PI peak was observed, indicating that FSAP cooperates with DNase 
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Figure 1: Analysis of nucleosome release from necrotic cells by serum in which FSAP is inhibited or absent.
After induction of necrosis, Jurkat cells or isolated T-cells were cultured with (A) 10% serum of a healthy donor, (B) 

10% serum of a healthy donor in presence of a monoclonal antibody against FSAP (20 µg/ml) or (C) 10% serum of 

a FSAP-deficient donor at 37°C for 48 hours. Next cells were stained with propidium iodide (1 µg/ml) and analyzed 

by flow cytometry. The untreated cells are indicated by the grey shaded area. (D) The percentage of DNA-positive 

cells is shown as mean±SEM, n=3. An antibody with the same isotype and of an irrelevant specificity did not inhibit 

nucleosome release (not shown).
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Figure 2: Analysis of nucleosome release from necrotic cells by plasma-purified FSAP in combination with DNase I.
After induction of necrosis, Jurkat cells or isolated T-cells were cultured with (A) plasma-purified FSAP (10 U/ml), (B) 

DNase I (50 mU/ml) or (C) a combination of DNase I (50 mU/ml) and FSAP (10 U/ml) at 37ºC for 48 hours. Next cells 

were stained with propidium iodide (1 µg/ml) and analyzed by flow cytometry. The untreated cells are indicated by 

the grey shaded area. (D) The percentage of DNA-positive cells is shown as mean±SEM, n=3.
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I in releasing nucleosomes from necrotic cells (Figure 2C). Results of the nucleosome release 

are summarized in Figure 2D.

To confirm that the cells release their DNA in the form of nucleosomes, an ELISA was 

performed to measure nucleosomes in the supernatant. Indeed, high levels of nucleosomes 

were detected in the supernatant of the cells that were incubated with serum or with 

purified FSAP and DNase I, whereas no or low nucleosome levels could be measured in the 

supernatant of untreated cells or cells incubated with either purified FSAP or DNase I alone 

(Figure 3). 

DNA fragmentation by FSAP and DNase I
To analyze DNA breakdown of necrotic cells, DNA was isolated and agarose gel electrophoresis 

was performed. Cells were incubated with purified FSAP and/or DNase I. Necrotic cells 

cultured in absence of both components showed no DNA-laddering as shown in Figure 4. 

Necrotic cells incubated with FSAP alone did not show DNA fragmentation either whereas 

cells incubated with DNase I alone demonstrated a DNA smear of high molecular weight 

Figure 3: Nucleosomes in supernatant of necrotic cells after incubation with serum in which FSAP is inhibited or 
absent and plasma-purified FSAP in combination with DNase I.
After induction of necrosis, Jurkat cells were cultured with 10% serum of a healthy donor (HD), 10% serum of a 

healthy donor in presence of a monoclonal antibody against FSAP (20 µg/ml), 10% serum of a FSAP-deficient donor, 

plasma-purified FSAP (10 U/ml), DNase I (50 mU/ml) or a combination of DNase I (50 mU/ml) and FSAP (10 U/ml) at 

37°C for 48 hours. Next nucleosomes were measured in supernatant by ELISA. Nucleosomes were expressed as AU/

ml. Results are given as mean ± SEM, n=3.
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(HMW) DNA indicating random cleavage of the DNA (Figure 4). Notably, necrotic cells 

incubated with FSAP in combination with DNase I showed DNA fragmentation of HMW DNA 

leading to a banding pattern characteristic for nucleosomes. 

No plasminogen activation upon incubation with necrotic cells
Since plasmin is described to function together with DNase I in the degradation of the 

chromatin and release of nucleosomes from necrotic cells as well,(9) we tested whether 

plasminogen is activated after incubation with necrotic cells. Serum was incubated with or 

without necrotic cells and plasmin-α2-antiplasmin (PAP) complexes were measured by ELISA. 

Figure 4: Analysis of DNA fragmentation by FSAP and 
DNase I
After induction of necrosis, Jurkat cells were cultured 

in an atmosphere of 5% CO2 at 37°C for 24 hours in 

presence of purified FSAP (10 U/ml) and/or DNase I (50 

mU/ml). DNA was isolated and samples were subjected 

to agarose gel electrophoresis. A 100 bp DNA marker 

served as molecular weight marker.

Figure 5: Analysis of plasminogen and 
FSAP activation upon incubation with 
necrotic cells
After induction of necrosis, Jurkat cells 

were cultured in an atmosphere of 5% 

CO2 at 37°C for 48 hours in presence of 

serum of a healthy donor. Next plasmin-α2-

antiplasmin (PAP) and FSAP-α2-antiplasmin 

(FSAP-AP) complexes were measured in 

supernatant by ELISA. Serum incubated 

without necrotic cells and serum incubated 

with necrotic cells and urokinase (10 µg/

ml) was used as a negative and positive 

control, respectively. Results are given as 

mean ± SEM, n=3. 
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Figure 6: Histone H1 degradation upon incubation of necrotic cells with plasma-purified FSAP
After induction of necrosis, Jurkat cells were cultured in an atmosphere of 5% CO2 at 37ºC for 48 hours in presence of 

plasmsa-purified FSAP (10 U/ml) or recombinant thermolysin-activatable FSAPR313Q (10 U/ml). Cells were washed 

and samples were subjected to SDS-PAGE 12% gel and silverstaining was performed (A). The corresponding cleaved 

protein was excised from an untreated sample and subjected to analysis by mass spectrometry. A description of 

the histone H1 subtypes, the uniprot accession number, sequence coverage (in % of total number of amino acids), 

number of peptides identified, protein score as calculated using Proteome Discoverer 1.1 and molecular weight 

(MW) are provided (B). PP FSAP, plasma-purified FSAP; rec FSAP, thermolysin-activated FSAPR313Q; H1, histone H1

No PAP-complexes could be detected upon incubation of serum with necrotic cells, indicating 

that plasminogen is not activated into plasmin (Figure 5). However, FSAP is activated when 

serum is incubated with necrotic cells as shown by the formation of FSAP-α2-antiplasmin 

complexes in the serum (Figure 5).

Histone H1 degradation by FSAP
Napirei et al. have shown that there is a loss of histone H1 upon incubation of necrotic cells 

with DNase1-/- serum and that this effect is inhibited by the addition of aprotinin or PAI-1 

(9). To test whether histone H1 was cleaved by FSAP, we incubated necrotic cells with purified 

plasma-derived FSAP. Indeed, histone H1 was degraded after FSAP incubation as shown by 

Figure 6A. Western blotting with an antibody against histone H1 and mass spectrometry 

analysis confirmed that indeed the band that disappeared on gel is histone H1 (Figure 6B). 

To exclude the possibility that a contamination in the plasma-purified FSAP is responsible for 

the histone H1 degradation, necrotic cells were also incubated with activated recombinant 

FSAPR313Q (20). Again, the cleavage of histone H1 was seen upon incubation with 

recombinant FSAPR313Q, confirming the observation that FSAP indeed cleaves histone H1.
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Discussion
We previously showed that the plasma serine protease FSAP is the factor in serum that can 

release nucleosomes from late apoptotic cells (13). DNA release from necrotic cells seems 

to be a multistep process. In this study we showed that the plasma serine protease FSAP 

cooperates with DNase I in the degradation and removal of DNA from necrotic cells. 

Impaired clearance of dead cells can lead to the induction of inflammation, autoantibody 

formation and development of autoimmune diseases, such as SLE (2-4). In absence of 

serum, nucleosomes remain bound to late apoptotic cells (12). Circulating phagocytes may 

not be very efficient in taking up these large fragments of cellular material. The removal of 

nucleosomes from dead cells may therefore help in phagocytosis of the cell remnants and 

prevent exposition of the immunogenic intracellular content. Moreover, nucleosomes that 

are released into the circulation are rapidly cleared by hepatocytes (22). When nucleosomes 

are not removed from the cells and stay attached to the cells, they might persist longer and 

can play an immunogenic and pathogenic role in the development of autoimmune diseases, 

such as SLE. 

In contrast to apoptosis, upon necrosis the integrity of the cell membrane is distorted 

without cleavage of DNA by intracellular nucleases. Degradation of the DNA of necrotic 

cells by serum DNase I followed by removal of nucleosomes might be an important event in 

recognition by phagocytes and thereby preventing the development of SLE. The physiological 

importance of DNase I is demonstrated by the fact that decreased activity of serum DNase 

I has been shown in patients with SLE (10;11). Furthermore Macanovic et al. demonstrated 

that lupus-prone NZB/NZW mice had significantly lower serum and urine concentrations of 

DNase I than normal mice, and this reduction was not related to the presence of the DNase 

inhibitor actin or anti-DNA antibodies (23). Napirei et al. showed that mouse serum DNase 

I functions together with the serine protease plasmin in the generation of nucleosomes in 

necrotic cells (9). This identification was based on the observation that protease inhibitors 

specific for plasmin were able to inhibit the nucleosome generation in necrotic cells. FSAP is a 

plasma serine protease with structural and functional similarities to plasmin. Both proteases 

are serine proteases which are inhibited by aprotinin. FSAP has several plasma inhibitors 

including α2-antiplasmin (15) and tissue factor pathway inhibitor (16) which are inhibitors 

of plasmin as well. Moreover FSAP is described to be inhibited by plasminogen activator 

inhibitor (24). This is a serine protease inhibitor that functions as the principal inhibitor of 

tissue plasminogen activator (tPA) and urokinase (uPA), activators of plasminogen.

Plasminogen, the proenzyme of plasmin, is present in the circulation. Activation of 

plasminogen into plasmin occurs when plasminogen activators cleave a unique bond in 

the serine protease domain resulting in two chains, linked by two disulfide bonds. Similar 

to plasminogen, FSAP circulates in its inactive single-chain form and has to be activated by 
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proteolytic cleavage resulting in a heavy and a light chain connected by a disulfide bond. 

We recently showed that FSAP is activated upon contact with late apoptotic cells as well as 

necrotic cells (15). In contrast, plasminogen activation requires the presence of plasminogen 

activators, which need to be released to the site of action (e.g. t-PA from the endothelium) 

and is not activated by contact with necrotic cells. Since no additional factor besides the 

contact with necrotic cells is required for FSAP activation, the role of FSAP in the release 

of nucleosomes from necrotic cells might be physiologically relevant. This is supported by 

the finding that FSAP-deficient serum or serum in which FSAP is inhibited by an inhibiting 

antibody is not able to release nucleosomes from necrotic cells. 

C1q has also been demonstrated to release nucleosomes from necrotic cells in cooperation 

with serum DNase (25). However C1q deficient plasma showed identical results as normal 

plasma in our system (data not shown). 

Whereas FSAP is essential to induce removal of nucleosomes from necrotic cells, purified 

FSAP is not able to induce nucleosome release. We now show that FSAP needs DNase I to 

release nucleosomes from the necrotic cells, in contrast to late apoptotic cells were FSAP 

alone is sufficient to release nucleosomes. We previously reported that serum was not 

able to induce nucleosome release from necrotic cells. However, we observed this using a 

system in which the cells were incubated for 30 minutes with serum (12). Since Napirei et al. 

demonstrated that mouse serum was able to generate nucleosomes in necrotic cells after a 

longer incubation period (9) we changed our system to a 48 hour incubation period. With 

this longer incubation period we showed that serum indeed can release nucleosomes from 

necrotic cells. The increased incubation time may be required for efficient DNA cleavage 

by serum DNase I after necrosis, whereas intracellular endonucleases already confer DNA 

cleavage during the process of apoptosis. 

The mechanism by which DNase I promotes FSAP-induced nucleosome release is not entirely 

clear yet. DNase I is able to cleave the DNA of necrotic cells in a random manner as illustrated 

by a HMW DNA smear after DNA isolation and agarose gel electrophoresis. However, this DNA 

is not released from the cells in the form of nucleosomes. One interpretation could be that 

the DNA fragments are too large to be released from the cells or that the DNA is still linked to 

the cell by a DNA-binding protein. When the isolated DNA from necrotic cells treated with a 

combination of FSAP and DNase I was analyzed on agarose gel LMW bands were visible, which 

is a typical feature of nucleosomes. This indicates that in presence of FSAP, internucleosomal 

cleavage occurs by DNase I. Various explanations for this specific cleavage pattern can be 

hypothesized. One could be that the FSAP cleaves a DNA-binding protein, thereby changing 

the conformation of the chromatin resulting in increased accessibility for DNase I. This 

hypothesis is supported by the fact that histone H1 is degraded upon incubation of necrotic 

cells with FSAP. The other explanation could be that inhibitors of DNase I are cleaved by FSAP, 
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resulting in an increased activity of DNase I. Further investigation is needed to elucidate the 

mechanism by which FSAP and DNase I function together in the degradation and release 

of DNA from necrotic cells. In view of the fact that nucleosomes play a central role in the 

antinuclear antibody response in SLE (5-8) and the role of FSAP together with DNase I in the 

release of nucleosomes from necrotic cells, it would be of interest to investigate whether the 

nucleosome releasing activity of FSAP is disturbed in patients with SLE.

In conclusion, this study showed that the plasma protease FSAP cooperates with DNase I in 

the degradation and removal of DNA from necrotic cells. This mechanism may be important in 

the clearance of potential autoantigens, thereby preventing the induction of an autoantigen-

driven autoimmune response in SLE.
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Abstract
Objectives: Systemic lupus erythematosus (SLE) is a chronic, inflammatory and multifactorial 

autoimmune disease. Inefficient removal of dying cells and a loss of self-tolerance due to 

a dysregulated immune response seem to be involved in the pathogenesis of SLE. Plasma 

proteins have been reported to play a role in the removal of dead cells. Inadequately removed 

apoptotic cells expose the immune system to intracellular contents, which may result in the 

formation of autoantibodies. Serum removes nucleosomes from late apoptotic and necrotic 

cells. The plasma serine protease factor-VII activating protease (FSAP) is responsible for this 

activity. Since nucleosomes play a prominent role in the pathogenesis of SLE, we investigated 

nucleosome release by serum from SLE patients. 

Methods: Late apoptotic Jurkat cells were incubated with serum of SLE patients and healthy 

controls and nucleosome release was analyzed by flow cytometry. 

Results: Nucleosome release by sera of SLE patients with high disease activity is significantly 

decreased as compared to healthy subjects (p<0.01). This decrease cannot be explained by 

decreased FSAP serum levels or disturbed activation of FSAP. Decreased nucleosome releasing 

activity correlates with SLEDAI (r=0.52, p<0.001) and anti-DNA antibodies (r=0.55, p<0.001). 

Removal of IgG and IgM antibodies from sera of SLE patients restored nucleosome releasing 

activity. Addition of monoclonal antinuclear antibodies to sera from healthy subjects resulted 

in inhibition of nucleosome release. 

Conclusion: SLE patients in exacerbation show decreased nucleosome release which is mainly 

due to antinuclear antibodies. This inhibition may contribute to the impaired clearance of 

dead cells and propagation of disease. 
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Introduction
Systemic lupus erythematosus (SLE) is a chronic inflammatory autoimmune disease, 

characterized by exacerbations and remissions with variable clinical manifestations. The 

disease is characterized by an antigen-driven T-cell-dependent immune response, B cell 

hyperactivity, the production of autoantibodies and formation of immune complexes (1;2). 

Different mechanisms are suggested to cause SLE, indicating a multifactorial etiology. Among 

others, inefficient removal of dying cells and loss of self-tolerance due to a dysregulated 

immune response seem to be critically involved in the pathogenesis of SLE. Plasma proteins, 

e.g components of the classical complement pathway have been reported to play a crucial 

role in the removal of dead cells. Defects in this pathway are strongly associated with the 

development of SLE (3). On the other hand, the activation of complement is known to play a 

major role in the inflammatory process in SLE (4).

One of the main characteristics of SLE is the formation of antinuclear antibodies (ANAs) 

directed against ubiquitous intracellular antigens, e.g. double stranded (ds)-DNA and histones. 

These ANAs form immune complexes which can contribute to the pathogenesis of SLE upon 

deposition. Remarkably, a number of these immunogenic endogenous proteins are damage-

associated molecular pattern molecules (DAMPs). Several DAMPs such as DNA, RNA, histones 

and the DNA-binding protein HMGB1 are known to stimulate Toll-like receptors (TLRs) and are 

critically involved in the pathogenesis of SLE models (5-12). Hence, circulating nucleosomes 

might function as endogenous danger signals. High levels of circulating nucleosomes and 

anti-nucleosome antibodies have been found in patients with SLE (13-15). Furthermore, 

nucleosome-specific autoantibodies are detectable in murine lupus models before the onset 

of other autoantibody specificities (15).

We have previously shown that serum removes nucleosomes from late apoptotic and necrotic 

cells (16;17). The serum factor responsible for this nucleosome release is factor VII-activating 

protease (FSAP) (17). FSAP, also known as plasma hyaluronic acid binding protein 2 (HABP2), 

is a serine protease circulating as an inactive single-chain molecule of 78 kDa in plasma. It is 

proteolytically converted in its active two-chain form consisting of a 50 kDa heavy and a 28 kDa 

light chain, connected by a disulfide bond (18). FSAP has been described to become activated 

upon contact with either late apoptotic or necrotic cells (19) and circulating histones (20).

Since nucleosomes play a central role in the antinuclear antibody response in SLE and FSAP 

has been shown to release nucleosomes from late apoptotic cells, we investigated whether 

the nucleosome releasing activity of serum is disturbed in patients with SLE.

Materials and Methods
Patient sera 
Twenty-seven SLE patients were randomly selected of whom the mean age was 38 years 
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(range, 18-64 years) and 89% of the patients were woman. Sera were taken at two time 

points, of which the one with the higher Systemic Lupus Erythematosus Disease Activity Index 

(SLEDAI) score (21), at least ≥ 4, was referred to as “high disease activity” and the one with 

low SLEDAI score (SLEDAI ≤ 2) was referred to as “low disease activity”. Patient characteristics 

and prevalence of the specific American College of Rheumatology classification criteria for 

SLE are summarized in Table 1. Antibodies to ds-DNA were measured using EliA dsDNA from 

Phadia (fluoroenzym-immunoassay on the ImmunoCAP instrument). Complement levels 

C3 and C4 were detected using nephelometry. Sera were taken from healthy donors and 

all donors were homozygous for the wild-type form of FSAP. All sera have been obtained 

as anonymized samples from the diagnostic laboratory, according to the Dutch rules and 

regulation for the use of patient material.

Table 1 Disease characteristics of SLE patients

 exacerbation remission

SLEDAI 8 (7-11) 0 (0-2)

Anti-dsDNA, Farr (IU/ml) 66.5 (33-699) 14 (6.5-52)

C3, g/l 0.57 (0.45-0.97) 0.94 (0.75-1.14)

C4, g/l 0.08 (0.06-0.13) 0.17 (0.12-0.21)

ACR criteria, n (%)  

Malar rash 7 (26%) 

Discoid rash 9 (33%) 

Photosensitivity 9 (33%) 

Oral ulcers 4 (15%) 

Arthritis 14 (52%) 

Serositis 10 (37%) 

Renal disorder 14 (52%) 

Neurologic disorder 4 (15%) 

Haematologic disorder 21 (78%) 

Immunologic disorder 25 (93%) 

Antinuclear antibody 27 (100%) 

Prednisolone use, n (%) 11 (41%)  22 (81%)

Daily mean dose, mg 7.5 (5-22.5) 10 (6.3-27.5)

Hydroxychloroquine use, n (%) 10 (37%) 12 (44%)

Daily mean dose, mg 400 (400-400) 400 (400-400)

Azathioprine use, n (%) 5 (19%) 7 (26%)

Daily mean dose, mg 100 (75-150) 125 (112.5-137.5)

Unless otherwise indicated, data are expressed as median (interquartile range).

SLEDAI = Systemic Lupus Erythematosus Disease Activity Index; ACR = American College of Rheumatology 
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Reagents
Mouse monoclonal antibodies to FSAP (17), α2-antiplasmin (AAP20), kappa light chain and 

monoclonal antinuclear antibodies (ANAs) (22) were prepared at our department. IMDM was 

obtained from BioWhittaker Europe (Verviers, Belgium). FCS was obtained from Bodinco BV 

(Alkmaar, The Netherlands). Penicillin and streptomycin were obtained from Gibco/Invitrogen 

(Groningen, The Netherlands). RNase A, ß-mercaptoethanol, pepsin and N-ethylmaleimide 

were obtained from Sigma (Zwijndrecht, The Netherlands). High performance ELISA buffer 

(HPE) and poly-HRP labeled streptavidin were obtained from Sanquin (Amsterdam, The 

Netherlands). HRP labeled streptavidin and sepharose 4B-coupled Protein A was obtained 

from GE Healthcare (Diegem, Belgium). (3,5,3’,5’)-tetramethylbenzidine (TMB) and 

dithiotreitol were obtained from Merck Millipore (Nottingham, UK). Anti-IgM fragment 

coupled to NHS-activated Sepharose 4 Fast Flow (CaptureSelect IgM affinity Matrix) was 

obtained from Invitrogen (Groningen, the Netherlands).

Cell culture and induction of apoptosis 
Jurkat cells were cultured in Iscove’s Modified Dulbecco’s Medium (IMDM) containing 5% 

(v/v) fetal calf serum (FCS), penicillin (100 IU/ml), streptomycin (100 µg/ml) and 50 µM 

ß-mercaptoethanol. Before apoptosis induction, cells were washed with serum-free IMDM 

by centrifugation at 360 x g for 10 minutes and resuspended in serum-free IMDM. Cells 

(1x106 cells/ml) were incubated for 48 hours with etoposide in a final concentration of 200 

µM to induce apoptosis.

Nucleosome release
Late apoptotic Jurkat cells were washed with HN buffer (50 mM Hepes, 100 mM NaCl, pH 

7.4) and treated with RNase (10 Units/ml) for 30 minutes at 37°C. Subsequently cells were 

added to the sera and incubated for another 30 minutes at 37°C. To examine the release of 

nucleosomes, cells were stained with propidium iodide (PI) diluted in HN buffer (3 µg/ml) to 

detect the remaining amount of DNA. Samples were analyzed by flow cytometry. The median 

fluorescence intensity of PI was measured and quantified using the FACS Diva Software 

(Becton Dickinson, Mountain view, CA, USA). The nucleosome releasing activity of a reference 

serum (20%) of a healthy donor was defined as 100% nucleosome release.

FSAP ELISA
FSAP antigen levels were determined by ELISA as recently described (17). Briefly, a monoclonal 

antibody (anti-FSAP4) which recognizes the light chain of FSAP was used as a catching 

antibody. Biotinylated anti-FSAP2 recognizing the heavy chain of FSAP in combination with 

HRP labeled streptavidin was used for detection. 
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FSAP-α2-antiplasmin complex ELISA
FSAP-α2-antiplasmin (FSAP-AP) complex levels were determined by ELISA as recently described 

(19). Briefly, a monoclonal antibody (AAP20) recognizing AP was used as a catching antibody. 

Biotinylated anti-FSAP4 which recognizes the light chain of FSAP in combination with Poly-

HRP labeled streptavidin was used for detection. 

IgG and IgM depletion of serum
IgG was depleted from serum by incubating 2 ml of Sepharose 4B-coupled protein G with 1 

ml of serum overnight at 4°C. IgG-depleted serum was recovered after centrifugation and IgG 

depletion was verified by ELISA (23).

IgM was depleted from serum by incubating 2 ml of an anti-IgM fragment coupled to NHS-

activated Sepharose 4 Fast Flow with 0.5 ml of serum for 4 hours at RT. IgM-depleted serum 

was recovered after centrifugation and IgM depletion was verified by ELISA (24).

Fab fragments
To produce F(ab’)2 fragments, 0.8 mg/ml antibody was incubated with 20 μg/ml pepsin 

for 24hr at 37°C in 0.1 M sodium citrate, pH 4.1. F(ab’)2 fragments were dialyzed against 

phosphate buffered saline (PBS). Undigested antibody was removed by incubation with 

Sepharose 4B-coupled Protein A for 2 hours at 4°C. After centrifugation, the F(ab’)2 fragments 

were recovered and subjected to 10 mM dithiotreitol for 30 minutes to make monovalent 

Fab fragments. Free thiol groups were blocked with 20mM of N-ethylmaleimide and Fab 

fragments were dialyzed to PBS.

Statistics
Results are presented as mean ± SEM. Differences between groups have been compared 

by using Man-Whitney Rank Sum test. Paired samples have been compared by means of 

Wilcoxon rank sum Test. 

Results
Nucleosome releasing activity in serum of SLE patients
Late apoptotic cells were incubated with sera of 27 SLE patients during exacerbation of 

the disease as well as in remission and 30 healthy donors for 30 minutes and cells were 

stained with propidium iodide (PI) to detect the amount of DNA that remains in the cells. 

The nucleosome releasing activity of a reference serum of a healthy donor was defined as 

100% nucleosome release. A significant number of SLE sera showed a decreased nucleosome 

releasing activity compared to the sera of healthy donors. Interestingly, nucleosome releasing 

activity was significantly lower during exacerbation compared to low disease activity (Figure 
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1). We correlated the decrease in nucleosome releasing activity with two established disease 

activity parameters, the SLEDAI score and levels of anti-dsDNA antibodies. These analyses 

showed that there was a correlation with SLEDAI score (r = 0.54 P<0.001). Interestingly, 

the decrease in nucleosome releasing activity correlated strongly with the levels of anti-

DNA antibodies (r = 0.55 P<0.001). To investigate a possible difference in complement 

consumption between patients with either normal or decreased nucleosome release, C3 and 

C4 levels were measured. Both C3 and C4 levels were reduced in the sera with decreased 

nucleosome release (Figure 2). This indicates that in those patients there is more activation 

and consumption of complement.

Factor VII-activating protease in serum
To elucidate why some SLE sera cannot release nucleosomes from late apoptotic cells, we 

first tested whether levels of FSAP, the factor in serum that releases nucleosomes, were 

comparable to healthy donors. All patients have normal levels of FSAP in the sera as measured 

by ELISA (Figure 3). To examine whether FSAP is less susceptible for activation in the SLE 
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Figure 1: nucleosome releasing activity in serum of SLE patients
After induction of apoptosis, cells were incubated with 20% serum of SLE patients (n=27) both with low disease 

activity and in high disease activity and of healthy donors (n=30). Cells were stained with propidium iodide (3 µg/

ml) and analyzed by flow cytometry. The nucleosome releasing activity of a reference serum of a healthy donor was 

defined as 100% nucleosome release. *** indicates a P < 0.001, ** indicates a P < 0.01. 
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sera with decreased nucleosome release, activation of FSAP was detected by measuring the 

complex formation of FSAP with its inhibitor α2-antiplasmin (AP) after incubation with late 

apoptotic cells. FSAP-AP complexes could be detected in the SLE sera, which indicates that 

FSAP present in SLE serum becomes activated upon contact with apoptotic cells, comparable 

Figure 2: C3 and C4 levels in serum of SLE patients 
Serum levels of complement factors C3 (A) and C4 (B) were measured in sera of SLE patients with low disease activity 

and in high disease activity. C3 and C4 levels were compared for normal and reduced nucleosome releasing sera. 

Patient sera with a nucleosome release below 3 SDs from the mean of healthy controls were defined as sera with 

reduced nucleosome release. * indicates a P < 0.05.
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to FSAP in healthy donor serum (data not shown). These data suggest that neither changes 

in FSAP levels nor inhibition of the activation accounted for the decrease in nucleosome 

releasing activity. 

Inhibitory mechanism of nucleosome release
Since no alteration in FSAP levels or activation was observed in the SLE sera, we hypothesized 

that an inhibitor of nucleosome release could be present in the sera. We investigated the 

presence of an inhibitor in two patient sera that completely lacked nucleosome releasing 

activity. Serum of a healthy donor with normal nucleosome releasing activity was preincubated 

with serum of the SLE patients and subsequently incubated with late apoptotic cells. The 

nucleosome releasing activity of the healthy donor was set at 100%. After preincubation of 

the serum of the healthy donor with the SLE sera, no nucleosome release could be detected, 

indicating that an inhibitor in the SLE sera can inhibit the FSAP activity of the healthy donor. 

Preincubation with serum of a healthy control did not show this effect. Since there is a 

strong inverse correlation between decrease in nucleosome releasing activity and anti-DNA 

antibodies in the sera, we tested whether antibodies were involved in this inhibition. SLE sera 

were depleted for IgG and again incubated with serum of a healthy donor prior to incubation 
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Figure 3: FSAP antigen levels in serum of SLE patients
Levels of FSAP antigen were measured in sera of SLE patients by means of ELISA.  FSAP levels were expressed as AU/

ml. Serum of 30 healthy donors was taken as a control. 
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with late apoptotic cells. After IgG depletion, the serum of patient 1 was not able to inhibit the 

nucleosome release by the healthy donor serum, suggesting that serum IgG is responsible for 

the decrease in nucleosome releasing activity in this patient. In patient 2 however, inhibition 

of the healthy donor serum is still present after IgG depletion, suggesting that the inhibition 

is not induced by IgG antibodies in this patient. Notably, 80% of the anti-DNA antibodies in 

patient 2 were of the IgM class (25). To investigate whether IgM antibodies have an inhibitory 

effect on nucleosome release in patient 2, serum of patient 2 was depleted for IgM and 

tested for inhibition. Indeed, after IgM depletion, serum of patient 2 was not able to inhibit 

the nucleosome release by the healthy donor serum (Figure 4). This shows that in addition to 

IgG antibodies, IgM antibodies are also able to inhibit nucleosome release by healthy donor 

serum.

Nucleosome-masking antibodies prevent nucleosome release
Since antibodies in the serum are responsible for the inhibition of nucleosome release, 

antinuclear antibodies (ANAs) are likely candidates. To test this, late apoptotic cells were 

incubated with mouse monoclonal ANAs prior to incubation with healthy donor serum. 

Subsequently, cells were stained with propidium iodide and nucleosome release was 

determined. Preincubation of the cells with ANAs inhibited the nucleosome release by serum 
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Figure 4: Inhibiting antibodies present in sera of SLE patients with decreased nucleosome release
After induction of apoptosis, cells were incubated with 20% serum of a healthy control (C) or serum from 2 SLE 

patients with high disease activity (1 and 2), 20% serum of a healthy donor (HD) preincubated with serum of control 

or SLE patients, 20% serum of a healthy donor preincubated with IgG depleted serum of control or SLE patients or 

20% serum of a healthy donor preincubated with IgG and IgM depleted serum of control or SLE patients. Cells were 

stained with propidium iodide (3 µg/ml) and analyzed by flow cytometry. The nucleosome releasing activity of 20% 

serum of the healthy donor was defined as 100% nucleosome release. Black bar represents serum of a healthy 

control, grey bar represents SLE patient 1 and hatched bar represents SLE patient 2.
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Figure 5: Inhibition of nucleosome release 
by incubation with intact monoclonal 
antinuclear antibodies or Fab fragments
(A) After induction of apoptosis, cells were 

incubated with monoclonal antinuclear 

antibodies (12.5 µg/ml) prior to incubation 

with 20% serum of a healthy donor. ANA58 

recognizes nucleosomes, ANA60 recognizes 

histone H3 and ANA123 recognizes double-

stranded DNA. Cells were stained with 

propidium iodide (3 μg/ml) and analyzed by 

flow cytometry. The nucleosome releasing 

activity of 20% serum of the healthy donor 

was defined as 100% nucleosome release. 

(B) After induction of apoptosis, cells were 

incubated with intact ANA58 or ANA58 

Fab fragments. Next, cells were washed 

and incubated with buffer or 100 µg/ml 

anti-light chain antibody and incubated 

with 20% serum of a healthy donor. Cells 

were stained with propidium iodide (3 μg/

ml) and analyzed by flow cytometry. The 

nucleosome releasing activity of 20% serum 

of the healthy donor was defined as 100% 

nucleosome release. Isotype controls did 

not show any inhibition of nucleosome 

release.  
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of a healthy donor (Figure 5A). These results illustrate the inhibitory role of antinuclear 

antibodies on nucleosome release by serum. 

To investigate whether ANAs block a specific target required for nucleosome release or form 

large immune complexes that are unable to be released, Fab fragments were made of the 

ANAs and used in our assay. Due to the decreased affinity of the created Fab fragments as 

compared to intact antibodies, only Fab fragments of ANA58 still showed normal binding to 

the cells (data not shown). However, Figure 5B shows that these Fab fragments were unable 

to inhibit nucleosome release. In contrast, when late apoptotic cells were incubated with 

ANA58 Fab fragments followed by incubation with a monoclonal anti-light chain antibody 

in order to mimic the crosslinking of intact antibodies, nucleosome release was inhibited 

(Figure 5B). This suggests that the previously described inhibition of nucleosome release by 

ANAs is due to crosslinking of target antigen and the formation of large immune complexes 

which cannot be released by FSAP.
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Discussion
We have previously shown that the serum protease FSAP removes nucleosomes from late 

apoptotic and necrotic cells. In this study we demonstrate that serum of a subset of SLE 

patients, with high disease activity and high anti-DNA levels, show a disturbed nucleosome 

releasing activity. 

Delayed removal of early apoptotic cells results in the appearance of late apoptotic cells. 

Late apoptotic cells have lost their membrane integrity and expose the immune system to 

their intracellular contents. This may induce an autoreactive immune response, lead to the 

formation of autoantibodies and contribute to the pathogenesis of SLE.

FSAP removes nucleosomes from late apoptotic and necrotic cells (17;19). In this study 

we demonstrate that serum of some SLE patients show a disturbed nucleosome releasing 

activity. This disturbance in nucleosome release appeared to be unrelated to changes in FSAP 

levels and activation. The decrease in nucleosome release correlated with disease activity 

and more strongly with anti-DNA levels in the sera. We observed that antibodies in the sera 

cause the reduced nucleosome release. These antibodies are probably directed against (parts 

of) nucleosomes since a number of SLE sera interfered with the detection of nucleosomes by 

ELISA (data not shown).

In order to investigate whether ANAs, e.g. anti-nucleosome antibodies can interfere with 

nucleosome release we tested the effects of mouse monoclonal ANAs on nucleosome release 

by serum. ANAs with different specificities all inhibit the nucleosome releasing activity of 

serum. Our data shows that Fab fragments of monoclonal ANAs did not inhibit nucleosome 

release, suggesting that not a specific target of FSAP is blocked. Another possibility is that 

ANAs are able to cross-link nucleosomes in/on cells, thereby preventing nucleosome release. 

Indeed, by artificially crosslinking Fab fragments through a monoclonal anti-light chain 

antibody, inhibition of nucleosome release is restored again. This supports the notion that 

crosslinking of DNA e.g. nucleosomes is the main mechanism through which ANAs in SLE 

patients inhibit the release of nucleosomes by FSAP.

In absence of serum, nucleosomes remain bound to late apoptotic cells (26). Circulating 

phagocytes may not be very efficient in taking up these large fragments of cellular material. 

The removal of nucleosomes from late apoptotic cells may help in phagocytosis of the cell 

remnants and prevent exposition of the immunogenic intracellular content. The nucleosomes 

that are released into the circulation are rapidly cleared by hepatocytes (27). When FSAP 

is not able to remove the nucleosomes from the apoptotic cells, the nucleosomes, which 

stay attached to the cells, persist longer in the circulation and can play an immunogenic and 

pathogenic role in the development of lupus nephritis. This may lead to a vicious cycle leading 

to more anti-nucleosome autoantibodies and exacerbation of the disease. 

Recent data indicates that DAMP-mediated TLR activation may drive the immune response 
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and autoantibody production in several SLE models (5-12). Urbonaviciute et al. demonstrated 

that HMGB1 remains bound to nucleosomes released from late apoptotic cells and induced a 

pro-inflammatory response and anti-dsDNA/anti-histone IgG responses in a TLR2–dependent 

manner in vitro (28). HMGB1–nucleosome complexes were also detected in plasma from SLE 

patients. HMGB1-free nucleosomes from viable cells did not induce cytokine production or 

dendritic cell activation. Nucleosomes that are removed from late apoptotic cells by FSAP 

might lack the HMGB1 and thereby become less immunogenic. It would be interesting to 

investigate whether the nucleosomes released from late apoptotic cells by recombinant/

purified FSAP still contain HMGB1. 

Recently, it has been shown that serum of a group of SLE patients lacks the ability to degrade 

neutrophil extracellular traps (NETs) (29). These NETs consist of DNA, histones and antimicrobial 

enzymes and can be secreted by neutrophils (30). Two mechanisms are causative in this 

impaired NET degradation: (i) the presence of DNase I inhibitors or (ii) anti-NET antibodies 

that prevent DNase I access to NETs (29).  The second mechanism might be comparable with 

the mechanism that is causing the decreased nucleosome release from late apoptotic cells. 

Leffler et al. demonstrated that NETs activate complement in vitro and SLE patients that have 

reduced ability to degrade NETs displayed lower levels of complement proteins C3 and C4 

(31). The complement system seems to play a central role in SLE, which is illustrated by the 

fact that deficiencies in the classical complement pathway are strongly associated with the 

development of SLE (3). On the other hand SLE is associated with complement activation and 

deposition of complement proteins in inflamed tissues. We show significant lower levels of 

C3 and C4 in the serum of SLE patients with reduced nucleosome release. It is tempting to 

speculate, that in analogy to the undegraded NETs that activate complement, late apoptotic 

cells that have not been disposed of their nucleosomes can activate complement. Therefore 

it would be interesting to investigate complement activation by late apoptotic cells of which 

the nucleosomes are released by FSAP and cells which still contain their nucleosomes. 

In summary, we showed that serum of a subset of SLE patients show an impaired nucleosome 

releasing activity. This reduced nucleosome release is caused by the presence of antibodies 

which may exert their inhibitory effect through crosslinking of nuclear antigen. Impairment 

of nucleosome release correlated with anti-DNA antibodies and activation and consumption 

of complement factors C3 and C4 which might lead to pro-inflammatory responses. Impaired 

nucleosome release may result in persistence of the nucleosomes in the circulation leading 

to a vicious cycle of more anti-nucleosome autoantibodies and exacerbation of the disease. 
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Cell death is indispensable for tissue homeostasis and is a fundamental principle of inflammation 

and lymphocyte generation. Phagocytes engulf dead cells, which are recognized as dead 

by virtue of a characteristic “eat me” signal exposed on their surface.  Rapid removal and 

destruction of the cellular corpses is critical and insufficient removal may lead to the release 

of potentially harmful cytotoxic and immunogenic cellular content into the environment. 

These immunogenic “host-self” molecules (damage-associated molecular patterns (DAMPs)) 

might induce a pro-inflammatory response, autoantibody formation, and development of 

autoimmune diseases, such as systemic lupus erythematosus (SLE). Nucleosomes might 

also function as endogenous danger signals. Recently, factor VII-activating protease (FSAP) 

was identified as the plasma serine protease responsible for nucleosome release from late 

apoptotic cells (1;2). In this thesis the mechanism of nucleosome release and its regulation 

was investigated. We studied FSAP activation and discuss the possible role of FSAP in health 

and disease.

FSAP activation in health and disease and its regulation by plasma inhibitors
In chapter 2 we have used Western blot to show that FSAP in plasma is activated by late 

apoptotic as well as necrotic cells, whereas living cells do not activate FSAP. In addition, FSAP 

strongly binds to late apoptotic as well as to necrotic cells and no binding to living cells was 

seen. In addition to our nucleosome releasing assay, we were interested in measuring FSAP 

activation in plasma. Direct measurement of FSAP enzyme activity in plasma is complicated 

due to the lack of specific substrates. Moreover, the predicted half-life of active enzyme is 

extremely short, due to the presence of high plasma levels of inhibitors of FSAP. By use of 

affinity purification and mass spectrometry analysis we have shown that activated FSAP in 

plasma rapidly forms a complex with α2-antiplasmin (AP) upon exposure to apoptotic cells. 

In order to set up a fast and sensitive method to detect FSAP activation we have developed 

an ELISA to measure FSAP-AP complexes. Another plasma inhibitor of FSAP that has been 

described is C1-inhibitor (C1inh) (3). Although we were not able to detect FSAP-C1inh 

complexes after affinity purification followed by SDS-PAGE, we were able to detect these 

complexes by ELISA. This may indicate that ELISA is a more sensitive method than affinity 

purification and SDS-PAGE or, alternatively, that the FSAP-C1inh complex dissociates upon 

SDS-PAGE. Thus, we have demonstrated that FSAP activation in plasma can be monitored 

by assays detecting complexes of FSAP with its target serpins AP and C1inh. We then used 

these FSAP-inhibitor complex ELISAs to demonstrate FSAP activation in post-surgery patients, 

patients suffering from severe sepsis, septic shock and meningococcal sepsis. FSAP activation 

clearly correlated with nucleosome levels and severity in these patients 

In chapter 3 we determined complex formation of FSAP with a third inhibitor, plasminogen 

activator inhibitor-1 (PAI-1). We were able to show the presence of FSAP-PAI-1 complexes in 
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the plasma of patients suffering from severe sepsis, septic shock or meningococcal sepsis by 

means of a newly developed ELISA. FSAP-PAI-1 complexes could not be detected in plasma of 

healthy controls after activation of FSAP or in plasma of post-surgery patients. This is in line 

with the low PAI-1 concentrations in plasma of these patients or controls. In the meningococcal 

non-survivors the course of the FSAP-PAI-1 complex levels in time diverged from the FSAP-

C1inh and FSAP-AP complexes. The FSAP-C1inh and FSAP-AP complex levels increased up to 

24 hours after inclusion, whilst the FSAP-PAI-1 levels decreased simultaneously. The decrease 

of FSAP-PAI-1 complexes may be contributed to a reduction of PAI-1 in the plasma of these 

patients (4). Whether the increase in FSAP-C1inh and FSAP-AP complexes can be merely 

attributed to the concomitant decrease in FSAP-PAI-1 or is also a result of an increase in FSAP 

activation over time is presently not known. FSAP-inhibitor complex levels in meningococcal 

sepsis were significantly higher in survivors than in non-survivors, although the non-survivor 

group was small. FSAP-inhibitor complex levels in sepsis increased with the severity of 

inflammation as shown by significant correlations with inflammatory markers but did not 

discriminate for fatality. We observed a discrepancy between sepsis and meningococcal 

sepsis which may be explained by the fact that the sepsis patients formed a heterogeneous 

group, whereas the patients suffering from meningococcal sepsis were derived from a more 

homogenous population with a clear and more synchronized onset of sepsis. 

In Chapter 4 we have demonstrated that besides the serine protease inhibitors (serpins) 

AP, C1inh and PAI-1, also the kunitz-type protease inhibitor Tissue Factor Pathway Inhibitor 

(TFPI) is an inhibitor of FSAP. TFPI was found to be a more efficient inhibitor than AP and 

C1inh in both plasma and a purified system. The efficient inhibition by TFPI might be 

attributable to the fact that it is a kunitz-type protease inhibitor that has a different inhibitory 

mechanism than the serpins AP and C1inh. TFPI is a canonical protein inhibitor and forms a 

tight, non-covalent interaction similar to the classical enzyme-substrate Michaelis complex 

that results in direct blockage of the active site and does not induce conformational changes 

(5). In contrast, serpins form an irreversible covalent acyl-enzyme complex resulting in large 

conformational changes in the inhibitor and disruption of the protease active site (6). TFPI 

binds to surfaces and is therefore considered to be an efficient surface-bound inhibitor of 

proteases. However, we found that also in a cell-free system TFPI was an efficient inhibitor 

of FSAP activity. Using monoclonal antibodies to the various domains of TFPI in combination 

with TFPI mutants we have demonstrated that both the K2 domain and the Cter of TFPI are 

involved in the inhibition of FSAP activity. Since the main function that is contributed to the 

Cter domain of TFPI is its ability to bind to cell surfaces and heparin-like structures (7;8) and 

we found that it was involved in the inhibition of FSAP even in the absence of a cell surface, 

we have also tested whether TFPI binds to FSAP. Indeed, TFPI directly binds to FSAP and this 

interaction was partially abrogated by addition of an anti-Cter antibody. 
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FSAP has been reported to down-regulate TFPI and thereby propagates FXa activity and 

potentiates thrombin generation (9, thesis Dienava-Verdoold 2012). Kanse et al. has 

demonstrated that proteolytic degradation of TFPI was strongly dependent on FSAP binding 

to the TFPI Cter (9). This is in line with our results showing that FSAP inhibition by TFPI is 

dependent on binding of FSAP to the Cter of TFPI. Proteolytic degradation of TFPI might 

potentially provide a mechanism of how FSAP is inhibited by TFPI in our system. As such, TFPI 

would serve as a substrate for FSAP and hence compete with the chromogenic substrate or 

target proteases of FSAP. However, when the inhibition curves of the amidolytic activity after 

30 and 60 minutes incubation are studied in detail no discernable difference was observed, 

indicating that there was no substantial loss of TFPI activity, which one would expect if 

proteolytic degradation of TFPI would occur. 

TFPI is mainly produced by and bound to vascular endothelial cells (10;11). Therefore, the 

plasma concentration of TFPI does not reflect the local concentration of full-length TFPI on 

cellular surfaces. Administration of recombinant full-length TFPI has been demonstrated to 

attenuate the inflammatory response in animal and human sepsis (12-14). The plasma levels 

obtained in the human studies after therapeutic administration are in the same range as 

the concentrations we have used in vitro (12;15;16). Circulating histones and nucleosomes 

were shown to induce a potential fatal inflammatory response in sepsis (17;18). One might 

therefore hypothesize that FSAP has a pro-inflammatory role in sepsis. Inhibition of FSAP-

induced nucleosome release might, in part, explain the anti-inflammatory effects of high-

dose administration of recombinant TFPI observed in animal and human sepsis (12-14). 

Rapid inactivation of activated FSAP via complex formation with its inhibitors might be of 

critical importance in order to prevent dissemination of activated FSAP in the circulation. 

FSAP was demonstrated to cleave high-molecular kininogen (HMWK) resulting in the release 

of bradykinin (BK), a nonapeptide essential in the induction of hypotension in sepsis (19;20). 

FSAP inactivation in plasma during sepsis and other diseases might be essential in order to 

control HMWK cleavage and BK release in plasma. 

Some general questions concerning the regulation of FSAP by plasma inhibitors remain to be 

elucidated. It is not known how much FSAP remains associated with dead cells and how much 

is released during inflammation, free or in complex with its inhibitors. In order to estimate 

the fraction of single-chain FSAP and activated two-chain FSAP, we used an approach where 

FSAP was activated in vitro by incubating plasma with late apoptotic cells. We subsequently 

performed size-exclusion chromatography and found that approximately 30% of FSAP did 

not form complexes with inhibitors. These results suggest that 30% of the FSAP remains in 

its inactive single-chain form, whereas 70% is activated upon incubation with dead cells and 

forms complexes with its inhibitors (data not shown). 
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Another open question is what specific determinants affect inhibitor specificity. The 

dynamics of complex formation of FSAP with different serine protease inhibitors may reflect 

the presence of distinct inhibitor subsets in different disease states. On the other hand, some 

inhibitors of FSAP are present in low concentrations and complex formation with activated 

FSAP might neutralize the inhibitor. For instance PAI-1, a serpin which forms an irreversible 

covalent complex with FSAP (6), is present at low levels during sepsis. PAI-1 levels correlate 

closely with the severity of disseminated intravascular coagulation and disease, but are also 

predictive of final outcome (21-24). This inhibitory mechanism might be especially relevant in 

severe inflammation since both FSAP activation and PAI-1 levels increase with disease severity. 

FSAP-PAI-1 complex formation may attenuate the procoagulant and pro-inflammatory effects 

of PAI-1.

In search of the activator of FSAP
FSAP was reported to have a dual role in hemostasis by activating coagulation FVII and 

activating scu-PA in vitro (25;26). However, these findings were mostly based on results from 

purified systems. We have shown in chapter 2 that when in plasma or serum, scFSAP is a 

rather stable molecule. Similarly, we could not detect FSAP-inhibitor complexes in serum of 

healthy donors indicating that there is no FSAP activation upon coagulation activation via 

FXII. Moreover we observed that activation of coagulation by tissue factor did not lead to 

FSAP activation (data not shown). When FSAP is purified, it becomes very susceptible to 

autoactivation (2). For a molecule described to be involved in coagulation and fibrinolysis 

it seems striking that coagulation of blood does not lead to FSAP activation. In addition, 

Moreover, FVII has been reported to be remarkably resistant to activation by recombinant 

FSAP (27). 

We have however demonstrated that FSAP gets activated upon contact with late apoptotic 

and also necrotic cells. For our initial experiments a Jurkat cell line was used (chapter 2). 

To investigate the activation of FSAP in serum by different types of primary cells, necrotic 

peripheral blood mononuclear cells (PBMCs) and polymorphonuclear cells (PMNs) were also 

analyzed for their ability to induce FSAP activation and FSAP-inhibitor complex formation 

(Chapter 5). Although dead PBMCs were able to activate FSAP, dead PMNs failed to activate 

FSAP in serum. Consequently FSAP was not able to remove nucleosomes from the neutrophils. 

Neutrophil are the most abundant but also very short-lived human white blood cells with 

a high turnover rate. We speculate that when dead neutrophils would be able to activate 

FSAP, this may possibly lead to continuous FSAP activation. Furthermore, NETosis is a function 

of neutrophils leading to the release of neutrophil extracellular traps (NETs) in response to 

various stimuli. These NETs are web-like structures of DNA, histones and proteases of the 
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neutrophil and have been found to trap and kill microbes extracellularly (28). When these 

NETs would be immediately broken down by FSAP due to nucleosome release, this would 

possibly abrogate the antimicrobial role of the NET. 

Neutrophils differ from PBMCs in their nuclear morphology in the way that they have 

multilobed nuclei. Moreover, during neutrophil maturation the number of mitochondria 

and ribosomes decreases and neutrophils contain a small Golgi apparatus and the rough 

endoplasmic reticulum is absent. Like PMNs, human erythrocytes also lack cytoplasmic 

organelles such as mitochondria, endoplasmic reticulum, Golgi apparatus and ribosomes. 

In addition, mammalian erythrocytes enucleate during maturation. We found that, similar 

to PMNs, also dead erythrocytes fail to activate FSAP whereas dead avian erythrocytes, 

containing a nucleus and cytoplasmic organelles, did activate FSAP (chapter 5). These results 

suggest that structures in the nucleus or one of the missing organelles in neutrophils and 

erythrocytes may lie at the origin of FSAP activation by dead cells. 

Negatively charged polyanions, such as heparin, polyphosphates, DNA and RNA have been 

demonstrated to enhance autoproteolysis of purified scFSAP (25;29-33). Also polycations, 

such as polyamine and histones have been demonstrated to activate scFSAP (20;34). We 

found that FSAP bound to fixed HEp2 cells displayed a nucleolar and cytoplasmic binding 

pattern upon detection by confocal microscopy. This nucleolar pattern showed similarities 

with an antinuclear antibody (ANA) staining pattern observed in patients with scleroderma 

or CREST syndrome (35). The nucleolar staining pattern has been associated with many 

different antibodies including anti-Scl-70 (anti-topoisomerase 1), anti-PM-Scl (anti-exosome), 

anti-fibrillarin, anti-Th/To ribonucleoprotein and anti-RNAPI/III (anti-RNA polymerase I/

III) (36-40). Most of the antigens recognized by these antibodies are RNA-binding proteins 

or consist of RNA. The nucleolus is the site of rRNA transcription and processing, and of 

ribosome assembly. The nucleoli are composed of ribosomal proteins and RNA. Nakazawa 

et al. have identified cell-derived RNA species as potent cofactors for the autoactivation of 

FSAP (32). They have shown that several forms of RNA were able to autoactivate the isolated 

proenzyme of FSAP. In contrast, we have not detected activation of FSAP in plasma by total 

RNA, transfer RNA or synthetic RNA. This discrepancy in results may be explained by the 

fact that we use a plasma system. Purified FSAP may be more susceptible for activation by 

RNA compared to scFSAP present in plasma, or factors plasma may bind and neutralize the 

RNA. Another difference could be the purity of the several forms of RNA. Furthermore, we 

routinely used RNase-treated cells to induce FSAP activation. We have found that RNase 

treatment improves the specificity of the propidium iodide staining used in our nucleosome 

releasing factor assay. After RNase treatment of the cells, we could still observe nucleosome 

release by FSAP, suggesting that FSAP activation by RNA in our system is rather unlikely. The 
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nucleolar binding of FSAP and the fact that FSAP activation is unaffected by RNase treatment 

suggest that a ribosomal protein may potentially be involved in FSAP activation.

A possible role for FSAP in the clearance of dead cells and autoimmunity
Impaired clearance of dead cells can lead to the induction of inflammation, autoantibody 

formation and development of autoimmune diseases e.g. systemic lupus erythematosus 

(SLE)(41-43)}. Plasma proteins, such as components of the classical pathway of complement 

(e.g. C1q, C2 and C4) play an important role as these facilitate the phagocytosis of dead cells. 

Complement deficiencies within the classical pathway have been shown to predispose to 

the development of SLE (44-47). One of the main characteristics of SLE is the formation of 

antinuclear antibodies (ANAs) directed against ubiquitous intracellular antigens, e.g. double 

stranded (ds)-DNA and histones. These ANAs form immune complexes, which contribute to 

the pathogenesis of SLE upon deposition. Several of the immunogenic endogenous molecules 

are named damage-associated molecular pattern molecules (DAMPs). Several DAMPs 

such as DNA, RNA, histones and the DNA-binding protein HMGB1 are known to stimulate 

Toll-like receptors (TLRs) and are critically involved in the pathogenesis of SLE (48-55). As 

such, circulating nucleosomes will also function as endogenous danger signals. High levels 

of circulating nucleosomes and anti-nucleosome antibodies have been found in patients 

with SLE (56-58). Furthermore, nucleosome-specific autoantibodies have been detected in 

murine lupus models, before the onset of autoantibodies with other specificities (58). We 

have shown that FSAP removes nucleosomes from late apoptotic cells (2). In contrast to 

apoptosis, upon necrosis the integrity of the cell membrane is distorted without cleavage of 

DNA by intracellular nucleases. We have observed that DNA release from necrotic cells seems 

to be a multistep process. Whereas the addition of serum was essential to induce removal 

of nucleosomes from necrotic cells, purified FSAP alone was not able to induce nucleosome 

release. In chapter 6 we have shown that FSAP cooperates with DNase I in the degradation 

and removal of DNA from necrotic cells. Decreased activity of serum DNase I has been shown 

in patients with SLE (59;60) and lupus-prone NZB/NZW mice had significantly lower serum 

and urine concentrations of DNase I than normal mice (61). Napirei et al. have shown that 

mouse serum DNase I functions together with the serine protease plasmin in the chromatin 

breakdown from necrotic cells (62). Plasmin was identified as the plasma protease responsible 

for chromatin breakdown, since inhibitors, including aprotinin, α2-antiplasmin and PAI-1, were 

able to inhibit chromatin breakdown. FSAP is a serine protease with structural and functional 

similarities to plasmin and inactivated by some of the same inhibitors. Plasminogen, the 

proenzyme of plasmin, is present in the circulation. However, for activation of plasminogen 

into plasmin to occur, plasminogen activators need to cleave a unique bond in the serine 

protease domain. Similar to plasminogen, FSAP circulates in its inactive single-chain form and 

Proefschrift_Femke.indd   107 25-04-14   14:05



108

Chapter 8

has to be activated resulting in two chains connected by a disulfide bond. We have shown 

that FSAP gets activated upon contact with dead cells. In contrast, plasminogen activation 

requires the presence of specific plasminogen activators, which need to be released (e.g. t-PA 

from the endothelium). We have found that plasminogen is not activated upon contact with 

dead cells in our system. Since no additional factor apart from the necrotic cells is required 

for FSAP activation, the role of FSAP in the release of nucleosomes from necrotic cells appears 

of physiological significance. This is further supported by our finding that FSAP-deficient 

serum or serum in which FSAP is inhibited by an inhibitory antibody is not able to release 

nucleosomes from necrotic cells. Complement factor C1q has also been demonstrated to 

release nucleosomes from necrotic cells in cooperation with serum DNase (63). However, we 

were unable to detect differences when using C1q deficient plasma and normal plasma in our 

nucleosome release assay. 

In our assay, where late apoptotic cells were incubated with serum, we have used a 30 minutes 

incubation period. However, when necrotic cells were incubated with serum for 30 minutes, 

no nucleosome release was observed. Since Napirei et al. demonstrated that mouse serum 

was able to generate nucleosomes in necrotic cells after a much longer incubation period 

(62) we have adjusted our assay system to a 48 hours incubation period. Using this longer 

incubation period we have found that serum alone can indeed release nucleosomes from 

necrotic cells. The increased incubation time after necrosis when compared to apoptosis may 

be required for efficient DNA cleavage by serum DNase I after necrosis, whereas intracellular 

endonucleases already confer DNA cleavage during the process of apoptosis.

We have not unraveled the precise mechanism by which DNase I contribute to FSAP-induced 

nucleosome release. DNase I is able to cleave the DNA of necrotic cells in a random manner 

as is illustrated by a HMW DNA smear that can be observed after DNA isolation and agarose 

gel electrophoresis. However, this cleaved DNA is not released from the cells in the form 

of nucleosomes. One interpretation could be that the DNA fragments are too large to be 

released from the cells or that the DNA remains associated with the necrotic cell via a DNA-

binding protein. Interestingly, however, when we analyzed the isolated DNA from necrotic 

cells treated with a combination of FSAP and DNase I by agarose gel electrophoresis, LMW 

bands were visible, which we recognize as a typical hallmark of nucleosomes. This indicates 

that in presence of FSAP, internucleosomal cleavage occurs by DNase I. Several explanations 

for the observed cleavage pattern can be hypothesized. One could be that the FSAP cleaves 

a DNA-binding protein, thereby changing the conformation of the chromatin resulting in 

increased accessibility for DNase I. This hypothesis is supported by the fact that histone H1 is 

degraded upon incubation of necrotic cells with FSAP. Cleavage of histone H1 induces a more 

open structure of the DNA at the linker region of the nucleosomes and thereby might allow 

internucleosomal DNA degradation. Another possible explanation could be that inhibitors of 
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DNase I are cleaved by FSAP, resulting in an increased activity of DNase I. Further investigation 

is needed to elucidate the precise mechanism by which FSAP and DNase I function together 

in the degradation and release of DNA from necrotic cells.

In absence of serum, nucleosomes remain bound to dead cells. Circulating phagocytes may 

not be very efficient in taking up these large fragments of cellular material. The removal of 

nucleosomes from late apoptotic cells by FSAP and of necrotic cells by FSAP in cooperation 

with serum DNase I may aid in the phagocytosis of the cell remnants and prevent exposition 

of the immunogenic intracellular content. In chapter 7 we have demonstrated that serum 

of a subset of SLE patients, with high disease activity and high anti-DNA levels, displayed a 

decreased release of nucleosomes from late apoptotic cells. We found that this difference in 

nucleosome release appeared to be unrelated to changes in FSAP levels and activation. The 

decrease in nucleosome release correlated with disease activity and anti-DNA levels in the 

sera. We observed that antibodies in the sera mediate the reduction in nucleosome release. 

These antibodies are probably directed against (parts of) nucleosomes since a number of SLE 

sera interfered with the detection of nucleosomes by ELISA. Mouse monoclonal antinuclear 

antibodies (ANAs) directed against DNA, histone H3 and the nucleosome were all found to 

inhibit the nucleosome releasing activity of serum. In addition, Fab fragments of monoclonal 

ANAs did not inhibit nucleosome release, which suggests that the antibodies do not block 

a specific target of FSAP. Inhibition of nucleosome release was restored by artificially 

crosslinking Fab fragments through a monoclonal anti-light chain antibody. Together, these 

results support the concept that crosslinking of nucleosomes forms the main mechanism 

through which ANAs in SLE patients inhibit the release of nucleosomes by FSAP. 

The nucleosomes that are released into the circulation are rapidly cleared by hepatocytes 

(64). We speculate that when FSAP is not able to remove the nucleosomes from dead cells, 

the nucleosomes, which stay attached to the cells, persist longer in the circulation, can 

become immunogenic and pathogenic in the development of lupus nephritis. This may lead 

to a vicious cycle leading to more anti-nucleosome autoantibodies and exacerbation of the 

disease. 

Recent data indicate that DAMP-mediated TLR activation may drive the immune response 

and autoantibody production in several SLE models (48-53;55). Urbonaviciute et al. have 

demonstrated that HMGB1, a DNA-binding protein and pro-inflammatory mediator, remained 

bound to nucleosomes released from late apoptotic cells and induced pro-inflammatory 

response and anti-dsDNA/anti-histone IgG responses in a TLR2–dependent manner in vitro 
(54). HMGB1–nucleosome complexes were also detected in plasma from SLE patients (65). 

HMGB1-free nucleosomes from viable cells did not induce cytokine production or dendritic 

cell activation. Nucleosomes that are removed from late apoptotic cells by FSAP might lack 

the HMGB1 and thereby become less immunogenic. It would be interesting to investigate 
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whether the nucleosomes released from late apoptotic cells by recombinant/purified FSAP 

still contain HMGB1. FSAP might directly cleave HMGB1 or a different protein, e.g. histon 

H1, by which the nucleosomes lose the HMGB1. By losing its DNA-binding proteins the 

nucleosomes may become less pro-inflammatory. 

Recently, it has been shown that serum of a group of SLE patients lacks the ability to degrade 

NETs. Two mechanisms are described as causative in this impaired NET degradation: (i) the 

presence of DNase I inhibitors or (ii) anti-NET antibodies that prevent DNase I access to 

NETs (66). The second mechanism might be comparable to the mechanism that is causing 

the decreased nucleosome release from late apoptotic cells by serum of SLE patients. To 

our knowledge DNase is the only factor described to play a role in this NET degradation. 

However, FSAP might also have a function in the degradation of NETs. We have found that in 

the chromatin breakdown and release of nucleosomes from necrotic cells FSAP cooperates 

with serum DNase I. A similar mechanism might serve in the degradation of NETs. Leffler et 

al. have demonstrated that NETs activate complement in vitro and SLE patients that have 

reduced ability to degrade NETs displayed lower levels of complement proteins C3 and C4 

(67). On the other hand SLE is associated with complement activation and deposition of 

complement proteins in inflamed tissues. We show significant lower levels of C3 and C4 in the 

serum of SLE patients with reduced nucleosome release. It is tempting to speculate, that in 

analogy to the undegraded NETs that activate complement, late apoptotic cells that have not 

disposed of their nucleosomes can activate complement giving rise to the observed decrease 

in C3 and C4 levels respectively. Therefore it would be interesting to compare complement 

activation by late apoptotic cells of which the nucleosomes are released by FSAP with cells 

that still contain their nucleosomes. 

The role of FSAP in dead cell clearance is still not well understood. FSAP seems to be involved 

in inflammation since a) it is activated by cellular debris resulting from the pro-inflammatory 

response, b) FSAP removes nucleosomes from apoptotic cells and c) it modulates vascular 

permeability both, directly and indirectly. However, whether FSAP activation upon 

inflammation is beneficial or detrimental remains an open question. One might speculate 

that the release of nucleosomes by FSAP upon inflammation might be an epiphenomenon 

reflecting the severity of the inflammatory response. On the other hand FSAP-induced 

nucleosome release might be harmful propagating the pro-inflammatory response. If FSAP 

contributes significantly to the hypotension observed in sepsis its activation might be a fatal 

event in the pathogenesis. In contrast, complex formation with PAI-1 in sepsis may attenuate 

the procoagulant and pro-inflammatory effects of PAI-1. Moreover, nucleosome release 

might be essential in SLE to prevent persistence of the nucleosomes in the circulation leading 

to a vicious cycle of more anti-nucleosome autoantibodies and exacerbation of the disease. 
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The putati ve role of FSAP in infl ammati on is summarized in Figure 1. It would be interesti ng to 

investi gate whether the nucleosomes released from dead cells by FSAP are pro-infl ammatory 

or anti -infl ammatory and compare these nucleosomes with nucleosomes from dead cells 

that are not treated with FSAP. Furthermore interventi on studies in animals are warranted to 

elucidate the role of FSAP in the infl ammatory response.

Figure 1: Role of FSAP in infl ammati on
Model on the role of FSAP in infl ammati on. FSAP is acti vated by cellular debris resulti ng from the pro-infl ammatory 

response and can remove nucleosomes from dead cells. It can modulate vascular permeability via proteolyti c cleavage 

of high molecular weight kininogen (HMWK) resulti ng in the release of the highly vasoacti ve bradykinin. Bradykinin 

is an important mediator of vasodilatati on in severe sepsis and septi c shock contributi ng to the development of 

the potenti ally fatal septi c hypotension. FSAP-induced nucleosome release might be harmful propagati ng the pro-

infl ammatory response. Nucleosomes might also functi on as endogenous danger signals inducing a pro-infl ammatory 

response. On the other hand nucleosome release by FSAP might be essenti al to facilitate phagocytosis and prevent 

persistence of the nucleosomes in the circulati on leading to autoimmunity.

Abbreviati ons: BK: bradykinin; HMWK: high molecular weight kininogen; MODS: multi organ dysfuncti on system; 

scFSAP:  single-chain FSAP; tcFSAP:  two-chain FSAP; PAI-1: plasminogen acti vator inhibitor-1; TFPI: ti ssue factor 

pathway inhibitor
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In summary, our data show that FSAP is able to remove nucleosomes from necrotic cells as 

well as late apoptotic cells. The nucleosome removal from necrotic cells occurs in cooperation 

with DNase I. We set up novel assays to measure FSAP complexes with its inhibitors in plasma 

as indirect assay method to screen for FSAP activation. Using these assays we were able to 

determine that FSAP is activated in patients with several inflammatory conditions and that 

levels of FSAP-inhibitor complexes correlate with nucleosome levels and severity of disease. 

FSAP activation may thus serve as a sensor for cell death in circulation. We have further 

shown that serum from a subset of SLE patients displays an impaired nucleosome releasing 

activity. We envisage that impaired nucleosome release may in turn result in persistence 

of the nucleosomes in the circulation leading to a vicious cycle of more anti-nucleosome 

autoantibodies and exacerbation of the disease.
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Sinds de ontdekking van het eiwit factor VII activerend protease (FSAP) zijn er vele potentiele 

functies voor FSAP beschreven, waaronder de rol in stolling en fibrinolyse. Tevens is FSAP in 

2008 beschreven als het plasma eiwit dat verantwoordelijk is voor het vrijmaken van DNA in 

de vorm van nucleosomen uit laat apoptotische cellen. 

Celdood is een onmisbaar proces voor weefselhomeostase en een speelt een belangrijke 

rol in ontsteking. Verschillende plasma eiwitten, zoals complement eiwitten van de klassieke 

route, hebben een belangrijke functie in de klaring van dode cellen omdat ze de fagocytose 

van dode cellen ondersteunen. Een verstoorde opruiming van dode cellen kan leiden tot het 

vrijkomen van de potentieel schadelijke cytotoxische en immunogene inhoud van de cel in het 

extracellulaire milieu. Deze immunogene endogene moleculen, ook wel “damage-associated 

molecular pattern molecules” (DAMPs) genoemd, kunnen een pro-inflammatoire response 

induceren en resulteren in autoantistof formatie en het ontstaan van auto-immuunziektes 

zoals systemische lupus erythemathosus (SLE). Ook nucleosomen zijn mogelijke kandidaten 

voor het induceren van een pro-inflammatoire response. In dit proefschrift zijn het 

mechanisme en de regulering van het verwijderen van nucleosomen uit dode cellen door 

FSAP onderzocht. Verder hebben we het functioneren van FSAP in de gezonde situatie maar 

ook in de ziekte SLE onderzocht.

FSAP activering bij gezondheid en tijdens ziekte en de regulering door plasmaremmers
In hoofdstuk 2 is beschreven dat FSAP in plasma wordt geactiveerd door contact met 

zowel laat apoptotische als necrotische cellen. Ook hebben we laten zien dat FSAP aan laat 

apoptotische en necrotische cellen bindt en dat er geen binding van FSAP is aan levende 

cellen. Als toevoeging op de bepaling om het los maken van nucleosomen uit laat apoptotische 

cellen te meten met flow cytometry, hebben we een bepaling opgezet om FSAP activering in 

plasma te meten. De directe meting van enzymactiviteit is plasma is moeilijk door het gebrek 

aan een specifiek substraat. Tevens zijn er in het plasma hoge levels van FSAP-remmers 

aanwezig waardoor de halfwaardetijd van het actieve enzym waarschijnlijk erg kort is. In 

hoofdstuk 2 beschrijven we ELISAs waarmee we complexen van FSAP met zijn remmers α2-

antiplasmine (AP) en C1-inhibitor (C1inh) kunnen meten. Complexvorming van FSAP met deze 

remmers kan gebruikt worden als maat voor de activatering van FSAP in plasma. We hebben 

deze FSAP-remmer complex ELISA’s gebruikt om FSAP activering aan te tonen in plasma van 

postoperatieve patiënten, patiënten met sepsis/septische shock en patiënten die lijden aan 

meningokokkensepsis. FSAP activering correleert aan nucleosoom levels in deze patiënten 

en aan de ernst van de ziekte. In hoofdstuk 3 tonen we de aanwezigheid van complexen 

van FSAP met een derde remmer aan, namelijk plasminogeen activator inhibitor-1 (PAI-1) in 
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patiënten lijdend aan sepsis/septische shock of meningokokkensepsis, gemeten door middel 

van een nieuw ontwikkelde ELISA.

In hoofdstuk 4 beschrijven we dat niet alleen serine protease remmers maar ook de kunitz-

type protease remmer Tissue Factor Pathway Inhibitor (TFPI) een remmer is van FSAP. TFPI 

is een efficiëntere remmer vergeleken met AP en C1inh, zowel in plasma als in een gezuiverd 

systeem. Door monoclonale antistoffen tegen de verschillende domeinen van TFPI te 

gebruiken in combinatie met TFPI mutanten laten we zien dat zowel het K2 domein and de 

c-terminus van TFPI betrokken zijn in de remming van FSAP activiteit. Bovendien laten we 

zien dat TFPI direct aan FSAP kan binden met zijn c-terminus.

Activering van FSAP door verschillende types bloedcellen
We laten in hoofdstuk 2 zien dat FSAP in plasma wordt geactiveerd door contact met dode 

cellen. Voor deze experimenten hebben we gebruikt gemaakt van een Jurkat cellijn. In 

hoofdstuk 5 laten we zien dat in tegenstelling tot necrotische perifere bloed mononucleaire 

cellen die FSAP in serum kunnen activeren, necrotische neutrofielen niet in staat zijn om 

FSAP te activeren. Door middel van het bindingspatroon van FSAP aan dode cellen en het 

verschil in cel morfologie tussen neutrofielen en FSAP-activerende cellen, zijn we op zoek 

gegaan naar de mogelijke activator van FSAP die ontbreekt in de neutrofielen. De resultaten 

beschreven in hoofdstuk 5 suggereren dat ribosomale eiwitten betrokken zouden kunnen zijn 

de activatie van FSAP. 

Een mogelijke rol voor FSAP in de klaring van dode cellen en auto-immuniteit
Een verstoorde klaring van dode cellen kan leiden tot ontsteking en de ontwikkeling van auto-

immuunziektes zoals systemische lupus erythematosus (SLE). Een van de karakteristieken 

van SLE is de formatie van antinucleaire antistoffen (ANAs) tegen verschillende intracellulaire 

antigenen zoals dsDNA en histonen. Er zijn ook hoge levels circulerende nucleosomen en 

antistoffen tegen nucleosomen aangetroffen in patiënten met SLE. FSAP is beschreven als 

plasma eiwit die nucleosomen uit laat apoptotische cellen kan vrijmaken. In hoofdstuk 6 

laten we zien dat het vrijmaken van nucleosomen uit necrotische cellen een proces is 

bestaande uit meerdere stappen. Hoewel serum in staat is om nucleosomen los te maken 

van necrotische cellen, is gezuiverd FSAP niet in staat om dat te doen. We beschrijven dat 

FSAP samen werkt met deoxyribonuclease I (DNase I) bij de verwijdering van nucleosomen 

uit necrotische cellen. Ook laten we zien dat histon H1 geknipt wordt tijdens incubatie van 

necrotische cellen met FSAP. Deze knip van histon H1 kan leiden tot een meer open structuur 

van het DNA waardoor het internucleosomale DNA geknipt zou kunnen worden.

In afwezigheid van FSAP blijven de nucleosomen gebonden aan de dode cellen. In hoofdstuk 
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7 tonen we aan dat serum van een bepaalde groep SLE patiënten, met hoge ziekte-activiteit 

en anti-DNA levels, niet, of in mindere mate, in staat is om de  nucleosomen uit laat 

apoptotische cellen vrij te maken. Deze afname in het vrijmaken van nucleosomen wordt 

veroorzaakt door antistoffen die aanwezig zijn in het serum. Door middel van fab fragmenten 

en intacte monoclonale antinucleaire antistoffen (ANAs) laten we zien dat de vermindering in 

nucleosoom verwijdering waarschijnlijk te wijten is aan crosslinking van de nucleosomen in 

de cellen door ANAs die aanwezig zijn in het serum van SLE patiënten. 

Samenvattend laten we in dit proefschrift zien dat FSAP in staat is om nucleosomen te 

verwijderen uit zowel laat apoptotische als necrotische cellen. Het losmaken van nucleosomen 

uit necrotische cellen gebeurt door FSAP in samenwerking met DNase I. We hebben nieuwe 

bepalingen opgezet om complexen van FSAP met zijn remmers in plasma te meten als een 

indirecte methode om FSAP activering in plasma aan te tonen. Door deze bepalingen te 

gebruiken laten we zien dat FSAP geactiveerd is in plasma van patiënten met verschillende 

vormen van ontsteking (bijv. sepsis) en dat de levels van FSAP-remmer complexen correleren 

aan nucleosoom levels en ernst van de ziekte. FSAP activering kan dus dienen als sensor voor 

celdood in de circulatie. Tevens tonen we aan dat het serum van een aantal SLE patiënten niet, 

of in mindere mate, in staat is om nucleosomen te verwijderen uit dode cellen. We voorzien 

dat een afname van nucleosoom verwijdering uit dode cellen kan leiden tot persistentie van 

nucleosomen in de circulatie wat vervolgens zou kunnen leiden tot een vicieuze cirkel van 

meer anti-nucleosoom antistoffen en verengering van de ziekte.

 

Proefschrift_Femke.indd   121 25-04-14   14:05



122

Chapter 8

Proefschrift_Femke.indd   122 25-04-14   14:05



123

c h a p t e r

Samenvatting voor niet-ingewijden

8

Samenvatting voor niet-ingewijden

Celdood op de juiste plaats en op het juiste moment is een onmisbaar proces in het lichaam. 

Bij groei en ontwikkeling zorgt celdood ervoor dat er organen kunnen worden gevormd. 

Maar ook voor het dagelijks onderhoud van het lichaam is celdood belangrijk. Dagelijks 

sterven er miljarden cellen in ons lichaam. Verschillende eiwitten in ons plasma (bloed 

zonder cellen) hebben een belangrijke functie bij het opruimen van deze dode cellen. Een 

verstoorde opruiming  kan leiden tot het vrijkomen  van de inhoud van de dode cel in het 

onringende weefsel. Deze inhoud kan het immuunsyteem activeren en dit kan leiden tot 

een ontstekingsreactie. Een immuunresponse tegen je eigen dode cellen kan resulteren 

in formatie van autoantistoffen tegen deze cellulaire bestandsdelen en leiden tot een 

auto-immuunziekte zoals systemische lupus erythematosus (SLE). Een van die cellulaire 

bestanddelen zijn nucleosomen, een complex van histonen en DNA. Nucleosomen zijn ook 

mogelijke kandidaten voor het induceren van een immuun response als dode cellen niet 

goed worden opgeruimd. Factor VII activerend protease (FSAP) is een eiwit dat nucleosomen 

uit dode cellen kan verwijderen. In dit proefschrift zijn het mechanisme en de regulering van 

het verwijderen van nucleosomen uit dode cellen door FSAP onderzocht. Verder hebben we 

het functioneren van FSAP in de gezonde situatie maar ook in de ziekte SLE onderzocht.

We laten zien dat FSAP in staat is om nucleosomen te verwijderen uit dode cellen, in sommige 

gevallen in samenwerking met Dnase I, een enzym wat DNA kan knippen. We hebben nieuwe 

bepalingen opgezet om complexen van FSAP met zijn remmers in plasma te meten als een 

indirecte methode om FSAP activering in bloed aan te tonen. Door deze bepalingen te 

gebruiken laten we zien dat FSAP geactiveerd is in plasma van patiënten met verschillende 

vormen van ontsteking (bijv. sepsis) en dat de levels van FSAP-remmer complexen correleren 

aan nucleosoom levels en ernst van de ziekte. FSAP activering kan dus dienen als sensor voor 

celdood in de circulatie. Tevens tonen we aan dat het plasma van een aantal SLE patiënten 

niet, of in mindere mate, in staat is om nucleosomen te verwijderen uit dode cellen. We 

voorzien dat een afname van nucleosoom verwijdering uit dode cellen kan leiden tot het 

langer blijven bestaan van nucleosomen in de circulatie wat vervolgens zou kunnen leiden 

tot een vicieuze cirkel van meer anti-nucleosoom antistoffen en verengering van de ziekte.
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Femke Stephan werd op 4 mei 1983 geboren te Akersloot. In 2001 behaalde zij haar VWO-

Gymnasium diploma aan het Bonhoeffercollege te Castricum. In september datzelfde jaar 

begon zij met de bacheloropleiding Biomedische Wetenschappen aan de Vrije Universiteit te 

Amsterdam, waarbij ze een korte stage heeft gelopen bij het VUmc op de afdeling Fysiologie. Na 

het behalen van haar bachelor diploma begon zij in 2004 aan de masteropleiding Biomedische 

Wetenschappen. Gedurende haar master liep zij stage bij KIT Biomedical research aan de 

afdeling Parasitology onder begeleiding van Dr. H.D.F.H. Schallig and G.J. Schoone waar zij 

onderzoek deed naar het opzetten van een diagnostische sneltest voor Malaria door gebruik 

te maken van het eiwit Plasmodium falciparum Glutamate Rich protein (pfGLURP). Tijdens 

haar tweede stage op de afdeling Immunopathologie van Sanquin Bloedvoorziening, onder 

begeleiding van Dr. S. Zeerleder en Prof. dr. L.A. Aarden, onderzocht zij het mechanisme van 

nucleosoomverwijdering uit dode cellen door het plasma-eiwit factor VII-activating protease 

(FSAP). In 2007 voltooide zij haar masteropleiding, waarna zij in datzelfde jaar begon aan 

haar promotieonderzoek op de afdeling Immunopathologie van Sanquin Bloedvoorziening, 

onder begeleiding van Dr. S. Zeerleder en Prof. dr. L.A. Aarden. De resultaten hiervan staan 

beschreven in dit proefschrift.
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Hѐ hѐ, eindelijk is het af. Het duurde wat langer dan gepland, maar dan heb je ook wat! Heel 

veel mensen hebben wat aan dit proefschrift en aan deze leuke jaren bijgedragen.

Allereerst Sacha, mijn co-promotor, ik ben je er erg dankbaar voor dat je me na mijn stage 

een AIO-plek hebt aangeboden. Ik heb veel geleerd van je klinische kijk op de dingen en je 

enthousiasme voor het onderzoek werkt aanstekelijk.

Lucien, mijn promotor, ik weet nog goed dat ik binnenkwam als student en erg tegen je 

opkeek. Het “u-zeggen” is ondertussen wel over, maar ik heb nog steeds veel respect voor je 

als wetenschapper en als persoon. Jouw didactische kwaliteiten en passie voor het onderzoek 

hebben ervoor gezorgd dat ik de wetenschap nog steeds zo leuk vind.

Ingrid, je hebt meegewerkt aan alle hoofdstukken in m’n boekje en dankzij jou  is er nog 

heel wat bij elkaar gepippetteerd! Niet alleen in het lab (“wassen of inpippetteren, die 24 

platen?”), maar ook buiten het lab konden we het goed met elkaar vinden. Ik ben heel blij 

dat jij mijn paranimf wil zijn.

Gerben, Marein en Brenda, heel veel succes de komende tijd in de FSAP-NET-groep. Gerben, 

hopelijk komen er nog wat gezamelijke publicaties aan. Brenda, bedankt voor al je leeshulp 

bij de laatste loodjes en Marein, NETs zijn cool!

De mede-AIOs, Mateusz, Sonja, Iwan, Mischa, Laura, Mieke, Peter-Paul (met een streepje), 

Richard, Anouk, Karin, Astrid, Sanne en Willem bedankt voor de gezellige tijd op U0 en U1. 

De grappen en het kletsen na 6-en (of daarvoor) is fijn als je in de promotie-stress zit. Jullie 

succes met het afronden van jullie boekjes. 

De oude AIO’s, Gwen, Theresa, Jelle, Martine, Pauline en Lotte. Jaja, ook ik heb het eindelijk 

gehaald jongens! Theresa, bedankt voor alle steun en gezelligheid, zowel bij het afronden 

van m’n boekje als de koffie-pauze en borrelmiddagjes in Amsterdam/Haarlem. Gwen, jij 

bent ook bijna zo ver. Gezellig dat we elkaar nog af en toe spreken op ons jaarlijkse etentje. 

Martine, Lotte en Pauline, bedankt voor jullie gezelligheid, de borrels en peptalk als 1 van ons 

het niet meer zo zag zitten. Met z’n allen in dat promotieschuitje zitten is beter dan alleen! 

Jelle, na 15 jaar samen studeren/promoveren de laatste loodjes zonder jou. Ik ben blij dat je 

even uit Oxford overkomt om bij mijn promotie te zijn en ik hoop dat Boney M. misschien ook 

nog even langs komt op mijn promotiefeestje.

De afdeling immunopathologie; Anneke, Els, Hanny, Irma, Margreet, Rishi en Shabnam, U105. 

bij jullie kwam ik binnen als piepjong studentje. Jullie gezelligheid en warmte voelde als een 

warm bad en maakte dat ik me meteen thuisvoelde op de afdeling Immunopathologie. En 

dan natuurlijk ook U105, versie 2.0, Nitotska, Karien, Ellen en Pleuni, ik ben blij dat ik de 

laatste tijd bij jullie op de kamer m’n boekje heb kunnen afmaken. 
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Fatima en Kaoutar, jullie zijn onmisbaar voor de afdeling. Fatima, bedankt voor het regelen 

van alle formuliertjes en aanvragen aan het einde van m’n promotie. 

Anja, Angela, Bouke, Diana, Dörte, Dorina, Elizabeth, Flavia, Gerard, Gertjan, Gijs( :-p), Henk, 

Ineke, Jillian, Judith, Jolanda, Josine, Kaoutar, Laura, Maria, Marieke, Marja, Mieke, Miranda, 

Miriam, Piet, Remco, Rob, Ruchira, Simone, Steven, Susanne, Suzanne, Tamara, Theo, Tineke, 

Wouter en Yuri, bedankt voor de borrels op en buiten Sanquin, de lab-uitjes en -weekenden 

en niet te vergeten de hilarische playbackshows!

Jessica en Liza, ik vond het heel leuk dat jullie stage gelopen hebben bij mij. En kijk eens even, 

daar zijn ook nog twee mooie hoofdstukken uit voortgekomen!

Jan, bedankt voor je geduld en hulp. Erg fijn dat ik altijd weer even bij jullie binnen kon lopen 

met vragen over bepalingen of de SLE sera. 

Koen, Fabian, Ilze en Herm-Jan, bedankt voor de nuttige discussies en samenwerking wat 

betreft het FSAP project.

Karina, Cees, Hannie, Alexandre en Irene, bedankt voor de prettige samenwerking aan en 

besprekingen over het SLE-project.

Dan mijn vrienden, die inhoudelijk misschien weinig hebben bijgedragen aan dit proefschrift, 

maar des te meer aan mijn geestelijke gezondheid!

De VU-groep, Jelle (en Pauline), Richard (en Lenka), Jolle Mijs, Imke (en Ronald), Natalee en 

Frances (en Louis), dankzij jullie ook wat ontspanning. De fameuze ER-avondjes, borrelen, 

90’s feestjes en etentjes (Richard, waar blijft nou die BBQ?). Jol, Im  en Nat, jullie hebben 

erg meegeleefd met mijn promotieperikelen, maar vooral bedankt voor de humor, het 

bankhangen, feestjes, weekendjes Nijmegen, Arnhem en Vlieland en gewoon dat jullie er 

altijd zijn. Jol, bedankt dat je samen met Merel tijd hebt vrijgemaakt om even over de omslag 

van het boekje na te denken. Im, na onze jaren samen bij Sanquin is er nu voor ons allebei 

weer een nieuwe periode aangebroken. Ik ben blij dat jij straks naast me staat als paranimf.

Lieve Bonhoeffermeiden, Sylvia, Jorine, Marlies, Elise en Femke (en jullie mannen natuurlijk), 

we hebben heel wat meegemaakt samen. Ik ben blij dat we altijd voor elkaar klaar staan. En 

nu genoeg gezeurd over die promotie! Eindelijk weer wat meer tijd voor leuke dingen. Tijd 

voor kledingruilavondjes, huwelijksfeestjes, vrijgezellenfeestjes, weekendjes weg, high tea-

en of met de kindjes bij elkaar op bezoek. 

Len en Ted, bedankt voor jullie lieve interesse, vooral op de momenten dat het allemaal niet 

zo makkelijk ging. Ik hoop voor jullie op een hele zonnige toekomst!

Bedankt San & Paul, Suus, Myr, Loes, Eline en Daan, en natuurlijk alle anderen die mij gesteund 

hebben de afgelopen jaren en interesse getoond hebben in mijn promotie.

Schoonfamilie, Henk, Marijke, Floor, Martijn en Meike, bedankt voor jullie gezelligheid en 

Proefschrift_Femke.indd   130 25-04-14   14:05



131

c h a p t e r

8

Dankwoord

interesse. Marijke, dankzij jou is mijn boekje nog wat mooier geworden. Ik ben blij dat je je 

bezig wilde houden met de omslag van mijn boekje.

Lieve Maartje, Justin, Sten en Jinte, eindelijk is ie af, eindelijk gaan jullie een beetje zien wat 

ik uitgevoerd heb al die tijd en eindelijk een feestje! Lieve Pappa en mamma, ik kon altijd bij 

jullie terecht met Mila toen ik nog ‘even’ wat dingen moest afronden voor m’n boekje. Dank 

jullie wel voor jullie onvoorwaardelijke steun en liefde. Ondanks dat jullie niet zo goed weten 

wat ik nou precies heb gedaan al die jaren weet ik dat jullie ongelooflijk trots op me zijn. 

Lieve Thomas, dank je wel voor je steun en je fantastische humor als ik het even niet meer zo 

zag zitten. Dit hebben we toch maar even geflikt!  Lieve Mila, jij bent ons mooiste project en 

mijn trots en laat zien dat alles te relativeren is. Jullie zijn geweldig! 

Femke
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