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General introduction and scope of this thesis
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Homeostasis
The human body consists of ~37 trillion (37 x 1012) cells, each with a different 
life span that is determined by its function and the type of tissue it is part 
of1. For example, whereas nerve cells may survive as long as the host itself, 
the epithelial cells forming the villi in the small intestines only last as long as 
3-5 days2. By replenishing the lost cells in the tissue, proper functioning is 
sustained and this process of cellular turnover is a vital part of homeostasis. 
Uncontrolled division of cells may result in cancer and extensive loss of cells 
severely affects the function of tissues. Thus, a proper balance between cell 
division and cell death is key to survival. 

A disturbed balance of cellular turnover can have many different 
causes. Intrinsic genetic mutations can tip the balance towards cell division 
(cancer), whereas extrinsic factors such as an infection or trauma may result 
in increased cell death. Upon infection, the body’s response is aimed at 
combatting the pathogen while simultaneously creating an unhospitable niche 
for the pathogen to thrive in. Several pathogen-associated molecular pattern 
(PAMP) molecules play a key role in mediating the recognition of the pathogen 
and the induction of an immune response. These PAMPs are recognized by a 
range of pattern-recognition receptors (PRR) that are present in and on the 
plasma membrane of immune cells. For example, lipopolysaccharide (LPS), a 
membrane component of gram-negative bacteria, is efficiently recognized 
by toll-like receptor (TLR)-4 and induces the activation of innate immune cells 
including monocytes and neutrophils. Other important PAMPs include CpG 
DNA, flagellin, and double stranded (ds)RNA which are recognized by TLR-9, 
TLR-5, and TLR-3 respectively. 

As a result of the toxins released by many pathogens and of the 
damaging actions of neutrophils that accompany an innate immune response, 
extensive cell death is a major event during infection3–5. When the clearance 
of dying cells by macrophages/phagocytic cells is impaired, intracellular 
molecules are released into the extracellular environment. Among these 
molecules are so called damage-associated molecular pattern molecules 
(DAMPs). Similar to PAMPs, DAMPs may efficiently activate immune cells via 
the same range of PRRs. For example, histones, which are nuclear proteins 
that play an essential role in DNA compaction, are agonists of TLR-2 and TLR-4 
upon release into the extracellular environment6. Likewise, extracellular dsDNA 
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has been found to stimulate TLR-9 when it is part of an (immune) complex7,8. 
Since infection is associated with extensive cell death, the release of these 
DAMPs will contribute to the initiation and propagation of an inflammatory 
response. Likewise, these DAMPs form an essential factor in the induction of 
inflammation in response to major trauma. However, although the knowledge 
on the immunological effects of DAMPs is expanding, the mechanisms by 
which these DAMPS are released from dying cells remain largely unclear and 
require further investigation. Furthermore, very little is known about the 
regulation of DAMP levels that determine their immunostimulatory effects. 

Different modes of cell death
In the past, two different forms of cell death were generally accepted to 
occur in vivo. On the one hand there was apoptosis, whereby cells undergo 
a highly regulated form of cell death or ‘cellular suicide’. And on the other 
hand there was necrosis, an involuntary and abrupt form of cell death or 
lysis that lacks intrinsic regulation and which is the result of external factors. 
Apoptotic cell death may be induced via external triggers such as Fas-ligand, 
TNF-α, and the granzymes released by cytotoxic T cells, or as a result from 
internal events such as DNA damage, mitochondrial uncoupling or aging. 
These triggers induce the activation of caspases which mediate the process 
of apoptosis. Morphologically, a cell undergoing apoptosis is characterized by 
DNA condensation, nuclear and chromatin fragmentation, phosphatidylserine 
(PS) exposure on the plasma membrane, maintenance of plasma membrane 
integrity and apoptotic blebbing. PS exposure marks the cell for phagocytosis 
by phagocytic and neighbouring cells, and in combination with apoptotic 
blebbing is thought to facilitate efficient clearance of apoptotic cells. The 
maintenance of plasma membrane integrity during apoptosis suggests that 
leakage of intracellular constituents into the extracellular environment is 
undesirable. Nevertheless, apoptotic cells have been shown to promote wound 
healing and tissue regeneration in mice through the release of arachidonic acid 
and lysophosphocholine9. Thus, these characteristics suggest that apoptosis is 
a regulated form of cell death that contributes to the maintenance of tissue 
homeostasis and the regulation of cellular turnover, or wound healing. 

When apoptotic cells are not cleared, they progress into a state of 
secondary necrosis, otherwise known as late apoptosis. Similar to apoptotic 
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cells, late apoptotic cells contain a fragmented nucleus with condensed 
chromatin and expose phosphatidylserine on the outer plasma membrane10. 
However, the integrity of the plasma membrane is lost upon progression into 
late apoptosis11. This exposes the extracellular environment to intracellular 
contents, which may have important immunological consequences (see 
Immunological cell death & DAMPs). 

In contrast to apoptotic cell death, necrosis is an unregulated form 
of cell death whereby external factors induce irreversible cell injury that 
lead to plasma membrane rupture of the cell. Different causes of necrosis 
are hypothesized to occur in vivo, ranging from physical trauma, heat shock 
or ischemia-reperfusion injury. Furthermore, in vitro data suggests that 
energy in the form of ATP is required for the execution of apoptosis12. In the 
absence of ATP a cell will undergo necrotic cell death instead of apoptosis. 
During necrosis, nuclear and chromatin fragmentation do not occur, nor does 
apoptotic blebbing. Oxidative burst, mitochondrial hyperpolarization and 
lysosomal membrane permeabilization are events that do occur upon necrotic 
cell death11. Whereas the containment of intracellular constituents is highly 
regulated in apoptotic cell death, in necrotic cell death these constituents are 
leaked uncontrolled into the extracellular environment.

The classical dichotomy which was formed by the two forms of cell 
death needs to be adapted as in the past two decades other forms of regulated 
cell death have been discovered. These discoveries add to the emerging picture 
that cell death and its regulation play an important role in tissue homeostasis 
and that the way in which cells die is important during disease. For an overview 
of the different morphological characteristics of the modes of cell death that 
will be discussed below, see Figure 1.

One of the more recently recognized forms of regulated cell death 
is necroptosis. Necroptosis is a caspase-independent form of cellular suicide 
regulated by the formation of the receptor-interacting protein kinase 1 (RIPK1) 
and RIPK3 complex, also known as the necrosome13. The necrosome facilitates 
integration of mixed lineage kinase domain-like protein (MLKL) into the 
plasma membrane which results in pore formation and a rapid loss of plasma 
membrane integrity14. Although TNF-α has been shown to form a potent 
trigger of necroptosis in the presence of a caspase-8 inhibitor, other molecules 
such as Fas ligand, TRAIL ligand, dsRNA, IFN-γ and several pathogens are also 
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able to initiate necroptosis, albeit not always in the absence of caspase-8 
activation15–18. Necroptosis is thought to have developed as a viral defense 
mechanism, as it allows cells to undergo cellular suicide in the presence of 
virus-derived caspase-inhibitors. Classical apoptosis markers such as DNA 
condensation are absent during necroptosis. Similar to necrosis however, 
necroptotic cell death leads to the release of intracellular contents, and it thus 
appears that its physiological effects are more comparable to necrotic cells 
than to apoptotic cells19.

Another form of regulated cell death termed pyroptosis was discovered 
in 1992 by Zychlinsky et al., although the name was given to it a decade later20,21. 
Pyroptosis is a caspase-1 dependent form of cell death described to primarily 
occur in macrophages and dendritic cells in response to microbial stimuli. 
Intra- and extra-cellular recognition of PAMPs by NOD-like receptors (NLRs) or 
TLRs results in the activation and formation of the inflammasome, followed 
by activation of caspase-1 (see review22). Caspase-1 has two main effector 
functions. It (1) results in the production of pro-inflammatory cytokines such 
as IL-1β and IL-18 and (2) triggers pyroptosis. Like necroptotic cell death, 
pyroptosis results in pore formation in the plasma membrane. This results 
in lysis of the cell and the release of the produced IL1-β and IL-18 and other 
intracellular constituents. In contrast to necroptosis, DNA condensation does 
occur during pyroptosis and some DNA fragmentation has also been observed, 
although not to the extent observed during apoptosis20. Moreover, the nuclear 
membrane remains intact during pyroptosis. It is hypothesized that through 
pyroptosis, replication of intracellular pathogens is impeded and pyroptotic 
cell death therefore contributes to the host’s innate immune defense.

In 2004, Brinkmann et al. demonstrated that neutrophils may undergo 
a new form of cell death in response to various stimuli including phorbol 
myristate acetate (PMA), IL-8 and lipopolysaccharide (LPS)23. In the years 
following the initial discovery of NETs, more physiological stimuli including 
various bacteria, viruses and fungi have been identified (see review24). 
During this form of cell death, activated neutrophils swell, burst, and expel 
their chromatin into the extracellular environment. The chromatin, which is 
decorated with anti-microbial proteins such as myeloperoxidase, neutrophil 
elastase, and proteinase-3, serves as a killing trap for pathogens. By virtue of 
its name, death of neutrophils through neutrophil extracellular trap formation 
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has been coined NETosis. Although the full signaling pathway of NETosis has 
not been elucidated yet, several characteristics have been determined. Upon 
neutrophil activation, elastase translocates from azurophilic granules to the 
nucleus where it clips and degrades histones25. This, and the citrullination of 
histones by protein arginine deiminase 4 (PAD4) seems to drive chromatin 
decondensation26. Neutrophils from elastase-knockout mice and neutrophil 
protease-deficient (Papillon-Lefevre Syndrome (PLS)) patients are unable 
to form NETs, whilst NET formation is reduced in PAD4 knockout mice25,27,28. 
Caution should be taken with the interpretation of results obtained with these 
KO models however, since it is unclear what other effects may arise when 
PAD4 is knocked out. Interestingly, whilst the deficiency to form NETs in mice 
resulted in an increased susceptibility to fatal K. pneumoniae infection, no 
defect of K. pneumoniae killing by neutrophils from PLS patients was observed. 
This discrepancy turned out to be a reflection of the constitutive absence of 
defensins in murine neutrophils28. This important difference between murine 

Figure 1. Comparison of different forms of cell death
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and human neutrophils complicates the translation of results obtained in 
mice to a human model. Thus, while the signaling pathways that regulate NET 
formation are being sifted out, a consensus on its relevance in vivo and its role 
in innate immunity has not yet been reached. 

Immunological cell death
One of the factors that determines the immunogenicity of cell death is the mode 
of cell death. The classic view on immunological cell death is that the exposure 
of certain intracellular constituents by a dying cell is the main prerequisite 
for immunogenicity. Apoptotic cell death has always been regarded as an 
immunologically silent form of cell death, whilst necrotic cells facilitate potent 
immune activation. Although there is strong evidence to support this notion, 
contradicting results have also been obtained. For example, in vivo, tumour 
cells that undergo apoptosis in response to chemotherapy have been shown 
to form potent inducers of immune activation, whereas necrotic cells were 
not29. On the other hand, adoptive transfer of apoptotic splenocytes worsened 
survival in a mouse sepsis model, whilst transfer of necrotic splenocytes greatly 
improved survival by inducing IFN-γ-mediated immune activation and likely 
resulted in an enhanced anti-microbial response30. The matter has become 
more complicated with the discovery of new forms of cell death and issues 
with defining apoptotic, necrotic, and other forms of regulated cell death. 
These problems underline the need for re-evaluation of previous results and 
a scrutinizing eye on upcoming studies on the immunogenicity of dying cells. 
Other determinants of an immunological cell death are the location of cell 
death31,32, the intrinsic antigenicity of the dying cell33, the mitotic and metabolic 
state of the cell34, the nature of the cell death inducer, and the availability of 
immune cells that can respond35,36. However, one of the key determinants of 
immunological cell death is the release of DAMPs that have pro-inflammatory 
effects once released. 

DAMPs
In parallel to the PAMPs such as LPS that are recognized by immune cells and 
elicit an immune response, DAMPs are equally capable of triggering immune 
cells. Some of the well-known DAMPs are single-stranded (ss), and double-
stranded (ds)DNA, ss/dsRNA, nucleotides, nucleosides, histones, HMGB1, heat 
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shock proteins, uric acid, ATP and S100 proteins37. Notably, many receptors 
that recognize PAMPs also recognize DAMPS, which suggests a similar 
pathway of immune activation in response to these two groups of molecules38. 
An extensive overview of the different extracellular effects of histones, DNA, 
and the nucleosome complex they form, is presented in Chapter 2. The 
origin of these DAMPs and their release into the extracellular environment is 
also discussed there. In this thesis, we focus on the nuclear DAMPs histones, 
nucleosomes, and HMGB1.

FSAP
FSAP, otherwise known as hyaluronic acid-binding protein 2 (HABP2) or plasma 
hyaluronan binding protein (PHBP), is a 78 kDa plasma serine protease that 
circulates as a zymogen in plasma at a concentration of ~12 µg/ml (187 nM)39. Its 
initial name, PHBP, was given to the protein by virtue of its co-purification with 
plasma hyaluronan40. Subsequently, another group purified a new factor that 
could activate purified Factor VII and later turned out to be identical to PHBP41. 
Upon activation, the single-chain FSAP zymogen (scFSAP) is proteolytically 
converted (Arg313-Ile314) into a two-chain molecule (tcFSAP) that consists 
of a ~50 kDa heavy chain and a ~28 kDa light chain that are connected via a 
disulfide bond (Figure 2). The light chain contains the proteolytic domain of 
FSAP, in which the catalytic triad is formed by His362, Asp411, and Ser50940. 
The heavy chain contains three epidermal growth factor (EGF) domains and a 
kringle domain. In vitro, FSAP in plasma has been shown to be susceptible to 
auto-activation upon incubation with positively charged molecules including 
histones and polyamines39,42,43. In addition, negatively charged molecules 
including DNA, RNA, heparin and polyphosphates promote FSAP auto-
activation of purified scFSAP39,44–46, but not FSAP in plasma47. FSAP in plasma or 
serum is also activated upon incubation with late apoptotic or necrotic cells, 
although the precise molecule(s) in these cells responsible for FSAP activation 
has not yet been identified47.
 When FSAP in plasma becomes activated, several plasma serine 
protease inhibitors (serpins) have been identified that form stable complexes 
with FSAP and thereby inhibit its amidolytic activity. Among these inhibitors are 
α-2-antiplasmin (AP)48, C1-esterase inhibitor (C1inh)45, plasminogen activator 
inhibitor-1 (PAI-1)49 and tissue factor pathway inhibitor (TFPI)50, although the 
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last one has also been identified as a substrate for FSAP51. Given that FSAP is 
activated upon incubation with dead cells, this suggest that FSAP activation 
may be used as a sensor for cell death47. Indeed, increased levels of FSAP-AP 
and FSAP-C1inh complexes have been found in patients suffering from various 
inflammatory conditions, indicating that FSAP activation and inactivation had 
occurred in these patients47,52.

Over the years, various substrates for FSAP have been identified, 
including scuPA53, fibrinogen54, high molecular weight kininogen55, platelet-
derived growth factor56, TFPI51, and histone H1 and H343,57. Despite its name, 
activation of Factor VII by FSAP in plasma in the absence of tissue factor turned 
out to be negligible to non-existent51,58, which again raised the issue on its 
name59. Several single nucleotide polymorphisms (SNPs) were identified in the 
HABP2 gene, of which the Marburg I (G511E) SNP is present in approximately 
6-9% of the Caucasian population and displays a decreased proteolytic activity 
towards all known substrates60. The Marburg I SNP was found to be a general risk 
factor for vascular disease61, and is associated with stroke62, carotid stenosis63, 
cancer64, and liver fibrosis65. It is however unknown whether these associations 
may be assigned to the decreased activity towards a known substrate of FSAP. 
To investigate the functional relevance of FSAP in vivo, FSAP-/- mice have been 
generated66. Despite the lack of an obvious phenotype, these mice displayed 

Figure 2. Schematic representation of FSAP protein structure and activation 
scFSAP contains three N-terminally located epidermal growth factor (EGF) domains (blue), 
a kringle domain (green), and a serine protease domain (orange). The first cleavage site is 
indicated with a red arrow. The molecular mechanism of FSAP activation is described in the text. 
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increased levels of liver fibrosis and inflammation upon bile duct ligation66, 
they were less susceptible for thrombus formation in a FeCl3-induced arterial 
thrombosis model67, and they displayed a worsened outcome in a thrombin-
induced stroke model68. Furthermore, in humans, elevated FSAP plasma levels 
and increased FSAP activation were associated with ischemic stroke69, and 
recently two SNPs near the HABP2 gene were found to be associated with 
elevated FSAP levels70.

Nucleosome release by FSAP
In a study by Zeerleder et al., the authors demonstrated that upon incubation 
of late apoptotic cells with healthy donor plasma, 70-80% of the chromatin 
content was released into the extracellular environment as measured by both 
flow cytometry as well as nucleosome-specific ELISA71. Plasma fractionation 
studies revealed that one protease in plasma was responsible for the observed 
chromatin release: FSAP. Importantly, inhibition of FSAP in plasma with a 
blocking monoclonal antibody completely inhibited the release of chromatin 
from late apoptotic cells, indicating FSAP was essential in this mechanism. 
Furthermore, plasma-purified FSAP was able to release chromatin from late 
apoptotic cells, suggesting that it is sufficient for this process. In a follow-
up study, we also demonstrated chromatin release from necrotic cells upon 
incubation with serum and FSAP activity was again crucial in this process (see 
Chapter 3)57. In contrast to late apoptotic cells, additional DNase I activity was 
required to partially fragment the chromatin of necrotic cells. We envisage that 
DNase activity was not required for chromatin release from late apoptotic cells 
as caspase-activated nucleases will already have fragmented the chromatin in 
the process of apoptosis. Given that nucleosomes consist of important DAMPs, 
their release from dead cells by FSAP is an important topic in this thesis. 

Autoimmunity
Interestingly, nucleosomes are potent immunogenic targets in systemic lupus 
erythematosus (SLE). SLE is a chronic inflammatory autoimmune disease, in 
which patients experience intermitting periods of active disease with variable 
clinical manifestations. The disease is characterized by an antigen-driven, 
T-cell-dependent immune response, B cell hyperactivity and the production of 
antinuclear antibodies (ANAs) such as anti-double stranded (ds)DNA and anti-
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histone antibodies72. These ANAs form immune complexes with their antigens, 
which may deposit in tissues resulting in activation of complement, induction 
of local inflammation and further progression of disease73.

Inefficient removal of apoptotic cells and loss of self-tolerance are 
critically involved in the pathogenesis of SLE74–79. When apoptotic cells are 
not cleared timely, late apoptosis or secondary necrosis may occur. This 
exposes the extracellular environment to potentially immunogenic nuclear 
constituents such as nucleosomes, containing histones, dsDNA and HMGB180. 
Several nuclear DAMPs such as histones, dsDNA, RNA and HMGB1 were 
critically involved in the pathogenesis of SLE in murine models81–87 and human 
disease88,89. Nucleosomes and anti-nucleosome antibodies have been found 
to circulate in patients with SLE90, and their levels appear to inversely correlate 
with each other91,92. Furthermore, in murine lupus models, nucleosome-specific 
autoantibodies were detectable before the occurrence of autoantibodies with 
other specificities, suggesting an important role for nucleosomes in disease 
pathogenesis93. 

Scope of this thesis
The scope of this thesis was to investigate the mechanism of chromatin release 
from dead cells by Factor VII-activating protease. Within that context, we 
examined the molecules involved in FSAP binding and activation by dead cells, 
assessed the proteolysis of free histones and HMGB1 by FSAP, and explored 
the consequences that FSAP activity elicits on the extracellular effects of these 
nuclear DAMPs. 

Chromatin consists of DNA and histones and very little is known about 
the different extracellular effects of nucleosomes when compared to the 
extracellular effects of the separate chromatin components histone and DNA. 
Therefore, we first aimed to shed light on an underexposed topic in nuclear 
DAMP research and provide a literature overview of the currently known 
extracellular functions of free histones, DNA, and nucleosomes in Chapter 2. 
We also give a brief overview on the various techniques available to detect 
these different chromatin components in body fluids. 

Subsequently, to investigate whether chromatin release by FSAP 
also applies to other types of cell death in addition to late apoptotic cells, we 
investigated FSAP-mediated chromatin release from necrotic cells in Chapter 
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3. We demonstrated that nucleosomes are released from necrotic cells upon 
incubation with serum and that this process involves both the proteolysis of 
histone H1 by FSAP as well as DNA fragmentation by DNase I. 

Since nucleosomes are potent auto-antigens in SLE, we subsequently 
investigated in Chapter 4 whether FSAP-dependent chromatin release from 
apoptotic cells is affected in the sera of patients with SLE. We demonstrated 
that FSAP-mediated chromatin release in SLE sera is inhibited by anti-nuclear 
antibodies that are present during high disease activity and crosslink nuclear 
antigens. 

Histone H1 and H3 are known to undergo proteolytic cleavage by 
FSAP, and histones have previously been found to confer cytotoxic effects to 
host cells. We therefore investigated the proteolysis of all histone subtypes 
by FSAP and assessed its effects on histone cytotoxicity in Chapter 5. We 
showed that FSAP in serum is activated upon incubation with histones and 
that its activation protects against histone-induced cytotoxicity through 
histone proteolysis. Furthermore, we showed that in contrast to free histones, 
DNA-bound histones or histones as part of a nucleosome complex are not 
cytotoxic. As FSAP cleaves free histones in the circulation, and nucleosomes 
did not display detectable cytotoxicity, we additionally determined the levels 
of free histones and compared them to nucleosome levels in the circulation of 
septic baboons and patients. Notably, free histones were not detected in these 
samples. 

As described in Chapter 3, FSAP cleaves histone H1 in necrotic cells. 
Since histone H1 and HMGB1 are both involved in regulating chromatin 
compaction, compete for binding to nucleosome linker DNA, and HMGB1 is an 
important DAMP, we studied the proteolysis of HMGB1 by FSAP in Chapter 6. 
We showed that HMGB1 in necrotic cells is indeed proteolyzed by FSAP and that 
this degradation inhibited the chemotactic effects of HMGB1. Additionally, we 
observed that the level of FSAP activation in liver surgery patients correlates 
with a decrease in HMGB1 levels, supporting our in vitro observations. 

Lastly, in Chapter 7 we aimed to reveal the molecule(s) in late apoptotic 
cells that mediate the activation of FSAP. We showed that both histones and 
RNA synergistically act on FSAP activation induced by late apoptotic cells in 
serum. Finally, in Chapter 8, the results are summarized and discussed.
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ABSTRACT
In inflammation, extensive cell death may occur, which results in the release 
of chromatin components into the extracellular environment. Individually, 
the purified chromatin components double stranded (ds)DNA and histones 
have been demonstrated to display various pro-inflammatory effects, both in 
vitro and in vivo. However, DNA and histones are organized in nucleosomes in 
the nucleus, and released as such in inflammation. The extracellular effects of 
nucleosomes have not been studied as extensively as the separate effects of 
histones and dsDNA, but there appear to be some marked differences. Moreover, 
additional pathways seem to be involved to bring about their pro-inflammatory 
extracellular effects. Remarkably, little distinction between the different forms 
in which histones circulate has been made throughout literature. This is partly 
due to the limitations of existing techniques to differentiate between histones 
in their free or DNA-bound form. Here, we review the current understanding 
of immunostimulation by histones, dsDNA, and nucleosomes, and discuss the 
importance of techniques that in their detection differentiate between these 
different chromatin components. 
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INTRODUCTION
Upon infection, pathogen-associated molecular patterns (PAMPs) are able to 
initiate an inflammatory response in the host through the activation of pattern 
recognition receptors (PRRs), including the toll-like receptors (TLRs). PAMPs that 
are recognized by TLRs include lipopolysaccharides (LPS) derived from the cell 
wall of gram-negative bacteria, flagellin, double stranded RNA, unmethylated 
CpG sequences in DNA molecules, and others. The specific recognition of 
these evolutionarily distant, yet often conserved exogenous molecules by the 
immune system was proposed in 19891, alongside the postulation that the 
immune system distinguishes between self and non-self upon the initiation of 
an immune response. In 1994, this view was challenged by the danger-model, 
which suggested that the immune system does not distinguish between self and 
non-self, but instead primarily recognizes molecules released from damaged 
or dying cells, otherwise known as damage-associated molecular patterns 
(DAMPs), to detect danger2. These ideas were later combined in a model which 
proposed that the hydrophobic portions exposed on endogenous DAMPs as 
well as on exogenous PAMPs form the essential patterns that are shared and 
recognized by the immune system3. 
 Indeed, various DAMPs that are released upon cellular damage or cell 
death are efficient inducers of inflammation. Well known nuclear DAMPs are 
histones and DNA, which are present in the nucleus in the form of a nucleosome 
complex. Cell-free histones and DNA have been found to independently of 
each other trigger either TLR-2 and -4 (histones)4 or TLR-9 (DNA)5. Notably, 
various pro-inflammatory extracellular effects have been ascribed to these 
nuclear DAMPs, but several of these effects appear to be dictated by the 
form in which these molecules are present; histones may circulate freely or in 
complex with DNA in the form of a nucleosome. Remarkably, throughout the 
literature very little distinction between the different forms of histones and 
DNA in clinical samples is made. Moreover, in some articles the terms histones 
and nucleosomes are used interchangeably. In this review we introduce 
the currently known extracellular effects of cell-free histones and DNA, and 
compare the separate effects of each to the effects that are attributable to 
their complex in the form of extracellular nucleosomes. Furthermore, given 
that the extracellular effects of these molecules drastically differ, we provide 
an overview of the current techniques available to detect and quantify 
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cell-free histones, DNA, and nucleosomes in body fluids, and methods to 
distinguish between the presence of these molecules. This review highlights 
the importance of distinguishing between free histones and histones as part 
of a nucleosome complex and addresses a topic in nuclear DAMP research that 
deserves more attention.

Histone induced inflammation
Histones are highly basic proteins rich in arginine and lysine that form the 
building blocks of chromatin in eukaryotic cells and are highly conserved 
amongst species. In humans, an octamer consisting of two dimers of histone 
H2A and H2B and a tetramer of histone H3 and H4 forms a core around which 
147 bp of DNA is wrapped ±1.67 times. The formed complex is referred to as 
a nucleosome6. The nucleosome structure plays an essential role in regulating 
gene transcription and facilitates efficient higher-order chromatin compaction. 
A fifth histone subtype, the linker histone H1, resides at the stretch of linker 
DNA that connects two nucleosomes and is essential in regulating chromatin 
compaction and transcriptional access to the nucleosome7. In addition to their 
vital intracellular functions, histones are widely recognized to bear important 
pro-inflammatory functions upon their release from the nucleus into the 
extracellular environment8,9. 
 In 2009, Xu et al. demonstrated that intravenous injection of histones 
in mice was lethal within minutes, whilst anti-histone antibodies reduced 
mortality in LPS, TNF-α, and cecal ligation and puncture models of sepsis10. 
In vitro, it was shown that histones were cytotoxic when added to cultured 
endothelial cells. In a follow-up study, the authors demonstrated that, in 
addition to the cytotoxic effects, injection of sublethal doses of histones in 
mice resulted in high levels of TNF-α, IL-6, and IL-10, which was abrogated 
when using TLR-4 knock-out (KO) mice, but not in TLR-2 KO mice4. In addition, 
it was shown that histones signal via both TLR-4 and TLR-2 through the use of 
specific TLR-transfected HEK cells. Thereafter, these results were corroborated 
and extended by Allam et al., who demonstrated that histones were cytotoxic 
to renal endothelial cells and tubular epithelial cells in vitro, stimulated bone 
marrow-derived dendritic cells (BMDCs) in a TLR2- and -4 dependent manner, 
and induced inflammation in vivo in a TLR-2 and -4 dependent manner11. In 
addition to studies on the effects of histones mediated via TLR-2 and TLR-4 
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signalling, Huang et al. demonstrated that TLR-9 KO mice were protected 
from histone-mediated ischemia/reperfusion (I/R) injury. It was found that 
exogenous histone infusion exacerbated I/R injury in wild-type (WT), but 
not in TLR-9 KO mice. The authors deduced that the exogenous histones 
likely served as a cofactor that amplified TLR-9 mediated signaling brought 
about by circulating DNA released from dying cells, although direct evidence 
for the role of endogenous DNA in the in vivo model was not presented. 
Another observation that further supports the induction of inflammation by 
histones was reported by Abrams et al., who found that neutrophils that were 
incubated with purified histones released MPO and were activated to form 
neutrophil extracellular traps12. However, the direct involvement of TLRs in this 
process was not investigated. Important to note is that when investigating the 
role of TLR-9, the translation from mice to men is troublesome as TLR-9 can 
be found in macrophages, myeloid DCs, activated T-cells, plasmacytoid DCs, 
B-cells, and neutrophils in mice, whilst in humans TLR-9 expression is limited to 
plasmacytoid DCs, B-cells, and neutrophils. This results in a radically different 
inflammatory response towards TLR-9 agonists in mice compared to humans13, 
which complicates nuclear DAMP research in animal models.
 To understand the mechanisms involved in histone induced 
cytotoxicity, several observations reported in the literature provide insight. 
FITC-labeled histones were shown to bind to the surface of cultured EA.hy926 
endothelial cells and subsequently induced an influx of Ca2+, which resulted 
in cell lysis12. Likely, the affinity of histones for phosphodiester bonds does 
not only ensure their avid binding to DNA, but also to phosphodiester bonds 
in phospholipids, resulting in the integration of histones into the plasma 
membrane. The glycocalyx covering the cell surface appears to determine the 
sensitivity of different cell types to histone-induced cytotoxicity. Chaaban et 
al. demonstrated that CHO cells deficient in heparan-sulfate or with inhibited 
hyaluronan production, were markedly more sensitive to histone-induced 
cytotoxicity14. This suggests that the glycocalyx serves as a protective layer to 
prevent histone insertion into the plasma membrane. Notably, cell death was 
not inhibited by TLR-2 and TLR-4 neutralizing antibodies, indicating that these 
receptors are not involved in histone induced cytotoxicity in that experimental 
system. However, in a study by Ekaney et al., a neutralizing anti-TLR-4 antibody 
did inhibit histone induced cytotoxicity of human microvascular endothelial 
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cells. Whether these differences result from differences in the cell lines used, 
a different inhibitory anti-TLR-4 antibody used, or distinct mechanisms of cell 
death is unclear. 
 An explanation for the discrepant sensitivity of histone cytotoxicity to 
neutralizing anti-TLR antibodies may be derived from two studies in which 
histones were found to activate the NLRP3 inflammasome, either in LPS-
primed BMDCs15, and in Kupffer cells upon liver ischemia/reperfusion injury16. 
Inflammasome activation may result in caspase-1 and caspase-11 dependent 
pyroptotic cell death in certain cell types (see review17), although so far the 
involvement of specific NLRP3 activation has not been linked directly to 
pyroptosis yet. Nevertheless, we hypothesize that TLR-mediated inflammasome 
activation by histones may result in pyroptotic cell death. Further studies are 
required to reveal whether this mechanism exists or not, and whether it proves 
to be another mechanism of histone-mediated cell death, in addition to cell 
death induced by plasma membrane integration of histones. Although 
inflammasome activation by histones was observed in TLR-4 deficient Kupffer 
cells, the involvement of other TLRs remains unexplored, as are the different 
cell types able to execute pyroptosis. For an overview of the immunostimulatory 
effects of histones, see Figure 1.

Figure 1. The immunostimulatory effects of histones
Purified histones disturb plasma membrane integrity, which induces a calcium flux, resulting in 
cellular lysis. In addition, histones have also been shown to signal via TLR-2 and -4. It is unclear 
whether TLR binding of histones induces their uptake and translocation into early endosomes.
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Immunostimulatory effects of cell free DNA
DNA is a polymeric molecule that encodes the genetic information required for 
all life-forms on earth. However, upon release into the extracellular environment 
it may play a different role. Bacterial DNA is a potent immunostimulant as 
it contains unmethylated CpG motifs that provoke signalling via TLR-98. In 
contrast, the CpG motifs in vertebrate DNA are mostly methylated18. Indeed, 
purified vertebrate DNA has repeatedly been found to inadequately activate 
TLR-919,20. Furthermore, in a recent study by Bhagirath et al., a comparison was 
made of the effects of purified protein-free, and therefore histone-free, nuclear 
DNA, mitochondrial DNA, and bacterial DNA on human neutrophil viability 
and IL-6 release. It was found that only mitochondrial and bacterial DNA, 
which contain unmethylated CpG motifs, increased neutrophil viability as a 
consequence of their activation21. Furthermore, only bacterial DNA induced 
IL-6 secretion from neutrophils.
 Interestingly, in contrast to purified vertebrate DNA, complexed DNA, 
either as a nucleosome or in complex with anti-DNA antibodies, has been 
demonstrated to activate TLR-9 in cultured mouse BMDCs and spleen DCs22,23, 
and also in vivo in mice24. Several explanations for the differences in TLR-9 
stimulation by either purified or complexed DNA can be given. First, since 
TLR-9 in pDCs and B-cells is only located in the endosomal compartment, 
DNA needs to be endocytosed in order to activate TLR-9. Purified vertebrate 
DNA is not easily endocytosed25, but several proteins that bind DNA may 
facilitate its uptake, including C1q26, anti-DNA antibodies27, and importantly, 
also histones28. Secondly, in addition to the recognition of unmethylated CpG 
motifs, the phosphodiester backbone of DNA has been demonstrated to 
efficiently dimerize TLR-9 in solution29. Thus, vertebrate DNA may activate TLR-
9 in a sequence independent manner30,31. Strikingly, synthetically produced 
oligodinucleotides (ODNs) often contain a phosphorothioate-modified 
backbone in order to improve cellular uptake32. In an elegant study by Haas 
et al., it was demonstrated that ODNs with this modified backbone have an 
antagonistic effect on TLR-9 signalling through their high affinity for TLR-9, 
and that only when a CpG motif was inserted into ODNs with this backbone 
these regained their immunostimulatory effects31. Unmodified DNA with a 
naturally occurring phosphodiester backbone was stimulatory regardless of 
the sequence. Results obtained with phosphorothioate-modified ODNs in 
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studies wherein the role of CpG motifs in TLR-9 stimulation were investigated 
may therefore require careful interpretation. Finally, in a more recent study 
it was shown that TLR-9 preferentially recognizes a curved DNA backbone29. 
Such bending of the DNA backbone presumably occurs in the DNA that 
wraps nucleosomes, and perhaps also in complexes of DNA with anti-DNA 
antibodies. In addition, it has become clear that cell free DNA may mediate 
TLR-9 independent immunostimulation via cytoplasmic DNA sensing 
mechanisms such as cyclic GMP-AMP synthase (cGAS), which results in 
activation of stimulator of interferon genes (STING). Initiation of this pathway 
by endogenous DNA, but also by dsDNA viruses that have invaded the cell, 
results in type I interferon secretion, thereby contributing to DNA-mediated 
immune activation (see review33). An important but so far unanswered 
question in this matter is whether nucleosomes that have been taken up by a 
cell are able to activate the cGAS-STING pathway.
 Taken together, these observations indicate that many questions 
regarding the immunostimulatory capacity of vertebrate DNA remain. 
However, it is clear that DNA mediates potent immunostimulatory effects, 

Figure 2. The immunosimulatory effects of dsDNA
Purified DNA is endocytosed and signals via TLR-9, or activates cytoplasmic DNA sensing 
mechanisms. Purified DNA is not easily endocytosed. Several proteins such as C1q, anti-dsDNA 
antibodies, and histones, appear to enhance dsDNA endocytosis. The constraints for TLR-9 
signaling by dsDNA, including CpG content, the phosphodiester backbone, and DNA curvature, 
are discussed in the text.
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both via TLR-9 stimulation as well as via cytoplasmic DNA sensing mechanisms 
(see Figure 2), and that the form in which DNA circulates, e.g. free or as a 
nucleosome or immune complex, modulates its immunostimulatory capacity. 
Furthermore, as discussed above, DNA may serve as a template to enhance 
TLR-2 and -4 signaling instigated by histones. 

The distinct effects of histones and DNA when assembled in the form of 
nucleosomes
From the sections above it is clear that both extracellular histones and cell-
free DNA have immunostimulatory effects on cells. However, a substantial 
body of evidence suggests that nucleosomes have markedly different 
extracellular effects when compared to free histones and DNA. Rönnefarth 
et al. demonstrated that upon incubation with nucleosomes purified from 
calf thymus, human neutrophils became activated with CD66b and CD11b 
upregulation, displayed increased phagocytosis of added microspheres, and 
secreted IL-834. Interestingly, in this study, nucleosomes induced neutrophil 
activation and recruitment equally efficient in both WT and TLR-2/4 KO mice. 
In a continuation of the study, also TLR-9 was shown to be dispensable for 
nucleosome-induced neutrophil activation, although nucleosomes did induce 
TLR-9 upregulation and increased the response to alternative TLR-9 agonists35. 
In addition to neutrophils, nucleosomes have been demonstrated to also 
activate human and murine DCs , in a MyD88-independent pathway36. Given 
that MyD88 is a downstream signalling protein for all TLRs, with the exception 
of TLR-3, the involvement of these TLRs was excluded in this study. In contrast, 
nucleosomes derived from Plasmodium falciparum potently stimulated 
murine DCs in a TLR-9 dependent manner23. These results clearly suggest that 
immune activation by nucleosomes is in part determined by the species the 
nucleosomes derive from, and that activation may be initiated through distinct 
pathways in different cell types. It also suggests that immune activation by 
nucleosomes does not follow the same immune activation pathways that have 
been described for histones and/or DNA, or at least that additional pathways 
are also involved. To explain the immunostimulatory effects of nucleosomes, 
the presence of a specific cell surface receptor that binds nucleosomes has 
been postulated. Cell surface proteoglycans have been shown to be involved in 
nucleosome binding to cell surfaces, but the presence of a specific nucleosome 
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receptor has remained elusive37–40.
 In addition to differences in immune activation by histones and 
nucleosomes, the cytotoxic effects described for histones do not appear to 
apply to nucleosomes. Studies wherein purified nucleosomes were injected 
in mice to study their clearance lack any mention of cytotoxic effects, even at 
doses of up to 1 mg nucleosomes41. Of note, injection of 1.25 mg of purified 
histones is lethal within 1 h10. The half-life of injected nucleosomes (2-85 μg) 
was estimated to be around 4 minutes, although at higher doses, going up 
to 1 mg, the clearance of nucleosomes was greatly impaired, suggesting that 
saturation of the clearance mechanism had been reached. That nucleosomes 
do not provoke cytotoxic effects was confirmed in vitro by Abrams et al., whom 
demonstrated that isolated nucleosomes did not induce cell death of cultured 
endothelial cells, unless nucleosomes were degraded by brief sonication or 
upon their incubation with serum42. Nonetheless, nucleosomes have been 
described to induce necrotic cell death specifically in cultured lymphocytes, 
whilst DNA and histones did not induce necrosis determined by counting 
propidium iodide positive, annexin V negative cells43. Given that nucleosomes 
contain DNA, the binding of nucleosomes to lymphocytes, which was also 
described in this study, may however have affected the quantification of 
necrotic cells by propidium iodide staining. Nevertheless, in the same study it 
was found that upon injection of nucleosomes in mice, the number of spleen 
cells, presumably lymphocytes, significantly decreased, whilst there were no 
signs that lymphocytes had migrated to other organs. Notably, also in this 
study, the mice did not display signs of inflammation upon injection with 
nucleosomes. 
 The potent nuclear derived DAMP high-mobility group box 1 
(HMGB1) may interact with nucleosomes. HMGB1 stimulates cells via TLR-
4 and the receptor for advanced glycation endproducts (RAGE) signaling44. 
Upon binding of HMGB1 to nucleosomes, the resulting nucleosome-
HMGB1 complex may induce different cellular effects than either HMGB1 or 
nucleosomes alone. Nucleosome-HMGB1 complexes have been found in the 
circulation of SLE patients and were shown to induce the secretion of IL-1β, 
IL-6, IL-10, and TNF-α from human macrophages, and induce the expression of 
costimulatory molecules in human DCs45. Interestingly, nucleosomes without 
HMGB1 were not immunostimulatory in this study. These results suggest that 
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HMGB1 may form a key component of nucleosomes that directly determines 
their immunostimulatory capacity. Indeed, HMGB1 was shown to bind more 
avidly to RAGE in the presence of CpG DNA and augmented IFN-γ production 
by CpG-stimulated human plasmacytoid dendritic cells (pDCs), possibly by 
enhancing CpG DNA uptake46. Worth noting, in the previously mentioned 
neutrophil stimulation studies by Ronnefarth et al. the presence of HMGB1 
in their nucleosome preparations was excluded, and neutrophil activation 
occurred readily34. Taken together, the described observations suggest that 
the prerequisites for immunostimulation by nucleosomes may well be cell-
type dependent, and require further investigation. We have summarized the 
different routes by which nucleosomes mediate their extracellular effects in a 
schematic illustration in Figure 3. 

Figure 3. The immunostimulatory effects of nucleosomes
In contrast to purified histones, dsDNA, or mixed preparations, nucleosomes appear to follow 
additional and different routes of immunostimulation, also depending on the cell type it 
encounters. Similar to dsDNA, anti-dsDNA antibodies increase the uptake of nucleosomes 
by phagocytic cells. Moreover, purified nucleosomes with bound HMGB1 mediate 
immunostimulation of human macrophages via TLR-2.  In contrast, purified nucleosomes lacking 
HMGB1 are stimulatory to neutrophils and dendritic cells in a MyD88-independent manner, 
indicating that stimulation by nucleosomes is also cell-type specific. In contrast to histones, 
nucleosomes do not appear cytotoxic. Given that nucleosomes were repeatedly found to bind 
to the plasma membrane, the existence of a nucleosome-specific receptor has been proposed, 
but this receptor has thus far not been identified. Finally, it is unclear whether nucleosomes that 
have been taken up by cells are able to stimulate intracellular DNA sensing mechanisms.
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The origin of circulating nucleosomes
So far, the origin and mechanisms of nucleosome release have not been studied 
in large detail. Although the obvious source of extracellular nucleosomes are 
dying or damaged cells, the mechanisms by which nucleosomes are released 
into the extracellular environment appear multifold. An important factor in 
facilitating nucleosome release may be the type of cell death that occurs, e.g. 
apoptosis, necrosis, pyroptosis, necroptosis, and others. For example, upon 
apoptosis, caspase-activated DNase (CAD) induces the fragmentation of DNA 
into oligonucleosomes, a process that does not take place in necrosis. Indeed, 
nucleosomes have been found on the surface of apoptotic cells47. Furthermore, 
apoptotic cells passively leak nucleosomes, whilst several plasma proteins such 
as Factor VII-activating protease (FSAP), which is activated upon contact with 
late apoptotic or necrotic cells, facilitate efficient release of chromatin from 
late apoptotic cells48. In addition to FSAP, Factor H has recently been found to 
bind nucleosomes and purified Factor H mediated their release from apoptotic 
cells49. However, this mechanism remains to be validated in full serum or plasma. 
In addition to these plasma proteins and intracellular nucleases, circulating 
nucleases also play an important part. For example, for FSAP mediated 
nucleosome release from necrotic cells, serum DNase activity was required 
to fragment chromatin before its release into the extracellular environment50. 
Interestingly, it is known that C1q may in its turn increase serum DNase I 
activity, resulting in enhanced necrotic chromatin clearance26, whilst C1q also 
enhanced efferocytosis of late apoptotic cells51. The synergistic effects of these 
plasma factors in facilitating the release and clearance of dead cell chromatin 
remain to be elucidated. However, the mechanisms of chromatin release are 
beginning to be unraveled. For instance, FSAP efficiently cleaved linker histone 
H1 in necrotic cells. Since histone H1 mediates the higher order compaction of 
chromatin (see review52), H1 cleavage by FSAP may form a crucial step in the 
release of chromatin from dying cells. It is clear that chromatin release proceeds 
in a highly regulated manner and that multiple nucleases, both intracellular as 
well as extracellular, in combination with various plasma proteins are involved 
in this regulation. Impaired functionality of these factors, for example of DNase 
I, has been linked to systemic lupus erythematosus (SLE), whilst the release of 
chromatin from late apoptotic cells by FSAP has been shown to be inhibited in 
patients with SLE53,54.
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 In addition to the release of chromatin from dying non-myeloid cells, 
activated neutrophils may undergo a form of cell death whereby their chromatin 
is excreted into the extracellular environment to form so-called neutrophil 
extracellular traps (NETs)55. Notably, this type of cell death has been described 
to occur in other cell types, e.g. mast cells, basophils, and macrophages, as well 
(see review56). NETs are decorated with neutrophil proteases and have been 
demonstrated to efficiently trap and kill pathogens such as bacteria, fungi 
and parasites55. Interestingly, NETs have been demonstrated to be cytotoxic 
to lung epithelial cells and mouse glomerular endothelial cells in vitro57,58. This 
effect was, in part, mediated by the histones present in NETs as NETs remained 
toxic upon DNA digestion, whilst anti-histone antibodies partially protected 
cells against NET induced cytotoxicity. As mentioned above, several studies 
have demonstrated that in contrast to NETs, purified nucleosomes are not 
toxic to cultured endothelial cells. Several explanations may be provided for 
the apparent differences in the cytotoxicity of NETs and nucleosomes. First, 
during NETosis, histones are processed by elastase59 while peptidylarginine 
deiminase-4 (PAD4) converts the highly charged arginine residues in histones 
to more neutral citrulline, which results in a more open chromatin structure60. 
These modifications may possibly result in an increased exposure of cytotoxic 
histones when compared to purified unmodified nucleosomes. Secondly, 
the anti-microbial proteases present in NETs may confer cytotoxicity as well. 
Indeed, an MPO inhibitor decreased the cytotoxicity of NETs, while an elastase 
inhibitor had no effect57. Finally, the length of extracellular chromatin, which is 
much longer in NETs compared to purified nucleosomes, might also mediate 
cytotoxicity. In conclusion, extracellular chromatin may derive from different 
origins ranging from dying non-myeloid cells to NETting neutrophils, and 
the release of chromatin from these cells appears tightly controled (Figure 
4). However, it is currently unclear to what extent the origin of the chromatin 
determines its cytotoxicity.
 Since the mechanisms that may account for the levels of extracellular 
chromatin in the circulation are manifold, this raises the question from which 
cell types the circulating nucleosomes originate. Circulating nucleosome 
levels are increasingly being used as a marker for NETosis61–64, but may in 
fact be derived from various cell tissues and cell types. Although in several 
human diseases and murine models nucleosome levels indeed appear to 
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correlate with neutrophil activation as determined by circulating elastase 
levels65, no assays currently exist that distinguish between NET-derived or non-
myeloid cell-derived chromatin. Importantly, PAD4-deficient mice, which are 
reportedly impaired in NET formation, displayed similarly increased levels of 
circulating nucleosomes upon LPS-challenge as wild-type mice, indicating that 
nucleosomes not only derived from NETting neutrophils66. In a different study, 
Sun et al. studied the origin of circulating DNA through plasma DNA tissue 
mapping. They found that the largest part of circulating DNA in cancer patients 
and in patients that had undergone a bone marrow or liver transplantation 
was lymphocyte derived67. Notably, neutrophils contributed significantly to 
circulating cell-free DNA. Future studies employing this technique may help to 
elucidate the origin of circulating DNA in inflammatory disease.

Figure 4. The origin of histones, dsDNA and nucleosomes
Upon insufficient clearance of dead cells, or the induction of (neutrophil) extracellular traps, 
chromatin components are released into the extracellular environment. This release may 
occur passively, but several plasma proteins are known to regulate the release of chromatin 
(components) from dead cells.
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Detection of circulating histones and nucleosomes in disease
Circulating histones and nucleosomes have been frequently found in 
patients suffering from a wide range of inflammatory conditions, including 
sepsis68, traumatic injury and surgery12,69–71, cerebral stroke72, chronic 
obstructive pulmonary disease (COPD)73, systemic lupus erythematosus74, 
multiple organ failure71, disseminated intravascular coagulation (DIC)75, 
thrombotic microangiopathies76, sickle cell disease61, paroxysmal nocturnal 
hemoglobinuria (PNH)77, and cancer78,79. More importantly, circulating levels of 
nucleosomes correlate with the length of hospital stay in sickle cell disease61, 
the severity of stroke72, an increased risk of deep vein thrombosis (DVT)80, are 
associated with mortality in children suffering from meningococcal sepsis81, 
and may serve as a predictive marker for chemotherapy response in cancer 
patients79, and mortality in trauma injury69. 
 To detect the presence of circulating histones or nucleosomes, several 
assays are currently in use. The presence of histones in patient samples is 
easily visualized by means of immunoblot and this assay has been used 
extensively4,10,12,73,82. However, using immunoblot it is not possible to make 
a distinction between freely circulating histones, histones bound to DNA, 
or histones that are part of a nucleosome complex. Similarly, several ELISAs 
have been developed that quantify specific histone subtypes24,71,73,75,83. These 
assays often make use of polyclonal antibodies raised against histones and it 
is therefore unlikely that the antibodies used in these assays will solely detect 
free histones. Alternatively, ELISAs have been developed that specifically detect 
nucleosomes. Our own in-house developed nucleosome assay makes use of a 
monoclonal anti-histone H3 catching antibody and a monoclonal detection 
antibody that recognizes a structural epitope formed by histone H2A, H2B and 
DNA84. This ensures specificity for nucleosomes and we have not observed any 
cross-reactivity with purified free histones in this assay. A similar ELISA was 
developed by Roche (Cell Death Detection ELISAPLUS) wherein a monoclonal 
anti-histone antibody is used as a catching antibody in combination with a 
monoclonal anti-DNA antibody for detection and which has been widely 
used12,69,70,72,79,82,85–88.
 In addition to the ELISA-based measurement of circulating 
nucleosomes, PCR-based approaches to quantify circulating cell-free DNA 
are also readily established. Since all cell-free DNA seems to be circulating in 
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complex as nucleosomes89,90, the PCR-based approach appears to deliver very 
comparable results to a nucleosome ELISA91, although PCR-based approaches 
may be more laborious and require more patient material. Important to note 
when developing such PCR method to quantify cell free DNA however, are the 
different chromatin fragment lengths that may be found in the circulation. 
Since most DNA seems to circulate in mono- or di-nucleosome fragments89,90, 
caution should be taken when choosing primer sets for PCR that amplify 
DNA fragments shorter than 147 bp in length. With respect to the available 
nucleosome ELISAs, it is not clear how these assays respond to longer stretches 
of chromatin.
 The nucleosome specific ELISAs in particular allow for a reliable 
measurement of circulating chromatin fragments. Regrettably, however, the 
absence of assays that specifically detect free histones has sometimes led 
investigators to assign certain effects to free histones whereas it is unclear 
whether these effects are in fact attributable to nucleosomes instead. In 
a study by Abrams et al., immunoblot was used to detect histones and 
combined with a nucleosome ELISA to simultaneously detect nucleosomes 
in samples obtained from severe trauma patients12. Initially both histone and 
nucleosome levels were high in the first hours after trauma, but nucleosome 
levels dropped after 24 hr whilst histone levels remained elevated for up to 
72 hr after hospitalization. The blot used to quantify histones was not shown 
but the density of the bands was assessed using densitometry. It is unclear 
whether the histones measured at 24 hr and 72 hr were free or whether they 
remained (partly) complexed with DNA but became undetectable in ELISA. 
 In the seminal paper of Xu et al. on the importance of TLR-2 and TLR-4 in 
‘’histone-mediated’’ immune signaling in ConA challenged mice, nucleosomes 
were immunoprecipitated from a mouse sample with an antibody against 
DNA-H2A-H2B. Strikingly, no residual histone H3 was detected upon analysis 
of the supernatant on immunoblot, which indicates that all histones were 
present as part of a nucleosome complex and were not circulating freely. This 
was correctly pointed out by the authors of the study, and it thus appears that 
not free histones but nucleosomes are responsible for the TLR-2 and TLR-4 
mediated induction of inflammation observed in their study. Since in most 
in vitro studies nucleosomes induced TLR-independent immunostimulation, 
it is unclear how to interpret the in vivo data. It is possible however, that the 
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nucleosome preparations used for most in vitro studies, which often consist 
of mono- and di-nucleosomal fragments, are unable to efficiently cross-link 
TLR-2 and TLR-4, in contrast to the larger (NET) fragments that may be present 
locally at inflammatory sites in vivo. This is supported by the observation of 
Xu et al. that histone signaling via TLR-2 and TLR-4 in TLR-transfected HEK293 
cells was enhanced in the presence of exogenously added DNA4. However, it 
is worth noting that the length of circulating cell-free DNA was determined 
to predominantly represent the mononucleosome size. Since the extracellular 
effects of histones and nucleosomes appear to be different and they may 
be subject to different clearance/degradation kinetics, this stipulates the 
importance of specific assays for chromatin components and a clear use of the 
terms histones and nucleosomes. 

CONCLUSIONS
The important nuclear DAMPs histones and DNA induce immune activation 
independently of each other in various cell types, whilst histones are in addition 
also cytotoxic. However, when present in the form of a nucleosome complex, 
the cytotoxicity of histones seems to be missing, whereas the signaling 
pathways triggered by nucleosomes are not limited to TLRs and require further 
investigation. Furthermore, the release of chromatin from dying non-myeloid 
cells as well as from neutrophils in the form of NETs appears to be highly 
regulated. To measure circulating chromatin components, various techniques 
are in use that detect their targets with different degrees of specificity, so care 
should be taken when selecting a technique and attributing effects to either 
individual chromatin components, or nucleosomes.
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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 microenvironment1. 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 erythemathosus (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 glomeruli5–8.
 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 process9. 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 SLE10,11. 
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 cells9.
 We have previously shown that serum releases nucleosomes from late 
apoptotic cells12. 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 bond14. FSAP has several plasma inhibitors 
including α2-antiplasmin15 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 cells15 and circulating histones17.
Based on the role of FSAP in the nucleosome release from late apoptotic cells, 



56

Chapter 3

 3

56

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 antiFSAP-413, AAP-20, AAP-11, AP-118 and ANA58 
and ANA6019 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 described13. The construction, production, purification and activation of 
thermolysin-activatable FSAPR313Q mutant has been described previously20. 
Blood was collected from donors and allowed to clot for 30 min at room 
temperature. After centrifugation at 1300 x g for 10 min, serum was removed 
and stored at -20ºC. 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 levels13. 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 
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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), 
streptomycin (100 µg/ml) and 50 µM ß-mercaptoethanol. Necrosis was 
induced by incubation of Jurkat cells or isolated T-cells (2*106 cells/ml) at 56ºC 
for 30 min. After induction of necrosis, cells (1*106 cells/ml) were cultured in 
FCS-free medium at an atmosphere of 5% CO2 at 37ºC for 48 h 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 described12,19. 
Briefly, monoclonal antibody CLB-ANA/60, which recognizes histone H3 was 
used as a catching antibody. Biotinylated F(ab’)2 fragments of CLB-ANA/58, 
which recognizes an epitope exposed on complexes of histone H2A, histone 
H2B and dsDNA, in combination with poly-HRP was used for detection. 
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Analysis of DNA degradation by agarose gel electrophoresis
After induction of necrosis, cells were cultured in an atmosphere of 5% CO2 
at 37ºC for 24 h in presence of purified FSAP and/or DNase I. Samples were 
treated with RNase (10 U/ml) for 30 min at 37ºC. 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 AAP-11, directed against inactivated and complexed α2-
antiplasmin was used as a catching antibody and monoclonal antibody AP-1 
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/l18.

FSAP-α2-antiplasmin complex ELISA
FSAP-α2-antiplasmin (FSAP-AP) complex levels were determined by an ELISA as 
recently described15. Briefly, a monoclonal antibody (AAP-20) 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 (5*106 cells/ml) were cultured in an atmosphere 
of 5% CO2 at 37ºC for 48 h 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.
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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 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). 
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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 37ºC for 48 h. 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 h. 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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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 (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 well9, 
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. No PAP-complexes 
could be detected upon incubation of serum with necrotic cells, indicating 

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 37ºC for 48 h. 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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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 37ºC 
for 24 h 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 37ºC 
for 48 h in presence of serum of a healthy donor. Next plasmin-alpha2-antiplasmin (PAP) and 
FSAP-alpha2-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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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-19. 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.

DISCUSSION
We previously showed that the plasma serine protease FSAP is the factor in 
serum that can release nucleosomes from late apoptotic cells13. 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 SLE2–4. In absence of serum, nucleosomes remain bound to late 
apoptotic cells12. 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 hepatocytes22. 
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 SLE10,11. 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 antibodies23. Napirei et al. showed that mouse serum DNase I functions 
together with the serine protease plasmin in the generation of nucleosomes 
in necrotic cells9. 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-antiplasmin15 and tissue factor pathway inhibitor16 which are inhibitors of 

Figure 6: Histone 1 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 h in presence of plasma-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
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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 cells13. 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 SLE2–4. In absence of serum, nucleosomes remain bound to late 
apoptotic cells12. 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 hepatocytes22. 
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 SLE10,11. 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 antibodies23. Napirei et al. showed that mouse serum DNase I functions 
together with the serine protease plasmin in the generation of nucleosomes 
in necrotic cells9. 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-antiplasmin15 and tissue factor pathway inhibitor16 which are inhibitors of 

Figure 6: Histone 1 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 h in presence of plasma-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
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plasmin as well. Moreover FSAP is described to be inhibited by plasminogen 
activator inhibitor24. 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 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 cells15. In contrast, plasminogen activation requires the 
presence of plasminogen activators, which need to be released to the site of 
action (e.g. tPA 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 DNase25. 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 serum12. 
Since Napirei et al. demonstrated that mouse serum was able to generate 
nucleosomes in necrotic cells after a longer incubation period9 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 
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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, 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 SLE5–8 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.

ACKNOWLEDGEMENTS
We would like to thank A.R. van der Horst (Sanquin Diagnostic Services, 
Sanquin Blood Supply) for the Marburg I analysis of all healthy donors. M. de 
Boer and K. van Leeuwen (Department of Blood Cell Research, Sanquin Blood 
Supply) for performing sequence analysis on the FSAP-deficient donor. A.B. 



68

Chapter 3

 3

68

Meijer and C. van der Zwaan (Department of Plasma Proteins, Sanquin Blood 
Supply) for performing mass spectrometry analysis.

CONFLICT OF INTEREST
All authors have no conflicts of interest to declare in relation with this work. 
This work was supported by a grant from the Landsteiner Foundation for Blood 
Transfusion Research (LSBR 1616 and 0817). SZ receives an unrestricted grant 
from Viropharma.



3

6969

FSAP and DNase I release nucleosomes from necrotic cells

REFERENCES
1. Lauber, K., Blumenthal, S. G., Waibel, M. & Wesselborg, S. Clearance of apoptotic cells: 

getting rid of the corpses. Mol. Cell 14, 277–87 (2004).

2. Casciola-Rosen, L. A., Anhalt, G. & Rosen, A. Autoantigens targeted in systemic lupus 

erythematosus are clustered in two populations of surface structures on apoptotic 

keratinocytes. J. Exp. Med. 179, 1317–30 (1994).

3. Herrmann, M. et al. Impaired phagocytosis of apoptotic cell material by monocyte-

derived macrophages from patients with systemic lupus erythematosus. Arthritis 

Rheum. 41, 1241–50 (1998).

4. Walport, M. J. Lupus, DNase and defective disposal of cellular debris. Nat. Genet. 25, 

135–6 (2000).

5. Amoura, Z., Chabre, H., Bach, J. F. & Koutouzov, S. Antinucleosome antibodies and 

systemic lupus erythematosus. Adv. Nephrol. Necker Hosp. 26, 303–16 (1997).

6. Amoura, Z. et al. Circulating plasma levels of nucleosomes in patients with systemic 

lupus erythematosus: correlation with serum antinucleosome antibody titers and 

absence of clear association with disease activity. Arthritis Rheum. 40, 2217–25 (1997).

7. Chabre, H. et al. Presence of nucleosome-restricted antibodies in patients with systemic 

lupus erythematosus. Arthritis Rheum. 38, 1485–91 (1995).

8. van Bruggen, M. C. et al. Nucleosomes and histones are present in glomerular deposits 

in human lupus nephritis. Nephrol. Dial. Transplant 12, 57–66 (1997).

9. Napirei, M., Wulf, S. & Mannherz, H. G. Chromatin breakdown during necrosis by serum 

Dnase1 and the plasminogen system. Arthritis Rheum. 50, 1873–83 (2004).

10. Chitrabamrung, S., Rubin, R. L. & Tan, E. M. Serum deoxyribonuclease I and clinical 

activity in systemic lupus erythematosus. Rheumatol. Int. 1, 55–60 (1981).

11. Sallai, K., Nagy, E., Derfalvy, B., Müzes, G. & Gergely, P. Antinucleosome antibodies 

and decreased deoxyribonuclease activity in sera of patients with systemic lupus 

erythematosus. Clin. Diagn. Lab. Immunol. 12, 56–9 (2005).

12. Zeerleder, S. et al. A plasma nucleosome releasing factor (NRF) with serine protease 

activity is instrumental in removal of nucleosomes from secondary necrotic cells. FEBS 

Lett. 581, 5382–8 (2007).

13. Zeerleder, S. et al. Nucleosome-releasing factor: a new role for factor VII-activating 

protease (FSAP). FASEB J. 22, 4077–84 (2008).

14. Etscheid, M., Hunfeld, A., König, H., Seitz, R. & Dodt, J. Activation of proPHBSP, the 

zymogen of a plasma hyaluronan binding serine protease, by an intermolecular 

autocatalytic mechanism. Biol. Chem. 381, 1223–31 (2000).

15. Stephan, F. et al. Activation of factor VII-activating protease in human inflammation: a 

sensor for cell death. Crit. Care 15, R110 (2011).

16. Stephan, F. et al. Tissue factor pathway inhibitor is an inhibitor of factor VII-activating 

protease. J. Thromb. Haemost. 10, 1165–71 (2012).

17. Yamamichi, S. et al. Extracellular histone induces plasma hyaluronan-binding protein 



70

Chapter 3

 3

70

(factor VII activating protease) activation in vivo. Biochem. Biophys. Res. Commun. 409, 

483–8 (2011).

18. Levi, M., de Boer, J. P., Roem, D., ten Cate, J. W. & Hack, C. E. Plasminogen activation in 

vivo upon intravenous infusion of DDAVP. Quantitative assessment of plasmin-alpha 

2-antiplasmin complex with a novel monoclonal antibody based radioimmunoassay. 

Thromb. Haemost. 67, 111–6 (1992).

19. van Nieuwenhuijze, A. E. M., van Lopik, T., Smeenk, R. J. T. & Aarden, L. A. Time between 

onset of apoptosis and release of nucleosomes from apoptotic cells: putative 

implications for systemic lupus erythematosus. Ann. Rheum. Dis. 62, 10–4 (2003).

20. Stavenuiter, F. et al. Factor seven activating protease (FSAP): does it activate factor VII? J. 

Thromb. Haemost. 10, 859–66 (2012).

21. Kuijpers, T. W. et al. Complement factor 7 gene mutations in relation to meningococcal 

infection and clinical recurrence of meningococcal disease. Mol. Immunol. 47, 671–7 

(2010).

22. Gauthier, V. J., Tyler, L. N. & Mannik, M. Blood clearance kinetics and liver uptake of 

mononucleosomes in mice. J. Immunol. 156, 1151–6 (1996).

23. Macanovic, M. & Lachmann, P. J. Measurement of deoxyribonuclease I (DNase) in the 

serum and urine of systemic lupus erythematosus (SLE)-prone NZB/NZW mice by a new 

radial enzyme diffusion assay. Clin. Exp. Immunol. 108, 220–6 (1997).

24. Wygrecka, M. et al. Plasminogen activator inhibitor-1 is an inhibitor of factor VII-

activating protease in patients with acute respiratory distress syndrome. J. Biol. Chem. 

282, 21671–82 (2007).

25. Gaipl, U. S. et al. Cooperation between C1q and DNase I in the clearance of necrotic cell-

derived chromatin. Arthritis Rheum. 50, 640–9 (2004).







CHAPTER 4

FSAP-mediated nucleosome release from late 
apoptotic cells is inhibited by autoantibodies 
present in SLE

Eur J Immunol 2016;46:762-71

*Gerben Marsman, *Femke Stephan, Karina de Leeuw, Ingrid Bulder, Jessica T. 
Ruinard, Jan de Jong, Johanna Westra, Irene E.M. Bultink, Alexandre E. Voskuyl, 
Lucien A. Aarden, Brenda M. Luken, Cees G.M. Kallenberg, Sacha Zeerleder

* These authors contributed equally to this paper



74

Chapter 4

 4

74

ABSTRACT
Inefficient clearance of apoptotic cells and the subsequent exposure of the 
immune system to nuclear contents are crucially involved in the pathogenesis 
of systemic lupus erythematosus (SLE). Factor VII-activating protease (FSAP) 
is activated in serum upon contact with dead cells, and releases nucleosomes 
from late apoptotic cells into the extracellular environment. We investigated 
whether FSAP-mediated nucleosome release from late apoptotic cells is 
affected in SLE patients. Nucleosome release in sera of 27 SLE patients and 
30 healthy controls was investigated by incubating late apoptotic Jurkat cells 
with serum and analyzing the remaining DNA content by flow cytometry. We 
found that nucleosome release in sera of SLE patients with high disease activity 
was significantly decreased when compared with that in SLE sera obtained 
during low disease activity or from healthy individuals. Upon removal of IgG/
IgM antibodies from SLE sera, nucleosome release was restored. Similarly, 
monoclonal anti-nuclear antibodies inhibited nucleosome release in healthy 
donor serum or by plasma-purified FSAP. This inhibition was lost when Fab 
fragments were used, suggesting that antigen crosslinking is involved. In 
conclusion, FSAP-mediated nucleosome release from late apoptotic cells is 
greatly impaired in SLE patient sera, possibly hampering the clearance of these 
cells and thereby propagating inflammation.



4

75

Nucleosome release is inhibited in SLE patient sera

75

INTRODUCTION
Systemic lupus erythematosus (SLE) is a chronic inflammatory autoimmune 
disease, characterized by intermitting periods of active disease with variable 
clinical manifestations. The disease is outlined by an antigen-driven, T-cell-
dependent immune response, B cell hyperactivity and the production of 
antinuclear antibodies (ANAs) directed against ubiquitous nuclear antigens, 
such as double stranded (ds)-DNA and histones1. These ANAs can form 
immune complexes with their respective antigens, which upon deposition in 
tissues can lead to activation of complement, induction of local inflammation 
and consequently progression of disease2.
 Inefficient removal of apoptotic cells and loss of self-tolerance due to 
a dysregulated immune response are critically involved in the pathogenesis 
of SLE3–8. When apoptotic cells are not cleared timely, progression into 
late apoptosis or secondary necrosis occurs. Similar to apoptotic cells, late 
apoptotic cells expose phosphatidylserine on the outer plasma membrane 
and contain a fragmented nucleus with condensed chromatin9. However, late 
apoptotic cells have in addition lost their plasma membrane integrity10. This 
exposes potentially immunogenic cytosolic, but also nuclear constituents such 
as nucleosomes, containing histones, dsDNA and HMGB1, to the extracellular 
environment11.
 Collectively, these newly exposed intracellular components are known 
as damage-associated molecular pattern molecules (DAMPs). Several nuclear 
DAMPs such as dsDNA, histones, RNA and HMGB1 are known to stimulate Toll-
like receptors (TLRs) and were critically involved in the pathogenesis of SLE in 
murine models12–18 and human disease19,20. Circulating nucleosomes and anti-
nucleosome antibodies have been found in patients with SLE21, and their levels 
appear to inversely correlate with each other22,23. Furthermore, nucleosome-
specific autoantibodies were detectable in murine lupus models before the 
occurrence of autoantibodies with other specificities, suggesting an important 
role for nucleosomes in disease pathogenesis24. 
 We have previously shown that incubation of late apoptotic or 
necrotic cells with serum releases the chromatin from these cells25,26 and this 
phenomenon has recently also been described by others27. After release, the 
chromatin can be found as nucleosomes in the extracellular environment25 
and in blood28. We have found that the plasma protein responsible for this 
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chromatin removal is the Factor VII-activating protease (FSAP), also known as 
hyaluronic acid binding protein 2 (HABP2)29. FSAP is a serine protease circulating 
in plasma as a 78 kDa inactive single-chain molecule. Upon activation, FSAP is 
auto-proteolytically converted into its active two-chain form consisting of a 50 
kDa heavy and a 28 kDa light chain, interconnected by a disulfide bond30. It has 
been found that FSAP gets activated upon contact with either late apoptotic 
or necrotic cells28 and circulating histones31, and that its activation is required 
for nucleosome release. Notably, blocking FSAP activation in serum with a 
monoclonal anti-FSAP antibody fully inhibits the nucleosome releasing activity 
of serum. In the blood FSAP is only transiently active as it is rapidly bound by 
inhibitors including α2-antiplasmin (AP)30. Since nucleosomes play a central 
role in the antinuclear antibody response in SLE, we investigated whether the 
FSAP-mediated release of nucleosomes from late apoptotic cells is affected in 
serum of patients with SLE. 

METHODS
Patient sera 
Twenty-seven SLE patients were randomly chosen with a mean age of 38 years 
(range, 18-64 years) and 89% was female. Two serum samples were taken 
from each individual patient at different time points. One sample was taken 
during flair-induced hospitalization as indicated by a high Systemic Lupus 
Erythematosus Disease Activity Index (SLEDAI) score32 of at least ≥ 4, referred 
to as “high disease activity”. Another sample with low SLEDAI score (SLEDAI 
≤ 2) was drawn during a regular outpatient visit preceding the flair and was 
referred to as “low disease activity”. Patient characteristics and presence of 
the specific American College of Rheumatology classification criteria for SLE 
are summarized in Table 1. Antibodies to ds-DNA were measured  using the 
RIA Farr assay according to the manufacturer’s protocol (Siemens Healthcare 
Diagnostics, the Hague, the Netherlands). Complement protein C3 and C4 
levels were detected using nephelometry. Sera were taken from healthy 
donors and all donors were known to be homozygous for the wild-type form 
of FSAP33. All sera were obtained as anonymous samples from the diagnostic 
laboratory, in accordance with the Dutch guidelines and regulations for the 
use of patient material.
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Reagents
Mouse monoclonal antibodies against FSAP29 and α2-antiplasmin (AAP-20), anti-
murine kappa light chain antibodies and monoclonal antinuclear antibodies 
(ANAs)34 were prepared at our department. The anti-nucleosome antibody 
recognizes a complex formed by histone H2a, H2b and dsDNA. Iscove’s Modified 
Dulbecco’s Medium (IMDM) was obtained from BioWhittaker Europe (Verviers, 
Belgium). Heat-inactivated fetal calf serum (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 were 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). 
Plasma-purified active FSAP was prepared as described previously29. 

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 (%)
        Daily mean dose, mg

11 (41%)
7.5 (5-22.5)

22 (81%)
10 (6.3-27.5)

Hydroxychloroquine use, n (%)
Daily mean dose, mg

10 (37%)
400 (400-400)

12 (44%)
400 (400-400)

Azathioprine use, n (%)
Daily mean dose, mg

5 (19%)
100 (75-150)

7 (26%)
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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Cell culture and induction of apoptosis 
Jurkat cells were cultured in IMDM containing 5% (v/v) FCS, penicillin (100 IU/
ml), streptomycin (100 µg/ml) and 50 µM ß-mercaptoethanol. Prior to apoptosis 
induction, cells were washed by centrifugation at 360 x g for 10 minutes with, 
and resuspended in serum-free IMDM. Cells (1x106 cells/ml) were incubated 
for 48 h with etoposide in a final concentration of 200 µM to induce apoptosis.

Nucleosome release
Nucleosome release was determined as described previously29. Briefly, 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 min at 37ºC to 
remove RNA which we have previously found to interfere with DNA staining 
of apoptotic cells by propidium iodide (PI). The incubation with 10 U/ml RNase 
did not affect FSAP activity (data not shown). Where indicated, ANAs or ANA-
derived Fab fragments followed by an anti-light chain antibody were incubated 
with the late apoptotic cells. Subsequently, serum or plasma-purified active 
FSAP was added to the cells and incubated for 30 minutes at 37ºC. To examine 
the release of nucleosomes, cells were washed three times with HN buffer and 
stained with PI (3 µg/ml) or DAPI (100 ng/ml) to detect the remaining amount 
of DNA after serum incubation. Samples were analyzed on a BD LSRII flow 
cytometer. The median fluorescence intensity of PI or DAPI 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%. Although we measure loss of DNA content 
in this study, it should be noted that this can be reliably used to measure the 
release of nucleosomes25.

FSAP ELISA
FSAP antigen levels were determined by ELISA as recently described29. Briefly, 
a monoclonal antibody (anti-FSAP4) which recognizes the light chain of 
FSAP was used as a catching antibody. Biotinylated anti-FSAP2 monoclonal 
antibody recognizing the heavy chain of FSAP in combination with HRP 
labeled streptavidin were 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 described28. Briefly, a monoclonal antibody (AAP-20) 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 protein G-coupled 
Sepharose 4B with 1 ml of serum overnight at 4°C. IgG-depleted serum was 
recovered after centrifugation and IgG depletion was verified by specific 
ELISA35.
 IgM was depleted from serum by incubating 2 ml of NHS-activated 
Sepharose 4 Fast Flow with a coupled anti-IgM fragment with 0.5 ml of serum 
for 4 h at RT. IgM-depleted serum was recovered after centrifugation and IgM 
depletion was verified by specific ELISA36. 

Fab fragments
To produce F(ab’)2 fragments, 0.8 mg/ml antibody was incubated with 20 μg/
ml pepsin for 24 hr 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 h at 
4°C. After centrifugation, the F(ab’)2 fragments were recovered and incubated 
with 10 mM dithiotreitol for 30 minutes to make monovalent Fab fragments. 
Free thiol groups were blocked with 20 mM of N-ethylmaleimide and Fab 
fragments were dialyzed to PBS.

Statistics
Results are presented as mean ±SEM. Differences between groups were 
compared using the Man-Whitney Rank Sum test. Paired samples were 
compared by means of Wilcoxon rank sum test. 
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RESULTS
Nucleosome release from late apoptotic cells is impaired in SLE sera 
obtained during active disease 
To study extracellular nucleosome release we incubated late apoptotic Jurkat 
cells with sera from 27 SLE patients from whom we obtained sera both during 
active disease as well as during remission, and sera from 30 healthy donors. 
After incubation for 30 min the cells were stained with propidium iodide 
(PI) to detect the amount of DNA that remains in the cells. The decrease in 
DNA content of late apoptotic cells after incubation with a reference serum 
from a healthy donor was defined as 100% nucleosome release, as previously 
described25,29. A significant number of SLE sera obtained during active disease 
showed a reduced release of nucleosomes compared to healthy donor sera 
(Figure 1A). Interestingly, this difference in nucleosome release was not seen 
when late apoptotic cells were incubated with sera from the same patients 
obtained during low disease activity. We then studied the correlation between 
nucleosome release and an established disease activity parameter, the level of 
anti-dsDNA antibodies. This analysis showed that anti-dsDNA antibody levels 
were significantly elevated in samples obtained during high disease activity 
(Figure 1B). Moreover, the levels of anti-dsDNA antibodies inversely correlated 
with extracellular nucleosome release (r = -0.63 P<0.0001) (Figure 1C). 
Furthermore, we found that complement C3 and C4 levels were significantly 
reduced in the sera that had shown impaired nucleosome release from late 
apoptotic cells (Supporting Information Figure 1). This is indicative of 
enhanced activation and consumption of complement proteins during active 
disease in these patients.

FSAP levels and activation are normal in SLE 
We have previously shown the critical importance of FSAP and its activation 
in efficient nucleosome release into serum, and therefore determined levels of 
FSAP in SLE patient sera and healthy donor sera. All patients had normal levels 
of FSAP antigen in sera as measured by ELISA (Figure 2A). To determine FSAP 
activation, we detected complexes of FSAP with its inhibitor α2-antiplasmin 
(AP). FSAP-AP complexes were elevated in sera obtained during low disease 
activity compared to sera obtained during high disease activity (Figure 2B). To 
determine whether FSAP in the SLE sera was still susceptible to activation and 



4

81

Nucleosome release is inhibited in SLE patient sera

81

Figure 1. Nucleosome release from late apoptotic cells using serum from SLE patients and 
correlation with anti-dsDNA antibody level
(A) After induction of apoptosis, cells were incubated with 20% serum from SLE patients (n=27), 
obtained during both low disease activity and high disease activity, and from healthy donors 
(n=30). Cells were stained with propidium iodide (3 µg/ml) and analyzed by flow cytometry. 
The nucleosome release observed using a healthy donor reference serum was defined as 
100%.  (B, C) Anti-dsDNA levels were (B) determined in SLE sera during low and high disease 
activity by the Farr assay and (C) inversely correlated with nucleosome release. Each symbol 
represents an individual donor and bars represent mean ± SEM. Asterisks indicate significant 
differences between the groups indicated by brackets. Significance was determined using a 
two-tailed Student’s t-test, Wilcoxon paired rank test for paired samples. For correlation analysis, 
Spearman’s rank correlation coefficient was determined,  *** P < 0.001, ** P < 0.01
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Figure 2.  FSAP antigen and FSAP-AP complexes in serum from SLE patients
(A) Levels of FSAP antigen were measured in sera from SLE patients by ELISA. FSAP levels are 
expressed as AU/ml. Serum from 30 healthy donors were taken as a control. (B, C) Levels of FSAP-
AP complexes were measured in sera from SLE patients (B) pre- and (C) post-incubation with late 
apoptotic cells. FSAP-AP levels are expressed as AU/ml. (D) Delta (Δ) expresses the difference 
in FSAP-AP levels pre- and post-incubation with late apoptotic cells. All measurements were 
performed in triplicate; each symbol represents an individual donor and bars represent mean 
± SEM. Asterisks indicate significant differences between the groups indicated by brackets. 
Significance was determined using a two-tailed Student’s t-test, Wilcoxon paired rank test for 
paired samples, *** P < 0.001, ** P < 0.01.
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complex formation, FSAP-AP complexes were also measured upon incubation 
of sera with late apoptotic cells, as previously described28. Upon incubation 
with late apoptotic cells, all sera showed a near equal increase in FSAP-AP 
complexes, indicating that FSAP activation had occurred to a similar degree 
in the groups with low and high disease activity (Figure 2C-D). These data 
suggest that neither changes in FSAP antigen levels nor inhibition of FSAP 
activation/complex formation accounted for the decrease in nucleosome 
release from late apoptotic cells observed using these sera. 

IgG and IgM antibodies in SLE sera inhibit nucleosome release from late 
apoptotic cells
Since no alteration in FSAP levels or susceptibility to FSAP activation was 
observed in the SLE sera, we hypothesized that an inhibitor of nucleosome 
release may be present in the sera. We investigated the presence of an 
inhibitor in patient sera that showed decreased nucleosome release from late 
apoptotic cells. Serum from a healthy donor with normal nucleosome release 
was mixed and pre-incubated with serum from SLE patients and subsequently 
added to late apoptotic cells. The level of nucleosome release observed using 
healthy donor serum was set at 100%. An impaired release of nucleosomes 
was detected when healthy donor serum was mixed with SLE serum (Figure 
3), indicating that an inhibitor present in the SLE sera inhibits the nucleosome 
releasing activity in the healthy donor serum.
 Because of the strong correlation between decreased nucleosome 
release and the presence of anti-DNA antibodies in the sera, we tested whether 
antibodies were involved in this inhibition. SLE sera were depleted for IgG and 
then incubated with serum from a healthy donor prior to the addition to late 
apoptotic cells. The observed inhibition of nucleosome release disappeared in 
six out of seven patient sera upon IgG depletion (Figure 3), suggesting that 
serum IgG is responsible for the inhibition of nucleosome release in these 
patient samples. In serum from one patient however, inhibition of the healthy 
donor serum was still detectable after IgG depletion, suggesting that in this 
patient sample the inhibition was not mediated by IgG antibodies. Notably, 
80% of the anti-DNA antibodies in this patient were of the IgM class37. To 
investigate whether IgM antibodies had an inhibitory effect on nucleosome 
release by serum of this patient, it was depleted for IgM and tested for inhibition 
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of nucleosome release. Indeed, after IgM depletion, serum of this patient was 
no longer able to inhibit nucleosome release (Figure 3). This shows that in 
addition to IgG antibodies, IgM antibodies from SLE sera are able to inhibit 
nucleosome release by healthy donor serum.

Anti-nuclear antibodies inhibit nucleosome release from late apoptotic 
cells
Because antibodies present in the serum from SLE patients mediated the 
inhibition of nucleosome release, monoclonal anti-nuclear antibodies (ANAs) 
derived from mice with SLE-like disease34 were screened for their effect 
on extracellular nucleosome release. To test this, late apoptotic cells were 
incubated with three different mouse monoclonal ANAs, recognizing histone 
H3, dsDNA and an epitope formed by a complex of histone 2A, 2B and DNA 
(anti-nucleosome), prior to incubation with healthy donor serum. Afterwards, 
cells were stained with DAPI and nucleosome release was determined. Pre-
incubation of the cells with all three different ANAs resulted in a decreased 
nucleosome release compared to the isotype control (Figure 4A). To investigate 
whether this inhibition was due to a direct inhibitory effect on FSAP-mediated 

Figure 3.  Antibodies in sera of SLE 
patients inhibit nucleosome release by 
healthy donor serum
After induction of apoptosis, cells were 
incubated with 10% serum from a healthy 
control or 10% serum from seven SLE patients 
with high disease activity. In addition, 10% 
serum of a healthy donor (HD) was pre-
incubated with 10% serum, IgG-depleted 
serum or IgG+IgM-depleted serum of the 
seven SLE patients and a control. Cells were 
stained with propidium iodide (3 µg/ml) and 
analyzed by flow cytometry. The nucleosome 
releasing activity by 10% serum of the healthy 
control was defined as 100%. Closed circles 
indicate results obtained with the healthy 
control serum. Each of the other seven unique 
black symbols indicate results obtained with 
serum from one SLE patient and is shown 
as the mean of triplicates pooled from three 
independent experiments. 
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Figure 4.  Inhibition of nucleosome release upon incubation with monoclonal anti-nuclear 
antibodies and with Fab fragments
(A, B) After induction of apoptosis, cells were incubated with monoclonal anti-nuclear antibodies 
(6.25-50 µg/ml) prior to incubation with (A) 10% serum of a healthy donor or (B) 10 U/ml plasma-
purified tcFSAP. Cells were stained with propidium iodide (3 μg/ml) and analyzed by flow 
cytometry. The nucleosome release observed using 10% healthy donor serum was defined as 
100%. 10 U/ml plasma-purified active FSAP corresponds to 10% serum. Data are shown as mean 
± SEM of triplicates pooled from three independent experiments. Significance was calculated in 
relation to the isotype control using a two-tailed unpaired Student’s t-test, ** P < 0.01, **** P < 
0.0001, ns not significant. 
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nucleosome release, late apoptotic cells were incubated with the ANAs 
prior to incubation with plasma-purified active FSAP. Indeed, all three ANAs 
showed similar inhibition of nucleosome release by plasma-purified active 
FSAP as using serum (Figure 4B). These results illustrate the inhibitory effect 
of antinuclear antibodies on FSAP-mediated nucleosome release from late 
apoptotic cells. 
 To investigate whether ANAs block an FSAP specific target required 
for nucleosome release, Fab fragments were made of the ANAs and used in 
our assay. Due to the commonly observed decrease in affinity of created Fab 
fragments as compared to intact antibodies, only the Fab fragment of the 
anti-nucleosome antibody showed sufficient binding to the cells to allow 
for further analysis (data not shown). In Figure 5 it can be seen that in a 
similar assay as described above, these Fab fragments were unable to inhibit 
nucleosome release. In contrast, when late apoptotic cells were incubated with 
anti-nucleosome Fab fragments followed by incubation with a monoclonal 
anti-light chain antibody in order to mimic antigen crosslinking by intact 
antibodies, nucleosome release was inhibited (Figure 5). This suggests that 
the observed inhibition of nucleosome release by ANAs is brought about by 
crosslinking of target antigen and the formation of large immune complexes, 
which cannot be released by FSAP.

DISCUSSION
Nucleosomes, or their constituents DNA and histones, are major intracellular 
auto-antigens in SLE. We have previously shown that the plasma protein 
factor VII-activating protease (FSAP) releases chromatin from late apoptotic 
and necrotic cells and that this chromatin can be detected extracellularly as 
nucleosomes28,29. In this study we demonstrate that sera from SLE patients 
show a decreased ability to release nucleosomes from late apoptotic cells 
during active disease (Figure 1A). This decreased ability correlates with 
both disease activity as well as anti-DNA levels (Figure 1C) in the sera and is 
unrelated to changes in FSAP levels (Figure 2A) or its activation (Figure 2B-
D). Interestingly, we have found that serum FSAP-AP levels were elevated 
during low disease activity compared to high disease activity (Figure 2B). 
However, induction of FSAP activation through incubation of SLE sera with late 
apoptotic cells showed an equal increase of FSAP-AP levels in the low and high 
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disease activity groups. This indicates that activation of FSAP, or alternatively 
its complex formation with AP is not inhibited during active disease, nor is 
the detection of FSAP-AP complexes hindered in these samples. Since the 
molecular mechanism responsible for FSAP activation in vivo has not been 
clearly identified yet, it is unclear whether the decreased activation of FSAP is 
a result of a decreased availability of its activator during active disease. 
 Late apoptotic cells have lost the integrity of their plasma membrane, 
which may expose the immune system to intracellular chromatin. Removal 
of chromatin may facilitate an immunologically silent clearance of late 
apoptotic cells in two ways. Firstly, it may prevent prolonged exposure of 
the immune system to potentially immunogenic chromatin and assist in its 
clearance. Indeed, nucleosomes that are released into the circulation in mice 
are very rapidly cleared by hepatocytes (t½ = 10-30 min)38. Secondly, the 
presence of chromatin may influence the uptake of large cellular fragments 
by circulating phagocytes. We hypothesize that the release of nucleosomes 
from late apoptotic cells by FSAP may aid in the phagocytosis of cell remnants. 

Figure 5.  Inhibition of nucleosome release by anti-nuclear antibodies 
After induction of apoptosis, cells were incubated with either intact anti-nucleosome antibodies 
or anti-nucleosome Fab fragments. Next, cells were washed and incubated with buffer or 100 
µg/ml anti-light chain antibody and incubated with 10% serum from a healthy donor. Cells 
were stained with propidium iodide (3 μg/ml) and analyzed by flow cytometry. The nucleosome 
release observed using 10% serum of the healthy donor was defined as 100%. Isotype controls 
did not show inhibition of chromatin removal. Data are shown as mean ± SEM of triplicates 
pooled from three independent experiments. Significance was calculated in relation to the anti-
nucleosome condition using a two-tailed unpaired Student’s t-test, ** P < 0.01, *** P < 0.001, **** 
P < 0.0001, ns not significant.
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In support of this concept Liang et al. have shown that incubation of late 
apoptotic cells with serum leads to a decrease in DNA content and may 
lead to an increase in phagocytosis efficiency27. Notably, an impairment of 
phagocytosis of apoptotic cells brought about by an unidentified component 
in SLE serum has previously been observed when studying phagocytosis using 
mice macrophages39. However, it is unclear whether the observed impaired 
phagocytosis in that study may have been caused by the presence of anti-
nuclear antibodies. Although nucleosome release by FSAP may contribute 
to efficient clearance of late apoptotic cells and nucleosomes themselves, 
circulating nucleosomes may also efficiently trigger the immune system or 
even have direct detrimental effects on cells40. 
 In order to investigate whether anti-nuclear antibodies (ANAs) e.g. 
anti-nucleosome antibodies can interfere with nucleosome release, we tested 
the effects of mouse monoclonal ANAs on nucleosome release by both serum 
and plasma-purified FSAP. ANAs with different specificities all inhibited the 
release of nucleosomes. Furthermore, nucleosome release by plasma-purified 
FSAP was also inhibited, indicating that ANA’s exert a direct effect on FSAP 
function. Our data shows that Fab fragments of a monoclonal ANA did not 
inhibit nucleosome release, suggesting that inhibition of nucleosome release 
is not likely to be attributed to blockage of a specific target for FSAP. Another 
possibility is that ANAs are able to cross-link nucleosomes in/on cells, thereby 
preventing their release. Indeed, by artificially crosslinking ANA Fab fragments 
through a monoclonal anti-light chain antibody, nucleosome release could 
be inhibited again. This supports the notion that crosslinking of nucleosomes 
and the formation of immune complexes form the main mechanism through 
which ANAs in SLE patients hinder the release of nucleosomes by FSAP from 
dead cells. In support of our observations that ANAs inhibit nucleosome 
release, others have found that circulating nucleosome levels in SLE patients 
inversely correlate with the level of anti-dsDNA antibodies22,23. The formation 
of immune complexes between ANAs and nucleosomes may lead to increased 
clearance of these complexes and thus lower levels of circulating nucleosomes. 
Additionally, the inhibition of nucleosome release by ANAs may account partly 
for decreased levels of circulating nucleosomes in patients with high ANA 
levels.
 Recently, it has been shown that neutrophil extracellular traps 
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(NETs) are inefficiently degraded in sera from a group of SLE patients41. 
These NETs consist of DNA, histones and antimicrobial enzymes and can be 
secreted by neutrophils upon stimulation42. Two mechanisms are suggested 
to be causative in this impaired NET degradation: (i) the presence of DNaseI 
inhibitors or (ii) anti-NET antibodies that prevent DNaseI access to DNA in 
NETs. The second mechanism shows parallels with the anti-nuclear antibodies 
that inhibit nucleosome release from late apoptotic cells in our present study, 
as complex formation between ANAs and nucleosomes may prevent FSAP 
access to chromatin whilst it does not influence FSAP activation. 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 43. We found significantly lower levels of C3 and C4 in the 
serum of SLE patients with reduced nucleosome release (Figure S1). It is 
tempting to speculate that, in analogy to the non-degraded NETs that activate 
complement and the chromatin binding properties of C1q, late apoptotic cells 
that have not disposed of their nucleosomes can activate complement. 
 In summary, we showed that FSAP in serum obtained from SLE patients 
during active disease is unable to release nucleosomes from late apoptotic 
cells and that this impairment correlates with disease activity. The reduced 
nucleosome release is likely caused by the presence of antibodies which may 
exert their inhibitory effect through crosslinking of nuclear antigen (Figure 6). 

Figure 6.  Mechanism of nucleosome release inhibition by anti-nuclear antibodies
In healthy individuals, FSAP is activated by late apoptotic and necrotic cells and releases 
nucleosomes from late apoptotic cells into the extracellular space, which may assist in the 
clearance of both nucleosomes as well as dead cell remnants. In SLE patients, FSAP is activated 
upon contact with late apoptotic cells, but nucleosome release is inhibited by the presence 
of anti-nuclear antibodies. These antibodies likely exert their inhibitory effect through cross-
linking of nuclear antigen.
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Impairment of nucleosome release correlates with the presence of anti-DNA 
antibodies and the consumption of complement factors C3 and C4, which may 
substantiate the ongoing pro-inflammatory response. Impaired nucleosome 
release may result in the persistence of DAMP-containing immune-complexes 
in dead tissue, thereby driving inflammation, the autoimmune response 
and progression of disease. These results reveal a new mechanism by which 
ANAs may contribute to impaired clearance of late apoptotic cells in SLE and 
contribute to the propagation of disease.
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SUPPORTING INFORMATION

Supporting Information Figure 1: C3 and C4 levels in serum from SLE patients 
Serum levels of complement factors C3 (A) and C4 (B) were measured in sera from SLE patients. 
C3 and C4 levels were compared between sera that displayed normal or decreased nucleosome 
release; Sera with a nucleosome releasing activity of >3 SDs above the mean nucleosome 
releasing activity were defined as sera with normal nucleosome releasing capabilities. Asterisks 
indicate significant differences (unpaired Student’s t test) between the groups indicated by 
brackets, * P < 0.05.
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Serum levels of complement factors C3 (A) and C4 (B) were measured in sera from 

SLE patients . C3 and C4 levels were compared between sera that displayed normal 

or decreased nucleosome release; Sera with a nucleosome releasing activity of >3 

SDs above the mean nucleosome releasing activity were defined as sera with 

normal nucleosome releasing capabilities. Asterisks indicate significant differences 

(unpaired Student’s t test) between the groups indicated by brackets, * P < 0.05.  

 







CHAPTER 5

DNA and Factor VII-activating protease protect 
against the cytotoxicity of histones 

Manuscript submitted

Gerben Marsman, Helen J. von Richthofen, Ingrid Bulder, Florea Lupu, Jan 
Hazelzet, Brenda M. Luken* & Sacha Zeerleder*

*These senior authors contributed equally to this paper



98

Chapter 5

 5

98

ABSTRACT
Circulating histones have been implicated as major mediators of inflammatory 
disease due to their strong cytotoxic effects. We identified that Factor VII-
activating protease (FSAP) protects against histone-induced cytotoxicity. Upon 
incubation of serum with histones, FSAP was activated and degraded histones, 
which prevented histone-induced cytotoxicity in vitro. DNA also protects 
against histone-induced cytotoxicity, as histones as part of nucleosome 
complexes were not cytotoxic, whilst DNA digestion of nucleosomes restored 
cytotoxicity. Histones in nucleosomes were inefficiently cleaved by FSAP, 
and resulted in limited cleavage of histone H3. The specific isolation of either 
nucleosomes or free histones from serum of E. coli challenged baboons and 
of patients with meningococcal sepsis, revealed that histones were present in 
the form of nucleosomes, whilst free histones were not detected. Histone H3 
was cleaved but remained in nucleosomes. Our results suggest that DNA and 
FSAP jointly limit histone cytotoxicity, and that free histones do not circulate in 
appreciable concentrations in sepsis. 
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INTRODUCTION
In inflammatory disease, extensive cell death results in the release of intracellular 
constituents that may be harmful to the host. Indeed, increased levels of 
circulating histones and nucleosomes have been found in patients suffering 
from a wide range of inflammatory conditions, including sepsis1–3, traumatic 
injury and surgery3–6, cerebral stroke7, systemic lupus erythematosus8, and 
cancer9,10. In 2009, Xu et al. demonstrated that histones released by mouse 
macrophages in response to an inflammatory challenge are cytotoxic for 
human endothelial cells in vitro. Furthermore, injection of histones induced 
lethality in mice, whilst anti-histone antibodies lowered mortality in a mouse 
model of LPS-induced endotoxemia or mice injected with TNF-α11. Since then, 
other groups have shown that extracellular histones exacerbate inflammation 
in a toll-like receptor (TLR)-dependent manner upon kidney or liver injury, and 
during sterile inflammation12–15. In addition to immune-signaling, histones 
induce direct cytotoxic effects through the physical disturbance of the plasma 
membrane5. Other extracellular effects of histones include anti-microbial 
effects16 -particularly when present in neutrophil extracellular traps (NETs)17,18-, 
coagulation activation2,19–22, and endothelial activation23. Therefore, circulating 
histones are regarded as major mediators of disease in these settings. 
 Histones are highly basic proteins that are strongly conserved 
throughout evolution and facilitate efficient higher-order chromatin 
compaction by wrapping DNA into a nucleosome complex24,25. Extracellular 
histones and nucleosomes may derive from activated macrophages11, NETs18, 
apoptotic, or (secondary) necrotic cells12,26–30. For apoptotic and necrotic 
cells, both passive and active mechanisms of chromatin release have been 
demonstrated. We have previously established that the plasma serine protease 
Factor VII-activating protease (FSAP) is activated in serum upon incubation 
with late apoptotic or necrotic cells and that its activity is required to efficiently 
release chromatin from these cells into the extracellular environment28,31. Upon 
chromatin release from necrotic cells, histone H1 was proteolyzed by FSAP. 
FSAP circulates as a 78 kDa zymogen at a concentration of 12 µg/ml and is 
(auto)-proteolytically cleaved into a two-chain form (tcFSAP) upon activation. 
In addition to activation upon incubation with late apoptotic and necrotic cells, 
highly charged molecules including heparin32, RNA33, and purified histones34 
have been shown to induce FSAP auto-activation. Furthermore, Yamamichi et 
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al. have shown that purified histone H3 is cleaved by activated FSAP34. In vivo, 
FSAP activation has been demonstrated in various inflammatory conditions 
and correlated with circulating nucleosomes, disease severity and mortality 
in patients suffering from severe sepsis, septic shock and, specifically, in 
meningococcal sepsis35–37.
 Since FSAP is activated upon incubation with cytotoxic histones and 
is able to degrade histone H1 and H3, we aimed to investigate its effects 
on histone-induced cytotoxicity. Furthermore, given that histones are part 
of nucleosomes in the nucleus, we aimed to compare the cytotoxicity of 
free histones and nucleosomes and determine their respective levels in the 
circulation in inflammatory disease. We demonstrate that histones, but not 
nucleosomes, are cytotoxic and are efficiently proteolyzed by FSAP in serum. 
Furthermore, we show for the first time that not free histones, but nucleosomes 
are detectable in the circulation in inflammatory disease.

MATERIALS AND METHODS
Reagents
Calf thymus histones (type II-A), single stranded DNA from salmon testes, 
and dsDNA from herring testes were purchased from Sigma-Aldrich. NuPAGE 
materials for SDS-PAGE and Western blotting and the deoxynucleotide 
triphosphate (dNTP) mix were obtained from Thermo Fisher Scientific. Sodium 
dodecyl sulfate (SDS) was purchased from Bio-Rad. Human recombinant APC 
(drotrecogin alfa, Xigris) was obtained from Eli Lilly. Poros-HS was obtained 
from Thermo Fisher Scientific. All other chemicals were of laboratory-grade and 
obtained from Sigma-Aldrich or Merck-Millipore. Rat monoclonal antibody anti-
mouse-kappa-light-chain conjugated to horse-radish-peroxidase, and mouse 
monoclonal antibodies anti-histone H3, biotinylated-anti-nucleosome-F(ab)2-
fragments, (biotinylated) anti-FSAP antibodies, anti-alpha-2-antiplasmin, anti-
dsDNA, and isotype control anti-IL-6, were all prepared at our department35,38. 
Coupling of anti-kappa light chain or anti-dsDNA to CNBr-activated 
sepharose 4B (GE Healthcare) was performed according to the manufacturer’s 
instructions. Serum was received from anonymous healthy donors at Sanquin 
Blood Supply (Amsterdam, the Netherlands), obtained and handled according 
to Dutch regulations for the use of patient material, and informed consent 
was obtained according to the declaration of Helsinki. The characterization of 
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FSAP-deficient serum has been previously described27. In brief, a homozygous 
nonsense mutation (c.607C>Tp.R203X) in the HABP2 gene led to replacement 
of an arginine with a stopcodon. Serum from baboons challenged with E. 
coli or from patients suffering from meningococcal disease were obtained as 
previously described35,39.

Purification of FSAP 
Two-chain FSAP (tcFSAP) was purified from serum as described before28. 
Briefly, serum components were separated by size exclusion chromatography. 
Subsequently, FSAP-containing fractions were applied to an anti-FSAP 
coupled sepharose column. Column-bound FSAP was eluted and dialyzed to 
10 mM phosphate buffer (pH 6.0) containing 140 mM NaCl. The final product 
was analyzed on SDS-PAGE, and the activity of FSAP was determined in a 
chromogenic assay, using substrate S2288 (Chromogenix). The production 
and purification of the recombinant FSAPR313Q mutant (rFSAP) has been 
described in detail40. rFSAP was freshly activated before each experiment, by 2 
h incubation at 30°C with 0.1 µg/mL thermolysin in 10 mM 2-(N-morpholino)
ethanesulfonic acid (MES), 100 mM NaCl, 100 µM CaCl2, 50 nM ZnCl2, 0.01% 
Tween-80, pH 5.0. The reaction was stopped by the addition of 30 µg/mL 
phosphoramidondisodiumsalt. As a control, inactive rFSAP was treated using 
the same conditions without added thermolysin. Activated rFSAP was stored 
on ice until use. 

Nucleosome purification
Nucleosomes were purified from Jurkat cells as previously described41, with 
minor alterations. During the whole procedure, complete EDTA-free protease 
inhibitor (Roche) was used. Briefly, nuclei were released from Jurkat cells by 
physical shear force homogenization in 0.5% (v/v) Nonidet P40 (NP40) lysis 
buffer. After several washes, 0.3 M KCl was used to remove most loosely bound 
proteins from the chromatin, yielding a washed nuclear pellet that was used 
for further purifications. To purify oligonucleosomes, the nuclear pellet was 
washed with 0.4 M NaCl to remove non-histone proteins from the chromatin. 
Subsequently, the pellet was solubilized in 0.65 M NaCl to release the linker 
histones from the chromatin, thereby causing chromatin decompaction. 30-50 
strokes using a type-B pestle released oligonucleosomes from the chromatin. 
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Nuclei were pelleted by centrifugation at 10,000x g for 20 min at 4°C. 
Subsequently, the supernatant was dialyzed to reduce the salt concentration, 
followed by incubation with 0.3 U/mL micrococcal nuclease (Sigma-Aldrich, 
stock at 155 U/mL) for 30 minutes at 37°C to yield even smaller chromatin 
fragments. These fragments were then separated by size on a 10-40% glycerol 
gradient by ultra-centrifugation at 100,000× g. The fractions that contained 
mono-nucleosomes (as determined by 1.5% agarose gel electrophoresis) with 
the highest nucleosome concentration (as determined by nucleosome ELISA) 
were pooled. The final product was dialyzed to 20 mM HEPES buffer. SDS-PAGE 
separation followed by Silver staining showed that all histones including H1 
were present in the pooled fractions. The protein concentration was 350 µg/ml 
as determined by Pierce BCA Protein assay and the DNA concentration was 320 
µg/ml as determined by detecting the absorbance at 260 nm. The nucleosome 
concentration of the final product was ~350,000 AU/mL, as determined by our 
in-house nucleosome ELISA.

Cytotoxicity assays
Human embryonic kidney 293 (HEK293) cells and ECRF24 cells, which are 
immortalized human umbilical vein endothelial cells (HUVECs) (55), were 
cultured in Iscoves’s Modified Dulbecco’s Medium (IMDM) (BioWhittaker), 
supplemented with 5% (v/v) fetal calf serum (FCS) (Bodinco), 100 U/mL 
penicillin (Invitrogen), 100 µg/mL streptomycin (Invitrogen), and 50 µM 
β-mercaptoethanol (Sigma-Aldrich). The culture medium of ECRF24 cells 
additionally contained 20 µg/mL transferrin, 10 U/mL heparin and 2.5 ng/
mL basic fibroblast growth factor (bFGF) (Sigma-Aldrich). Primary HUVECs 
(Lonza) were cultured in Endothelial Cell Growth Medium (EGM™-2, Lonza), 
which contains 2% (v/v) FCS and vascular endothelial growth factor (VEGF). All 
cells were maintained in a 5% CO2 humidified culture incubator at 37°C. Cells 
(25,000/well) were seeded in 200 µL culture medium in 96-well flat-bottom 
plates and allowed to attach overnight. Histones were pre-incubated with 
appropriate reagents (FSAP, serum, ssDNA, dsDNA or dNTP) in FCS-free IMDM 
for 1 h at 37°C. Purified nucleosomes were pre-incubated with or without 5000 
U/mL benzonase (Sigma-Aldrich) in 20 mM HEPES, 5 mM MgCl2, 5 mM CaCl2, 
10 mM NaCl, for 30 minutes at 37°C. This was followed by incubation with or 
without activated rFSAP in the same buffer for 1 h at 37°C.
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After pre-incubation of the stimulants, 180 µL of the cell culture medium 
was replaced with 80 µL stimulus, to a final concentration of 12.5-100 µg/mL 
histone/ssDNA/dsDNA/dNTP, 100 µg/mL nucleosome (protein content), 20 
nM FSAP or 0.6-40% (v/v) serum. The final concentration of FCS was 1% (v/v) 
in HEK293 and ECRF24 cultures, and 0.4% (v/v) in HUVEC cultures. Part of the 
serum-incubated histones was stored at -20°C to determine FSAP activation 
in an FSAP-AP-complex ELISA. After 24 hours, control wells were treated with 
0.1% (w/v) saponin (Calbiochem) for 15 minutes to permeabilize cells. To 
determine cytotoxicity, 50 µL of supernatant was removed to measure LDH 
release with a cytotoxicity detection kit (Roche). The kit was used according 
to the manufacturer’s instructions. The level of cytotoxicity was determined as 
follows:

For each of these values, the average absorbance value (OD490 - OD690 nm) 
of three wells was calculated. The ‘exp. value’ represents the absorbance 
detected for the experimental conditions, whereas the ‘background control’ 
represents the low level absorbance detected in culture medium and/or serum 
in the absence of cells. The ‘high control’ represents the absorbance detected 
after complete lysis of cells by saponin. For the calculation of the effect of 
serum, ssDNA, dsDNA or dNTP on histone-induced cytotoxicity, the absorbance 
of the histone-treated condition (in absence of other stimulants) was used as 
‘high control’. The ‘untreated control’ represents the absorbance detected for 
untreated cells.

Analysis of histone and nucleosome degradation 
To investigate histone degradation by purified FSAP or APC, 100 µg/mL 
histones were incubated with 12.5-100 nM tcFSAP, active rFSAP, or rAPC, or 
100 nM inactive rFSAP, for 1 h at 37°C. To determine histone degradation in 
serum, 125 µg/mL histones were incubated with 1.5-6% serum for 1 h at 37°C. 
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To investigate nucleosome degradation, purified nucleosomes (100 µg/mL 
protein content) were pre-incubated with 5000 U/mL benzonase in 35 mM 
HEPES, 5 mM MgCl2, 5 mM CaCl2, 35 mM NaCl, for 30 minutes at 37°C, followed 
by incubation with serum or 20 nM tcFSAP in 20mM HEPES, 4 mM MgCl2, 4 
mM CaCl2, 75 mM NaCl, for 1 h at 37°C. Samples were separated on a NuPAGE 
Novex 12% Bis-Tris polyacrylamide gel. Histone and nucleosome degradation 
products after FSAP or APC incubation were visualized by Silver staining with 
the Silverquest kit (Invitrogen), whereas histone levels after incubation with 
serum were visualized on Western blot. For Western blotting, proteins were 
transferred to nitrocellulose membranes using an iBlot Gel Transfer Stack and 
the iBlot Gel Transfer Device (Invitrogen). All incubations were performed on 
a rotator and at room temperature, unless indicated otherwise. Membranes 
were stained with 0.1% (w/v) Ponceau-S (Sigma-Aldrich) in 5% (v/v) acetic 
acid to visualize the total amount of proteins. Subsequently, membranes 
were washed with phosphate-buffered saline (PBS) and blocked with 1% (v/v) 
Western blocking reagent (WBR) (Roche) in PBS. This was followed by overnight 
incubation with primary antibodies against histone H3 (0.4 µg/mL) or against 
FSAP (1 µg/mL) in 0.5% (v/v) WBR in PBS at 4°C. After extensive washing in 
PBS-0.1% Tween-20 (PBS-T), membranes were incubated for 2 hours with 0.5 
µg/mL RM19-HRP in 5% (v/v) WBR in PBS. After extensive washing in PBS-T and 
subsequently PBS, blots were developed using Pierce ECL 2 Western blotting 
substrate (Thermo Scientific) and visualized with the ChemiDoc MP system 
(Bio-Rad). 

FSAP depletion from serum
To deplete FSAP from healthy donor serum, 20 mg anti-kappa-light-chain 
antibody (RM19) coupled to 800 mg sepharose was incubated with 50 µg anti-
FSAP. After washing away unbound antibody, overnight incubation with 1 ml 
of healthy donor serum followed. The depleted serum was collected and stored 
at -20°C until further use. The whole procedure was performed simultaneously 
using the isotype control antibody anti-IL6.8 (Sanquin, Amsterdam, The 
Netherlands). The depletion of FSAP from serum was confirmed by SDS-PAGE 
and Western blotting. 



5

105105

DNA and FSAP protect against the cytotoxicity of histones

Nucleosome ELISA
Nucleosome levels were determined as previously described38. Briefly, 
monoclonal antibody CLB-ANA/60 (Sanquin, Amsterdam, The Netherlands) 
that recognizes histone 3 was used as a catching antibody. Biotinylated F(ab’)2 
fragments of monoclonal antibody CLB-ANA/58 (Sanquin, Amsterdam, The 
Netherlands), which recognizes an epitope exposed on complexes of dsDNA 
histone 2A and histone 2B in combination with poly-horseradish peroxidase–
labeled streptavidin (Sanquin, Amsterdam, The Netherlands) were used for 
detection. As a standard, we used culture supernatant of Jurkat cells (1×106 
cells/mL), cultured for an additional week without refreshing the medium, to 
obtain 100% apoptotic cells. One unit is the amount of nucleosomes released 
by ~100 Jurkat cells, which corresponds to ~1 ng. The lower detection limit of 
the assay was 2.5 U/mL. The reference range for circulating nucleosomes in our 
laboratory is <10.3 U/mL.

Immunoprecipitation of nucleosomes and free histones
Serum was adjusted to pH 9.5 with sodium hydrogen carbonate buffer with 
complete EDTA-free protease inhibitors (manufacturer) and incubated with 
Poros HS resin for 4 hr at RT to precipitate all histones. Alternatively, serum 
was incubated for 1 hr with anti-dsDNA antibody coupled to sepharose, 
200 mM NaCl and 0.05% Tween-20. After centrifugation, the sepharose was 
harvested and the supernatant was incubated with Poros HS resin for 4 hr at 
RT to precipitate remaining free histones. Proteins precipitated by Poros HS 
resin and anti-dsDNA sepharose were separated on SDS-PAGE and subjected 
to immunoblot for H3. As a reference curve for densitometric quantification of 
histones, calf thymus histones were separated on the same gel.

FSAP-AP complex ELISA
FSAP-AP complex levels were assessed as previously described35. Briefly, 
monoclonal antibody anti-alpha-2-anti-plasmin (Sanquin, Amsterdam, The 
Netherlands), was used as a catching antibody. Biotinylated monoclonal 
antibody anti-FSAP4 (Sanquin, Amsterdam, The Netherlands) in combination 
with poly-horseradish peroxidase-labeled streptavidin (Sanquin, Amsterdam, 
The Netherlands) were used for detection. As a standard, we used recalcified 
citrate plasma that had been incubated with apoptotic cells to induce FSAP 
activation. Levels of FSAP-AP complexes were expressed as arbitrary units 
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(AU), in which the median level in recalcified citrate plasma from 20 healthy 
donors corresponds to 0.5 AU/mL.

Statistical analysis
Results are expressed as mean values ± SEM, except for means of <3 values 
where ± SD is indicated. Statistical analyses was performed using an unpaired, 
two-tailed Student’s t-test or a Bonferroni corrected ANOVA in GraphPad Prism 
6 Software. P values smaller than 0.05 were considered significantly different 
from the null hypothesis.
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RESULTS
FSAP cleaves histones and protects against histone cytotoxicity
To examine the proteolytic activity of FSAP towards the different histone 
subtypes, we incubated unfractionated histones from calf thymus with 
plasma-purified active FSAP and analyzed the appearance of cleavage 
products by SDS-PAGE. We observed that histone subtypes H1, H2A, H2B, H3, 
and H4 were each efficiently proteolyzed by FSAP (Figure 1A). To exclude that 
the observed proteolytic activity was the result of an impurity in our plasma-
purified FSAP preparation, we also investigated histone proteolysis using 
recombinant FSAP-R313Q (rFSAP). This FSAP variant is inactive and resistant 
to auto-activation, but the mutation allows for in vitro activation of FSAP with 
thermolysin40. Similar to plasma-purified FSAP, active rFSAP, but not inactive 
rFSAP, efficiently proteolyzed histones. For comparison, we incubated histones 
with recombinant activated protein C (APC) as it was previously found to 
cleave histones11. In our assay, histone proteolysis by FSAP was more efficient 
than APC-mediated proteolysis (Figure 1B).
 Next, we investigated the effect of FSAP-mediated histone proteolysis 
on histone-induced cytotoxicity. Whereas histones showed strong cytotoxic 
effects on HEK293 cells in both an LDH (Figure 1C) and MTT-assay (Figure 1D), 
pre-incubation of histones with FSAP completely neutralized these cytotoxic 
effects. Similar to plasma-purified FSAP, active, but not inactive, rFSAP was 
able to protect against cell death. This indicates that FSAP neutralizes histone-
induced cytotoxicity through histone proteolysis. These results were confirmed 
using ECRF-24 cells (a human umbilical vein endothelial cell (HUVEC) line), and 
primary HUVECs (Supplemental Figure 1). 
 It has been reported that histones catalyze auto-activation of FSAP34. 
To establish that FSAP in serum is activated upon adding exogenous histones, 
we incubated the serum of three healthy donors with unfractionated histones 
and detected complexes of activated FSAP with alpha2-antiplasmin, a known 
serpin of FSAP present in plasma, by ELISA35. Upon incubation of serum with 
histones, we found significantly increased levels of FSAP-alpha2-antiplasmin 
(FSAP-AP) complexes, indicating that FSAP activation had occurred (Figure 
2A). 
 Subsequently, we incubated HEK293 cells with histones that had 
been preincubated with sera of three healthy donors or with FSAP-deficient 
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serum27. Upon increasing the serum concentration the cytotoxicity of the 
added histones was greatly reduced (Figure 2B-C). The addition of FSAP 
deficient serum also reduced cytotoxicity, but higher concentrations of serum 
were needed compared to sera of healthy donors. The increased sensitivity to 
histone cytotoxicity in FSAP-deficient serum was due to the absence of FSAP, 
as depleting FSAP from healthy donor serum (Figure 2D) caused a similarly 
increased sensitivity to histone cytotoxicity as found in FSAP-deficient serum, 

Figure 1. Active FSAP proteolyzes all histone subtypes and provides protection against 
histone-induced cytotoxicity 
(A, B) Calf thymus histones (100 µg/ml) were incubated with different concentrations of 
plasma-purified active FSAP (12.5 nM, 25 nM, 50 nM or 100 nM), the same concentrations of 
active recombinant FSAP (A) or of APC (B) at 37°C for 30 min to determine proteolysis of the 
different histone subtypes. Cleavage products were visualized by SDS-PAGE and subsequent 
silverstaining. Normal plasma concentration of FSAP: ~185 nM. Arrows indicate the different 
histone subtypes. (C, D) 100 µg/ml histones were incubated with 20 nM plasma-purified active 
FSAP, active recombinant FSAP or inactive recombinant FSAP for 30 min, prior to their addition 
to HEK293 cells and overnight incubation. To determine cytotoxicity, LDH levels were quantified 
in the supernatant (C), whereas the viability of the cells was assessed by conversion of MTT (D). 
Cytotoxicity was expressed as a percentage of cytotoxicity induced by 0.1% saponin and cell 
viability was expressed as a percentage of untreated cells. Data are expressed as mean ±SEM 
obtained from three independent experiments, each performed in triplicate. * p<0.05 **p<0.01, 
***p<0.001 were calculated using an unpaired, two-tailed Student’s t-test.
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whilst mock depletion had no effect (Figure 2E). To verify whether histones in 
this assay had been proteolyzed by FSAP, we visualized histone H3 cleavage 
in these samples on immunoblot. We observed that histone H3 was degraded 
in healthy donor serum in a concentration dependent manner, whilst histone 
H3 proteolysis was absent in FSAP-deficient and FSAP-depleted serum (Figure 
2F). We have not reconstituted FSAP depleted serum with FSAP, as FSAP is 
activated upon purification from plasma and active FSAP is rapidly inactivated 
by serpins in serum. 

Figure 2. FSAP in serum is activated upon incubation with histones and protects against 
histone-induced cytotoxicity by histone proteolysis 
(A) Serum samples (50%) of three HD were incubated with 100 µg/ml calf thymus histones for 1hr 
at 37°C. As a readout for subsequent activation (and inactivation) of FSAP in serum, complexes 
of FSAP with alpha2-antiplasmin, a known serpin of FSAP, were determined by ELISA. (B, C) 
Histones (100 µg/ml) were incubated in the presence of different concentrations (0.6-40%) of 
HD serum or FSAP-deficient serum at 37°C for 30 min prior to their addition to HEK293 cells and 
overnight incubation. LDH levels in the supernatant were quantified to determine cytotoxicity 
(B), whilst the viability of the cells was assessed by conversion of MTT (C). (D) FSAP was depleted 
from HD serum using an anti-FSAP antibody, and mock depletion is shown as a control. (E) 
Histones (100µg/ml) were incubated with 0.6-40% FSAP-depleted (D) or mock-depleted serum 
and the cytotoxicity for HEK293 cells was determined by LDH release. (F) Histone proteolysis after 
incubation in the presence of 1.3%, 2.5% and 5% serum was determined in the samples from 
(E) by immunoblotting for histone H3. Data are expressed as mean ±SEM of three independent 
experiments each performed in triplicate. *<0.05 **p<0.01, ***p<0.001 were calculated using an 
unpaired, two-tailed Student’s t-test.
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Nucleosomes are not cytotoxic
Both free histones as well as nucleosomes have been found to circulate in 
inflammatory disease5. It is not clear however, how the cytotoxicity of free 
histones compares to that induced by histones in the form of nucleosomes. 
To investigate the cytotoxicity of nucleosomes, we purified nucleosomes 
from Jurkat cells (see Supplementary Figure 2 for protein and DNA analysis 
of the purified product)42. We found that in contrast to free histones, purified 
nucleosomes were not cytotoxic for HEK293 cells (Figure 3A). To corroborate 
that the histones of these Jurkat cell-derived nucleosomes were cytotoxic, 
we digested the DNA in nucleosomes with benzonase nuclease prior to 
the addition to HEK293 cells. Indeed, we found that histones released from 
the purified nucleosomes by DNA digestion were cytotoxic. As expected, 
subsequent incubation of benzonase-treated nucleosomes with FSAP reduced 
cytotoxicity. To confirm the degradation of nucleosome DNA by benzonase 
and histones by FSAP in these samples, we visualized DNA on agarose gel 
(Figure 3B) and assessed histones using SDS-PAGE, respectively (Figure 3C). 
Indeed, DNA in nucleosomes was fully digested by benzonase. Worth noting, 
limited histone cleavage was observed upon incubation of nucleosomes with 
FSAP. However, upon DNA digestion with benzonase, FSAP proteolyzed the 
released histones with much higher efficiency.

DNA protects against histone cytotoxicity
The above results suggest that the DNA that wraps the nucleosome core 
may neutralize the cytotoxic effects of histones. To investigate the effect 
of DNA on histone cytotoxicity, we co-incubated histones with synthetic 
deoxyribonucleotide triphosphate (dNTP), salmon testis single-stranded (ss)
DNA, or herring testis double-stranded (ds)DNA prior to their incubation 
with HEK293 cells. Both ssDNA and dsDNA neutralized histone-induced 
cytotoxicity in a dose-dependent manner, whereas free di-nucleotides were 
unable to neutralize histone cytotoxicity (Figure 3D). These results provide 
further evidence that nucleosomes are not cytotoxic and that the interaction 
of histones with DNA abolishes their cytotoxic effects. 

Free histones induce FSAP activation more efficiently than nucleosomes
Since histones mediate FSAP activation in serum and are subsequently 
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proteolyzed by FSAP, we aimed to compare the activation of FSAP in serum 
using either intact nucleosomes or histones released from nucleosomes 
though DNA digestion. Purified nucleosomes were pre-incubated in the 
presence or absence of benzonase prior to their addition to healthy donor 
serum. After incubation, FSAP-AP complexes were determined as readout for 
FSAP activation. The addition of intact nucleosomes to serum resulted in limited 
FSAP activation only (Figure 4A). However, histones that had been released 

Figure 3. Histones in the form of a nucleosome complex are not cytotoxic unless released 
by DNA digestion 
(A) HEK293 cells were incubated overnight with histones (100 µg/ml) or nucleosomes (100 
µg/ml) and LDH release determined as a readout for cytotoxicity. Cytotoxicity was expressed 
as a percentage of cytotoxicity induced by 0.1% saponin. Nucleosomes or histones were pre-
incubated with buffer, 20 nM rFSAP, 5000 U/ml benzonase or a combination of both for 30 min at 
37°C. (B, C) Nucleosomes that had been pre-incubated with benzonase, rFSAP or a combination 
of both  for the experiment in (A) were separated on agarose gel and DNA visualized with dsRED 
(B) or on SDS-PAGE with instantblue staining for protein (C). The gels shown are representative of 
three independent experiments. Arrows indicate the different histone subtypes and benzonase. 
The asterix indicates a 13 kDa cleavage product. (D) HEK293 cells were incubated overnight with 
histones (100 µg/ml) that had been pre-incubated with 0-100 µg/ml dNTPs, ssDNA or dsDNA for 
30 min at 37°C (D). LDH release was determined as a readout for cytotoxicity. The cytotoxicity 
induced with 100 µg/ml histones was defined as 100%. Data are expressed as mean ±SEM from 
three independent experiments, each performed in triplicate. *p<0.05, **p<0.01 ***<p0.001 
****<p.0001 were calculated using a Bonferroni corrected one-way ANOVA.
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from nucleosomes using benzonase efficiently activated FSAP. To investigate 
whether the activation of FSAP by the released histones also results in histone 
proteolysis, we incubated both intact nucleosomes and benzonase-incubated 
nucleosomes with healthy donor serum, FSAP-deficient serum, mock-depleted 
serum and FSAP-depleted serum and used immunoblot to determine histone 
H3 cleavage. Some histone H3 proteolysis was observed upon incubation 
of nucleosomes with healthy donor serum or mock-depleted serum, giving 
rise to a 13 kDa cleavage product of histone H3 (Figure 4B). However, no 
proteolysis of histone H3 was observed upon incubation of nucleosomes with 
FSAP-deficient or FSAP-depleted serum, although a faint 13 kDa band was 
detectable in our nucleosome preparation in the absence of serum. In contrast, 
histones were readily degraded in serum when nucleosome DNA had been 
digested. This degradation was FSAP dependent since no histone proteolysis 
was observed upon incubation with FSAP-deficient or FSAP-depleted serum.

Figure 4 Histones efficiently activate FSAP in serum and are subsequently being degraded
(A) Nucleosomes (100 µg/ml) were pre-incubated with or without benzonase (5000 U/ml) at 37 
°C for 1 hr to digest nucleosome DNA prior to incubation with serum (50%) from five healthy 
donors at 37 °C for 1 hr. As a readout for activation of FSAP in serum, complexes of FSAP with 
alpha2-antiplasmin were determined by ELISA. (B) Nucleosomes that had been pre-incubated 
with or without benzonase were incubated with increasing concentrations (0-40%) of healthy 
donor serum, FSAP-deficient serum, FSAP-depleted serum, or mock-depleted serum at 37 °C 
for 1 hr. Total histones and nucleosomes present in the samples were precipitated using Poros 
HS resin, separated by SDS-PAGE and histone H3 proteolysis assessed using anti-histone H3 
antibody on immunoblot. Data are expressed as mean ±SEM of three independent experiments. 
Representative blots of three independent experiments are shown. Arrows indicate intact 
histone H3 and a cleavage product of histone H3.  **p<0.01 was calculated using a paired, two-
tailed Student’s t-test.



5

113113

DNA and FSAP protect against the cytotoxicity of histones

Free histones are not detectable in the circulation of baboons challenged 
with E. coli 
Previous studies have revealed that FSAP is activated in various inflammatory 
diseases35–37. We therefore wondered whether free histones circulate in 
inflammatory disease. The measurement of free histones in plasma/serum 
is complicated since common techniques such as immunoblotting or ELISA 
do not differentiate between free histones and histones bound to DNA. We 
therefore set up an assay to specifically precipitate nucleosomes or free 
histones from serum. We used Poros HS, a cation exchange resin that strongly 
binds both free histones and DNA-bound histones at high pH, to precipitate all 
histones present in serum. In parallel, we used an anti-DNA antibody43 coupled 
to sepharose to specifically precipitate cell-free DNA and nucleosomes, but 
not free histones. Subsequently, in a second step, the nucleosome-depleted 
sample was incubated with Poros HS to precipitate remaining free histones 
(Figure 5A). The three fractions containing either total histones, nucleosomes 
or free histones were then analyzed on immunoblot for the presence of 
histone H3. To validate our assay, we titrated equal concentrations of either 
histones (Figure 5B) or nucleosomes (Figure 5C) into FSAP-deficient serum 
prior to immunoprecipitation. Using Poros HS, the total amounts of histones 
and nucleosomes were precipitated, whilst all histones that were added in 
the form of nucleosomes were specifically precipitated using the anti-DNA 
antibody, whilst added free histones were precipitated thereafter using Poros 
HS in the second step. We determined the sensitivity of our assay to detect 
nucleosomes or histone H3 at ~5 µg/ml and ~10 µg/ml respectively. 
 We then analyzed serum samples obtained from experiments where 
baboons were challenged with Escherichia coli in our assay39. All histones 
present in the baboon sera were equally well immunoprecipitated by Poros 
HS and the anti-DNA antibody coupled to sepharose beads, whilst free 
histones were not detected after depletion of nucleosomes (Figure 5D). We 
quantified total histone H3 levels by densitometry using a histone titration on 
the same immunoblot (Figure 5E). These levels nicely corresponded to the 
serum nucleosome levels as determined by ELISA (Figure 5F), as 100,000 U/
ml corresponds to ~100 µg/ml nucleosomes. Moreover, we detected FSAP-AP 
complexes in these sera, indicating that FSAP activation had occurred (Figure 
5G). To our surprise, histone H3 in these samples migrated at ~13 kDa, while 
intact H3 migrates at ~16 kDa.
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Figure 5 Free histones are not detectable in sera of baboons challenged with E. coli
(A) Schematic overview of total histone precipitation by Poros HS, nucleosome precipitation 
by an anti-DNA antibody coupled to sepharose, followed by precipitation of remaining free 
histones by Poros HS. (B,C) FSAP-deficient serum was spiked with 5-20 µg/ml histones (B) or 
nucleosomes (C) and incubated with Poros HS, a strong cation exchange resin, to precipitate 
both histones and nucleosomes. In parallel, similarly spiked samples were incubated with an 
anti-DNA antibody coupled to sepharose to immunoprecipitate all nucleosomes, but not free 
histones, prior to incubation with Poros HS to precipitate the remaining free histones. Samples 
were separated by SDS-PAGE and the presence of histone H3 in the precipitated samples was 
determined using anti-histone H3 antibody on immunoblot. (D) The presence of nucleosomes 
and free histones was analyzed in serum of two baboons that had been lethally challenged 
with E. coli. As before, total histones, nucleosomes, or free histones were separated on gel and 
histone H3 was visualized (D) and quantified (see E) using a histone titration on the same blot 
as exemplified for baboon 2. (E) Histone levels as determined with densitometric analysis. (F) 
Nucleosome levels as determined in the sera by ELISA. (G) FSAP-AP levels were determined 
by ELISA to verify FSAP activation. Blots are representative of three independent experiments, 
except for the baboon samples which are representative of two independent experiments due 
to limited sample availability. Arrows indicate intact histone H3 or a cleavage product of histone 
H3. 
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Free histones are not detectable in the circulation of Meningococcal 
sepsis patients
Next, to confirm these results in human sepsis, we studied sera obtained 
from patients with meningococcal disease35. In analogy to results obtained in 
experimental sepsis in baboons, nucleosomes were present in these sera whilst 
we did not detect free histones (Figure 6A). Again, calculated histone levels in 
these sera (Figure 6B) corresponded well to nucleosome levels (Figure 6C), 
and FSAP-AP complexes were present (Figure 6D). Once more, we found that 
histone H3 migrated at ~13 kDa in these precipitated samples. Strikingly, a 13 
kDa band was also observed when nucleosomes were incubated with FSAP 
(Figure 3C), or in healthy donor serum, but not in FSAP-deficient or FSAP-
depleted serum (Figure 4B). To confirm that FSAP cleaves H3 in nucleosomes, 
we incubated Jurkat-derived purified nucleosomes with FSAP, healthy donor 
serum, FSAP-deficient serum, mock-depleted serum, or FSAP-depleted serum, 
and compared the cleavage products with nucleosomes precipitated from 
an E coli challenged baboon (Figure 5D) by SDS-PAGE and H3 immunoblot. 
Indeed, we observed that cleavage of H3 in nucleosomes was FSAP-dependent 
(Figure 6E) and that this cleavage product had the same size as the H3 cleavage 
products found in septic baboons. Our results indicate that histones present in 
the sera obtained during inflammatory disease are part of an FSAP-modified 
nucleosome complex.

DISCUSSION
Upon cell death, it is unclear in what form histones are released into the 
extracellular environment. Most methods used to detect histones in serum 
are unable to discriminate between free histones, DNA-bound histones or 
histones as part of a nucleosome complex, thus their individual contributions 
to inflammation remain unexplored. We show for the first time that free 
histones are not detectable in cytotoxic concentrations in severe inflammatory 
disease, but are instead part of nucleosomes. 
 Nucleosomes, in contrast to free histones, were not cytotoxic in our 
experiments. Histones induce cytotoxicity via several mechanisms, among 
which are disruption of plasma membrane integrity through their highly 
positive charge and the reported ability to trigger TLR-2, -4, and -914–16. The 
HEK293 cells in our experiments do not express toll-like receptors, indicating 
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Figure 6. Free histones are not detectable in the sera of patients suffering from 
Meningococcal sepsis 
(A) The presence of nucleosomes and free histones was analyzed in serum of two patients 
suffering from Meningococcal sepsis. As before, total histones, nucleosomes, or free histones 
were immunoprecipitated and separated on gel and histone H3 was visualized (A) and 
quantified (see B) using a histone titration on the same blot. (B) Histone levels as determined 
via densitometric analysis. (C) Nucleosome levels as determined in the sera by ELISA (D). FSAP-
AP levels were determined by ELISA to verify FSAP activation. Blots of the patient samples are 
representative of two independent experiments due to limited sample availability. (E) Purified 
nucleosomes were incubated with plasma-purified FSAP (0, 50 or 200 nM), healthy donor serum 
(HD), FSAP-deficient serum (F-def ), mock-depleted serum (M-depl), or FSAP-depleted serum 
(F-depl) (50%), and were immunoprecipitated from serum using an anti-DNA antibody coupled 
to sepharose. The cleavage products, and the nucleosomes previously immunoprecipitated 
from a septic baboon serum (Figure 5D, baboon 2, lane 2), were separated by SDS-PAGE and 
histones were visualized by instant blue staining (upper panel), or histone H3 and its cleavage 
product were visualized by an anti-histone H3 antibody on immunoblot (lower panel). Arrows 
indicate intact histone H3 or a cleavage product of histone H3. 
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that histone cytotoxicity in our system is TLR-independent and is likely 
mediated through plasma membrane disturbance. Not surprisingly, many 
plasma proteins that neutralize histones are highly negatively charged, such as 
heparin44, pentraxin-3 45, C-reactive protein46, and inter-alpha-inhibitor protein 
(IAIP)21. DNA may also efficiently neutralize histone charge and indeed, in 
analogy to nucleosomes, we showed that both ssDNA as well as dsDNA were 
able to neutralize the cytotoxicity induced by histones. In support of our results, 
it has been shown that upon infusion of large amounts of nucleosomes in 
mice, these nucleosomes were efficiently cleared by the liver, and no cytotoxic 
effects were reported47. We speculate that the DNA that wraps the nucleosome 
core protects against histone cytotoxicity, probably through neutralization of 
the positive charge of histones. 
 Nucleosomes may be released as a result of cell death, but may 
also derive from NETs that are released from neutrophils17. It was previously 
demonstrated that NETs are cytotoxic when added to human alveolar epithelial 
cells and that histones, and not DNA, mediated the observed cytotoxic 
effects18. Strikingly, anti-histone antibodies only partly neutralized cytotoxicity, 
presumably because other proteins in NETs also conferred cytotoxicity. On the 
other hand, in a study by Kumar et al. the cytotoxicity of NETs was completely 
inhibited by an anti-histone antibody48. The size of the chromatin fragments, 
the presence of anti-microbial proteins and the different histone modifications 
that modulate chromatin condensation, and thus histone exposure, may be 
key factors in determining NET cytotoxicity. 
 Since injection of anti-histone antibodies had beneficial effects in 
mouse and baboon sepsis 11,49, and our results suggest that histones circulate 
as nucleosomes that are not cytotoxic, other mechanisms may be involved in 
chromatin-mediated inflammation. Indeed, nucleosomes have been described 
to activate neutrophils and dendritic cells, driving inflammation42,50,51. 
Alternatively, circulating nucleosomes may be modified, possibly affecting 
their extracellular effects. Indeed, upon precipitation of nucleosomes from the 
serum of septic baboons and meningococcal sepsis patients, we noticed that 
histone H3 was clipped to a ~13 kDa fragment. Furthermore, in a mouse sepsis 
model, a similarly sized histone H3 fragment has been found in the circulation, 
although its origin remained unclear49. This 13 kDa band is reminiscent of the 
band observed upon incubation of purified nucleosomes with active FSAP, 
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and was not observed upon incubation of FSAP-deficient serum with histones. 
However, we cannot exclude that other proteases may also be involved in 
histone H3 proteolysis, as intracellular proteases including cathepsin L are 
known to cleave H3 to a similarly sized band52–54. We did not observe an effect 
of H3 degradation on nucleosome cytotoxicity. Histone H2a and H4 cleavage 
also occurs during NETosis55,56. 
 Importantly, free histones were not detectable in sera obtained 
from septic baboons and patients suffering from meningococcal sepsis. We 
speculate that activation of FSAP may have resulted in the proteolysis of free 
histones as a mechanism to protect against the harmful effects of free histones. 
Indeed, FSAP-AP complexes were present in these samples, indicating that 
FSAP activation had occurred. Histones released or freed from nucleosomes by 
DNases in blood, may be rapidly degraded by FSAP. Alternatively, free histones 
may have been transiently present locally directly after their release. Although 
histones were not degraded in serum in the absence of FSAP, we showed that 
histone neutralization occurred in FSAP-deficient serum, possibly as a result 
of histone neutralization by IAIP or albumin20,21. In addition to FSAP, APC has 
been described to proteolyze histones11. In contrast to APC, FSAP becomes 
activated upon contact with dead cells and histones, supporting a role for 
FSAP in histone proteolysis in the absence of thrombin formation. Moreover, 
our results suggest that proteolysis of histones by FSAP is more efficient, 
although further kinetic analysis is required. 
 In conclusion, our results signify that the form in which histones 
circulate during disease crucially determines their extracellular effects and 
highlights the need for specific assays to detect free histones and nucleosomes. 
Both histone binding to DNA and the proteolysis of histones by FSAP confer 
specific protection against the cytotoxic effects of free histones. Furthermore, 
the newly revealed role of FSAP in the protection against histone-induced 
cytotoxicity may be of therapeutic potential. Collectively, our study provides a 
better understanding of the role that extracellular histones and nucleosomes 
play in sepsis and inflammatory disease. 
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Supplemental Figure 1
100µg/ml histones was incubated with 20nM active recombinant FSAP or inactive recombinant 
FSAP for 30’ prior to overnight incubation with ECRF (A) or HUVEC (B) cells. LDH levels were 
determined in the supernatant as a measure for cytotoxicity. Cytotoxicity was expressed 
as a percentage of cytotoxicity induced by 0.1% saponin. Data are expressed as mean ±SEM 
obtained from two independent experiments performed in triplicate. * p<0.05 *** p<0.001 were 
calculated using an unpaired, two-tailed Student’s t-test.

Supplemental Figure 2
Purified nucleosomes were separated on SDS-PAGE gel and proteins were visualized by instant 
blue (A) or nucleosomes were separated on 1.4% agarose gel and DNA was visualized by dsRED 
(B). The different histone subtypes present in the purified nucleosomes (A) and the mono- and 
di-nucleosome sized DNA (B) are indicated by black arrows.
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ABSTRACT
During ischemia-reperfusion (I/R) injury, cells undergo necrotic cell death, 
which results in the release of pro-inflammatory damage-associated molecular 
patterns (DAMPs) including the DNA-binding protein high-mobility group 
box 1 (HMGB1). Factor VII-activating protease (FSAP) is a serine protease that 
is activated in serum upon incubation with necrotic cells. Activated FSAP 
degrades free histones which, like HMGB1, bind DNA and have potent pro-
inflammatory extracellular effects. We therefore wondered whether FSAP may 
play a role in the regulation of extracellular HMGB1. We identified that HMGB1 
released from necrotic cells is degraded by FSAP in healthy donor serum, 
but not in FSAP-depleted or in FSAP-deficient serum. Moreover, inhibition 
of FSAP activation with a monoclonal anti-FSAP antibody also prevented 
HMGB1 degradation. Notably, FSAP-mediated degradation of purified HMGB1 
neutralized the chemotactic effects of HMGB1 on 3T3 fibroblasts, suggesting 
that FSAP activity indeed regulates HMGB1 functioning. We then investigated 
whether FSAP may play a role in the regulation of HMGB1 levels in vivo. In 
the plasma of hepatic liver surgery patients that were exposed to I/R injury, 
elevated HMGB1 levels were previously found at t=1 and thereafter rapidly 
declined between t=1 and t=6 h after surgery, whilst no such transient rise in 
HMGB1 was observed in liver surgery patients that had not been subject to I/R 
injury. In the plasma of these patients, we determined the levels of complexes 
formed by FSAP and alpha 2-antiplasmin (AP), a plasma inhibitor of FSAP, as 
a readout for FSAP activation. We found that patients that were exposed to 
I/R injury had significantly higher levels of FSAP activation at t=1 and t=6 h 
after surgery than control patients. Furthermore, we found a strong correlation 
between FSAP-AP levels at t=1, and the decline in HMGB1 levels between t=1 
and t=6 h, which suggests that FSAP may play a role in HMGB1 proteolysis 
in vivo. Taken together, FSAP may be important in the regulation of HMGB1 
which is released from necrotic cells in inflammation.
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INTRODUCTION
During cell death, molecules that normally reside intracellularly may become 
exposed or released into the extracellular environment. Such exposure 
or release occurs in a controlled manner during programmed cell death 
(apoptosis, necroptosis, ferroptosis, pyroptosis) or uncontrolled, as is the 
case during primary necrosis. A range of molecules released from dead and 
dying cells have potent immunogenic effects and may initiate and support 
an inflammatory response1, induce leukocyte migration2, and facilitate wound 
healing3. Collectively, these molecules are referred to as damage-associated 
molecular patterns (DAMPs). 
 One of the most prominent DAMPs is high-mobility group protein 
B1 (HMGB1). HMGB1 contributes to disease severity and lethality in various 
murine models in vivo, including cecal ligation puncture-induced sepsis4,5, 
LPS-induced and liver surgery-induced sterile inflammation6–8, experimental 
arthritis9, cancer10, and thrombosis11. Inhibition of HMGB1 release from 
human macrophages with cholinergic agonists improved survival in 
the abovementioned experimental sepsis models, whilst neutralization 
with blocking anti-HMGB1 antibodies reduced lethality in LPS-induced 
inflammation8. The antagonistic A box of HMGB1 ameliorated collagen-
induced arthritis9. In humans, increased HMGB1 levels were found during 
sepsis12, severe sepsis13,14, acute pancreatitis15, severe infection16, trauma17, and 
cancer18,19. 
 HMGB1 (29 kDa) contains two box domains and a C-terminal acidic 
tail. The first domain, Box A, is an N-terminally located ~11 kDa DNA-binding 
domain of HMGB1, and is flanked by the ~10 kDa Box B. HMGB1 normally 
resides in the nucleus, where it partially competes with histone H1 for binding 
to nucleosomes, and, like histone H1, is involved in higher order regulation 
of chromatin structure20. However, upon release into the extracellular 
environment, HMGB1 exerts potent immunogenic effects that are governed 
by the redox form in which HMGB1 is present. HMGB1 contains three cysteines; 
C23 and C45 which are located in Box A and may form an intramolecular 
disulfide bond, and C106 which is located in Box B. When all three cysteines are 
in the thiol state (reduced HMGB1), HMGB1 complexes with CXCL12 to signal 
via CXCR4 and mediates chemotactic effects on mouse fibroblasts, human 
monocytes21, leukocytes22,23, and macrophages24. However, when C23 and C45 
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form a disulfide bond and C106 is a thiol, HMGB1 lacks chemotactic activity. 
Instead, disulfide HMGB1 signals via the receptor for advanced glycation 
end-products (RAGE) and toll-like receptor (TLR) 4, which resulted in a pro-
inflammatory cytokine response in human macrophages21,25. Importantly, 
recombinant HMGB1 Box A fragments have been found to inhibit mouse 
fibroblast chemotaxis induced by intact HMGB121.
 Our group has previously shown that histone H1 is proteolytically 
cleaved upon incubation of necrotic cells with healthy donor serum. The 
protease responsible for the proteolytic degradation of histone H1 is Factor 
VII-activating protease (FSAP)26. FSAP is a serine protease that circulates as a 
single-chain zymogen in plasma at a concentration of ~12 µg/mL (187 nM)27, 
and is activated upon contact with late apoptotic and necrotic cells28 and 
histones29, which results in the conversion of single-chain FSAP into a two-
chain active protease. FSAP activation results in the release of chromatin from 
late apoptotic and, in cooperation with DNase I, necrotic cells26,30, and it cleaves 
free histones31. 
 HMGB1 is released into the extracellular environment during necrotic 
cell death. During apoptosis, however, HMGB1 remains firmly attached to 
chromatin due to the hypoacetylation of histones in apoptotic cells32. It is 
currently unclear how necrotic cell-derived HMGB1 levels are regulated at sites 
of tissue injury. Since endogenous FSAP in serum proteolytically degrades 
DNA-free histones and histone H1 of necrotic cells, we investigated whether 
active FSAP also cleaves HMGB1 following its release during necrotic cell death.

MATERIALS & METHODS
Reagents
NuPAGE materials for SDS-PAGE and Western blotting were obtained from 
Thermo Fisher Scientific (Waltham, MA, USA). Recombinant HMGB1 (disulfide 
and reduced form) was purchased from HMGBiotech (Milan, Italy). Purified, 
unfractionated calf thymus histones were obtained from Sigma-Aldrich (St. 
Louis, MO, USA). All other chemicals were of laboratory grade and obtained 
from Sigma-Aldrich or Merck-Millipore (Billerica, MA, USA). Rat monoclonal 
antibody anti-mouse-kappa-light-chain conjugated to horse-radish-
peroxidase and mouse monoclonal anti-FSAP antibody were prepared at 
our department28,33. Anti-HMGB1 antibody was obtained from R&D Systems 
(Minneapolis, MN, USA)
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Study subjects
Blood samples were collected from 39 patients who underwent major liver 
surgery. The patient cohort has been described previously34,35. In brief, plasma 
samples were obtained from patients that underwent surgery either with or 
without the intraoperative use of liver ischemia, thereby creating an ischemia/
reperfusion (I/R, n=25) and a control (n=13) group. The decision to use liver 
ischemia was left at the surgeon’s discretion. Blood was drawn directly after 
induction of general anesthesia (baseline) and 1 hr and 6 hr after the start of 
reperfusion (I/R group) or on completion of liver resection (control group). 
The study protocols were approved by the Institutional Review Board of the 
Academic Medical Center (Amsterdam, the Netherlands) and were registered 
at https://clinicaltrials.gov under identifier #NCT01700660. All participants 
provided written informed consent. 

Healthy donor serum
Serum was received from anonymous healthy donors at Sanquin Blood 
Supply (Amsterdam, the Netherlands). The samples were obtained and 
handled according to Dutch regulations for the use of patient material. The 
characterization of the FSAP-deficient donor has been described previously26. 
Briefly, a homozygous nonsense mutation (c.607C>T, p.R203X) led to 
replacement of an arginine with a premature stop codon.

Cell culture and induction of necrosis 
Human T lymphocyte (Jurkat) cells were cultured in Iscove’s Modified Dulbecco’s 
Medium (IMDM, BioWhittaker) (Lonza, Basel, Switzerland) supplemented with 
5% (v/v) fetal calf serum (FCS) (Bodinco, Alkmaar, the Netherlands), 100 U/mL 
penicillin (Invitrogen, Carlsbad, CA, USA), 100 µg/mL streptomycin (Invitrogen) 
and 50 µM β-mercaptoethanol (Sigma-Aldrich). Cells were maintained at 
standard culture conditions (humidified atmosphere composed of 5% CO2 and 
95% air, 37 °C). Mouse 3T3 fibroblasts (American Type Culture Collection), were 
cultured in Dublecco’s Modified Eagle Medium (DMEM), supplemented with 
10% FBS, 2 mM glutamine, 100 U/mL penicillin, and 100 µg/mL streptomycin.
Necrosis was induced by freeze-thawing 4×106/mL Jurkat cells in FCS-free 
culture medium for three cycles at -80 °C and 37 °C. 
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Plasma-purified FSAP
Two-chain FSAP (tcFSAP) was purified from recalcified citrated plasma by 
affinity chromatography as described previously30. Briefly, plasma components 
were subjected to size exclusion chromatography using an Ultragel ACA34 
column (Pall Corporation, Port Washington, NY). Subsequently, fractions 
containing FSAP were applied to an anti-FSAP-coupled Sepharose column. 
Column-bound FSAP was eluted and dialyzed to 10 mM phosphate buffer (pH 
= 6.0) containing 140 mM NaCl. As a result of the purification process, the FSAP 
zymogen is converted into active tcFSAP. The activity of the final product was 
determined in a chromogenic assay using substrate S2288 (Chromogenix), and 
the product was analyzed on SDS-PAGE. 100 U/mL of tcFSAP, as determined by 
ELISA30, corresponds to a physiological FSAP concentration in 1 ml of healthy 
donor plasma. 

FSAP depletion from serum
Anti-kappa-light-chain antibody (RM19) coupled to sepharose was incubated 
with anti-FSAP, followed by incubation with healthy donor serum. The FSAP-
depleted serum was collected and stored at -20°C until further use. Mock-
depleted serum was prepared through the same procedure using the isotype 
control antibody anti-IL6.8 (Sanquin). The depletion of FSAP from serum was 
confirmed by SDS-PAGE and Western blotting.

Activation of recombinant FSAP
The production and purification of the recombinant FSAPR313Q mutant 
(rFSAP) has been described in detail36. In short, rFSAP was freshly activated 
before each experiment, by incubation with 0.1 µg/mL thermolysin in 10 mM 
2-(N-morpholino)ethanesulfonic acid (MES), 100 mM NaCl, 100 µM CaCl2, 50 nM 
ZnCl2, and 0.01% Tween-80, pH 5.0, for 2 h at 30 °C. The reaction was stopped 
by the addition of 30 µg/mL phosphoramidon disodium salt dissolved in MilliQ 
water. As a control, inactive rFSAP was subjected to the same conditions but in 
the absence of thermolysin. Activated rFSAP was stored on ice and used within 
2 h.

HMGB1 proteolysis
Purified, recombinant disulfide- and fully reduced HMGB1 were obtained from 
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HMGbiotech. 1 µg of recombinant HMGB1 was incubated with 12.5-100 nM 
plasma-purified (tcFSAP) or rFSAP in 50 mM HEPES buffer containing 140 mM 
NaCl at 37 °C for 1 h. The cleavage products were separated on a 12% NuPAGE 
Bis-Tris polyacrylamide gel and visualized with the Silverquest kit (Invitrogen) 
according to the manufacturer’s protocol.
 To assess HMGB1 degradation in dead cells, 4×106/mL necrotic 
Jurkat cells were incubated with 20 nM tcFSAP, 20 nM rFSAP, 10% healthy 
donor serum in the absence or presence of 20 µg/mL anti-FSAP antibody, 
or 10% FSAP-deficient serum at 37 °C for 1 h. Samples were separated on a 
12% NuPAGE Bis-Tris polyacrylamide gel and transferred to a nitrocellulose 
membrane using the iBlot system (Invitrogen). Membranes were blocked with 
1% Western blocking reagent (Roche) in PBS. HMGB1 was detected using 1 µg/
mL anti-HMGB1 followed by incubation with 0.5 µg/mL rat anti-mouse kappa 
light chain conjugated to horseradish peroxidase. Blots were developed using 
Pierce ECL 2 Western blotting substrate (Thermo Scientific) and visualized with 
the Chemidoc MP system (Bio-Rad, Hercules, CA, USA) or by exposure to high 
performance chemoluminescence film (GE Healthcare, Little Chalfont, UK).

Chemotaxis assays
Chemotaxis assays were performed as previously described21. In short, 50,000 
murine (3T3) fibroblasts in 200 µl serum-free DMEM were added to the upper 
chamber of 8-µm modified Boyden chambers (Neuro Probe) coated with 50 
µg/mL fibronectin (Roche). HMGB1 or HMGB1 that had been pre-incubated 
with active rFSAP was added to the lower chamber, and cells were allowed to 
migrate for 3 h at 37°C. To assess a potential inhibitory effect of FSAP-generated 
HMGB1 fragments on HMGB1-mediated chemotaxis, a fixed concentration 
of intact HMGB1 was mixed with FSAP-generated HMGB1 fragments, and 
migration was determined. Non-migrating cells were removed with a cotton 
swab. After fixation in ethanol, the migrated cells were stained with Giemsa 
and counted in 10 random fields/filter. All assays were performed in triplicate. 

Nucleosome, FSAP-AP, and HMGB1 ELISA
Nucleosome levels were determined as previously described33. Briefly, 
a monoclonal anti-histone H3 capture antibody and biotinylated F(ab’)2 
fragments of an antibody recognizing an epitope formed by histone H2A, 
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H2B, and DNA were used in combination with streptavidin-polyHRP for 
detection. FSAP-AP levels were determined as recently described28. In short, 
a monoclonal antibody that recognizes α2-antiplasmin was used as a capture 
antibody. Biotinylated anti-FSAP4, which recognizes the light chain of FSAP, 
was used for detection in combination with streptavidin-polyHRP. HMGB1 
levels were determined using an HMGB1 ELISA kit (IBL International) following 
the manufacturers’ instructions (regular sensitivity mode). To correct for 
hemodilution, we measured total plasma protein levels with the Pierce BCA 
Protein Assay Kit (Thermo-Fischer Scientific) and expressed the values as U/
mg plasma protein.

Statistical analysis
Statistical analyses for comparisons between two time-points within one group 
were performed using paired, two-tailed Student’s t-tests (Wilcoxon matched-
paires signed rank test), whilst for comparisons between two groups at one 
time-point an unpaired (Mann-Whitney) rank test was used in GraphPad Prism 
(GraphPad Software, San Diego, CA). For correlation analysis, Spearman’s rank 
correlation coefficient was determined. Results are expressed as mean ± SEM 
for n ≥ 3. For data sets comprising n < 3, values are expressed as mean ± SD. A 
p-value of ≤ 0.05 was considered statistically significant.



6

135

FSAP mediates the degradation of HMGB1

135

RESULTS
Plasma-derived FSAP and recombinant FSAP cleave oxidized and reduced 
HMGB1
To investigate whether HMGB1 is susceptible to proteolytic cleavage by FSAP, 
we incubated recombinant HMGB1 in the disulfide form and the reduced form 
with increasing concentrations of active plasma-purified FSAP for 30 min at 37 
°C. Subsequently, samples were separated by SDS-PAGE and cleavage products 
were visualized by silver staining. As shown in Figure 1A, both the disulfide 
form and the reduced form of HMGB1 were efficiently cleaved by FSAP. At 12.5 
nM FSAP, HMGB1 (29 kDa) was cleaved into multiple smaller bands. At a 50 
nM FSAP concentration, no native HMGB1 remained after 30 min incubation. 
The cleavage pattern generated by FSAP was not dependent on HMGB1 redox 
status, as the observed cleavage products of disulfide and reduced HMGB1 
were of similar size. 

To rule out that the HMGB1 proteolysis was caused by an impurity in 
the purified FSAP preparation, we also incubated HMGB1 with recombinant 
FSAPR313Q (rFSAP). FSAPR313Q is an enzymatically inactive form of FSAP, as the 
activation site is mutated to prevent auto-activation. The mutation introduces 
a cleavage site for thermolysin that mediates in vitro activation. Active, but not 
inactive, rFSAP efficiently proteolyzed both the reduced-HMGB1 (Figure 1B) 
and disulfide-HMGB1 (data not shown). 

 Plasma-derived FSAP cleaves HMGB1 released from necrotic cells
It was previously reported that FSAP is activated upon contact with late 
apoptotic or necrotic cells28. Therefore, we investigated whether necrotic cell-
derived HMGB1 is degraded by activated FSAP. Accordingly, necrotic Jurkat 
cells were incubated with plasma-purified active FSAP or 10% serum of a 
healthy donor. Additional experiments were conducted with serum in which 
FSAP was inhibited with a monoclonal anti-FSAP antibody and with FSAP-
deficient serum. After 1 h incubation at 37 °C, the proteins were separated 
by SDS-PAGE, followed by detection of HMGB1 on immunoblot. As shown in 
Figure 2A, HMGB1 derived from necrotic cells was efficiently degraded upon 
incubation with plasma-purified FSAP and healthy donor serum, but not when 
FSAP activation was inhibited or when FSAP was absent. To exclude FSAP-
unrelated causes of HMGB1 degradation in healthy donor serum, we employed 
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FSAP-deficient serum and also depleted FSAP from healthy donor serum by 
affinity chromatography using Sepharose-conjugated anti-FSAP antibodies. 
We found no degradation of necrotic cell-derived HMGB1 in FSAP-deficient 
and FSAP-depleted serum, whilst HMGB1 in control serum was degraded 
(Figure 2B). In addition, active but not inactive rFSAP was able to degrade 
HMGB1, confirming that FSAP directly proteolyzes HMGB1 upon its release 
from necrotic cells (Figure 2C). 

Others and our group have demonstrated that, in addition to FSAP 
activation upon contact with dead cells, free histones can induce FSAP 
activation in plasma or serum, which results in FSAP-mediated histone 
proteolysis. Similar to histones, HMGB1 is proteolytically degraded by FSAP 
and is a DNA-binding protein. It was tested whether HMGB1 also induces 
FSAP activation in serum. To that end, we incubated HMGB1 (50 µg/mL; both 

Figure 1. FSAP proteolyzes reduced and oxidized HMGB1
Both disulfide and reduced HMGB1 were incubated with plasma purified active FSAP (A) or 
recombinant FSAP (B) at 37 °C for 1 h. The cleavage products were separated on SDS-PAGE and 
visualized by silver staining. Arrows indicate intact HMGB1 and the light-chain of active FSAP. 
Inact.: inactive rFSAP. The depicted gels are representative of three independent experiments. 
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disulfide- and reduced HMGB1) or histones (50 μg/mL) with 50% healthy donor 
serum at 37 °C for 1 h. Complexes of FSAP with one of its serpins, alpha-2-
antiplasmin (AP), were used as a measure of FSAP activation. FSAP-AP complex 
formation indicates that FSAP activation and subsequent inactivation by AP 
had occurred. In contrast to FSAP activation induced by histones, no activation 
of FSAP in serum following incubation with HMGB1 occurred (Figure 2D), 
which indicates that the degradation of necrotic cell-derived HMGB1 by FSAP 
in serum requires prior activation of FSAP by a molecule other than HMGB1.

Figure 2. FSAP in serum proteolyzes HMGB1 derived from necrotic cells
Necrotic Jurkat cells were incubated for 1 h at 37 °C with 20 nM plasma-purified FSAP or 10% 
serum in the presence or absence of an inhibitory monoclonal antibody directed against 
FSAP, or 10% FSAP-deficient serum (A). The cleavage products were separated by SDS-PAGE 
and HMGB1 was detected by immunoblotting. Actin was also visualized on the same blot as 
a loading control. As a control, necrotic Jurkat cells were incubated with 10% FSAP-deficient 
serum, 10% FSAP-depleted or 10% mock-depleted serum (B), or with 20 nM active or inactive 
rFSAP (C) and HMGB1 was detected on immunoblot. The depicted blots are representative of 
three independent experiments. The ability of HMGB1 to induce the activation of FSAP in serum 
was determined by incubating disulfide or reduced HMGB1 (50 µg/mL) with 50% healthy donor 
serum for 1 h at 37 °C. Subsequently FSAP-AP complexes were detected by ELISA (D). As a control, 
purified calf thymus histones (50 µg/mL) were used to induce FSAP activation in serum. n = 6 
Data are expressed as mean ±SEM. **p<0.01 was determined by Mann-Whitney Rank Sum test.
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FSAP-mediated proteolysis of HMGB1 abrogates fibroblast chemotaxis
HMGB1 is released during cell death, and results in neutrophil migration to the 
site of injury7. However, it is unclear how HMGB1 levels at the site of injury are 
regulated. In this set of experiments we therefore determined whether FSAP 
affects HMGB1-mediated chemotaxis through HMGB1 proteolysis. A fixed 
amount of HMGB1 was incubated overnight with increasing concentrations 
of activated FSAP at 37 °C. Chemotaxis of 3T3 murine fibroblasts towards the 
cleaved HMGB1 fragments was analyzed in relation to the size of the cleavage 
fragments, determined by SDS-PAGE. As can be observed in Figure 3A, the 
chemotactic movement of fibroblasts towards HMGB1 was reduced with 
increasing concentrations of activated rFSAP. A pronounced ~20 kDa cleavage 
product was detected at 5 and 16 nM FSAP, but HMGB1 was fully degraded 
when using higher concentrations of FSAP (Figure 3B). A similar ~20 kDa 
HMGB1 cleavage product had been observed in Figure 1B.
 We hypothesized that one of the generated HMGB1 cleavage fragments 
may contain the ~11 kDa Box A of HMGB1, which is known to inhibit HMGB1-
mediated chemotaxis21. To test this hypothesis, we incubated a fixed amount 
of intact HMGB1 with an equal amount of HMGB1 that had been proteolyzed 
by increasing concentrations of active rFSAP and analyzed the capacity of the 
HMGB1 cleavage products to inhibit HMGB1-mediated fibroblast migration. 
Compared to the migration induced by intact HMGB1, fibroblast migration 
was not inhibited by the FSAP-cleaved HMGB1 fragments, suggesting that 
they did not contain an intact Box A (Figure 3C). 
 In conclusion, FSAP neutralizes HMGB1-mediated 3T3 fibroblast 
migration through degradation of HMGB1. HMGB1 levels and its chemotactic 
properties are therefore likely modulated by FSAP at the site of tissue injury.

Plasma HMGB1 levels are negatively correlated with plasma FSAP-AP 
complex levels in liver surgery patients
During inflammatory disease, FSAP is activated upon contact with dead cells. 
FSAP has been demonstrated to release nucleosomes from these cells in vitro. 
In line with these findings, elevated FSAP-AP levels have been detected in 
patients suffering from inflammatory conditions such as sepsis and FSAP-AP 
levels strongly correlate with circulating nucleosome levels in these patients28. 
In addition to nucleosomes, elevated HMGB1 levels have been found in 
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Figure 3. FSAP-mediated proteolysis of HMGB1 reduces fibroblast chemotaxis 
3T3 fibroblasts were added to the upper compartment of a modified Boyden chamber and 
intact HMGB1 (30 ng/mL), or HMGB1 that had been pre-incubated with active rFSAP (0.1-30 
ng/mL), was added to the lower compartment. Cells were left to migrate for 3 h at 37°C and 
migrated cells were quantified (A). HMGB1 cleavage products were separated on SDS-PAGE 
and visualized by Coomassie stain (B). Both insets are from the same gel. To test the inhibitory 
capacity of the ~20 kDa HMGB1 cleavage product, intact HMGB1 (30ng/mL) was incubated with 
rFSAP-processed HMGB1 cleavage products and its chemotactic act ivity was subsequently 
determined (C). Data are expressed as mean ±SEM obtained from two independent experiments 
performed in triplicate. 
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patients suffering from inflammatory disease12,13,17. However, it is unclear how 
the systemic HMGB1 and nucleosome levels are interrelated. Moreover, since 
FSAP degrades HMGB1 in vitro (Figure 1), we investigated a possible role for 
FSAP in regulating HMGB1 levels in patients with an inflammatory condition. 
In a previous study, plasma HMGB1 and nucleosome levels were determined 
in patients that had undergone major liver surgery with ischemia/reperfusion 
(I/R) injury – a condition that predisposes patients to sterile inflammation34,37. 
Data were compared to a control patient cohort that underwent major liver 
surgery without I/R. Plasma was assayed at t = 0 h (prior to surgery) and at t = 
1 h and t = 6 h postoperatively. HMGB1 levels were elevated in the I/R group 
at t = 1 h but had declined at t = 6 h, suggesting rapid HMGB1 clearance or 
breakdown (Supplementary Figure 1A). Nucleosomes were elevated in the 
I/R group at t = 1 h and t = 6 h but the concentration did not differ between 
these time points (Supplementary Figure 1B). Nucleosomes were surgery-
induced inasmuch as their post-ischemia levels were comparable between the 
I/R and control group. Thus the rise in HMGB1 and not nucleosomes specifically 
correlated with I/R injury. 
 In order to follow up on the in vitro finding that FSAP degrades HMGB1, 
we determined FSAP-AP levels in plasma from these patients and investigated 
a possible relation between FSAP-AP levels and HMGB1. FSAP-AP levels were 
elevated at t = 1 h and remained elevated at t = 6 h (p < 0.0001 for both time 
points) (Figure 4A). Importantly, FSAP-AP levels were significantly higher at t 
= 1 h and t = 6 h in patients that had been subjected to I/R injury compared to 
the control group (p = 0.01).
 As previously found in severe sepsis, septic shock, and meningococcal 
sepsis28, nucleosome and FSAP-AP levels correlated strongly in both the I/R 
group (r = 0.80, p <0.0001) (Figure 4B) and the control group (r = 0.71, p < 
0.0001). Nucleosome and HMGB1 levels correlated in the I/R group (r = 0.51, 
p < 0.0001) and the control group (r = 0.47, p < 0.0063), albeit the correlation 
was weaker in the latter group. These findings are in line with the observation 
that HMGB1 is a more specific marker for I/R injury. Furthermore, HMGB1 and 
FSAP-AP levels correlated well in the I/R group (r = 0.63, p < 0.0001) but less 
profoundly in the control group (r = 0.49, p < 0.0194) (Figure 4C). 
 To investigate a possible relation between FSAP activation and the 
decrease in HMGB1 levels observed between t = 1 h and t = 6 h, we calculated 
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Figure 4. FSAP-AP complexes are elevated in hepatic surgery patients
Levels of FSAP-AP complexes (A) in the plasma of patients that had undergone hepatic surgery 
followed by I/R were determined by ELISA. As a control group, hepatic surgery patients that 
had not been exposed to I/R were included. Blood was drawn prior to surgery (T = 0), 1 h 
postoperatively (T = 1) and 6 h postoperatively (T = 6). Nucleosome levels (B) and HMGB1 
levels (C) were correlated to FSAP-AP levels, and FSAP-AP levels at T = 1 were correlated to delta 
HMGB1 levels between T = 1 and T = 6 (D). (E) is a zoom-in of (D) with x-axis limits set between 
-500 and 200 ng/mg. Nucleosomes and FSAP-AP levels are expressed as AU/mg plasma protein. 
HMGB1 is expressed as ng/mg plasma protein. Data are expressed as individual values and the 
mean ±SEM are indicated. *p<0.05 **p<0.01 ***p<0.001 ****p<0.0001 were calculated using a 
Wilcoxon matched-pairs signed rank test. For correlation analysis, Spearman’s rank correlation 
coefficient was determined. 
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the correlation between FSAP-AP levels at t = 1 h and the difference in HMGB1 
levels between t = 1 h and t = 6 h (DHMGB1). As expected, HMGB1 exhibited 
a negative correlation with FSAP-AP (r = -0.52, p = 0.008) in the IR group. No 
correlation was found in the control group (r = -0.34, p = 0.29) (Figure 4D 
and E). These findings suggest that the degree of FSAP activation at t = 1 h 
is associated with a more substantial decrease in HMGB1 levels. The data also 
yield credence to our in vitro results demonstrating that activated FSAP in 
plasma degrades HMGB1. 

DISCUSSION
HMGB1 is a molecule with different functions depending on the redox form 
of the molecule and its cellular location. Although the biological effects of 
extracellular HMGB1 are gradually becoming clearer, the regulation of HMGB1 
levels in the circulation has received little attention. In this study we show 
that HMGB1 is degraded by FSAP under controlled in vitro conditions and in 
plasma samples from a clinical patient cohort. Furthermore, FSAP-mediated 
proteolysis of HMGB1 was not restricted to a specific redox form, as both the 
reduced and free thiol forms of HMGB1 were degraded with similar efficiency. 
The degradation of HMGB1 by FSAP abrogated HMGB1-mediated fibroblast 
chemotaxis, indicating that FSAP neutralized the pro-inflammatory properties 
of HMGB1.
 From previous studies, it has become clear that the chemotactic and 
immunostimulatory effects of HMGB1 are not only dependent on the redox 
state of HMGB1, but also on its concentration. Low levels of HMGB1 (50-100 
ng/mL) were found to inhibit fMLF- and IL-8-mediated neutrophil migration, 
whereas high levels of HMGB1 (5,000 ng/mL) had a direct chemoattractant 
effect on neutrophils22. Moreover, a recombinant HMGB1 Box A fragment 
antagonized the chemotactic effect of intact HMGB121. Since the function of 
HMGB1 depends so critically on its concentration, and also on the specific 
exosite interactions of its different functional domains, HMGB1 proteolysis 
by FSAP may constitute an important regulatory mechanism of HMGB1 
function. HMGB1 proteolysis by FSAP produced several cleavage products. We 
hypothesized that one of these cleavage products may contain the intact Box 
A domain. However, the inhibitory capacity of the HMGB1 cleavage products 
generated by a broad titration of FSAP was absent in terms of fibroblast 
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chemotaxis. This suggests that FSAP may cleave in the Box A domain, but 
further biochemical studies investigating the interactions between FSAP and 
HMGB1 and the identification of the exact FSAP cleavage sites in HMGB1 are 
required to test this hypothesis. 
 FSAP is activated upon incubation of serum with late apoptotic and 
necrotic cells28, but seems otherwise relatively stable in its zymogen form. 
For instance, the initiation of coagulation during serum preparation does not 
lead to FSAP activation28. We showed that HMGB1 itself does not induce FSAP 
activation, in contrast to histones. Since activation of FSAP is required for the 
enzymatic proteolysis of HMGB1, HMGB1 release in the absence of cell death, 
for example by activated NK cells or macrophages, may not coincide with 
FSAP activation and may be less susceptible to FSAP-mediated regulation and 
degradation. 
 The role of HMGB1 as a DAMP has been thoroughly characterized 
following hepatic I/R injury6,37,38 and circulating HMGB1 may potentially serve 
as a marker for ischemic hepatocyte injury after clinical liver I/R. Although 
nucleosome levels were equally elevated in the liver I/R and control group, both 
FSAP-AP levels and HMGB1 levels were significantly higher in the I/R group 
one hour after surgery. Notably, the type of cell death that is induced under 
ischemic conditions is different from that induced under normoxic conditions, 
which may account for the varying HMGB1 levels. Ischemic conditions result 
in ATP depletion, which is one of the main reasons that necrosis and not 
apoptosis is the predominant mode of cell death during liver I/R injury39–41. 
Necrotic cells release HMGB1 into the extracellular environment, in contrast to 
apoptotic cells32. This may explain the different HMGB1 levels found in the I/R 
group versus control. 
 In vivo, increased levels of HMGB1 have been found in various 
inflammatory conditions. Similarly, activated FSAP has been found in post-
surgery patients, major trauma patients, patients suffering from severe sepsis, 
septic shock, meningococcal sepsis, and systemic lupus erythematosus28,42,43. 
In this study we showed that FSAP activation had occurred in patients that 
had undergone major liver surgery, and was significantly more increased in 
patients that had been subjected to I/R injury when compared to the control 
group. The FSAP activation coincided with a decrease in HMGB1 levels. We 
hypothesize that activated FSAP is responsible for the decline in HMGB1 in 
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these patient sera. Although activated FSAP in serum degrades HMGB1, and 
FSAP activation in major liver surgery correlated with the decrease in HMGB1, 
we cannot exclude that other HMGB1 clearance or degradation mechanisms, 
including HMGB1 degradation by thrombin-thrombomodulin complexes44, 
may play a role in the observed decline in HMGB1 levels. 
 Both FSAP and HMGB1 levels were increased one hour after surgery 
compared to baseline. However, we did not determine what the levels of 
HMGB1 and FSAP-AP were at earlier time points after surgery. Elevated HMGB1 
levels have been previously described in patients at t = 2-6 h after trauma, and 
have been found to decline steadily afterwards. To our knowledge no studies 
have thus far assessed HMGB1 levels at earlier time points45. Nevertheless, 
upon incubation of late apoptotic or necrotic cells with healthy donor plasma, 
FSAP-AP complexes were already strongly elevated after 30 min, indicating 
that FSAP activation occurs rapidly28. These results support the hypothesis that 
FSAP regulates HMGB1 levels released from dying cells in the circulation and 
suggest an important role for FSAP in the regulation of HMGB1 functioning in 
vivo. Furthermore, the type of cell death involved may be important. Apoptotic 
cell death is generally accepted to occur in an immunologically silent manner. 
This is in line with the idea that HMGB1 is not released by apoptotic cells. 
However, necrotic cell death is immunostimulatory, partially due to the 
release of HMGB1, and HMGB1 degradation by FSAP may serve to reduce the 
inflammatory potential of necrotic cells. 
 In conclusion, we describe for the first time that FSAP proteolyzes 
the proinflammatory DAMP HMGB1 during its release from necrotic cells. We 
suggest that proteolysis of HMGB1 by FSAP plays a role in the regulation of 
HMGB1 levels and its immunological effects during (sterile) inflammation. 
We additionally show that FSAP activation correlates with decreasing HMGB1 
levels in liver I/R patients, supporting an in vivo role for FSAP in the regulation 
of HMGB1. These results shed light on the regulation of HMGB1 released from 
dying cells into the circulation. Furthermore, the administration of recombinant 
FSAP may provide new opportunities to therapeutically target HMGB1. 
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Supplementary Figure 1

Supplementary Figure 1. HMGB1 and nucleosome levels in hepatic surgery patients 
(adapted from van Golen et al., manuscript in preparation)
Circulating HMGB1 (A) and nucleosome (B) levels were determined by ELISA in the plasma of 
patients that underwent hepatic surgery followed by I/R (IR). As a control group, hepatic surgery 
patients that had not been exposed to I/R were included. Blood was drawn prior to surgery (t=0), 
1h postoperatively (t=1) and 6h postoperatively (t=6). Data are expressed as individual values 
and the mean ±SEM are indicated. *p<0.05 ***p<0.001 ****p<0.0001 were calculated using a 
Wilcoxon matched-pairs signed rank test.
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ABSTRACT
Factor VII-activating protease binds to purified negatively charged molecules, 
e.g. RNA and DNA, and to positively charged molecules e.g. histones. Albeit 
through different mechanisms, binding of FSAP to both types of molecules 
has been suggested to induce the auto-activation of FSAP. FSAP is activated 
in serum upon incubation with late apoptotic or necrotic cells, but the 
contribution of cellular DNA, RNA, and histones to this process is unclear. In 
this study, we demonstrated that cellular RNA mediates the binding of FSAP to 
late apoptotic cells. RNA digestion markedly reduced the binding of FSAP to 
these cells, as well as the activation of FSAP. In contrast, DNA digestion strongly 
enhanced both the binding and activation of FSAP, possibly through the 
release of histones from chromatin. Jurkat cells were fractionated to identify 
the cellular component that induces the activation of endogenous FSAP in 
serum. Whilst the cytoplasmic fraction that contained the majority of cellular 
RNA did not induce the activation of FSAP, the fractions that contained the 
nuclear components, predominantly histones, did induce the FSAP activation. 
Digestion of the DNA in the nuclear fractions did not affect FSAP activation. 
Subsequently, we found that the addition of purified histones to serum 
strongly induced the activation of FSAP, whilst activation did not occur with 
purified RNA. However, purified RNA markedly enhanced the activation of 
FSAP in serum induced by histones. Our results indicate that both RNA and 
histones are involved in the activation of FSAP induced by dead cells in serum. 
Furthermore, whilst RNA does not directly induce the auto-activation of FSAP, 
it may serve as a scaffold for FSAP accumulation that facilitates the auto-
activation of FSAP induced by histones.
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INTRODUCTION
Factor VII-activating protease (FSAP), otherwise known as hyaluronic acid-
binding protein 2 (HABP2) or plasma hyaluronan binding protein (PHBP), is a 
~78 kDa plasma serine protease that circulates as a zymogen at a concentration 
of ~12 μg/ml1. HABP2 was initially discovered as a co-purified product upon 
hyaluronic acid purification from plasma2. However, HABP2 was renamed 
to FSAP based on the observation that FSAP activated Factor VII in Factor 
X-deficient plasma3. This observation was later challenged, as supraphysiologic 
concentrations of FSAP were required to activate Factor VII, resulting in a loss 
of consensus on the relevance of Factor VII-activation by FSAP4. In the past 
decade, other proteolytic substrates of FSAP have been identified, including 
single-chain urokinase plasminogen activators5, fibrinogen6, high molecular 
weight kininogen7, platelet-derived growth factor BB8, tissue factor pathway 
inhibitor9, bone morphogenetic protein-2 (BMP-2)10, histones11, and high-
mobility group box protein 1 (HMGB1)12. We have previously demonstrated 
that FSAP degrades histones in serum and thereby efficiently protects against 
the cytotoxicity of histones11. In addition, we have found that FSAP-mediated 
HMGB1 degradation inhibits HMGB1-mediated chemotaxis12. Furthermore, 
active FSAP releases chromatin in the form of nucleosomes from late apoptotic 
and, in cooperation with DNase I, from necrotic cells13,14.
Since FSAP circulates as a zymogen, activation is a prerequisite for its activity. 
The single-chain FSAP zymogen is activated through proteolytic conversion 
(R313-I314) into a catalytically active two-chain molecule (tcFSAP). We have 
shown that FSAP is activated in plasma upon incubation with late apoptotic 
and necrotic cells15. Interestingly, signs of FSAP activation have been detected 
in vivo in a range of inflammatory conditions in which extensive cell death 
occurs12,15–17. However, the dead cell derived constituent responsible for this 
activation has not been identified. 
 FSAP undergoes auto-proteolytic activation, and several molecules 
have been shown to catalyze this process in a setting with purified proteins 
in buffer. These molecules that enhance auto-activation include negatively 
charged molecules such as heparin, DNA, RNA, and polyphosphates1,18–20. 
FSAP was shown to bind to these negatively charged molecules through a 
positively charged cluster in its endothelial growth factor (EGF) 3 domain21,22. 
This binding results in the accumulation of FSAP, and juxtaposed FSAP 
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molecules were hypothesized to proteolytically activate one another23. 
However, although negatively charged molecules may promote ongoing 
autoproteolysis, exposure of FSAP to these molecules in plasma was not found 
to result in FSAP activation15. In contrast to the negatively charged molecules 
mentioned above, some molecules with a strong positive charge such as 
histones have been described to bind to FSAP and directly induce FSAP 
activation in plasma23,24, albeit through a different mechanism as proposed 
for negatively charged molecules. An intramolecular interaction between a 
negatively charged cluster of acidic amino acids in the N-terminal tail of FSAP, 
and the positively charged cluster within the EGF3 domain, shields the EGF3 
and blocks its binding to other FSAP molecules, thereby preventing FSAP 
auto-proteolysis23. Yamamichi et al. hypothesized that binding of histones to 
the negatively charged N-terminal tail disrupts this intramolecular interaction, 
and allows for binding of the EGF3 domain to an N-terminal tail of a nearby 
FSAP molecule to occur, which facilitates auto-proteolysis. The role of histones 
to facilitate the activation of FSAP in plasma was investigated by the addition 
of purified histones, but whether histones account for the observed FSAP 
activation upon contact with dead cells is unclear. Both histones, DNA, and 
RNA are naturally present in dead cells, but their individual, and possibly 
cooperative, contribution to the activation of FSAP induced by dead cells has 
not been investigated. For enhanced autoactivation on DNA, RNA or histones 
to occur, it is imperative that FSAP binds to these molecules. Therefore, we 
hypothesized that the binding of FSAP to (dead) cells may serve as an indicator 
for FSAP activation. In this study, we aimed to investigate the contribution of 
RNA, DNA and histones to the binding of FSAP to late apoptotic cells, and their 
subsequent role in the activation of FSAP in serum.

METHODS
Reagents
Mouse monoclonal antibodies anti-FSAP (anti-FSAP-4)15, anti-alpha-2-
antiplasmin (AAP-20), and anti-IL6 (anti-IL6.8)25, were prepared at our 
department. Iscove’s modified Dulbecco’s medium (IMDM) was obtained 
from Bio-Whittaker Europe. Fetal calf serum (FCS) was obtained from Bodinco. 
Penicillin and streptomycin were obtained from Gibco Invitrogen. RNase A, 
b-mercaptoethanol, calf thymus purified histones, total RNA isolated from 
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yeast, transfer RNA isolated from yeast, and Poly I:C were obtained from 
Sigma. Protease activity free recombinant Dnase I was obtained from Roche. 
High-performance enzyme-linked immunosorbent assay (ELISA) buffer and 
poly–horseradish peroxidase (HRP)–labeled streptavidin were obtained 
from Sanquin, and 3,5,3’,5’-tetramethylbenzidine was obtained from Merck. 
Lymphoprep was obtained from Axis-Shield. Plasma-derived two-chain FSAP 
was obtained by purification as described previously13. The construction, 
production, purification, and activation of the thermolysin-activatable FSAP-
R313Q (rFSAP) mutant has been described in detail elsewhere4. Blood was 
collected from donors and allowed to clot for 30 minutes at room temperature. 
After centrifugation at 1,300g for 10 minutes, serum was removed and stored 
at –20°C. All sera from healthy donors were obtained as anonymized samples 
from the diagnostic laboratory. Informed consent was obtained according to 
the declaration of Helsinki, and samples were handled in accordance with the 
Dutch rules and regulations for the use of human materials.

Cell culture and cell death induction
Jurkat cells were cultured in Iscove’s Modified Dulbecco’s Medium (IMDM) 
containing 5% (volume/ volume) fetal calf serum (FCS), 100 IU/ml penicillin, 100 
μg/ml streptomycin, and 50 μM b-mercaptoethanol. Apoptosis was induced 
by incubation of Jurkat cells (1x106/ml) with 20 mM etoposide for 48 hr. 

Analysis of cellular DNA content and binding of FSAP
Late apoptotic Jurkat cells were washed three times with HN-BSA buffer (50 
mM HEPES, 100 mM NaCl, 0.1% BSA, pH 7.4) with the addition of 5 mM CaCl2 
and 5 mM MgCl2. Cells were incubated with 100 U/ml DNase I (Roche), 100 U/
ml RNase A (Sigma), or a combination of both, at 37°C for 1 hr. Afterwards, cells 
were placed on ice and allowed to cool down to 4°C. Subsequently, cells were 
incubated with healthy donor serum (10%) or with inactive rFSAP (10 AU/ml) 
at 4°C for 30’. 100 AU/ml FSAP corresponds to 100% serum. Cells were washed 
3x with buffer and kept on ice until further use. 
 To examine cellular DNA content, cells were stained with 4’,6-diamidino-
2-phenylindole (DAPI) (Sigma) (100 ng/ml), and to analyze the binding of FSAP, 
cells were stained with an AlexaFluor647 (AF647)-labeled anti-FSAP antibody 
(anti-FSAP4) (2 µg/ml). Cells were washed three times with HN-BSA buffer 
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before subsequent analysis.
For confocal laser-scanning microscopy analysis, coverslips were 

coated for 15 min with Alcian Blue (Sigma) and were subsequently washed five 
times with dH2O cells. Subsequently, 50.000 cells (0.25x106/ml) were spun onto 
the cover slips to allow attachment of cells. Cells were fixed by incubation with 
4% paraformaldehyde for 15 min, and were subsequently stained for DNA or 
FSAP as mentioned above. Confocal analysis was performed using a Carl Zeiss 
LSM510 confocal laser scanning microscope equipped with an argon/krypton 
laser, with x40 oil objective. DAPI was excited at 405 nm and detected between 
450-480 nm. AF647-anti-FSAP was excited at 630 nm, and detected at >650 
nm. All experiments presented were repeated several times on different days 
and results were consistent and reproducible. Further image processing was 
performed using Zen (Carl Zeiss).

For imagestream analysis, cells (2x106/ml) were fixed by incubation 
with 4% paraformaldehyde for 15 min, and were subsequently stained for DNA 
or FSAP as described above. Imaging flow cytometric analysis was performed 
using an Imagestreamx Mark II (Amnis). Per condition, 100.000-150.000 cells 
were analyzed. Obtained data was analyzed using IDEAS 6.0 software (Amnis) 
and colocalization of DNA and FSAP was asessed using the built-in function 
to calculate the median similarity score. The mean similarity score is based 
on a regression analysis of pairs of pixel intensity values taken from FSAP and 
DAPI fluorescence images from single cells. Values between 1 and 6 represent 
positive correlations, whilst values between -6 and -1 represent negative 
correlations.

For flow cytometric analysis, cells (2x106/ml) were stained for DNA or 
FSAP as described above. The median fluorescence intensity of AF647-anti-
FSAP or DAPI was determined on an LSRII (Becton Dickinson) and quantified 
using FACSDiva software (Becton Dickinson). Per condition, 10.000-20.000 
cells were analyzed. 

Subcellular fractionation
Fractionation of 66x106 live Jurkat cells was performed with the Subcellular 
protein fractionation kit for cultured cells (Thermo Scientific) according to 
manufacturers’ instructions. Proteins in the fractions were separated by SDS-
PAGE (NuPage, ThermoFisher Scientific) and visualized with silver (Pierce Silver 
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Stain Kit, ThermoFisher Scientific). Fractions that induced FSAP activation in 
serum were subsequently incubated in the presence or absence of 100 U/ml 
RNase A, 100 U/ml DNase I, a combination of both, or 100 U/ml proteinase K 
bound to agarose beads (Sigma). 

Activation of FSAP in serum
Serum (50%) obtained from healthy donors was incubated with either late 
apoptotic Jurkat cells (2x106/ml), subcellular fractions (undiluted), calf thymus 
purified histones (10/50 µg/ml), or purified RNA (50 µg/ml) at 37°C for 1 hr. 
Where applicable, cells were pelleted by centrifugation at 400 g for 3 min and 
supernatant was harvested. 

FSAP-AP complex ELISA
FSAP-AP complex levels were determined in serum as previously described15. 
Briefly, monoclonal antibody anti-alpha-2-anti-plasmin was used as a catching 
antibody. Biotinylated monoclonal antibody anti-FSAP4 in combination with 
poly-horseradish peroxidase-labeled streptavidin were used for detection. As 
a standard, recalcified citrate plasma that had been incubated with apoptotic 
cells to induce FSAP activation was used. Levels of FSAP-AP complexes were 
expressed in arbitrary units (AU), in which the median level in recalcified citrate 
plasma from 20 healthy donors corresponds to 0.5 AU/mL.

Statistical analysis
Results are expressed as mean values ± SEM, except for means of <3 values 
where ± SD is indicated. Statistical analysis was performed using a paired, two-
tailed Student’s t-test in GraphPad Prism 6 Software. P values smaller than 0.05 
were considered significantly different from the null hypothesis.
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RESULTS
To investigate whether endogenous FSAP in serum binds to late apoptotic 
cells, we induced apoptosis in Jurkat cells with etoposide. Thereafter, these 
late apoptotic cells were incubated with 10% serum of a healthy donor at 4 
°C for 1hr to allow binding, but not activation, of FSAP to occur. Subsequently, 
the cells were incubated with a fluorescently-labeled monoclonal antibody 
directed against the light-chain of FSAP to detect binding of FSAP to the 
cells, and DNA was visualized with DAPI. Binding of FSAP was observed in a 
speckled pattern throughout the cytoplasm, and did not colocalize with the 
DNA present in the fragmented nuclei (Figure 1A). To investigate the role of 
RNA and DNA in the binding of FSAP to cells, we pre-incubated late apoptotic 
Jurkat cells with RNase A or DNase I, and thereafter incubated the cells with 
healthy donor serum. To our surprise, we did not detect any binding of FSAP 
when RNA had been digested with RNase, indicating that RNA is involved in 
binding of FSAP to cells (Figure 1B). Interestingly, we observed significantly 
increased binding of FSAP throughout the cell after DNA digestion (Figure 1 
C). 
 It is important to use pure DNases in these experiments as we 
observed that histones were degraded upon incubation of purified histones 
with Dnase I to digest any residual DNA contamination in the histone product 
(Supplemental Figure 1A). Consequently, these histones induced lower levels 
of FSAP activation in serum (Supplemental Figure 1B). Highly pure DNase 
without protease activity was used in all subsequent experiments.
 We quantified the binding of FSAP to late apoptotic cells, and 
simultaneously investigated its localization, by imaging flow cytometry. This 
technique combines the analysis of a cell population by flow cytometry while 
simultaneously taking a fluorescent image of every cell. We pre-incubated 
late apoptotic Jurkat cells in the absence or presence of RNase or DNase and 
thereafter incubated the cells with 10% serum of a healthy donor. Binding of 
FSAP was detected with anti-FSAP antibody and DNA was visualized by DAPI 
staining. Similar to what we noticed using confocal microscopy in Figure 1A, 
we observed a speckled pattern of FSAP throughout the cytoplasm (Figure 
2A) and little overlap between FSAP and DNA signals. We calculated the mean 
similarity score between the FSAP and DAPI signals to determine the degree 
of colocalization of FSAP and DNA. The mean similarity score was 0.54, which 
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Figure 1. Binding of endogenous FSAP in serum to late apoptotic cells and the effects of 
RNA and DNA digestion
(A-C) Late apoptotic Jurkat cells were preincubated in the absence (A) or presence of 100 U/ml 
RNase A (B) or 100 U/ml DNase I (C), prior to incubation with 10% serum of a healthy donor. The 
binding of FSAP was subsequently detected by an AlexaFluor647-labeled anti-FSAP antibody, 
whilst DNA was stained with DAPI, and visualized by confocal microscopy. Blue indicates DAPI, 
green indicates FSAP. The top panels show an overview for each condition and the lower panels 
are a digital zoom of a single cell from the top panels. Isotype control staining was negative (not 
shown). Images are representative of results obtained in three independent experiments.
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indicates a poor correlation between the two signals. Furthermore, as observed 
by confocal imaging/microscopy, binding of FSAP was absent upon digestion 
of RNA (Figure 2B), and enhanced upon DNA digestion (Figure 2C). These 
findings were confirmed through the quantification of bound FSAP (Figure 
2D). Notably, upon DNA digestion, binding of FSAP appeared to localize more 
at the plasma membrane, compared to cells of which the DNA had not been 
digested.
 As we cannot exclude that some FSAP activation occurs in serum 
upon incubation with late apoptotic cells at 4°C, we investigated the binding 
of inactive FSAP to late apoptotic cells. We used a similar experimental method 
as above, but now incubated late apoptotic cells with 10 U/ml recombinant 
FSAP-R313Q (rFSAP) instead of 10% serum. In this variant of FSAP, the cleavage 
site that is used for auto-proteolytic activation of FSAP has been mutated, 
which prevents auto-activation of FSAP. However, the mutation introduces a 
specific cleavage site for thermolysin, which allows for manual activation in 
vitro4. Upon analysis of binding of inactive rFSAP to late apoptotic cells, we 
observed a similar binding pattern of rFSAP to cells, compared to FSAP in 
serum (Figure 2E). Furthermore, RNA digestion decreased binding of rFSAP 
(Figure 2F and 2H), although not as markedly as observed for FSAP in serum, 
whilst DNA digestion resulted in enhanced binding of FSAP (Figure 2G and 
2H). Notably, upon DNA digestion, binding of rFSAP was localized more 
towards the plasma membrane. These results suggest that RNA is involved 
in the binding of inactive FSAP to late apoptotic cells, whilst the increased 
binding of FSAP to late apoptotic cells upon DNA digestion suggest that DNA 
blocks binding of FSAP, possibly to histones. Unfortunately, we were unable 
to investigate the binding of active rFSAP; although the activation of FSAP in 
serum was inhibited at 4 °C, activated rFSAP appeared active as it was able to 
remove chromatin from late apoptotic cells at 4°C. This activity may remove a 
potential binding partner of FSAP, which prevented binding analysis of active 
FSAP.
 To study whether the different levels of binding of FSAP to cells affect 
the activation of FSAP, we incubated apoptotic Jurkat cells that had been 
preincubated in the absence or presence of RNase A, DNase I, or a combination 
of both with healthy donor serum. Upon activation, FSAP is rapidly inactivated 
by plasma serine protease inhibitors such as alpha-2-antiplasmin19. As a 
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Figure 2. Binding of inactive FSAP to late apoptotic cells and the effect of RNA and DNA 
digestion
(A-C) Late apoptotic Jurkat cells were preincubated in the absence (A) or presence of 100 U/ml 
RNase A (B) or 100 U/ml DNase I (C), prior to incubation with 10% serum of a healthy donor. The 
binding of FSAP was subsequently detected by an AlexaFluor647-labeled anti-FSAP antibody, 
whilst DNA was stained with DAPI, and visualized and quantified by Imagestream analysis. Five 
representative cells of each condition are shown. The grey tone image shows brightfield, blue 
represents DAPI, and green represents FSAP. The median fluorescence intensity of bound FSAP 
was determined for each condition (D). (E-G) Late apoptotic Jurkat cells were incubated with 10 
U/ml inactive recombinant FSAP. Again, bound FSAP and DNA were visualized, and the binding 
of FSAP was quantified (H). Images were chosen randomly from > 2000 imaged cells. Data 
are expressed as mean ± SEM and were obtained from three independent experiments each 
performed in duplicate for (A-D) and one experiment performed in duplicate for (E-H). *p<0.05 
were calculated using a two-tailed paired Students t-test.
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readout for FSAP activation in plasma, we determined levels of complexes 
formed by FSAP with alpha-2-antiplasmin (FSAP-AP) in the supernatant whilst 
we in the same experiment determined the binding of FSAP to the cells by flow 
cytometry. Comparable to the results obtained by imaging flow cytometry, 
binding of FSAP to cells was decreased upon RNA digestion, whilst it was 
enhanced upon DNA digestion (Figure 3A). Importantly, in support of our 
hypothesis that FSAP activation and the binding of FSAP to late apoptotic cells 
are linked, we found that the levels of FSAP-AP complexes were significantly 
decreased upon RNA digestion, whilst DNA digestion resulted in increased 
levels of FSAP-AP (Figure 3B). Interestingly, combined digestion of RNA and 
DNA resulted in FSAP activation and FSAP-AP levels that were similar to the 
FSAP-AP levels that we observed with cells that had not been incubated with 
RNase or DNase. These results support the notion that binding of FSAP to late 
apoptotic cells is required for its activation and that RNA plays an important 
role in this process. Furthermore, the results obtained with combined DNA 
and RNA digestion suggest that activation of FSAP is mediated by RNA in 
combination with another structure, possibly histone, that is released upon 
DNA digestion.
 We have previously demonstrated that active FSAP releases 
nucleosomes from late apoptotic cells13. Since digestion of late apoptotic cell 
RNA resulted in decreased activation of FSAP upon incubation with these 
cells, we aimed to investigate the effects of RNA digestion on the nucleosome 
releasing activity of FSAP in serum. Therefore, we pre-incubated late apoptotic 
cells in the absence or presence of RNase A, and thereafter added healthy 
donor serum. Using flow cytometry we then assessed binding of FSAP to late 
apoptotic cells, and in the same experiment determined their DNA content as 
a readout for the release of nucleosomes. As a control, we also incubated cells 
with DNase I, prior to incubation with serum. Again, we observed decreased 
binding of FSAP to cells after RNA digestion, whilst DNA digestion strongly 
increased binding of FSAP. To our surprise, we noticed that the DAPI signal of 
cells increased after RNA digestion, whilst the signal decreased to background 
levels upon DNA digestion, as expected. Upon incubation with increasing 
concentrations of serum, the DNA content of cells decreased, but much higher 
serum concentrations were required for the cells of which the RNA had been 
digested. These results indicate that the decreased activation of FSAP in 
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serum observed with cells that had RNA removed, also gives rise to reduced 
nucleosome release. 
 In an attempt to identify the molecule in cells that mediates FSAP 
activation, we fractionated Jurkat cells into; (1) a cytoplasmic fraction, (2) a 
fraction containing all non-nuclear membranes, (3) a soluble nuclear fraction 
containing all molecules not bound to DNA, (4) a fraction containing all DNA 
and chromatin-bound proteins, and (5) a fraction containing the cytoskeletal 
components. We then added healthy donor serum to these fractions and after 
incubation determined FSAP-AP levels as a readout for FSAP activation. We 

Figure 3. FSAP activation and resultant chromatin release and the effect of RNA and DNA 
digestion
(A) Late apoptotic cells were preincubated in the absence or presence of 100 U/ml RNase A, 
100 U/ml DNase I, or a combination of both, prior to incubation with 10% serum of a healthy 
donor. The binding of FSAP was detected by an AlexaFluor647-labeled anti-FSAP antibody 
and quantified by flow cytometry. (B) As in (A), late apoptotic cells were incubated with serum 
(50%) of a healthy donor at 37°C for 1 hr, and levels of complexes formed by FSAP and alpha-2-
antiplasmin (FSAP-AP) were determined in the serum by ELISA as a readout for FSAP activation. 
(C-D) Late apoptotic cells were preincubated with RNase A or DNase I and were subsequently 
incubated with 1.25-20% serum of a healthy donor. Binding of FSAP was detected by an 
AlexaFluor647-labeled anti-FSAP antibody and cellular DNA was stained with DAPI. Both the 
binding of FSAP (C), and DNA content (D) were quantified by flow cytometry. Data are expressed 
as mean ± SEM and were obtained from a single experiment performed in triplicate.
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found that the two nuclear fractions strongly induced FSAP activation, the 
cytoskeleton fraction induced moderate FSAP activation, while the cytoplasmic 
and non-nuclear membrane fraction did not induce FSAP activation (Figure 
4A). To investigate the contribution of RNA, DNA, and proteins in the observed 
activation, we incubated the two nuclear fractions with RNase I, DNase I, or 
proteinase K, the latter bound to agarose-beads, prior to incubation with 
serum and the subsequent measurement of FSAP-AP levels. We found that 
pre-incubation of the soluble nuclear fraction (3) with RNase significantly 
decreased FSAP-AP levels and hence FSAP activation, whilst pre-incubation 
with proteinase K completely inhibited FSAP activation (Figure 4B). DNase I 
pre-incubation did not affect the level of FSAP-AP complex formation that was 
detected. This suggests that FSAP activation upon incubation with the nuclear 
components in fraction 3 is dependent on the presence of RNA and protein, 
not DNA. In contrast, the activation of FSAP and FSAP-AP complex formation 
induced in serum upon incubation with the chromatin-bound fraction 4 was 
not reduced after RNA digestion, nor was it enhanced upon DNA digestion, 
although it was decreased after proteinase K pre-treatment (Figure 4C). 
 Important to note is that during the fractionation process, micrococcal 
nuclease is used to obtain the fraction containing the chromatin-bound 
components. We have also analyzed the soluble (3), and chromatin-bound (4), 
nuclear fractions by SDS-PAGE (Figure 4D). Whilst the soluble nuclear fraction 
contained a large number of proteins, in the chromatin-bound fraction several 
prominent bands were observed. Given that histones form the major protein 
component of chromatin, it appears possible that these bands correspond to 
the core histones. As a reference, calf thymus histones were also visualized on 
SDS-PAGE. These results suggest that both RNA and a protein, presumably 
histones, are involved in FSAP activation by the soluble nuclear fraction, whilst 
RNA is not involved in activation of FSAP upon incubation with the chromatin-
bound fraction (4). 
 To investigate the ability of RNA to directly induce FSAP activation in 
serum, we incubated serum with three forms of RNA that had previously been 
found to catalyze FSAP auto-activation18; these include total RNA isolated 
from yeast, transfer RNA (tRNA) isolated from yeast, or poly I:C. Thereafter, 
FSAP-AP levels were determined as a read-out for FSAP activation. We did not 
detect activation of FSAP in serum upon incubation with RNA, suggesting 
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Figure 4. The cellular components that induce FSAP activation are present in the nucleus 
and consist of RNA and protein
(A) Various subcellular compartments of Jurkat cells were fractionated using a subcellular 
protein fractionation kit for cultured cells. The different fractions containing the cytoplasm, the 
non-nuclear membranes, the non-DNA bound nuclear molecules (soluble nuclear extract), the 
chromatin-bound nuclear molecules, and the cytoskeleton were incubated with serum (50%) of 
a healthy donor and complexes of FSAP with alpha-2-antiplasmin (FSAP-AP) were determined 
by ELISA. The fraction containing the non-DNA bound nuclear molecules (B) or the chromatin-
bound nuclear molecules (C) were pre-incubated with 100 U/ml RNase A, 100 U/ml DNase I, a 
combination of both, or 100 U/ml proteinase K bound to agarose beads, prior to incubation with 
serum (50%) of a healthy donor. Again, FSAP-AP levels were determined as a readout for FSAP 
activation. The soluble and chromatin-bound nuclear fractions were separated on SDS-PAGE 
and proteins were visualized by silverstaining (D). For comparison, calf thymus histones were 
also visualized on SDS-PAGE. The histones in the calf thymus sample, and the presumed histones 
in the chromatin-bound fraction are indicated by black arrows. Results are expressed as mean ± 
SEM obtained from one experiment performed in triplicate. 
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that RNA alone is not sufficient to induce FSAP activation (Figure 5A). Since 
FSAP activation by the soluble nuclear fraction (3) was sensitive to both RNase 
and proteinase K, it seems probable that RNA catalyzes the activation that is 
facilitated by a protein component. Since histones are known to induce the 
activation of FSAP, and are presumably present in this fraction, we investigated 
the ability of RNA to enhance the activation of FSAP induced by a suboptimal 
concentration of histones. Therefore, we pre-incubated histones in the 
presence or absence of total RNA or tRNA prior to incubation with serum, and 
determined FSAP-AP levels for FSAP activation. Interestingly, we observed that 
the activation of FSAP induced by a low concentration of histones was strongly 
enhanced upon the addition of both types of RNA, whilst RNA alone did not 
induce FSAP activation (Figure 5B). These results clearly indicate that while 
RNA is not able to induce FSAP activation in serum by itself, it may serve to 
potentiate FSAP activation induced by histones in serum. 

Taken together, our results indicate that histones may form an 
important initiator of FSAP activation by dead cells. Furthermore, although 
RNA does not induce FSAP activation by itself, it mediates the binding of FSAP 
and potently enhances histone-induced FSAP activation.

DISCUSSION
Our results suggest that cellular RNA may mediate the binding of endogenous 
FSAP in serum to late apoptotic cells, and stimulates FSAP activation, but is 
not able to induce FSAP auto-activation by itself. In addition, digestion of DNA 
in late apoptotic cells strongly enhanced the binding and activation of FSAP, 
even when RNA had been digested. These results suggest that histones may 
be an important cellular component for FSAP activation induced by dead 
cells. Furthermore, although RNA itself did not induce auto-activation of FSAP 
directly, RNA may enhance auto-activation of FSAP that is initiated by the 
binding of histones to the N-terminal tail of FSAP. 
 Our results are in line with previous reports that show the binding of 
FSAP to both purified RNA or histones, and substantiate an important role for 
these molecules for FSAP activation in vivo18,24. We found strong cytoplasmic 
binding of FSAP in late apoptotic cells, which indicates that FSAP enters cells 
of which the plasma membrane integrity has been compromised. The binding 
of FSAP to cells was followed by FSAP activation, which was markedly reduced 
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after RNA digestion. The isolated cytoplasmic fraction from Jurkat cells, which 
contains cytoplasmic RNA, was unable to induce FSAP activation by itself. 
Therefore, we hypothesize that cytoplasmic RNA mediates the binding of 
FSAP, and thus facilitates FSAP activation induced by another molecule, but 
does not induce FSAP activation by itself. This hypothesis is supported by our 
observation that various forms of purified RNA did not induce FSAP activation 
in serum, but did enhance histone-induced auto-activation of FSAP. FSAP is 
subject to auto-proteolytic activation, and this process is likely dependent 
on the local FSAP concentration. It has been proposed that the binding of 
inactive FSAP to negatively charged surfaces such as RNA facilitates the auto-
activation of neighbouring FSAP molecules on this surface23. Although we did 
not find evidence that the activation of FSAP is induced upon binding to RNA, 
the increased local concentration of FSAP on this surface may potentiate the 
auto-activation of FSAP when active FSAP is present. 
 In contrast, as determined by confocal microscopy (Figure 1), we did 
not detect strong binding of FSAP to the fragmented nuclei of late apoptotic 
cells. Given that FSAP binds to histones, this was somewhat unexpected. 
The binding of FSAP to histones is mediated by charged interactions24. Since 
histones in the nucleus are normally part of a nucleosome complex, the 
binding of FSAP to histones may be hindered by the DNA that wraps the 

Figure 5. RNA does not induce FSAP activation but enhances histone-induced FSAP 
activation
(A) Serum (50%) of a healthy donor was incubated with total RNA, tRNA, or synthetic poly I:C, 
and FSAP-AP complexes were determined by ELISA as a readout for FSAP-activation. (B) As in A, 
serum was incubated with a suboptimal concentration (10 µg/ml) of unfractionated histones, 
total RNA (50 µg/ml), tRNA (50 µg/ml), or a combination of histones and RNA, and FSAP-AP 
complexes were determined by ELISA. Data are expressed as single measurements obtained 
from one experiment for (A), or as mean ± SEM obtained from one experiment performed in 
triplicate for (B). * p<0.05 was calculated using a two-tailed paired Student’s t-test. 
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histones in the nucleosome core particle. In support of this, we have previously 
found that histones as part of a nucleosome complex are less potent inducers 
of FSAP activation than free histones11. Furthermore, considering that active 
FSAP degrades histones11, FSAP may remove the structure that induced its 
activation, which may only result in transient binding of FSAP to histones in 
late apoptotic cells with digested DNA. 
Histones are released from nucleosomes upon DNA digestion, and may 
therefore become more exposed for binding to, and activation of, FSAP. 
Indeed, DNA digestion did result in both increased binding and increased FSAP 
activation. Interestingly, free histones have been described to integrate in the 
plasma membrane26. As the binding of FSAP to cells is increased upon DNA 
digestion, and appears to be localized at the plasma membrane, we speculate 
that the increased binding and activation of FSAP upon DNA digestion is 
mediated by histones. 
 We found that DNA digestion resulted in the profound induction 
of FSAP activation, which most probably reflects histone-induced auto-
activation, enhanced by cellular RNA. When both DNA and RNA were digested, 
the observed FSAP activation induced by these cells was significantly lower 
compared to cells of which only DNA was digested. In contrast, when only RNA 
was digested, FSAP activation was minimal and appears to reflect the activation 
that is induced by histones as part of nucleosomes. However, although our 
results suggest that histones may mediate FSAP auto-activation upon contact 
with dead cells, the evidence is still indirect. Future studies using anti-histone 
antibodies may further elucidate the role of histones in FSAP auto-activation 
upon encountering late apoptotic cells. 

We observed that upon fractionation of Jurkat cells, the two obtained 
nuclear fractions efficiently induced FSAP activation. Although the activation 
induced by the soluble nuclear fraction was sensitive to both RNase as well as 
Proteinase K incubation, the activation induced by the chromatin-containing 
fraction was only sensitive to proteinase K treatment. Since histones were 
the predominant protein present in the chromatin-containing fraction, this 
supports the notion that histones are the main activating structure present 
in dead cells. The soluble nuclear fraction (3) appeared to contain histones, 
which may account for the FSAP activation observed after RNA digestion of 
this fraction. Given that the activation induced by the soluble fraction involved 
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both RNA as well as a protein supports our hypothesis that cellular RNA 
enhances histone-induced FSAP activation.

In conclusion, we have demonstrated that histones are important 
in the induction of FSAP auto-activation by dead cells, and that this auto-
activation is enhanced by cellular RNA, possibly by providing a scaffold for 
FSAP accumulation. Our results imply that both histones and RNA play an 
important role in FSAP activation induced by dead cells in vivo. 
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Supplemental Figure 1.

Supplemental Figure 1. 
(A) Unfractionated calf thymus histones (50 µg/ml), were incubated with 100 U/ml DNase I 
purified from bovine pancrease (Sigma), or recombinant DNase I (Roche). The cleavage products 
were separated on SDS-PAGE and visualized by silverstaining. (B) Healthy donor serum (50%) 
was incubated with calf thymus histones (50 µg/ml) that had been pre-incubated in the absence 
or presence of 100 U/ml DNase I. Subsequently, FSAP-AP complexes were quantified as readout 
for FSAP activation. 
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SUMMARIZING DISCUSSION
Upon infection, vast numbers of host cells may die as a result of toxins released 
by an invading pathogen or of the collateral damage that accompanies the 
immune response against this pathogen1–3. Furthermore, damage associated 
molecular pattern (DAMP) molecules that are released from dying cells upon 
tissue damage may further drive inflammation, resulting in additional tissue 
damage (see review4). Therefore, in order to control inflammation, the efficient 
removal of dying cells is imperative. However, the clearance mechanisms 
responsible for the removal of dead cells from the body may become saturated 
in inflammatory conditions, resulting in insufficient dead cell clearance and 
the accumulation of dead cell debris5–7. When dead cells remain present in the 
circulation these are targeted by several plasma proteins such as C1q, FSAP, and 
DNase I8–11. Although the exact role of these plasma proteins in the clearance 
of dead cells is currently not entirely clear, deficiencies for DNase I, and for 
proteins of the classical pathway of the complement system are strongly linked 
with systemic lupus erythematosus (SLE). Notably, in the presence of serum, 
efferocytosis (phagocytosis of dead cells) of late apoptotic cells is enhanced11. 
Activation of FSAP also results in the release of chromatin from these cells8. It 
is clear that a range of DAMP molecules that are released from dying cells play 
an instrumental role in mediating the inflammatory response, but how this 
release is regulated, and which mechanisms are involved remains enigmatic.

The release of nuclear DAMPs from dying cells
The dynamics of DAMP exposure and release vary between different modes 
of cell death. Whilst apoptotic cells mostly confine DAMPs intracellularly 
by maintaining an intact plasma membrane, they have also been shown to 
present nucleosomes on their cell surface12, and leak nucleosomes from 
apoptotic blebs13. However, the general confinement of DAMPs is lost when 
cells progress into a state of late apoptosis and plasma membrane integrity is 
lost. In contrast to apoptotic cells, necrotic cells have no mechanism in place to 
control DAMP release, and spontaneous leakage of DAMPs has been observed 
in other regulated forms of necrosis such as necroptosis (see review14), 
pyroptosis15, and NETosis, whereby the timing of DAMP release depends on 
the type of cell death16. 
When investigating the immunogenicity of dying cells, one of the important 
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questions is whether the nature of DAMP release is passive or active; do 
DAMPs merely leak out of dying cells, or are there mechanisms that actively 
regulate their release? Some observations have been made which indicate 
that in addition to passive leakage17, active regulation of DAMP release is 
present and plays an important role in determining the immunogenicity of 
dying cells. In the past, we have demonstrated that upon incubation of late 
apoptotic cells with healthy donor plasma, 70-80% of the chromatin content 
was released into the extracellular environment as measured by both flow 
cytometry and nucleosome-specific ELISA18. Plasma fractionation studies led 
to the identification of a plasma protease that exhibited chromatin-releasing 
activity: Factor VII-activating protease (FSAP), otherwise known as hyaluronic 
acid binding-protein 2 (HABP2)8. Importantly, inhibition of FSAP in plasma 
with a monoclonal antibody nearly entirely inhibited the release of chromatin 
from late apoptotic cells, underlining its importance for this mechanism. 
 Not just late apoptotic cells, but also necrotic cells are subject to FSAP 
mediated chromatin release, which we have shown in Chapter 3. However, in 
addition to FSAP, serum DNase I activity was also required. DNase I presumably 
fragments the chromatin into smaller parts that are more easily released from 
necrotic cells. Indeed, only the combined activity of DNase I and FSAP resulted 
in the formation of oligo-nucleosome fragments. In late apoptotic cells, 
chromatin fragmentation is mediated by caspase-activated DNase as part of 
the apoptotic process, and FSAP activity is sufficient for chromatin release 
from these cells. We also identified that histone H1 was cleaved by FSAP in 
necrotic cells treated with DNase I. Histone H1 is known to bind to the linker 
DNA region, where it regulates transcriptional access to the nucleosome19. In 
addition, histone H1 plays an indispensable role in chromatin compaction20. 
Therefore, it is tempting to speculate that histone H1 cleavage by FSAP allows 
for more efficient DNA digestion by DNase I in the linker DNA region, which 
facilitates efficient fragmentation of chromatin into oligo-nucleosomes21. 
This process is reminiscent of histone H1 cleavage by elastase during NETosis, 
where histone H1 is the first histone to be degraded in NET formation, and was 
identified as an inhibitor of NET formation22. Importantly, histone H1 is known 
to promote a condensed, closed state of chromatin23, and histone H1 cleavage 
may therefore increase chromatin accessibility. Given that FSAP is sufficient for 
chromatin release from late apoptotic cells, we have attempted to investigate 
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histone H1 cleavage by FSAP in late apoptotic cells, but found that the bulk of 
histone H1 in these cells was already degraded during apoptosis (unpublished 
observations). Since we did not detect histone H1 in late apoptotic cells, another 
target of FSAP may be responsible for retaining chromatin in late apoptotic 
cells before it is proteolysed by FSAP. Whether histone H1 cleavage is a key 
event in the process of chromatin release from necrotic cells by promoting 
chromatin decondensation remains speculative. 

Chromatin release in SLE
Although FSAP antigen levels are relatively stable, serum DNase I activity is 
known to vary24,25. Given that, in contrast to late apoptotic cells, chromatin 
release from necrotic cells depends on both FSAP and DNase I activity, this 
may imply that the kinetics of chromatin release from necrotic cells may also 
vary between individuals. Moreover, a decrease in DNase I activity has been 
demonstrated in patients that suffer from systemic lupus erythematosus 
(SLE) compared to healthy donors, rheumatoid arthritis, or scleroderma 
patients24,26,27. Interestingly, C1q-deficiency has also been linked to SLE28, and 
C1q has been demonstrated to enhance plasma DNase I activity10. In Chapter 
4, we investigated FSAP-mediated chromatin release from late apoptotic cells 
in the serum of SLE patients. We did not detect differences in the activation 
of FSAP in serum between healthy donors and SLE patients upon incubation 
with late apoptotic cells. However, anti-nuclear antibodies inhibited FSAP-
mediated chromatin release from late apoptotic cells in these patients, likely by 
cross-linking nuclear antigens and forming large immune complexes that are 
difficult to release by FSAP. These immune complexes are potent inducers of 
complement activation and may further drive inflammation upon deposition, 
and thereby propagate disease. Although it is therefore conceivable that the 
inhibition of chromatin release from late apoptotic cells may result in increased 
inflammation during high disease activity, no inhibition of chromatin release 
from late apoptotic cells was observed during low disease activity, when anti-
nuclear antibody levels are low. 
Since chromatin release from necrotic cells also requires DNase I, and decreased 
DNase I activity is implicated in SLE, chromatin release from necrotic cells may 
be impaired in SLE sera. A decrease in DNase I activity may slow down FSAP-
mediated chromatin release from necrotic cells, resulting in the increased 
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exposure of the immune system to putative nuclear auto-antigens, which 
might trigger SLE. Notably, the defective clearance of neutrophil extracellular 
traps in SLE has been shown to result in complement-mediated inflammation29. 
Therefore, as FSAP-mediated chromatin release from necrotic cells is DNase 
dependent, studies on the release of chromatin from necrotic cells by the 
combined actions of FSAP and DNase I may prove valuable to gain more 
insight in SLE disease pathogenesis. Subsequent continued exposure of the 
immune system to uncleared nuclear antigen may facilitate the development 
of an uncontrolled auto-immune response.

Histone and HMGB1 cleavage by FSAP
Histone H1 is cleaved by FSAP, and exposure of serum to unfractionated calf 
thymus histones has previously been shown to result in FSAP activation, 
and the subsequent degradation of histone H330. We therefore wondered 
whether the different/other histone subtypes served as a substrate for FSAP. In 
Chapter 5 we demonstrated that FSAP in serum is activated upon incubation 
with unfractionated histones, and that all different histone subtypes were 
efficiently degraded by activated FSAP. Histones are cytotoxic as a result of 
their highly positive charge, and FSAP-mediated degradation of histones 
turned out to protect against histone cytotoxicity. In contrast, histones as 
part of a nucleosome complex were not cytotoxic, and did not induce FSAP 
activation as strongly as free histones. 
 Since FSAP is constitutively present in the circulation, becomes 
activated upon incubation with histones, and subsequently degrades these 
histones, we wondered whether free histones exist in the circulation. In our 
study in Chapter 5 we did not detect free histones in the circulation of E. coli 
challenged baboons or derived from patients suffering from meningococcal 
sepsis. Instead, histones were only detected in the form of nucleosomes. 
Important to note, is that we determined that the sensitivity of our assay to 
detect free histones is ~10 µg/ml. However, we cannot exclude that low levels 
of circulating free histones go unnoticed in the assay. The apparent absence of 
free histones in the circulation is a novel finding that raises several questions 
regarding the role of free histones in inflammation. In a number of studies, 
the cytotoxic effects of histones have been investigated when added to 
cultured endothelial cells at concentrations ranging from 50-100 µg/ml, or by 
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intravenously injecting purified DNA-free histones in high concentrations (>50 
mg/kg body weight) into mice or baboons31–33. Lower concentrations were 
not found to induce any cytotoxicity. We only found histones in the form of a 
nucleosome complex in the circulation during inflammation, and free histones 
did not circulate in concentrations that are cytotoxic to cultured endothelial 
cells or induce inflammation in vivo.
 Furthermore, histones are normally present in the nucleus in the form 
of core protein components of a nucleosome. The affinity of histones for DNA is 
high, ranging from 2-30 nM for the different histone subtypes34. Furthermore, 
histones are produced at levels matching the requirements for chromatin 
assembly, as the production of the core histones is tightly coupled to DNA 
replication (see review35). Only several histone H1 subtypes have been found 
to follow replication-independent expression patterns36,37, and histone H1 
exchange on chromatin is known to regulate chromatin condensation38. These 
observations raise the question whether free histones exist both inside and 
outside of the cell. Therefore, it is likely that upon cell death, nucleosomes, and 
not free histones, are the major chromatin component that is released from 
these cells. Nonetheless, the activity of serum DNases and nucleases produced 
by a pathogen may result in the liberation of histones from nucleosomes. Thus, 
we cannot exclude that free histones released from nucleosomes or dead 
cells in tissues confer their cytotoxic and immunostimulatory effects locally. 
We found that, in contrast to free histones, nucleosomes were not cytotoxic 
to cultured HEK293 cells. Our results are supported by the results of an in 
vivo nucleosome clearance study, in which injection of up to 1 mg of purified 
nucleosomes into mice was not lethal, and no cytotoxic effects were reported 
up to 1 h after infusion39. For comparison, injection of 1.5 mg of purified 
histones was lethal within 30 min31. Since histones circulate as nucleosomes, 
the focus on the cytotoxic and inflammatory effects of histones may have to be 
broadened to include the role of nucleosomes. 
 Interestingly, histone H3 was found to be cleaved in nucleosomes 
that circulated in E. coli challenged baboons and in meningococcal disease 
patients. Furthermore, we demonstrated that the cleavage of H3 in purified 
Jurkat-derived nucleosomes in serum occurred in an FSAP-dependent 
manner. In more detail, the ~16 kDa histone H3 was clipped into a ~13 kDa 
fragment. This cleavage resulted in a nucleosome complex containing the 
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~13 kDa fragment that was still detectable in our nucleosome ELISA. These 
results suggest that the cytotoxicity of histones is regulated by FSAP upon 
their release from nucleosomes. The consequences of histone H3 cleavage 
in nucleosomes require further investigation. The histone H3 tail extruding 
from the nucleosome complex spans ~40 amino acids40. Although we have 
not N-terminally sequenced the H3 fragment that remains in nucleosomes 
after FSAP incubation, the size of this fragment matches the expected size of 
histone H3 minus its N-terminal tail. Furthermore, removal of the N-terminal 
tail of histone H3 has been shown not to result in nucleosome desintegration41, 
which may explain why we detect these modified nucleosomes in a 
nucleosome ELISA. If the H3 fragments produced by FSAP in a nucleosome 
have lost their cytotoxic potential, then this histone H3 cleavage may prevent 
histone H3 cytotoxicity prior to its release from a nucleosome. What remains 
to be determined is whether histone H3 in the chromatin of late apoptotic and 
necrotic cells is cleaved by FSAP. It is important to note that the tail of histone 
H3 has been demonstrated to play an important role in the condensation and 
folding of chromatin41,42. Perhaps not only histone H1 cleavage, but also H3 
cleavage by FSAP may serve to decondense chromatin and facilitate chromatin 
release from dead cells. Additional studies are required to elucidate the effects 
that histone H3 cleavage in nucleosomes may have on the extracellular effects 
of nucleosomes.
 In addition to histones, another DNA-binding protein that is known 
to play an important role in inflammation is HMGB1. HMGB1 is an ambiguous 
molecule, since its extracellular effects are modulated by the redox state of 
three cysteines in the molecule. Two of the cysteines, C23 and C45, may form 
an intramolecular disulfide bond. Disulfide HMGB1 has been demonstrated 
to activate immune cells via RAGE signaling, whilst the fully reduced form 
of HMGB1 binds to CXCL12 and has chemoattractive properties through 
signalling via CXCR443,44. Since FSAP activation is induced by histones, which 
are subsequently degraded by FSAP, and HMGB1 is also a DNA-binding protein, 
we aimed to investigate HMGB1 degradation by FSAP in Chapter 6. Indeed, 
we found that although FSAP was not activated in serum upon incubation 
with HMGB1, activated FSAP did degrade HMGB1, which in turn neutralized 
the chemoattractive effects of HMGB1 on fibroblasts. Furthermore, FSAP 
activation induced by necrotic cells resulted in the degradation of the HMGB1 
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that was released from these cells. We therefore hypothesized that FSAP 
may modulate extracellular HMGB1 functioning. Indeed, in patients that had 
undergone major liver surgery, and that therefore had suffered major tissue 
damage, we observed that FSAP activation at 1hr post-surgery correlated with 
the decrease in HMGB1 levels between t=1 hr and t=6 hr. 
 Interestingly, given that HMGB1 alone does not induce FSAP 
activation, FSAP mediated HMGB1 proteolysis may only occur in situations 
where FSAP activation is induced by another molecule. Since FSAP is 
activated upon incubation with late apoptotic or necrotic cells, and HMGB1 
is degraded in necrotic cells by FSAP, this suggests that FSAP may modulate 
the extracellular release of HMGB1 in cell death. In contrast to the release 
of HMGB1 from dying cells, HMGB1 may also be released from activated NK 
cells or macrophages45,46. Thus, supposedly, when HMGB1 release occurs in 
the absence of FSAP activation by histones, , the HMGB1 released by these 
cells will not be subject to proteolysis by FSAP. This suggests that FSAP only 
modulates HMGB1 extracellular functioning upon specific conditions that also 
induce FSAP activation. 

FSAP activity: good or bad?
We described that FSAP mediates the release of chromatin from late apoptotic 
and necrotic cells whilst it efficiently cleaves free histones and HMGB1. 
Although it is unclear whether the cleavage activity of FSAP towards histones 
and HMGB1 is in fact required for the mechanism of chromatin release from 
dying cells, these processes might be linked. Importantly, another question 
arises from this observation: what purpose does FSAP-mediated release and 
proteolysis of these DAMPs have in inflammation?
 Free histones are known to be cytotoxic, and both free histones and 
HMGB1 have well established immune-stimulatory effects. Their degradation 
by FSAP may therefore serve to modulate the inflammatory response. However, 
FSAP-mediated chromatin release from late apoptotic or necrotic cells may 
prove to have both beneficial and detrimental effects on the inflammatory 
response. Chromatin release by FSAP may facilitate more efficient removal of 
dead cells by liberating them of potent nuclear DAMPs. Indeed, it has been 
found that cells of which the chromatin had been removed upon incubation 
with serum were more efficiently efferocytosed by monocytes11. The decrease 
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in DNA content coincided with increased C1q binding, but chromatin removal 
was unaffected in C1q-depleted serum. We have verified that chromatin 
removal from late apoptotic cells by FSAP is normal in C1q-deficient plasma 
(unpublished observations). Whether chromatin removal from late apoptotic 
cells really potentiates efferocytosis is unclear, but it may simply lighten the 
phagocytic burden and make efferocytosis more manageable. 
 Although efferocytosis may be more efficient once the chromatin of 
the dead cells has been removed, the released chromatin may have effects 
extracellularly. Although nucleosomes lack cytotoxic effects, they have 
been demonstrated to activate neutrophils and DCs. However, nucleosomes 
infused in mice have been shown to be efficiently cleared by the liver, and 
no inflammation was reported. It is conceivable that the release of chromatin 
from a limited number of uncleared dying cells may enhance phagocytosis 
and has little inflammatory effects. In contrast, chromatin release from large 
numbers of dying cells during an inflammatory response may drive further 
inflammation. It is interesting to note that HMGB1, which binds nucleosomes, 
is degraded by FSAP that is activated upon contact with necrotic cells. HMGB1 
has been shown to facilitate endocytosis of endogenous DNA and subsequent 
TLR-9 stimulation47. The immunostimulatory properties of nucleosomes have 
been linked to the presence of HMGB1 in one study48. The specific removal of 
HMGB1 by FSAP may thus render nucleosomes less inflammatory. Alongside 
the degradation of free histones, these results further support a regulatory 
role for FSAP in nuclear-DAMP driven inflammation. Nonetheless, the release 
of large quantities of chromatin may have additional extracellular effects, 
although in vivo studies are required to further delineate the role of circulating 
chromatin in inflammation. We speculate that FSAP-mediated chromatin 
release from dead cells serves to assist in the clearance of these cells and the 
maintenance of homeostasis, but may have pro-inflammatory effects upon 
extensive cell death. 
 In addition to the proteolysis of HMGB1 and free histones by FSAP, other 
substrates of FSAP have previously been identified. These include scuPA49, 
fibrinogen50, high molecular weight kininogen (HMWK)51, platelet-derived 
growth factor52 (PDGF-BB), and TFPI53. These substrates were identified with 
purified proteins in vitro, and, with the exception of HMWK, their degradation 
by FSAP in plasma remains to be verified. Notably, the Marburg I (G511E) 
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single-nucleotide polymorphism (SNP) of FSAP shows a decreased proteolytic 
activity towards all known substrates54, although we have not investigated its 
activity towards histones and HMGB1. The Marburg I SNP was also identified 
as a general risk factor for vascular disease55, and is associated with stroke56, 
carotid stenosis57, cancer58, and liver fibrosis59. In line with the association 
between the Marburg I SNP and stroke, thrombin-induced stroke displayed 
an increased volume and neurological deficit in FSAP-/- mice when compared 
to wildtype mice60. Furthermore, the formation of a stable, occlusive thrombus 
was impaired in FSAP-/- mice61. However, it is unclear whether the association 
with these diseases may be ascribed to the decreased proteolytic activity of 
FSAP towards one of its known substrates. For example, FSAP has been shown 
to degrade PDGF-BB in vitro, and thereby inhibits vascular smooth muscle cell 
(VSMC) proliferation. Upon vascular damage, excessive VSMC proliferation 
may result in neointima formation, and indeed, increased neointima formation 
was linked to the Marburg I polymorphism. However, given that free histones 
and HMGB1 are implicated in inflammation, wound healing62,63, and platelet 
activation and coagulation64,65, it would be interesting to investigate the 
relevance of FSAP-mediated histone and HMGB1 proteolysis in the context of 
thrombotic and vascular disease. 

On the regulation of FSAP activation 
We have established that free histones, and to a greatly reduced extent 
histones as part of a nucleosome complex, induce the activation of FSAP in 
serum. In contrast to the core histones, of which the potential to activate FSAP 
is likely inhibited by the DNA that wraps these histones, histone H1 is not part 
of the nucleosome core, but resides on the outside of the core and regulates 
the wrapping of DNA around the nucleosome core. We speculate that, as a 
result of its location, histone H1 may be the main histone available to induce 
FSAP activation. Unfortunately, human histone H1 knock-out cell lines are not 
viable, which renders this hypothesis hard to test. However, we have tested 
the activation of endogenous FSAP in serum upon contact with sonicated cells 
from various species, including yeast. Yeast belongs to the eukaryote domain, 
and contains histones and organizes its DNA in nucleosomes. Remarkably, 
yeast does not have a linker histone H166. A H1-like protein has been identified, 
but it does not seem to have the same role in regulating gene expression as 
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linker histone H1 in other eukaryotes, as a knockout of the gene only had 
small effects in a genome-wide epxression analysis67. Strikingly, we found that 
sonicated yeast cells did not induce FSAP activation in serum (unpublished 
observations). Hence histone H1 might be an important histone for FSAP 
activation by dead cells, but this hypothesis requires further investigation.
 We have demonstrated in Chapter 7 that inactive FSAP binds 
strongly to late apoptotic Jurkat cells, and that this binding is mediated by 
RNA, as cellular RNA digestion significantly decreased the binding of FSAP 
to the cells. Interestingly, the activation of FSAP in serum upon incubation 
with late apoptotic cells was similarly reduced by RNA digestion. However, 
various forms of purified RNA were unable to induce FSAP activation in serum, 
although they have been described to potentiate FSAP auto-activation68. In 
contrast to RNA, purified histones strongly induce FSAP activation in serum. In 
line with that observation, DNA digestion of late apoptotic cells significantly 
increased cellular FSAP binding, as well as FSAP activation, likely because 
histones become more available upon DNA digestion. We then demonstrated 
that the activation of FSAP induced by a suboptimal concentration of free 
histones was potentiated by the addition of purified RNA. Thus it appears that 
RNA potentiates the activation induced by histones derived from dead cells. 
Histones and RNA therefore appear to be important cellular constituents that 
mediate FSAP activation by dead cells.
 Although the clearance of dead cells is important to maintain tissue 
homeostasis, neutrophils that die and form neutrophil extracellular traps (NETs) 
may be (temporarily) beneficial in combatting invading pathogens. Indeed, 
NETs have been shown to capture and kill various pathogens69. Premature 
clearance of the expelled neutrophil chromatin may therefore negatively 
impact pathogen clearance. Indeed pretreatment of E. coli challenged mice 
with DNase to degrade NETs markedly increased bacteremia70. Since activated 
FSAP degrades free histones, and to a lesser extent histones in nucleosomes71, 
NETs may be sensitive to degradation by FSAP. However, given that necrotic 
neutrophils induce marginal FSAP activation72, NET-induced activation may 
also be limited. Therefore, the mechanism of NET-induced FSAP activation and 
subsequent NET-degradation requires further investigation. Future studies 
that investigate NET degradation by FSAP are needed. In addition, given that 
HMGB1 is degraded upon the incubation of necrotic cells with FSAP, and 
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HMGB1 has been identified on NETs73,74, it would be interesting to investigate 
whether NET-associated HMGB1 is protected from degradation by FSAP. 
Therefore, further studies that investigate FSAP-mediated clearance of NETs 
are needed. One of the reasons that necrotic neutrophils, and perhaps NETs, 
do not induce high levels of FSAP activation may be found in the relatively low 
levels of cellular RNA that are present in neutrophils. As discussed above and 
in Chapter 7, RNA appears to play an important role in FSAP activation by dead 
cells. Mature neutrophils are known to contain ~10x lower levels of mRNA 
compared to PBMCs75. Although the evidence is only suggestive, it would be 
interesting to investigate whether the observed reduction in FSAP activation 
induced by necrotic neutrophils when compared to PBMCs of the same donor, 
is indeed due to these low RNA levels. 
 So far, the studies on FSAP have focused on its role in the circulation. 
However, although FSAP is produced in the liver, and is present in relatively 
high amounts in the circulation, the presence of high levels of FSAP has been 
detected in various tissues. These include glandular cells present along the 
gastro-intestinal tract covering the stomach until the rectum, with high levels 
found in the small intestines and the colon76. Additionally, high FSAP levels have 
been found in Leydig cells in the testis, and in respiratory epithelial cells in the 
bronchus76. Important to note is that the cellular turnover in all these tissues is 
very high. The epithelium covering the intestines may renew itself every few 
days, whilst 75% of all male germ cells are discarded during spermatogenesis77. 
It would be interesting to investigate whether the presence of FSAP serves 
as an additional safeguard that mediates the inflammatory effects of nuclear 
DAMPs when apoptotic cells in these tissues are untimely cleared. 

Future recommendations
The functionality and activation of FSAP in the regulation and release of 
dead cell nuclear DAMPs has increasingly been unraveled in in vitro studies. 
Our results describing the degradation of HMGB1 and free histones by FSAP 
suggest that FSAP activity may be beneficial in resolving nuclear DAMP-
mediated inflammation. To further address this functionality, and to study the 
relevance of FSAP-mediated chromatin release from inadequately removed 
dead cells in inflammation, in vivo studies are needed. By introducing FSAP 
knockout mice in mouse models of sterile inflammation, or pathogen-induced 
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sepsis, more insight in the in vivo regulation of dead cell nuclear DAMPs may 
be obtained. Furthermore, in vivo studies are also needed to investigate the 
potential of therapeutic FSAP administration in highly inflammatory disease. 
Moreover, the role of chromatin clearance from dead cells by FSAP in the 
context of SLE etiology may be assessed in lupus-prone mice.  
 In conclusion, we show that FSAP regulates the release and degradation 
of important nuclear DAMPs from dead cells. The pro-inflammatory role of 
nuclear DAMPs, and specifically the immunity of chromatin, is increasingly 
being recognized. With this recognition, the regulation of DAMPS and chromatin 
immunity has also become more apparent, and studies investigating DAMP 
regulation may result in new opportunities to treat inflammatory diseases. 
Therefore, our results support an important role for FSAP in the regulation of 
inflammation in situations where the homeostatic clearance of dying cells has 
been compromised. 
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FAC TO R  V I I - AC T I VAT I N G  P R OT E A S E : 
U N R AV E L I N G  T H E  R E L E A S E  A N D  R E G U L AT I O N  O F  D E A D 

C E L L  N U C L E A R  D A M P S

E N G L I S H  S U M M A R Y
During inflammation, extensive cell death occurs in the body as a result of 
toxins that are excreted by pathogens, or the activity of immune cells, mainly 
neutrophils, that combat pathogens by excreting anti-microbial proteins. In 
homeostasis, dead cells are cleared through phagocytosis by macrophages 
or neighboring cells. However, when the extent of cell death is higher than 
the clearance capacity of the body, intracellular molecules that have pro-
inflammatory properties are released from dying cells into the extracellular 
environment. This group of pro-inflammatory molecules is known as damage-
associated molecular patterns (DAMPs). Histones, double-stranded (dsDNA), 
and high-mobility group B1 (HMGB1), which form chromatin in the nucleus of 
living cells, are well known DAMPs. Despite the well-established understanding 
of the pro-inflammatory effects of DAMPs, it is not entirely clear how the 
release of DAMPs is regulated when dead cells are not cleared. In 2008, our 
group demonstrated that upon incubation of late apoptotic /secondary 
necrotic cells with plasma, 70-80% of the chromatin of these cells was released 
into the extracellular environment. One plasma protein was found to be 
responsible for this release: Factor VII-activating protease (FSAP). FSAP was 
shown to be activated upon incubation with late apoptotic and necrotic cells, 
and its activity resulted in the release of chromatin from late apoptotic cells. 
Moreover, plasma-purified FSAP was equally efficient as FSAP in plasma, and 
a neutralizing monoclonal anti-FSAP antibody was able to completely inhibit 
the release of chromatin by blocking the activation of FSAP in plasma. In this 
thesis, we have further unraveled the mechanism by which FSAP releases 
chromatin from dead cells.
 In the nucleus of cells, DNA is organized in nucleosome complexes. 
A nucleosome consists of a protein core which is formed by an octamer of 
four histone subtypes, around which ~147 bp DNA is wrapped 1.67 times. 
In literature, little discrimination is made between the different forms in 
which histones may circulate; i.e. (DNA)-free histones or histones as part of 
a nucleosome complex. In Chapter 2 we have provided an overview of the 
currently known extracellular effects of free histones and dsDNA, and have 
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compared these to the effects of nucleosomes. Given that the extracellular 
effects of histones, dsDNA, and nucleosomes are markedly different, it is 
important to recognize techniques that in their detection differentiate between 
these molecules in body fluids. Therefore, we have discussed the various assay 
methods currently available to detect histones, DNA, or nucleosomes in body 
fluids. 

In Chapter 3 we investigated whether FSAP in serum is involved in 
the release of chromatin from necrotic cells. We demonstrated that chromatin 
was released from necrotic cells through the cooperative activity of FSAP and 
DNase I in serum. During chromatin release from these cells, histone H1 was 
cleaved by FSAP, which preceded the fragmentation of chromatin by DNase I 
into oligo-nucleosome fragments. 

Patients that suffer from systemic lupus erythematosus (SLE), have 
circulating antibodies directed against nuclear antigens such as histones, DNA, 
and nucleosomes. Given that FSAP releases chromatin from late apoptotic 
cells, and defective clearance of apoptotic cells has been implicated in disease 
pathogenesis, we investigated in Chapter 4 whether chromatin release by 
FSAP is impaired in SLE patient sera. We found that the release of chromatin 
from late apoptotic cells was impaired in sera that were drawn during high 
disease activity, but not in sera drawn during low disease activity, and healthy 
donor sera. We subsequently demonstrated that the anti-nuclear antibodies 
that were present in high levels during high disease activity inhibited the 
release of chromatin from late apoptotic cells by FSAP. Finally, we showed that 
this inhibition was mediated by the ability of antibodies to cross-link antigens. 
Possibly, the formation of large immune complexes in late apoptotic cells 
hindered chromatin release by FSAP.

We previously established that FSAP degrades histone H1, and others 
found that histone H3 is also a substrate of FSAP. Given that histones are 
cytotoxic, we investigated in Chapter 5 whether FSAP degrades all histone 
subtypes, and thereby protects against histone cytotoxicity. We showed that 
FSAP in serum was activated upon incubation with histones, and that these 
histones were subsequently degraded by FSAP, which protected against 
histone cytotoxicity. Histones that were part of a nucleosome complex were 
not cytotoxic, and did not induce strong activation of FSAP. Moreover, only 
histone H3 was partly cleaved in nucleosomes by FSAP. Circulating histones 
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are often implicated as important mediators of disease in inflammatory 
conditions, including sepsis. As free histones induced the activation of FSAP, 
and were subsequently degraded, we investigated the presence of free 
histones in the circulation in inflammatory disease. We specifically isolated 
free histones and nucleosomes from the serum of baboons that had been 
challenged with E. coli, and from serum of meningococcal disease patients. We 
found that free histones were not detectable in the sera of both the baboons 
and the meningococcal disease patients. All histones appeared to be part of 
nucleosomes. Moreover, histone H3 in the isolated nucleosomes was cleaved. 

Given that FSAP degrades histones and that HMGB1, like histones, is a 
DNA binding protein with potent pro-inflammatory properties, we investigated 
in Chapter 6 whether FSAP degrades HMGB1. We observed that activated 
plasma-purified FSAP indeed degraded HMGB1, but that FSAP in serum was 
not activated upon incubation with HMGB1. FSAP in serum is activated upon 
incubation with necrotic cells, and we demonstrated that HMGB1 that was 
released from necrotic cells was degraded by FSAP. Notably, degradation of 
HMGB1 by FSAP impaired HMGB1-mediated chemotaxis of 3T3 fibroblasts, 
which suggested that FSAP indeed mediated the pro-inflammatory effects of 
HMGB1. During major liver surgery, increased levels of HMGB1 were previously 
found in patients that had been exposed to ischemia-reperfusion (I/R) injury, 
when compared with patients that had not been exposed to I/R injury. We 
found that the levels of complexes formed by FSAP and alpha-2-antiplasmin 
(AP), a readout for FSAP activation, were also increased in patients that had 
been exposed to I/R injury. Furthermore, the decrease in HMGB1 (DHMGB1) 
levels observed between t=1 and t= 6 h after surgery correlated with FSAP-AP 
levels at t=1 h. These results support a role for FSAP in the regulation of HMGB1 
levels in vivo.

Previous studies demonstrated that FSAP may bind to histones and 
that this binding results in the activation of FSAP. Furthermore, the auto-
activation of FSAP may be potentiated by binding of FSAP to RNA. FSAP also 
binds to necrotic and late apoptotic cells, which results in the activation of 
FSAP. However, it is not known which molecules in dead cells play a role in the 
binding and activation of FSAP. Therefore, in Chapter 7 we investigated the 
role of histones and RNA in dead cells in the binding and activation of FSAP. 
By means of confocal microscopy, imaging flow cytometry, and conventional 
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flow cytometry, we demonstrated that the binding of FSAP in serum to late 
apoptotic cells was markedly decreased when RNA had been digested prior 
to incubation with serum. Moreover, digestion of DNA, which results in the 
liberation of histones from chromatin, markedly increased the binding of FSAP 
to cells. In line with these results, the activation of FSAP was decreased upon 
RNA digestion, whilst FSAP activation was increased upon DNA digestion. 
We then fractionated late apoptotic cells to identify the cellular component 
responsible for the activation of FSAP. We found that only molecules present in 
the nucleus induced the activation of FSAP. The activation of FSAP induced by 
non-chromatin bound molecules was strongly inhibited upon RNA digestion, 
whilst the activation induced by chromatin bound molecules, mostly 
consisting of histones, was only sensitive to proteinase K incubation. Using 
purified histones and RNA we then demonstrated that RNA alone is not able to 
induce the activation of FSAP in serum whilst histones alone potently induce 
FSAP activation. However, we also found that RNA was able to significantly 
potentiate the activation of FSAP induced by histones. These results suggest 
that RNA and histones play cooperative roles in the activation of FSAP induced 
by dead cells. 

Lastly, the results described in these thesis were summarized and 
discussed in Chapter 8. In conclusion, we show that FSAP regulates the 
release and degradation of important nuclear DAMPs from dead cells. Our 
results support an important role for FSAP in the regulation of inflammation 
in situations where the homeostatic clearance of dying cells has been 
compromised.
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N E D E R L A N D S E  S A M E N VAT T I N G
Tijdens ontstekingsreacties vindt er in het lichaam veel celdood plaats ten 
gevolge van toxines die door pathogenen worden uitgescheiden of door 
de activiteit van immuuncellen, met name neutrofielen, die pathogenen 
bestrijden door het uitscheiden van anti-microbiële eiwitten. In homeostase 
worden dode cellen opgeruimd via fagocytose door macrofagen of door cellen 
die aan de stervende cel grenzen. Echter, als de hoeveelheid dode cellen tegen 
de grenzen aanloopt van de opruimcapaciteit van het lichaam, dan kunnen 
er intracellulaire moleculen vrijkomen die pro-inflammatoire eigenschappen 
hebben. Deze moleculen worden ook wel “damage-associated molecular 
patterns” (DAMPs) genoemd. Onder andere histonen, dubbelstrengs DNA 
(dsDNA) en high-mobility group B1 (HMGB1), die in de nucleus van een 
levende cel het chromatine vormen, behoren tot de DAMPs. Ondanks de 
gedegen kennis over de pro-inflammatoire effecten van deze moleculen is 
het niet geheel duidelijk hoe het vrijkomen van DAMPs gereguleerd wordt als 
dode cellen niet opgeruimd worden. In 2008 heeft onze groep beschreven dat 
incubatie van laat-apoptotische/secundair necrotische cellen in plasma leidt 
tot het vrijkomen van 70-80% van al het chromatine van deze cellen in de 
extracellulaire omgeving. Eén plasma-eiwit bleek verantwoordelijk voor het 
vrijkomen van chromatine: Factor VII-activerende protease (FSAP). FSAP raakte 
geactiveerd in plasma tijdens incubatie met laat-apoptotische of necrotische 
cellen en maakte vervolgens het chromatine van laat-apoptotische cellen 
vrij. Bovendien bleek plasma-gezuiverd FSAP net zo efficient te zijn in het 
vrijmaken van chromatine uit laat apoptotische cellen als FSAP in plasma en 
een monoklonale antistof die de activatie van FSAP remt bleek het vrijkomen 
van chromatine in plasma volledig te kunnen blokkeren. In dit proefschrift 
hebben wij het mechanisme waarmee FSAP chromatine vrijmaakt uit dode 
cellen verder ontrafeld. 

In de celkern van levende cellen wordt het DNA georganiseerd in 
nucleosomen. Een nucleosoom bevat een eiwitkern die gevormd wordt door 
een octameer van vier verschillende histonsubtypes, waar omheen ~147 
bp DNA 1.67 keer gewonden is. In de literatuur wordt weinig onderscheid 
gemaakt tussen de verschillende vormen waarin histonen in de circulatie 
voor zouden kunnen komen, oftewel als vrij histon of als onderdeel van een 
nucleosoom complex. In hoofdstuk 2 hebben wij een literatuuroverzicht 
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gegeven van de verschillende effecten die extracellulaire histonen en DNA 
afzonderlijk van elkaar kunnen hebben, en hebben die effecten vergeleken 
met de huidige bekende extracellulaire effecten van nucleosomen. Aangezien 
deze moleculen verschillende effecten mediëren, is het belangrijk ze van 
elkaar te kunnen onderscheiden. Daarom hebben we tevens beschreven 
met welke verschillende technieken histonen, DNA of nucleosomen in 
lichaamsvloeistoffen gemeten kunnen worden.

In hoofdstuk 3 hebben we onderzocht of FSAP in serum betrokken 
is bij het vrijmaken van chromatine uit necrotische cellen. We hebben daar 
aangetoond dat chromatine uit necrotische cellen vrijgemaakt wordt door de 
gezamenlijke activiteit van FSAP en DNase I in serum. Tijdens het vrijkomen 
van chromatine uit deze cellen bleek histon H1 te worden gedegradeerd door 
FSAP en werd het chromatine van necrotische cellen door Dnase I tot oligo-
nuclesoom fragmenten afgebroken. 

Patiënten die lijden aan systemische lupus erythematose (SLE), 
hebben antistoffen in de circulatie die gericht zijn tegen nucleaire antigenen 
zoals histonen, DNA en nucleosomen. Omdat FSAP chromatine uit laat-
apoptotische cellen verwijdert, en daarmee mogelijk de opruiming van dit 
chromatine bevordert, hebben we in hoofdstuk 4 onderzocht of het vrijmaken 
van chromatine door FSAP onderdrukt is in de sera van SLE patiënten. We 
hebben gevonden dat het vrijmaken van chromatine uit laat-apoptotische 
cellen geremd is in sera die afgenomen waren van patiënten tijdens hoge 
ziekte-activiteit. In sera die afgenomen waren tijdens lage ziekte-activiteit 
was het vrijmaken van chromatine uit laat-apoptotische cellen vergelijkbaar 
met gezonde donoren. We hebben vervolgens laten zien dat de anti-nucleaire 
antistoffen die in deze patiënten circuleren een remmend effect hebben op het 
vrijmaken van chromatine uit laat-apoptotische cellen door FSAP. We hebben 
ontdekt dat de remmende werking van deze antistoffen toegeschreven kan 
worden aan de eigenschap van deze antistoffen om antigenen in de kern van 
dode cellen te crosslinken, zodat ze niet door FSAP vrijgezet konden worden.

Omdat FSAP histon H1 degradeert en beschreven is dat histon H3 ook 
door FSAP gedegradeerd kan worden, hebben we in hoofdstuk 5 onderzocht 
of FSAP alle histon subtypes degradeert en of deze degradatie beschermt 
tegen de cytotoxiciteit van histonen. We hebben laten zien dat FSAP in serum 
geactiveerd raakt tijdens de incubatie met histonen en dat deze histonen 
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vervolgens afgebroken worden door FSAP. Deze afbraak beschermt tegen de 
cytotoxiciteit van histonen. Histonen die onderdeel zijn van een nucleosoom 
complex bleken niet cytotoxisch, induceerden minder sterke FSAP activatie, 
en alleen histon H3 werd in het nucleosoom afgebroken. Circulerende vrije 
histonen worden in de literatuur vaak beschreven als belangrijke mediatoren 
van onsteking, bijvoorbeeld tijdens sepsis. Omdat vrije histonen in serum FSAP 
activatie induceren en vervolgens afgebroken worden door FSAP, hebben we 
onderzocht of vrije histonen aanwezig waren in de sera van bavianen die een 
lethale dosis E. coli toegediend hebben gekregen en in de sera van patiënten die 
aan meningokokken sepsis lijden. Wij konden geen vrije histonen detecteren 
in zowel de bavianen als de patiënten, alle histonen in de onderzochtte sera 
waren onderdeel van een nucleosoom complex. Daarnaast was histon H3 
geknipt in de geïsoleerde nucleosomen.

Omdat FSAP vrije histonen afbreekt en HMGB1 net als histonen een 
DNA-bindend eiwit is met sterke pro-inflammatoire effecten, hebben we in 
hoofdstuk 6 onderzocht of FSAP HMGB1 afbreekt. We hebben geobserveerd 
dat actief FSAP HMGB1 afbreekt, maar in tegenstelling tot histonen raakt FSAP 
in serum niet geactiveerd tijdens incubatie met HMGB1. Het is bekend dat 
FSAP geactiveerd raakt tijdens incubatie met necrotische cellen en we hebben 
vervolgens aangetoond dat het HMGB1 dat vrijkomt uit necrotische cellen 
door FSAP in serum afgebroken wordt. De afbraakfragmenten van HMGB1 
vertoonden geen chemotactische activiteit meer op muis 3T3 fibroblasten, 
wat suggereert dat FSAP de functie van HMGB1 in serum reguleert. Tijdens 
grote leveroperaties komt HMGB1 vrij uit dode cellen en uit een vorige studie 
is gebleken dat deze HMGB1 levels hoger waren in patiënten met ischemie-
reperfusie (I/R) schade dan in patiënten zonder I/R schade. We hebben 
gevonden dat FSAP activatie levels ook hoger zijn in patiënten met I/R schade 
dan in patiënten zonder I/R schade en dat de hoogte van FSAP activatie op t 
=1 uur na de operatie correleerde met de afname van HMGB1 levels tussen t 
=1 uur en t = 6 uur na de operatie. Deze resultaten ondersteunen een rol voor 
FSAP in de regulatie van HMGB1 levels in vivo.

Uit voorgaande studies is gebleken dat FSAP aan vrije histonen bindt 
en dat dit leidt tot de activatie van FSAP in serum. Daarnaast kan de (auto)-
activiteit van FSAP gepotentieerd worden door binding van FSAP aan RNA. Ook 
bindt FSAP in serum aan laat-apoptotische en necrotische cellen en dit leidt 
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tot de activatie van FSAP. Omdat het niet bekend is welke moleculen in dode 
cellen verantwoordelijk zijn voor de binding en activatie van FSAP, hebben we 
in hoofdstuk 7 de rol van histonen en RNA in de binding van FSAP door dode 
cellen onderzocht en gekeken welke rol zij spelen in de activatie van FSAP door 
dode cellen. We hebben door middel van confocale microscopie, imaging flow-
cytometrie en conventionele flow-cytometrie laten zien dat FSAP vooral in het 
cytoplasma van laat-apoptotische cellen bindt en dat deze binding verdwijnt 
als de cellen voorbehandeld waren met RNase. Als de cellen voorbehandeld 
waren met DNase, wat histonen vrijzet uit chromatine, bleek de binding 
van FSAP verhoogd te zijn. In lijn met de gevonden binding van FSAP, was 
de activatie van FSAP na RNase voorbehandeling sterk verlaagd, terwijl deze 
juist verhoogd was na DNase voorbehandeling. RNA en histonen lijken dus 
een belangrijke rol te spelen bij de binding en activatie van FSAP door dode 
cellen. Na fractionering van laat-apoptotische cellen vonden wij dat alleen 
moleculen aanwezig in de celkern de activatie van FSAP konden induceren. De 
activatie geïnduceerd door niet-chromatine gebonden kernmoleculen werd 
gedeeltelijk verlaagd na RNase behandeling, terwijl de activatie geïnduceerd 
door chromatine-gebonden moleculen alleen gevoelig was voor behandeling 
met proteinase K. Aangezien het belangrijkste gedeelte van de chromatine-
gebonden eiwitten wordt gevormd door histonen, suggereren deze resultaten 
dat histonen belangrijk kunnen zijn voor de activatie van FSAP door dode 
cellen. In verdere experimenten bleek dat RNA in gezuiverde vorm geen FSAP 
activatie kon induceren in serum, maar wel de activatie geïnduceerd door 
histonen kon potentiëren. Histonen lijken een belangrijke rol te spelen in de 
inductie van FSAP activatie, en deze activatie lijkt te worden versterkt door de 
aanwezigheid van RNA.

Tot slot zijn alle resultaten van deze thesis in hoofstuk 8 samengevat 
en besproken. Wij hebben laten zien dat FSAP de vrijlating en de afbraak 
van belangrijke nucleaire DAMPS uit dode cellen reguleert. Onze resultaten 
ondersteunen een belangrijke rol voor FSAP in de regulatie van ontsteking 
tijdens situaties waarin de homeostatische opruiming van dode cellen 
gecompromitteerd is. 
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zijn bachelor volgde hij een korte stage 
aan het Nederlands Kanker Instituut (NKI) 
en schreef een miniscriptie over mantelcel 
lymfomen. Direct na zijn bachelor begon hij 
in 2007 aan de Medical Biology track van de 
master Biomedical Sciences. Tijdens zijn master liep hij stage bij Dr. Maaike 
Stam en Prof. dr. Roel van Driel in de Nuclear Organisation Group (NOG) van 
de UvA, waar hij onderzoek deed naar het paramutatie systeem in mais en dat 
systeem probeerde over te zetten naar het Arabidopsis Thaliana plantmodel. 
Een tweede stage volgde hij op de afdeling Immunopathologie van Sanquin 
Research onder begeleiding van Dr. Jelle de Wit en Prof. dr. Marieke van Ham. 
In deze stage onderzocht hij de fagocytose van Salmonella door B-cellen en 
onderzocht hij hoe verschillende vormen van co-stimulatie een B-cel respons 
kunnen beïnvloeden. Ook schreef hij een scriptie onder begeleiding van Prof. 
dr. Marieke van Ham en Dr. Theo Rispens waarin hij de rol van immunoglobuline 
G4 tijdens de inductie van immuun tolerantie nader onderzocht. In 2011 ronde 
hij zijn master cum laude af en in datzelfde jaar begon hij onder begeleiding 
van Dr. Sacha Zeerleder, Prof. dr. Marieke van Ham, Prof. dr. Lucien Aarden 
en later ook Dr. Brenda Luken aan zijn promotieonderzoek op de afdeling 
Immunopathologie van Sanquin Research. Tijdens dit promotieonderzoek 
onderzocht hij het mechanisme waarmee Factor VII-activerend protease (FSAP) 
chromatine uit dode cellen vrijmaakt en gedeeltelijk afbreekt. De resultaten 
van dit onderzoek zijn beschreven in het proefschrift dat hier voor u ligt.
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DANKWOORD
Als dit de eerste woorden zijn die je leest, dan heeft het dankwoord-syndroom 
jou ook te pakken gehad. Shame on you! Blader maar even terug naar het 
begin. Maar anders: Bedankt! Want zonder jou had ik hier niet zo voldaan 
gezeten! Het waren vier fantastische jaren die ik zonder de mensen om mij 
heen, waaronder jij, niet op zo’n mooie manier had kunnen beleven. Ondanks 
het feit dat veel mensen betrokken zijn geweest bij het voltooien van deze 
academische opgave wil ik hieronder een aantal mensen in het bijzonder 
bedanken.

Sacha, mijn promotor, bedankt dat je me welkom heette in jouw groep en mij 
de vrijheid gaf mijn (soms ;-) ) gekke ideeën uit te voeren. Ik heb enorm veel 
geleerd van jouw manier van denken, altijd weer vanuit een nieuw perspectief, 
jouw altijd kritische blik en jouw volhardendheid. Ook (of misschien juist) 
bij felle tegenstand. Je bleef me altijd stimuleren en uitdagen, en daarvoor 
heel veel dank! Als ik in Amsterdam ben gaan we zeker die gin-tonic drinken! 
Pröschtli! 
Marieke, mijn promotor, jij hebt aan de basis gestaan van mijn wetenschappelijke 
carrière. Al tijdens mijn master-stage en thesis heeft jouw enthousiasme voor 
wetenschap en educatie mij enorm geïnspireerd en gestimuleerd. Ik ben 
dankbaar dat ik bij jou op de afdeling mijn PhD heb mogen doen en zowel op 
de werkvloer als daarnaast ben jij iemand die de wereld echt een stukje beter 
(en vrolijker!) maakt. 
Brenda, mijn copromotor, zonder jou was dit boekje nooit zo snel afgekomen. 
Bedankt voor de begeleiding de afgelopen jaren en de enorme inzet die je 
tijdens de afronding had. Je bleef me altijd stimuleren om het net nog wat 
beter te doen en ook in de late uurtjes stond je altijd paraat!
Ingrid, bedankt voor de oerdegelijke opleiding en het vele werk in het lab. 
Van jou heb ik echt ongelooflijk veel geleerd. Jouw kritische blik heeft me 
altijd gestimuleerd vraagtekens te zetten bij behaalde resultaten en jouw 
nuchterheid spreekt boekdelen.
Lucien, bedankt voor alle wijsheid, creativiteit en gezelligheid. Jouw denkwijze 
in en over de wetenschap heeft mij sterk geïnspireerd en gemotiveerd en ik 
ben zeer dankbaar dat je er nog tot het einde van mijn PhD bij wilde zijn.  
Femke, dankzij jou heb ik een vliegende start in het project gehad, waarvoor 
ik je erg dankbaar ben. 
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Marein, bedankt voor de gezellige periode in onze groep. Zowel binnen als 
buiten lab lagen wij als lange latten echt op één lijn.
Helen, je was de ideale master-student en zonder jou was ons histon-stuk 
nooit geworden wat het nu is. Wellicht tot in Berlijn!?
Kristof, dank voor de Vlaamse gezelligheid! NETs zijn cool, en ik hoop nog eens 
een goede duvel of kabouter met je te drinken. 

Mijn paranimfen: Richard en Koen:
Richard, je bent een optimist, een echte wetenschapper en goede vriend. 
Jouw doorzettingsvermogen (of is het koppigheid ;-)) en jouw passie voor de 
wetenschap zijn een inspiratie. Daarnaast kan niemand zo goed eiwitten laten 
verdwijnen. Als ‘bejaarde-AIO’s’ (wie had dat ooit gedacht?) hebben we veel 
kunnen delen het laatste jaar en ik hoop dat we dat in toekomst blijven doen. 
Bedankt voor de vele correcties (die #@$% spaties!) in het manuscript, als ruil 
zit Factor H er uiteraard in ;-). 
Koen, we kennen elkaar nu al bijna twintig jaar en we hebben veel grote 
momenten in ons leven gedeeld. Ik ben dankbaar dat ik jou met jouw humor, 
creativiteit en principes als goede vriend heb. Soms heeft de wetenschap een 
beetje humor nodig: “They’ve done studies, you know. 60 percent of the time, 
it works every time.”

Gerard, bedankt voor jouw onvoorwaardelijke enthousiasme voor de 
wetenschap en een altijd-luisterend oor. Na ‘een bakkie’ lagen er weer meer 
ideeën op tafel (uiteraard ook slechte, but I’m not pointing fingers here ;-)) dan 
welletjes in een plaat. Je bent een onmisbaar persoon voor het lab, al zal de 
ELISA-wasser het daar niet altijd mee eens zijn ;-).
Jolanda, als jonge Bachelor student heb je met jouw enthousiasme een diepe 
indruk op mij gemaakt en zonder jou was ik nooit in de immunologie en op 
Sanquin beland. Je enthousiasme is aanstekelijk en je passie voor educatie is 
goud waard. Dank voor alle mooie jaren als practicum-assistent op het Science 
Park! 
Fatima, zonder jou zou de afdeling ophouden te bestaan, je staat altijd paraat 
voor iedereen. Bedankt voor alle goede zorgen en al het geregel omtrent mijn 
promotie en verdediging. 
Alle AIO’s (oud en nieuw): Jelle (bedankt voor mijn fantastische laatste master-
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stage, een betere begeleider/Boney M. had ik me niet kunnen wensen), 
Pauline, Martine, Mateusz, Mischa, Lotte, Femke, Iwan, Sonja, Laura, Richard, 
Anouk, Willem, Sanne, Peter-Paul, Karin, Anna & Anna, Anno, Astrid, Mieke, 
Saskia, Twan, Inge, Lea. Bedankt voor alle gezelligheid! We zijn vanuit U0 (sinds 
wanneer zijn 40 AIO’s in één ruimte een goed idee?), via de AIO-cave op U1 in 
de tuin van U2 geëindigd, wanneer gaat het dak eraf!? Zonder jullie was het 
AIO leventje maar saai geweest, de playbackshows kaal, de vrijdagmiddagen 
droog (don’t do it Laura!), de pop-quizen te nuchter en star wars nog steeds 
even goed (sorry). Ik hoop de meesten van jullie nog regelmatig te zien in 
Nederland, maar de deur staat hier altijd open voor jullie!

De rest van de afdeling: Theo, Robbert, Anja, Gertjan, Diana, Rob, Dörte, Irma, 
Henk, Karien, Annelies, Marja, Mieke, Laura, Ninotska, Miranda, Margreet, 
Marlieke, Tineke, Angela, Simone, Pleuni, Dorina, Gijs, Ellen en Kaoutar, 
bedankt! Jullie vormen een warme en fijne afdeling!

Mijn ouders, Jan en Francine, bedankt voor de vrijheid en de onvoorwaardelijke 
steun en liefde die jullie mij altijd hebben gegeven. Mijn zusje en broertje, 
Judith en Casper: mensen zijn nog altijd verbaasd als ze horen dat we alle drie 
de biomedische wetenschappen in zijn gedoken. Al wonen we allemaal in 
verschillende landen, we blijven elkaar inspireren en ik weet dat we er altijd 
voor elkaar zullen zijn. Wellicht ooit nog een Marsman, Marsman & Marsman 
stukje schrijven? ;-).

Tot slot, Lena, als er zoiets bestaat als een paranimf, dan ben jij mijn hoofdnimf. 
Jij hebt ervoor gezorgd dat de laatste periode van mijn PhD de leukste was 
die iemand zich kan wensen. Dank voor al jouw steun, jouw inspiratie, jouw 
humor en jouw relativering. Op naar ons volgende avontuur! 


