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CHAPTER 1

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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