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Chapter 1

Apoptosis

In the late 60’s of the last century, a form of cell death distinct from necrosis 
called ‘shrinkage’ necrosis has been recognised.1 Dead cells round up and detach 
from  their  neighbouring  cells,  they  shrink  (hence  shrinkage  necrosis)  and  cell 
membranes form protrusions called blebs.2 Though organelles are largely unaffected, 
the  cell  nucleus  typically  displays  condensation  (pyknosis)  and  fragmentation 
(karyorrhexis) and histochemistry studies have shown that lysosomes in these cells 
remain intact. This form of cell death is a constitutive finding in the development of 
embryos and lymphoid tissue and it is also observed after ischemic or toxic injury, in 
tumours and in rejected organ transplants. The ubiquity of shrinkage necrosis under 
physiological  conditions  prompted  Kerr  et  al that  this  form  of  cell  death  may  be 
planned. They proposed to call this programmed cell death ‘apoptosis’, a word coming 
from ancient  Greek meaning ‘dropping off’  referring to the falling of  leaves from a 
tree.3 

The  cell  membrane  of  a  vital  cell  is  characterised  by  an  asymmetric 
distribution  of  phospholipids,  where  phosphatidylcholine  is  located  on  the  exterior 
leaflet  of  the  phospholipid  bilayer  and  phosphatidylserine  (PS)  and 
phosphatidylethanolamine (PE) are confined to the inner leaflet.4 This asymmetry is 
the result of a phospholipid scramblase that non-selectively scrambles phospholipids 
between  the  inner  and  outer  leaflet  and  an  aminophospholipid  translocase  that 
actively transports PS and PE to the inner leaflet. An early feature of apoptosis is the 
loss of cell membrane phospholipid asymmetry leading to the increased expression of 
PE and PE on the exterior leaflet, caused by an increased scramblase activity and a 
concomitant decrease in aminophospholipid translocase activity. Early apoptotic cells 
(EACs) are characterised by annexin V binding (annexin V binds avidly binds to PS) 
while excluding propidium iodide (a DNA intercalating-dye and marker of membrane 
permeability).5

Starting from 1986, numerous proteins have been identified that are involved 
in  the  execution  of  the  apoptotic  process.  Each  cell  contains  proenzymes  called 
procaspases and these procaspases are activated into caspases (cystein-dependent 
aspartyl-specific proteases) after an appropriate cell death signal.6 Caspases cleave 
nearly 300 proteins that are essential for normal cell function such as cyclins (proteins 
involved in the cell cyclus), DNA repair enzymes, and proteins involved in cells shape 
and contact with neighbouring cells, such as actin, fodrin and cadherins.7 In addition, 
caspases inactivate  an inhibitor  of  endogenous endonuclease that  fragments DNA 
and  accounts  for  nuclear  condensation  and  -fragmentation.8,9 However,  several 
caspase-independent  forms  of  programmed  cell  death  have  been  described  and 
morphological features of these cells may show characteristics of both necrosis and 
apoptosis.10
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Chapter 1

Intrinsic and extrinsic routes of apoptosis-signalling have been recognised.10,11 

Toxins or irradiation trigger intrinsic routes of apoptosis, which damage mitochondria, 
lysosomes,  endoplasmatic  reticulum,  cell  membrane  or  DNA  and  activate  of 
proapoptotic factors.  Extrinsic  routes of  apoptosis are initiated via  signalling of  the 
TNF-family of membrane receptors, notably Fas ligand, growth factor deprivation or 
the corporate action of perforin and granzyme, which are released by cytotoxic-T-cells 
or NK-cells.

Phagocytosis of apoptotic cells

The  mere  expression  of  PS  is  sufficient  for  the  uptake  of  EACs  by 
neighbouring  macrophages  and  amateur  phagocytes  such  as  epithelial  cells, 
fibroblasts, and endothelial cells.12-15 These phagocytes express scavenger receptors 
such  as  the  scavenger  receptor  B1  and  B2  (CD36),  the  lectin-like  oxidised-LDL 
receptor-1  and  the  phosphatidylserine  receptor  that  bind  to  PS  or  oxidised-PS 
moieties on the EAC membrane (table 1).15-19 A role for phosphatidylethanolamine in 
LPS  receptor  (CD14)  mediated  uptake  of  EACs  has  also  been  suggested.20,21 

Changes  to  sugar  moieties  on  the  EAC  membrane  may  also  attribute  to  EAC 
clearance, predominantly via a lectin-like receptor.22-25 Desialated proteoglycans and 
glycolipids  which  arise  during  the  apoptotic  process  are  recognised  by  an 
asialoglycoprotein receptor. The adhesion molecule ICAM-3 is altered in such a way 
that it is detected by CD14. Sialoglycoprotein (CD43) shows transient capping leading 
to increased phagocytosis via a multifunctional shuttling macrophage receptor called 
nucleolin.

Apart from the direct interaction between altered membrane constituents and 
scavenger- and lectin-like receptors, EACs produce agents that either bind to their 
own membrane and promote phagocytosis or are released as chemotactic factors that 
attract  macrophages.26-36 For  instance,  the growth  arrest  specific  gene-6 protein  is 
produced  by  the  EAC,  binds  to  its  cell  membrane  and  this  complex  is  then 
phagocytosed  via  MER,  a  member  of  the  tyrosine  kinase  receptor  family.  S19 
ribosomal protein dimer is produced by EACs and acts as a chemoattractant via the 
C5a receptor.

Phagocytes also produce various proteins that bind to the EAC membrane 
and  promote  phagocytosis.29,37-39 Thrombospondin  and  Milk  Fat  Globule-EGF-8 
(lactadherin  is  the human homologue)  are  involved in  phagocytosis  via  vitronectin 
receptors (i.e.  v3- and v5-integrin, respectively). annexin I and -II bind to PS and 
this  may  promote  EAC  phagocytosis  via  the  ATP-binding  cassette-1  (ABC1) 
transporter on phagocytes. The scavenger receptor A, CD68, the (collagenous) cC1q-
receptor binding protein and galectin-3 have also been involved in EAC clearance 
though their corresponding ligands on EACs remain to be identified.40-43
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Chapter 1

Table 1  Factors involved in recognition and clearance of apoptotic cellsa

Phosphatidylserine (PS) / 
phosphatidylethanolamine (PE)

Apolipoproteins (Apo)

PS (Scavenger receptor B1, SRB-1)18 Apo E (LRP-1, LRP2, heparansulphate 
proteoglycan)45-47

Oxidised-PS (SRB-2, thrombospondin 
receptor, CD36)19,20

Apo H – b2GPI (LRP1, LRP-2)48-50

PS (Lectin-like oxidised-LDL receptor)17 Apo J – Clusterin (LRP-1, LRP-2)50

PS (Phosphatidylserine receptor)21

PS (CD14) (?)22

PE (CD14) (?)22,23

Altered apoptotic cell membrane-
associated glycoproteins

*Immunoglobulins

Desialated glycoproteins (asialoglycoprotein 
receptor)23

IgM59,60

ICAM-3 (CD14)24 IgG (FcgRII)51

Sialoglycoprotein – CD43 (nucleolin)25,26 Immunecomplexes52

Apoptotic cell membrane-bound proteins, 
apoptotic cell derived

*Pentraxins

Growth-arrest specific gene 6 protein (MER 
tyrosine kinase receptor)27,28

Serum amyloid P component (FcgRII)53,55

annexin 1 (ATP-Binding Cassette-1, ABC1) 
(?)29,30

C-reactive protein (FcgRII)54,55

Calreticulin (LDL-receptor related protein –1, 
LRP-1)32

Thrombospondin (SRB-2)31

Apoptotic cell derived agents with cytokine 
function

Collectins

S19 ribosomal protein dimer (C5a receptor)33,34 *C1q (LRP-1)56-58

Lyso-phosphatidylcholine (unidentified)35 *Mannan Binding Lectin (LRP-1)57

Eukaryotic transformation migration factor-3 
(unidentified)36

Surfactant protein A (LRP-1)58

EMAPII (unidentified)37 Surfactant protein D (LRP-1)58

Apoptotic cell membrane-bound proteins, 
phagocyte derived

Complement

Thrombospondin (CD36, avb3-integrin) iC3b (Complement receptor-3 and -4)62,63

Milk Fat Globule-Epidermal Growth Factor-
like-8 (avb5-integrin)38

Developmental Endothelial Locus-1 (avb3-
integrin)39

annexin-I (ABC1)30,40
annexin-II (ABC1)30,40
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Table 1  Factors involved in recognition and clearance of apoptotic cells (continued)

Phagocyte receptor, ligand on apoptotic cell 
unidentified

Other plasma derived factors 
opsonising apoptotic cells

(Scavenger receptor A)41 Protein S (MER)68,69

(CD68)42 Fibronectin (a1b5-integrin, VLA-5)64

(cC1q receptor protein)43 Histidine-rich glycoprotein (FcgRII)65

(Galectin-3)44 *Ficolins61

α2 HS-glycoprotein – fetuin (unidentified)66

aPhagocyte receptors are mentioned between brackets (marked with (?), when hypothetical); 
*agent known to activate complement thus promoting complement receptor-dependent 
clearance

Proteins  present  in  the  interstitial  tissue  fluid  and  plasma  also  contribute  to  EAC 
opsonisation  and  elimination.  Interestingly,  especially  proteins  involved  in  lipid 
homeostasis  (apolipoproteins),  innate immunity (pentraxins and collectins) and IgG 
have  been  involved.  Apolipoprotein  (apo)-E,  apo-H (2-glycoprotein-I,  2GPI)  and 
apo-J (clusterin) have been identified as proteins that bind to EACs and their binding 
may promote clearance via phagocytes expressing the LDL-receptor related protein-1 
or -2.44-49 IgG or immune complexes, pentraxins such as serum amyloid P component 
(SAP)  and  CRP,  and  collectins  such  as  C1q,  mannose  binding  lectin  (MBL)  and 
surfactant  protein-A  and  -D  bind  to  EACs  and  promote  their  clearance  via  Fc-
receptors and LRP-1.50-57

Fibronectin,  histidine-rich  glycoprotein  (HRGP)  and  the  related  2-HS 
glycoprotein  (fetuin)  may  also  promote  the  clearance  of  EACs.58-60 Fibronectin 
promotes  clearance  of  EACs via  15-integrin  and  HRGP via  FcRII.  It  has  been 
suggested that fetuin by virtue of its strong promotion of macropinocytosis attributes to 
enhanced  EAC elimination,  though  the  mechanism  of  this  activation  is  unknown. 
Moreover, a role for the coagulation system, the inhibitors of the coagulation pathway 
and the fibrinolytic system in clearance of EACs may also be expected as EACs are 
strongly procoagulant, they bind protein S as well as plasminogen and clearance of 
EACs is promoted by protein S.61-64

Recent  data  have  highlighted  the  importance  of  complement  binding  and 
activation in the clearance of EACs. The classical pathway, the alternative pathway 
and the lectin pathway of complement activation are all involved and this may result in 
the activation of the terminal pathway of complement activation.65-70 The role of C1q 
and C4 in EAC phagocytosis has a more profound effect on phagocytosis compared 
to C2 and C3,  suggesting a hierarchical  role  for complement components in EAC 
clearance. Complement promotes EAC uptake via the iC3b-receptors CR3 and CR4 
(the L2- and M2-integrin, respectively). Ficolin and the collectins C1q and MBL may 
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Chapter 1

bind to EACs and activate the complement without the need for complement-binding 
proteins such as immunoglobulins or pentraxins. 

Ongoing apoptosis inevitably results in secondary necrotic, late apoptotic cells 
(LACs), which bind annexin V and stain with PI when their membrane impermeability 
is lost. Such LACs are readily observed in vitro after prolonged culturing, but they are 
virtually absent in vivo. It is generally assumed that, under physiological conditions in 
vivo, EACs are cleared well before secondary necrosis occurs though robust evidence 
for this assumption is lacking. How defective clearance of EACs and their progression 
into  LACs affect  phagocytosis  is  at  present  incompletely  understood.  Recent  data 
show  that  binding  of  SAP,  CRP,  MBL,  IgM  and  complement  is  limited  to  LACs, 
suggesting that clearance of LACs is largely complement-driven.71-76

Loss of membrane impermeability also results in the release of intracellular 
contents from LACs in vitro.77-80 Deliberate apoptosis of thymocytes by corticosteroid 
treatment of  healthy mice results in  concomitantly  increased thymic apoptosis  and 
circulating  nucleosomes.81  Similarly,  increased  apoptosis  and  higher  nucleosome 
levels have also been observed in patients undergoing chemotherapy and irradiation 
or after treatment with TNF, in severe sepsis and after cerebrovascular accidents.82-85

It is difficult to generate a comprehensive overview on the consequences of 
elimination of dead cells and its contents on local and systemic reactions since an 
enormous  array  of  surrounding  cells  and  tissue  fluid  proteins  are  present  that 
influence  the  clearance  of  dead  cells  and  its  contents.  The  general  view  is  that 
clearance of  necrotic  cells  is  associated with  a proinflammatory  reaction,  whereas 
EAC clearance generates an immune suppressive response but several exceptions to 
these concepts have been described.51, 86-91 

Systemic lupus erythematosus

SLE is an autoimmune disease characterised by the dysfunction of multiple 
organs, especially joints, kidney, serosal membranes and skin, although any organ 
may be affected.  Complexes  of  autoantigen and autoantibody precipitate  in  blood 
vessels  and bind complement  causing vasculitis  and organ failure.  A predominant 
characteristic  of  SLE  is  the  production  of  autoantibodies  that  bind  to  ubiquitous 
intracellular antigens present in the cell nucleus and cytoplasm.

C1q  deficiency  is  strongly  associated  with  SLE.92,93 C1q  is  important  for 
dissolving immune complexes and immune complexes may precipitate in the absence 
of  C1q.  Though  precipitated  immune  complexes  may  explain  the  occurrence  of 
vasculitis and organ failure in SLE, C1q deficiency does not explain the presence of 
autoantibodies as such. Recent observations have shown that C1q opsonises EACs, 
that  C1q  promotes  EAC  clearance  and  that  C1q-opsonised  EACs  have  anti-
inflammatory properties. 55, 56, 94, 95 These observations have led to the hypothesis that 
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defective clearance of EACs leads to increased exposure to apoptotic cells and the 
development of autoimmune disease.

Since then, several other plasma protein deficiencies have been involved in 
defective  clearance  of  EACs,  in  autoantibodiy  production  and  in  development  of 
autoantibodies, such as C4 and C2, MBL, SAP and secretory-IgM deficiency.65, 94, 96-100 

MFG-E8 deficiency or defective expression of MER tyrosine kinase family receptor in 
germinal centre macrophages results in distorted phagocytosis, persistence of dead 
cells  in  the  lymph  nodes  and  development  of  autoimmune  disease  in  mouse 
models.101,  102 Interestingly, DNAseI deficient mice develop autoimmune disease and 
this may be explained by a defect in processing of DNA from dead cells.103, 104

Besides defective opsonisation of apoptotic cells, recent studies have shown 
that the intrinsic function of phagocytes is defective in SLE patients regardless of the 
presence of opsonins.105-109 Phagocytosis of apoptotic cells is inhibited in the presence 
of  serum containing  high  levels  of  nucleosomes  and  phagocytes  that  have  been 
incubated with nucleosomes prior to incubation with apoptotic cells show decreased 
uptake of apoptotic cells. Moreover, SLE plasma has been shown to induce apoptosis 
of healthy donor macrophages by a yet undetermined mechanism, which obviously 
would hamper apoptotic cell uptake. Recently it has been shown that Fas-mediated 
apoptosis occurs in cultured SLE macrophages and, likely,  apoptosis of scavenger 
cells will further increase the exposure to apoptotic cells. In summary, many studies 
are showing that phagocytosis of apoptotic cells in SLE patients is defective in many 
respects.

Though exposure of B-cells to extracellular DNA may result in polyclonal B-
cell  activation, including activation of autoreactive B-cells,  it  has become clear that 
other immunocompetent cells, mainly dendritic cells are involved in the initiation and 
prolongation  of  autoantibody  responses.110 The  mechanisms  that  promote 
proinflammatory  responses  by  dendritic  cells  and  that  trigger  the  production  of 
autoantibody are being unravelled. Repeated vaccination of mice with apoptotic cells 
results  in  the  production  of  autoantibody  and deposition  of  immune complexes  in 
glomerular basement membrane.111 The same phenomena are observed when mice 
are vaccinated with dendritic cells that have been preincubated with apoptotic cells or 
necrotic  cells,  or  when dendritic  cells  are  exposed to  intracellular  agents  such as 
nucleosomes or ribosomal protein.112-116 Interestingly, apoptotic cells may serve as an 
endogenous ‘adjuvant’, since exposure of dendritic cells to abundant apoptotic cells 
provokes a proinflammatory response.117,118 Heat shock protein or high mobility group 
binding protein-1 leaking from dead cells are likely involved as these agents trigger 
proinflammatory  responses  by  dendritic  cells.119-120 Apoptotic  cells  that  have  been 
opsonised  with  complement,  autoantibody  or  immune  complexes  may  provoke  a 
proinflammatory immune response by dendritic cells.86,121,122, Recently a second type of 
dendritic cell has been recognised, the plasmacytoid dendritic cell (PDC). PDCs are 
non-responsive  to  whole  apoptotic  cells,  but  they  produce  large  quantities  of 
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interferon- (IFNα) when exposed to immune complexes containing DNA or RNA by 
virtue of simultaneous stimulation of FcRII and TLR-9 or TLR-7, respectively.123-125 

Since IFN is a strong activator of T- and B-cells and IFN has profound effect on 
dendritic cell maturation it has been suggested that PDCs are important in maintaining 
the autoimmune response in SLE.126

To summarise the available data, it can be concluded that the model system 
(in vivo mice,  in vitro mice,  in vitro human), the autoantigens (EACs, LACs, necrotic 
cells, or intracellular contents with or without opsonising agents), the type of antigen-
presenting  cells  (immature  or  mature  dendritic  cell,  follicular  dendritic  cell, 
plasmacytoid  dendritic  cell,  macrophage,  B-cell,  etc.),  opsonising  agents  and  co-
stimulatory signals (abundant apoptotic cells, viral agents, adjuvant, etc.) may all be 
important determinants in the outcome of an autoantigenic trigger and development of 
systemic autoimmunity.

Outline of this thesis

In this thesis aspects on the handling of apoptotic cells by plasma from healthy 
donors and SLE patients are described. Though protein binding to apoptotic cells has 
thoroughly been studied, the detection of apoptosis mostly depended on the use of 
either annexin V staining and trypan blue or PI staining. However, it is important to 
discriminate between vital cells, EACs and LACs as exposure to intracellular agents 
may influence protein binding and thus opsonisation and phagocytic responses. For 
this purpose a three-colour FACS analysis method was developed. In the first part of 
this  thesis  (chapter  2-5),  opsonisation of  apoptotic  cells  with  such diverse  plasma 
proteins as pentraxins (SAP, CRP) collectins (MBL, C1q),  apolipoproteins (2GPI), 
immunoglobulin  (IgM,  IgG) and complement  is  described.  The second part  of  this 
thesis (chapter 6-8) elaborates on the intriguing observation that plasma contains a 
protease  activity  that  removes  nucleosomes  from  LACs,  so-called  nucleosome 
releasing factor (NRF). This NRF activity is inhibited by antinuclear antibodies. The 
plasma  enzyme  responsible  for  NRF  activity  in  plasma  is  Factor  VII  activating 
protease  (FSAP).  Finally,  some  implications  of  these  findings  for  processing  of 
apoptotic cells in health and systemic autoimmunity are discussed.
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Abstract

Human  serum  amyloid  P  component  (SAP)  is  a  glycoprotein  structurally 
belonging to the pentraxin family of proteins, which has a characteristic pentameric 
organisation.  Mice  with  a  targeted  deletion  of  the  SAP  gene  develop  antinuclear 
antibodies,  which was interpreted as evidence for a role of  SAP in controlling the 
degradation  of  chromatin.  However,  in  vitro SAP  also  can  bind  to 
phosphatidylethanolamine (PE), a phospholipid that in normal cells is located mainly in 
the inner leaflet of the cell membrane, to be translocated to the outer leaflet of the cell 
membrane during a membrane flip-flop. 

We hypothesised that  SAP,  because of  its  specificity  for  PE,  may bind to 
apoptotic cells independent of its nuclear binding. Calcium-dependent binding of SAP 
to early, non-permeable apoptotic Jurkat, SKW, and Raji cells was indeed observed. 
Experiments  with  flip-flopped  erythrocytes  confirmed  that  SAP  bound  to  early 
apoptotic cells (EACs) via exposed PE. Binding of SAP was stronger to permeable, 
late  apoptotic  cells  (LACs).  Experiments with  enucleated  neutrophils,  with  DNAse/ 
RNAse  treated  LACs,  and  competition  experiments  with  histones  suggested  that 
binding  of  SAP  to  LACs  was  largely  independent  of  chromatin.  Confocal  laser 
microscopic studies indeed suggested that SAP bound to LACs mainly via the blebs. 

This study shows that SAP binds to apoptotic cells already at an early stage, 
which raises the possibility that SAP is involved in dealing with apoptotic cells in vivo.

Introduction

SAP is  a  glycoprotein  consisting  of  10  non-covalently  associated  identical 
subunits of  23,5 kDa organised as two  face-to-face pentagonal  structures.  SAP is 
structurally  related  to  C-reactive  protein  (CRP),  a  major  acute-phase  reactant  in 
humans. Both proteins are found in all  mammals.  Individuals unable to synthesise 
SAP  or  CRP have  not  been  described,  suggesting  these  proteins  fulfil  important 
biological functions.1-3 SAP and CRP are members of the pentraxin family, proteins 
with a characteristic pentameric organisation. They share 51% of amino acid identity 
and 59% nucleotide sequence identity. Their genes are closely linked, being located in 
band  q2.1  of  chromosome  1,  and  either  protein  can  bind  C1q  and  activate  the 
complement system via the classical pathway. Although in humans circulating levels 
of CRP may increase up to 1000-fold during an acute phase response, plasma levels 
of  SAP hardly change, being in a range of  30–40  μg/ml.  However,  in  some other 
animal species, SAP rather than CRP reacts as acute phase reactant.1,3

SAP does not exist only in plasma but also can be found in amyloid deposits 
and in the normal renal glomerular basement membrane, as well as in elastic fibres in 
the blood vessel walls.4-7 In the presence of calcium ions, SAP can bind to several 
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ligands such as amyloid fibrils of any type, agarose, heparin and dermatan sulphate, 
C1q,  C4  binding  protein,  laminin,  type  V  collagen,  PE,  DNA,  chromatin,  and 
histones.4,8-22

Recently, some insight in the function of SAP was obtained in mice that were 
made deficient  by targeted disruption of the gene coding for SAP. The majority of 
these  SAP-deficient  mice  appeared  to  develop  antinuclear  antibodies,  which  was 
interpreted as evidence that SAP is controlling the degradation of chromatin in vivo.23 

Moreover, it was postulated that SAP bound to apoptotic cells via chromatin fragments 
exposed on the blebs of  these cells.  The formation of  chromatin-bearing blebs on 
apoptotic cells occurs in a late stage of apoptosis, when these cells become leaky. 
These cells often are referred to as late apoptotic or secondary necrotic cells. Earlier 
in the apoptotic process, when the integrity of the membrane is still intact, changes in 
membrane  phospholipids  occur.24-27 In  normal  cells,  phospholipids  are  distributed 
asymmetrically between the inner and outer leaflet of the membrane. In those cells, 
most aminophospholipids, that is phosphatidylserine (PS) and to a lesser extent, PE, 
are located in the inner leaflet of the plasma membrane.28-31 One of the earliest events 
during apoptosis is the loss of this asymmetry, leading to the exposure of PS and PE 
on the outer leaflet, a phenomenon called membrane flip-flop.32 

As SAP can bind to PE, it can be hypothesised that this pentraxin may bind to 
apoptotic cells as soon as their membranes are flip-flopped. As there are no studies 
regarding the precise ligands for SAP on apoptotic cells, we studied binding of SAP to 
EACs and LACs as well as to erythrocytes incubated with Ca-ionophore as a model 
for flip-flopped membranes. Our results indicate that SAP can bind to both EACs and 
LACs independent of chromatin.

Materials and methods

Materials
Phosphorylethanolamine (PrE, a PE analogue) and phosphorylcholine (PrC, a 

phosphatidylcholine,  PC  analogue)  were  obtained  from  Sigma  (St.  Louis,  MO). 
Streptavidin-phycoerythrin  (strep-PE)  was  obtained  from  Becton  Dickinson 
Immunocytometry System (Mountain View, CA), Streptavidin-allophycocyanin (strep-
APC) was obtained from Pharmingen (San Diego,  CA).  Propidium iodide (PI)  was 
purchased  from Calbiochem (La  Jolla,  CA)  and  annexin  V-FITC  from Boehringer 
Ingelheim (Ingelheim, Germany) 

Recalcified plasma
Blood was collected from healthy volunteers in siliconised tubes containing 

sodium  citrate  at  a  final  concentration  of  10  mM.  Plasma  was  separated  by 
centrifugation at 1300 x g for 10 min at 4°C, supplemented with CaCl2 to yield a final 
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concentration of 10 mM, and incubated for 10 min at 37°C followed by 30 min at 4°C. 
Hereafter, a clot had formed that was removed by centrifugation at 1300 x g for 10 min 
at 4°C. The supernatant (recalcified plasma) was stored in aliquots at -70°C until use.

Purification of SAP
Human  SAP  was  purified  from  normal  human  plasma  by  affinity  column 

chromatography as described by Ying et al.33 In brief, recalcified plasma was applied 
to a Bio-Gel A 0.5-M column (Bio-Rad Laboratories, Hercules, CA) equilibrated with 
veronal-buffered saline, pH 7.4, containing 10 mM CaCl2 and 2 mM MgCl2 (VB++). The 
column  was  washed  extensively  with  the  same  buffer,  and  SAP was  eluted  with 
veronal-buffered  saline  containing  10  mM  EDTA  (VBEDTA).  Purity  of  SAP  was 
determined by SDS-PAGE (12.5%, w/v). The purified protein gave a single band of Mr 
» 25,000 under reducing conditions. Human SAP also was purchased from Sigma. On 
SDS-PAGE  under  reducing  conditions,  purified  SAP  migrated  as  a  single  band 
comparable  to  commercial  protein.  In  immunoblotting  experiments  with  rabbit 
antiserum directed against human SAP, either preparation of SAP yielded a single 
band of Mr » 25,000 Da.

Antibodies
Rabbit  antiserum against  human  SAP was  made  by  repeated  injection  of 

rabbits with SAP. Polyclonal anti-human SAP antibodies (PaSAP) were purified from 
the  serum  by  affinity  column  chromatography:  SAP  was  covalently  coupled  to 
cyanogen  bromide-activated  Sepharose  4B  (Pharmacia  Fine  Chemicals,  Uppsala, 
Sweden); rabbit serum was passed through the column and recycled three times; the 
column then was washed with PBS, pH 7.4, until A280 nm was <0.01. PaSAP was 
eluted with 0.1 M glycine-HCl, pH 2.5, and dialysed against PBS. PaSAP was also 
purchased  from Dako  (Carpinteria,  CA).  Mouse monoclonal  antibodies  specific  for 
human SAP were prepared by fusing spleen cells from mice immunised with purified 
SAP and the mouse myeloma cell line SP2/0 Ag according to established procedures. 
Culture supernatants were screened by ELISA with a rat monoclonal antibody specific 
for  mouse  k-L  chain  as  catching  antibody,  in  combination  with  biotinylated  SAP 
followed by streptavidin-HRP.  Positive  clones were  subcloned by repeated limiting 
dilutions. All monoclonal antibodies were purified from culture supernatant by affinity 
chromatography on protein-A Sepharose (Pharmacia).  Antibodies were biotinylated 
with  LC-biotin-n-hydroxysuccinimide  ester  (Pierce,  Rockford,  IL)  according  to 
instruction of manufacturer.

Depletion of SAP from plasma
SAP-depleted plasma was prepared by passage of recalcified plasma over a 

Bio-Gel A  0.5-M column equilibrated with VB++ at 4°C. To ensure that trace amounts 
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of  SAP also  were  removed,  this  procedure  was repeated  once.  By a  quantitative 
ELISA performed with monoclonal anti-human SAP (aSAP-14) as a coating antibody 
and biotinylated PaSAP as a detecting antibody, it was established that this depleted 
plasma contained less than 1% of the normal plasma level of SAP.

Induction of membrane flip-flop in erythrocytes
Human  erythrocytes  were  isolated  from fresh  heparinised  whole  blood  by 

centrifugation at 1300 x  g for 10 min, cleared from buffy coat, and washed carefully 
with  sterile  isotonic  saline to remove plasma and contaminating white  blood cells. 
Erythrocytes then were treated with ionomycin (Sigma) to induce exposure of PS in 
the outer leaflet  of the membrane as described by Test  and Mitsuyoshi.34 In brief, 
erythrocytes were incubated in TBS supplemented with 0.2% w/v glucose and 1 mM 
CaCl2 for 5 min at 37°C. Then ionomycin was added at a final concentration of 4 mM 
and the cells were further incubated for 1 h at 37°C. Thereafter, an equal volume of 
TBS containing 1 mM CaCl2 and 2%, w/v, BSA was added to the mixture, which then 
was incubated for 15 min at 37°C. The cells then were pelleted, washed once with the 
same buffer, and finally washed and resuspended with TBS containing 1 mM CaCl2 

without BSA.

Cell lines and cell culture
Jurkat (a human T lymphocytic leukaemia cell line), SKW, and Raji cells (both 

Burkitt lymphoma B cell  lines) were cultured in IMDM containing 5% v/v FCS (Life 
Technologies, Grand Island, NY), penicillin-streptomycin (Life Technologies), 20 μg/ml 
transferrine (Sigma), and 50 μM 2-mercaptoethanol. Cells were cultured at 37°C in a 
humidified 5% CO2 atmosphere. 

Isolation of human neutrophils and preparation of cytoplasts
Human neutrophils were purified from heparinised peripheral blood as follows: 

mononuclear cells and platelets were separated by density-gradient centrifugation on 
isotonic  Percoll  with  a  specific  gravity  of  1.078  mg/ml  at  room  temperature. 
Contaminating erythrocytes were lysed by ice-cold isotonic NH4Cl solution (155 mM 

NH4Cl, 10 mM KHCO3, and 0.1 mM EDTA, pH 7.4). After centrifugation, the pellet was 
washed twice and resuspended in IMDM containing 5% human SAP-depleted plasma 
instead of FCS to prevent binding of bovine SAP to the cells. Neutrophil cytoplasts 
were prepared from isolated neutrophils of healthy persons as described by Roos et 
al.35.
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Apoptosis induction
Apoptosis was induced in Jurkat cells (5x106 cells/ml) by incubation with 100 

μM etoposide (Sigma) or 5 μg/ml anti-CD95 for 5 h (to obtain EACs) or 20 h (to obtain 
LACs), respectively. SKW or Raji cells were triggered to apoptosis by incubation with 
either 100 μM etoposide or 100 μM cyclohexamide (Sigma) for the same duration as 
Jurkat cells. Apoptosis induction always was done in the absence of FCS to prevent 
FCS-derived SAP from interfering.  Therefore,  cells  were washed carefully with the 
culture medium without FCS before apoptosis induction and suspended in the same 
medium. Apoptosis in isolated neutrophils was induced by culturing the cells in IMDM 
containing  5% human SAP-depleted  plasma for  24  h.  Apoptosis  of  the  cells  was 
assessed  by  analysis  of  morphological  changes  under  light  microscope  and  by 
staining with  annexin V and PI  in cytometry.  Prepared cytoplasts were cultured in 
IMDM overnight to induce “apoptosis” in these enucleated cells.

Binding of SAP to cells
Vital and apoptotic cells were washed with IMDM and distributed in 96-wells 

microtiter plates (2x105 cells/well). The cells then were centrifuged at 1000 x  g for 2 
min, and the pellets were resuspended in 100 ml of IMDM containing varying amounts 
of plasma or purified SAP and incubated for 30 min at 37°C. Cells were washed four 
times with HEPES buffer (10 mM HEPES, 150 mM NaCl, 5 mM KCl, 1.8 mM CaCl2, 1 

mM  MgCl2,  pH  7.4  containing  0.5%  BSA).  Binding  of  SAP  was  detected  by  a 
subsequent incubation with either biotinylated PaSAP or aSAP-14 (5 μg/ml in HEPES 
buffer, final volume 50 ml) for 30 min at 4°C. The cells were washed three times with 
HEPES buffer and stained with annexin V-FITC (final dilution 1/1500) and strep-PE 
(final dilution 1/150) in the same buffer, final volume 50 ml, for 20 min at 4°C in the 
dark.  Binding  assays  also  were  performed  with  cells  incubated  with  5  μg/ml 
biotinylated SAP in HEPES buffer following the same procedure described above. 

Binding  of  SAP  cells  also  was  tested  by  mixing  vital,  EACs  and  LACs. 
Thereafter, the mixture was washed and incubated for 30 min with 50% recalcified 
plasma or  20  μg/ml  purified  SAP in  IMDM at  37°C.  After  extensive  washing  with 
HEPES buffer, cells were incubated for 30 min with biotinylated aSAP-14 (5 μg/ml in 
HEPES buffer,  final volume 50 ml) at 4°C. The cells were washed four times with 
HEPES and stained for 15 min at 4°C in the dark with strep-APC (final dilution 1/750) 
and  annexin  V-FITC (final  dilution  1/1500)  in  HEPES  buffer,  final  volume  50  ml, 
followed  by  four  washes  and  PI  staining  (final  concentration  500  ng/ml)  before 
analysing  of  the cells  by  FACS.  Binding  of  SAP to  neutrophils  or  cytoplasts  was 
analysed in  similar  experiments except  that  the Jurkat  cells  were  replaced by the 
appropriate  cells.  In  case  cytoplasts  were  analysed,  permeability  of  the  cells  was 
assessed  with  a  cytoplasmic  protein  P67  antibody  as  an  indicator  for  loss  of 
membrane integrity followed by a FITC-labelled second antibody (as an alternative for 
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PI). As this prevented the use of annexin V-FITC, merocyanin 540 (final concentration 
20 μg/ml; Sigma) was applied as a marker for membrane flip-flop. Binding of SAP was 
determined  with  biotinylated  monoclonal  and  strep-APC  as  described  above.  To 
confirm calcium dependency of the binding of SAP, recalcified plasma at the same 
indicated dilutions was preincubated either with or without 10 mM EDTA for 30 min at 
37°C before incubation with vital or apoptotic cells. The experiments were completed 
as described above. As other tests for specificity, recalcified plasma was preincubated 
for  30  min  at  37°C  with  varying  concentrations  of  PrE  (0–40  mg/ml),  PrC  (0–40 
mg/ml),  or histones (H1, H2a, H2b, H3, or H4; 0–40  μg/ml) before incubation with 
cells. Binding of SAP to apoptotic cells deprived of nucleic acids was investigated by 
incubating  late  apoptotic  cells  for  60  min  at  37°C with  different  concentrations  of 
DNAseI I (0–250 μg/ml; Sigma), with or without RNAse (0–500 μg/ml; Sigma), before 
incubation  with  recalcified  plasma.  Complete  digestion  of  DNA  and  RNA  was 
assessed by PI  staining of  the cells with  either fluorescence microscopy or FACS 
analysis. 

FACS analysis
Binding of annexin V-FITC or SAP was measured by flowcytometry. Leakage 

of the cells was assessed by staining with PI. After appropriate incubations, the cells 
were  finally  washed,  and  relative  fluorescence  intensity  was  measured  with  a 
flowcytometer  (FACScan;  Becton  Dickinson).  Experiments  including  strep-APC 
intensity were performed with a FACSCalibur (Becton Dickinson).

Confocal laser scanning microscopy
EACs, LACs or mixed apoptotic cells were incubated with 50% v/v recalcified 

plasma in IMDM for 30 min at 37°C. After washing with washing buffer (HEPES buffer 
containing 2% BSA), the cells were incubated with 5 μg/ml aSAP-14 in washing buffer 
for 30 min at 4°C, washed, and stained with annexin V-FITC (diluted 1/1500) and 20 
μg/ml  Alexa568-conjugated  goat  anti-mouse  antibody  (Molecular  Probes,  Eugene, 
Oregon) in the same buffer for 20 min at 4°C in the dark. At the end of incubation, the 
cells  were transferred to  poly-L-lysine-coated microscope slides (Sigma) and fixed 
with 1% paraformaldehyde for 10 min. Images were recorded with a Zeiss LSM 510 
confocal laser scanning microscope (Zeiss, Oberkochen, Germany) using appropriate 
filter settings.

Results

Binding of SAP to apoptotic cells
Based on annexin V-FITC and PI binding, cells can be divided into vital, EACs 

and LACs (fig 1A). To analyse binding of SAP to vital cells, EACs and LACs within one 
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experiment,  populations  of  these  cells  were  mixed  and  incubated  with  recalcified 
plasma. Bound SAP was detected by incubation with biotinylated aSAP-14 and strep-
APC. As shown in figure 1B, SAP did not bind vital cells, whereas strong binding was 
observed to LACs. EACs bound SAP as well  (fig.  1B), although they showed less 
intensity than LACs. Similar binding patterns were observed when PaSAP were used 
instead of aSAP-14. In experiments not shown here, we established that this binding 
was optimal  with  50% of  recalcified plasma at  30 min of  incubation,  the time and 
dilutions that were used in additional experiments

Figure 1. Binding of SAP to vital, early, and late apoptotic Jurkat cells. 
Early and late apoptotic Jurkat cells were mixed and incubated in IMDM with or without 50% (v/v) recalcified 
plasma and subsequently incubated with biotinylated mAb aSAP-14. Thereafter,  cells were stained with 
annexin V-FITC, PI, and streptavidin-allophycocyanin. Based on annexin V-FITC and PI staining, the cells 
were  divided to three different  populations (A).  Histograms show binding of  SAP to each population  in 
presence (B) or absence (C) of recalcified plasma.

 Binding of SAP to other cells
To investigate specificity of binding for apoptotic cells, we also tested SKW 

and Raji  cells (both Burkitt  lymphoma B cell  lines) as well  as isolated neutrophils. 
Apoptosis was induced by incubation with etoposide or cyclohexamide for cell lines 
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and  24  h  culture  for  neutrophils  as  described.  Binding  of  SAP to  early  and  late 
apoptotic SKW, Raji, and neutrophils was observed, similar to Jurkat cells (data not 
shown).

Specificity of the binding of SAP to apoptotic cells
Specificity of the binding of SAP to apoptotic cells (Jurkat as well as SKW and 

Raji) was demonstrated in several ways:
– Binding of purified SAP. Binding of SAP was tested by incubating apoptotic or vital 
cells with the purified protein instead of recalcified plasma. A dose-dependent binding 
of purified SAP was observed only to the apoptotic cells (fig. 2). The same results 
were  observed  when  biotinylated  SAP  was  used  instead  of  purified  SAP  and 
biotinylated antibodies (data are not shown).
– Incubation with SAP-depleted plasma. Cells were incubated with 50% v/v recalcified 
plasma either depleted or not for SAP, as described. The results showed the absence 
of SAP binding to EACs and LACs with SAP-depleted plasma. Supplementing the 
SAP-depleted plasma with purified SAP again resulted in fixation of this protein to 
apoptotic cells (fig. 3). These results indicated that the observed SAP binding was not 
due to aspecific binding of the anti-SAP antibodies to the cells.
–  Binding  in  presence  of  EDTA.  Binding  of  SAP  to  various  ligands  is  calcium-
dependent (3, 16). Incubation of apoptotic cells with recalcified plasma in the presence 
of 10 mM EDTA resulted in a decreased binding of SAP to apoptotic cells, i.e., from a 
median fluorescence intensity (MFI) of 1950 - 4530 for LACs and from 28 - 140 for 
EACs (MFI for vital cells was 27; n = 3). Furthermore, SAP could be dissociated from 
apoptotic cells by incubation with EDTA (results not shown).

Figure 2. Dose-response curves of binding of SAP to cells.
The combination of  vital,  early and late apoptotic  Jurkat  cells was incubated with increasing amount  of 
purified SAP followed by biotinylated mAb aSAP-14.  Then cells were stained with annexin-V FITC, PI and 
strep-APC. (A) Binding to early apoptotic cells. (B) Binding to late apoptotic cells.  Binding to vital cells is 
indicated in both panels, and curves represent Median Fluorescence Intensity (MFI) (n = 4).
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Figure 3. Specificity of binding of SAP to vital, early apoptotic and late apoptotic cells. 
Vital,  early  and late apoptotic  Jurkat  cells were  mixed and incubated with 50% (v/v) normal  recalcified 
plasma (left bar of each panel), SAP-depleted plasma (middle left bar), SAP depleted plasma reconstituted 
with purified SAP (middle right bar), or medium alone (right bar). Binding of SAP to cells was detected with a 
biotinylated monoclonal anti-SAP Ab. Identification of vital or early or late apoptotic cells was as described 
in fig. 1. Columns indicate MFI (n = 2).

Ligands for SAP on apoptotic cells
Because of its specificity for PE, SAP may bind to the flip-flopped membrane 

of apoptotic cells, but because of its specificity for nuclear materials, such as histones 
and DNA, it also may bind intracellularly to nucleosomes and other chromatin material. 
To determine whether SAP binding to apoptotic cells was attributable to interaction 
with  flip-flopped  membrane  or  with  other  (intracellular)  structures,  we  did  several 
experiments. First, we studied binding of SAP to erythrocytes that had been induced 
to undergo a membrane flip-flop by incubation with  ionomycin.  We presumed that 
binding to these cells would occur via the membrane only, because these cells lack a 
nucleus. Indeed, SAP bound to annexin V-positive erythrocytes (fig. 4). The intensity 
of staining was considerably less than that observed with LACs and comparable to 
that observed with EACs. Additional experiments revealed that the binding of SAP to 
the flip-flopped erythrocytes was inhibited by EDTA or PrE. To expand the role of PE 
as a ligand for SAP on apoptotic cells, the mixture of EACs and LACs was incubated 
with  plasma  preincubated  with  or  without  increasing  amounts  of  PrE  or  PrC,  as 
described. Complete inhibition of SAP binding to EACs and significant inhibition to 
LACs was observed only after preincubation with PrE and not with PrC (fig. 5). The 
difference in binding between EACs and LACs may be because of binding of SAP to 
different  intracellular  structures.  To  evaluate  the  possibility  of  chromatin  as  the 
intracellular binding site for SAP in LACs, late apoptotic Jurkat cells were incubated 
with  DNAse and RNAse before incubation with plasma.
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Figure 4. Binding of SAP to flip-flopped erythrocytes.
Normal or flip-flopped erythrocytes were incubated with culture medium with or without 50% (v/v) recalcified 
plasma or 20 μg/ml purified SAP. Binding was detected with mAb directed against SAP. annexin V-FITC is 
on the x-axis and biotinylated anti-SAP-14 followed by streptavidin-phycoerythrin is on the y-axis.

Figure 5. Inhibition of binding of SAP to cells by PE. 
Normal recalcified plasma, 50% (v/v), was preincubated with or without indicated amounts of PrE or PrC (as 
a  control)  before  incubation  with  a  combination  of  early  and  late  apoptotic  cells.  Binding  of  SAP was 
detected with monoclonal anti-SAP. (A), Inhibition of the binding to late apoptotic cells after preincubation of 
plasma with indicated concentrations of PrE (mg/ml). Dashed line indicates binding of SAP to vital cells and 
bold line shows binding to late apoptotic cells in the absence of PrE. (B) Partial inhibition of the binding to 
late  apoptotic  cells.  (C)  Complete  inhibition  to  early  apoptotic  cells  after  incubation  with  PrE,  each 
expressed as MFI. O in (B) and (C) represent the MFI for vital cells in presence of 40 mg/ml PrE.
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Figure  6.  Neither  DNAse/RNAse  treatment  of  cells  nor  preincubation  of  plasma  with  histones 
abolishes binding of SAP to apoptotic cells. 
(A) Late apoptotic Jurkat cells were treated with 250 μg/ml DNAse and 500 μg/ml RNAse before incubation 
with plasma. SAP binding (A, right)  was assessed with biotinylated mAb. Hatched bars present  MFI of 
untreated cells, dark bars show MFI after DNAse / RNAse treatment. PI staining is shown in A, left. (B), 
Effect of soluble histones on binding of SAP to apoptotic cells. Recalcified plasma was preincubated with 
different amounts of histones (H1, H2a, H2b, H3, and H4), and then incubated with cells. The graph shows 
MFI of binding of SAP to vital (left), early (middle), and late apoptotic cells (right) after preincubation with or 
without  40  μg/ml  of  the  indicated  histones.  The experiments  in  (A)  and  (B)  were  repeated  twice  with 
comparable results.

After treatment with DNAse/RNAse, LACs showed remarkably reduced binding of PI, 
whereas the binding of SAP was not affected by this treatment (fig. 6A). In addition, 
preincubation of recalcified plasma with different amounts of histones (H1, H2a, H2b, 
H3, or H4) as other possible ligands for SAP resulted in no inhibitory effect on binding 
to EACs and LACs (fig. 6B). Neutrophil cytoplasts are enucleated cells consisting of a 
plasma  membrane,  cytoplasm,  and  some  endoplasmic  reticulum.  Enucleation  is 
achieved  by  separation  of  karyoplasts  from  neutrophils  via  specific  gravity 
centrifugation.35 The composition of surface antigens of neutrophil  cytoplasts is the 
same  as  intact  neutrophils.  Because  cytoplasts  have  a  similar  cell  membrane  as 
nucleated neutrophils but are devoid of nuclear material, we examined binding of SAP 
to cytoplasts to establish the contribution of chromatin to the observed binding of SAP 
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to  apoptotic  cells.  Staining of  the  cytoplasts  with  merocyanin  540 and anti-p67 to 
assess membrane flip-flop and leakiness revealed three populations of cells, i.e., non-
flip-flopped  (P1),  flip-flopped  but  not  leaky  (P2),  and  flip-flopped/leaky  cells  (P3), 
corresponding to vital, EACs and LACs, respectively. SAP appeared to bind strongly 
to the flip-flopped/leaky population, whereas the binding to the flip-flopped/non-leaky 
cells was much weaker but twice as much as that to the non-flip-flopped cytoplasts 
(fig. 7). The experiments with purified histones and DNAse/RNAse treatment, as well 
as the experiments with neutrophilic cytoplasts did not point to chromatin as the main 
ligand for SAP in LACs. To further examine this, binding of SAP to apoptotic cells also 
was studied with a confocal laser microscope. A combination of the cells incubated 
with etoposide for 5 or 20 h was incubated with 50% recalcified plasma followed by 
incubation with monoclonal anti-SAP antibodies. The cells were stained with annexin 
V-FITC and Alexa568-conjugated streptavidin. In control experiments, cells incubated 
without plasma were found to be negative for red staining (fig. 8A). Subsequent to 
incubation with plasma, the majority of the annexin V-FITC positive cells appeared to 
bind SAP (fig. 8B). Each population was tested separately as well. Cells incubated for 
5 h with etoposide predominantly showed a patchy binding of annexin V-FITC and 
SAP  (fig.  8C-E).  Fluorescent  intensity  predominantly  occurred  in  clusters  on  the 
surface of the cells, some clusters being positive for both reagents. Cells incubated 
with etoposide for 20 h showed nuclear staining for SAP as well as membrane staining 
(fig. 8F-H). Vital cells showed neither staining for annexin V-FITC nor SAP (results not 
shown)

Figure 7. Binding of SAP to cytoplasts.
Cytoplasts were prepared from neutrophils and incubated for 24 h in IMDM. Then the cells were incubated 
with  50% recalcified  plasma (RP)  or  20  μg/ml  purified  SAP followed by  biotinylated  mAb aSAP-14 as 
described.  For  evaluation  of  binding  of  SAP  via  flip-flopped  membrane,  cytoplasts  were  stained  with 
merocyanin 540 (as a marker for flip-flop of membrane), a rabbit Ab against cytosolic protein p67 followed 
by a FITC-labelled goat anti-rabbit Ab (as an indicator for loss of membrane integrity), and streptavidin-
allophycocyanin for detecting binding of  SAP. Based on staining with merocyanin 540 and anti-p67 Ab, 
cytoplasts were divided in three populations: P1, cytoplasts negative for either merocyanin 540 or anti-P67, 
i.e., comparable with viable cells (left); P2, cytoplasts only positive for merocyanin 540, i.e., comparable with 
early apoptotic cells (middle); and P3, cytoplasts positive for both dyes, i.e., comparable with late apoptotic 
cells (right). Bars represent MFI of binding of SAP to each population (n = 2).
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Figure 8. Localization of SAP bound to apoptotic cells.
Apoptotic Jurkat cells were incubated with 50% (v/v) recalcified plasma followed by incubation with mAb 
aSAP-14. The cells were stained with annexin V coupled to FITC and Alexa568-conjugated goat anti-mouse 
Ab. Top, Staining of a mixture of apoptotic cells incubated with etoposide for 5 or 20 h, after incubation with 
medium (A) or plasma (B). Middle, Predominant picture after 5 h of incubation. Bottom, Main staining of 
apoptotic cells after 20 h incubation at higher magnifications. annexin V is visualized in green (C and F), 
SAP staining in red (D and G), and colocalisation in yellow (E and H). Note binding of SAP to bleb-like 
structures of apoptotic cells.
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Discussion

The function of human SAP, a member of the pentraxin family of proteins, is 
unknown. In the present study,  we provide evidence that SAP, either in recalcified 
plasma or purified, binds to apoptotic, but not to normal, Jurkat, Raji, or SKW cells. 
Moreover,  binding  of  SAP  was  more  pronounced  to  LACs,  compared  to  EACs. 
Experiments with purified SAP confirmed that binding of SAP in plasma to apoptotic 
cells did not occur via other plasma components. A recent study has demonstrated 
binding of CRP, a homologue of SAP, to apoptotic tumour cell lines.36 Binding of CRP 
to apoptotic non-tumour cells was not mentioned in that study. Here we demonstrate 
binding of SAP to flip-flopped erythrocytes as well  as to flip-flopped cytoplasts (see 
figs. 4 and 7). In addition, we have observed binding of SAP to flip-flopped neutrophils. 
Hence, these data rule out the possibility that SAP binds exclusively to tumour cell 
lines and not to normal cells. To establish that SAP indeed binds to apoptotic cells via 
PE  exposed  in  the  flip-flopped  membrane,  we  also  studied  binding  of  SAP  to 
erythrocytes. Membrane flip-flop was induced by increasing the intracellular calcium 
concentration.34 Indeed most erythrocytes incubated with calcium-ionophore stained 
positively for annexin V, a well-established marker for membrane flip-flop.32,37 SAP was 
found to bind to flip-flopped, but not to normal, erythrocytes. This binding was specific, 
as it  was observed with different SAP preparations, dependent on the presence of 
calcium, and it was inhibited by PrE. The binding of SAP to flip-flopped erythrocytes 
much resembled that to EACs. Altogether, these data led us to conclude that SAP 
binds to EACs via PE exposed in the outer leaflet of the membrane. 

We consistently found that SAP bound to LACs with a higher affinity compared 
to EACs or flip-flopped erythrocytes. The difference in binding affinity between EACs 
and  LACs  may  be  attributable  to  presence  of  additional  ligands  on  LACs  like 
chromatin,  or alternately  an enhanced exposure of  PE on these cells.  On double-
staining of LACs with PI and SAP, it appeared that most cells that had taken up PI, 
indicating that these cells were leaky, strongly bound SAP. Considering the specificity 
of SAP for DNA, histones, and chromatin, it hence can be speculated that SAP bound 
to nucleosomes disposed in the blebs of apoptotic cells or pass through the cells and 
bind to nucleus.18-22 To investigate this, we used confocal laser scanning microscopy. 
This  approach revealed that  SAP predominantly  bound to  membranes of  bleb-like 
structures on the apoptotic cells, although in some apoptotic cells nuclear staining was 
observed next to membrane clusters. Treatment of the LACs with DNAse and RNAse 
to digest DNA and RNA or preincubation of plasma before incubating those cells with 
various histones did not decrease binding of SAP to LACs, whereas preincubation 
with PrE showed complete inhibition of the binding to EACs and a significant inhibition 
of that to LACs. Experiments with neutrophil cytoplasts, which are devoid of nuclear 
material,35 also  showed  restricted  binding  of  SAP  to  flip-flopped  cytoplasts  and 
strongly to cytoplasts staining with an antibody specific for the cytoplasmic protein 
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P67, which reflects loss of membrane integrity. Hence, although we cannot exclude 
the possibility that SAP binds to nucleosomes as well, we suggest that the stronger 
binding of SAP to LACs was, at least in part, attributable to binding to the flip-flopped 
membranes  of  apoptotic  blebs.  Notably,  strong  binding  of  CRP  also  has  been 
postulated to occur mainly to blebs.36

Previously, we have hypothesised that another pentraxin, CRP, binds to flip-
flopped membranes in particular when these membranes contain lysophospholipids, 
lyso-PC    in  particular.  Lyso-PC  is  formed  by  the  hydrolytic  action  of  secretory 
phospholipase A2.38 A similar behaviour of SAP would explain its preferential binding 
to  blebs  on  apoptotic  cells:  because  of  the  small  diameter  of  the  ethanolamine 
headgroup of PE.   PE may be more easily accessible in the flip-flopped membrane of 
these structures than in the planar membranes of EACs.

Several mechanisms have been suggested for the clearance of apoptotic cells 
by  phagocytes  including  direct  recognition  via  specific  PS  receptors,  lectin-like 
receptors,  and  thrombospondin-dependent  vitronectin  receptors.39-42 Bound  to  a 
ligand, SAP, as well as its homologue CRP, can bind to C1q and activate the classical 
complement pathway.3,10 Therefore,  our  results  are consistent  with  a scenario  that 
apoptotic  cells  either  via  direct  interaction  of  the  blebs  with  C1q  or  indirectly  via 
fixation  of  SAP and  CRP  can  activate  complement.43 Hence,  we  suggest  that  in 
addition to the mechanisms just mentioned, apoptotic cells may also be cleared via 
opsonisation with complement. Recent studies in mice made deficient for SAP or C1q 
by  targeted  gene  disruption  support  this  idea:  these  mice  have  a  high  risk  for 
developing  systemic  lupus  erythematosus,  a  disease  which  likely  results  from 
impaired clearance of apoptotic cells and subsequent exposure of the immune system 
to nucleosomes. 23,44,45 Currently, we are investigating whether SAP bound to apoptotic 
cells indeed can activate complement. In conclusion, our study demonstrates that SAP 
can bind to cells in the early stage of apoptosis, presumably via PE exposed in flip-
flopped membranes. This data suggest that SAP may be involved in the clearance of 
these cells in vivo.
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Abstract

β2-glycoprotein-I  (β2GPI),  serum  amyloid  P  component  (SAP),  C-reactive 
protein (CRP) and mannan binding lectin (MBL) bind to apoptotic cells and promote 
apoptotic cell clearance. Aberrant binding of these proteins could impair apoptotic cell 
clearance and ongoing exposure to apoptotic cells could provoke autoimmunity and 
SLE.

We determined plasma levels of β2GPI, SAP, CRP and MBL with ELISA in 
plasma of  healthy donors and SLE patients  and investigated the binding of  these 
proteins to apoptotic cells with specific antibodies 

β2GPI  plasma levels  were  significantly  lower  in  SLE plasma compared  to 
healthy donor plasma, whereas SAP, CRP and MBL levels  were comparable. The 
binding of β2GPI and SAP to early apoptotic cells (EACs) after incubation with healthy 
donor or SLE plasma was comparable, whereas CRP and MBL binding were absent. 
Secondary necrotic, late apoptotic cells (LACs), showed significantly increased β2GPI 
and  SAP  binding  compared  to  EACs  and  modest  CRP  binding  was  observed, 
whereas MBL binding was absent. Binding of  SAP and CRP to LACs was slightly 
higher after incubation with SLE plasma compared to healthy donor plasma. 

We  conclude  that  the  binding  of  β2GPI,  SAP  and  CRP  to  LACs  after 
incubation with SLE plasma is not aberrant.

Introduction

Unwanted and senescent cells undergo a process of programmed cell death 
or apoptosis. An early feature in this apoptotic process is the loss of cell membrane 
asymmetry.  The  interior  bilayer  phospholipids  phosphatidylserine  (PS)  and 
phosphatidylethanolamine  (PE)  are  externalised  in  exchange  with  exterior 
phosphatidylcholine (PC), a phenomenon known as membrane flip-flop.1,2  Expression 
of  PS  triggers  recognition  and  engulfment  of  the  apoptotic  cell  by  professional 
macrophages  as  well  as  amateur  phagocytes  (endothelial  cells,  epithelial  cells, 
fibroblasts).3-6 

Defective clearance of apoptotic cells will result in secondary lysis and release 
of intracellular antigens. Exposure to intracellular antigens may provoke the production 
of autoantibodies and systemic autoimmune disorders, such as SLE.7,8 Macrophages 
of SLE patients display defective phagocytosis of apoptotic cells and an increased 
amount of circulating apoptotic cells is found in these patients.9,10  Mice deficient in 
classical pathway complement also display impaired phagocytosis of apoptotic cells 
by macrophages and these mice spontaneously develop an SLE-like syndrome that is 
characterised by accumulation of apoptotic debris in nephritic glomeruli.11,12 
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Though a role for complement in apoptotic cell  clearance has been clearly 
established, various other plasma proteins, notably proteins that bind to phospholipids, 
may contribute to apoptotic cell clearance. PS and PE-binding proteins that belong to 
such  diverse  groups  as  apolipoproteins  (β2GPI),  pentraxins  (serum  amyloid  P 
component;  SAP,  C-reactive  protein;  CRP)  and  collectins  (mannan  binding  lectin; 
MBL) bind to  apoptotic cells.13-16  Binding of  these proteins promote apoptotic cell 
clearance via scavenger receptors such as  LDL-receptor related protein-1 (LRP-1) / 
CD91 complex  (β2GPI)  ,  LRP-2 (β2GPI),  Fc-receptors  (SAP and CRP),  mannose 
receptors  (SAP)  and  the  calreticulin/CD91  complex  (MBL).17-21  Consequently,  a 
deficiency or defective binding of phospholipid-binding proteins to apoptotic cells may 
contribute to defective clearance of apoptotic cells and to development of SLE.22-24 

In this study we compared plasma levels and binding capacity of β2GPI, SAP, 
CRP and MBL to early apoptotic cells (EACs) and late apoptotic cells (LACs) after 
incubation with plasma from healthy donors and SLE patients.

Material and methods

Material
Rabbit  polyclonal antibodies specific for β2GPI, SAP and CRP, and mouse 

monoclonal  antibodies  specific  for  SAP,  CRP  and  MBL  were  developed  in  our 
laboratory.14,25,26  Mouse anti-human β2GPI was obtained from Kordia (Leiden, The 
Netherlands). ELISA buffer (High Performance ELISA dilution buffer) and streptavidin-
horse radish peroxidase were obtained from Sanquin (Amsterdam, The Netherlands). 
Etoposide  was  purchased  from  Sigma  (St.  Louis,  MO,  USA),  streptavidin-
allophycocyanin from Pharmingen (San Diego, CA, USA) and annexin V-FITC from 
BenderMed (Vienna, Austria)

SLE patients and controls
Blood was collected from 10 healthy donors and 18 SLE patients who gave 

their informed consent. All patients were female, aged between 19-77 y (mean 40 y) 
and fulfilled the ACR criteria for SLE.27  The SLE disease activity index (SLEDAI) was 
calculated and 3/18 SLE patients experienced a disease exacerbation (defined as a 
SLEDAI score of at least 10).28.

Cell culture and apoptosis induction
Jurkat cells were maintained in culture medium (IMDM containing 5% (v/v) 

foetal calf serum (FCS), 50 μM 2-mercaptoethanol, penicillin and streptomycin, further 
referred to as CM). Before apoptosis induction, cells were washed twice in culture 
medium without FCS (CM-), to prevent binding of FCS proteins to cells. Jurkat cells 
were resuspended in CM- and etoposide (200 μM final concentration) was added for 6 
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hours to obtain EACs or 24 hours to obtain LACs, respectively. The 6-hour and 24-
hour cell cultures were mixed and this mixture was used for FACS analysis.

Recalcified plasma
We favoured the use of plasma instead of serum as serum showed higher 

background  binding  of  immunoglobulins  and  complement,  presumably  due  to  the 
presence of cell debris that is formed during serum production. Since incubation of 
apoptotic cells with citrated plasma is useless as it readily coagulates in the presence 
of apoptotic cells, we used recalcified plasma. Blood was collected in vials containing 
10 mM sodium citrate (final concentration). Plasma was collected after centrifugation 
for 15 min at 3000g and transferred into a glass tube. Then CaCl2 was added (10 mM 
final concentration) and the mixture was incubated for 15 min at 37oC to allow clotting, 
followed by incubation on ice for 30 min for clot contraction. The clot was removed and 
the recalcified plasma was stored at –20oC until further use. 

FACS analysis
The mixed cultures of apoptotic cells were washed twice in culture medium 

without  FCS and transferred to  a  96-well  round  bottom plate  (1x106 cells/ml;  100 
ml/well). Then the cells were pelleted, resuspended, and 100 ml dilutions of recalcified 
plasma in CM- were added to each well, followed by incubation for 60 min at 37oC. 
Thereafter, the cells were washed three times in ice-cold FACS buffer (HEPES 10 mM 
pH 7.2 substituted with NaCl 150 mM, KCl 5 mM, CaCl2 2 mM, MgCl2 2 mM) and 
incubated with 2  μg/ml biotinylated antibody for 45 min at 4oC. Then the cells were 
washed  in  ice-cold  FACS  buffer  and  incubated  with  250  ng/ml  streptavidin-
allophycocyanin and 1:200 diluted annexin V-FITC in FACS buffer for 20 min at 4oC. 
Finally, the cells were washed in FACS buffer and propidium iodide was added (500 
ng/ml  final  concentration).  The  cells  were  immediately  evaluated  with  a  Becton 
Dickinson FACSCalibur (Mountain View, CA, USA). Vital, EACs and LACs were gated 
according to their annexin-V and propidium iodide staining properties (fluorescence 
channel 1-FL1 and fluorescence channel 2-FL2, respectively) and their corresponding 
protein  binding  was  expressed  as  the  median  fluorescence  intensity  (MFI)  of 
allophycocyanin  (fluorescence channel  4-FL4)  on a  logarithmic  scale.  The median 
fluorescence intensity (MFI) of at least 5000 cells was evaluated.

Detection of plasma β2GPI, SAP, CRP and MBL levels
Plasma protein levels were detected with ELISA. In brief, a β2GPI ELISA was 

performed as follows:  96-well  microtiter plates were coated with a polyclonal rabbit 
anti-human β2GPI antibody and incubated with plasma dilutions in ELISA buffer. After 
washing, the plates were incubated with biotinylated monoclonal mouse anti-human 
β2GPI in ELISA buffer. Then the plates were washed and incubated with streptavidin-
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horse radish peroxidase, developed with tetramethylbenzidin and the colour reaction 
was terminated with 2 M H2SO4. SAP and CRP ELISA were performed as described 
previously.14,25 

MBL levels were determined with a functional ELISA. In short, a 96-well plate 
was coated with mannan (10 mg/ml, 100 ml/well) that served as a substrate for MBL. 
After plasma incubation, labelled monoclonal anti-human MBL was used as detecting 
antibody.26

Statistics
To analyse differences between groups, unpaired-t-tests were performed. A 

two-sided p-value < 0.05 was considered to represent a significant difference.

Results

Phospholipid-binding protein binding to apoptotic cells
To determine the binding of phospholipid-binding proteins to cells in various 

stages of apoptosis using flowcytometry, cells were discriminated by their annexin V 
and propidium iodide staining properties.  Firstly,  plasma dose-response curves for 
binding of β2GPI, SAP, CRP and MBL to vital and apoptotic cells were estimated to 
determine  a  suitable  plasma  concentration  for  further  experiments  (fig  1).  Minor 
binding  of  β2GPI  and  SAP to  vital  cells  was  observed  after  incubation  with  50% 
plasma whereas β2GPI and SAP binding to vital cells were absent at lower plasma 
concentrations. Starting from 2% plasma, EACs bound detectable amounts of β2GPI 
and starting from 10% plasma SAP binding was detectable. Binding of CRP and MBL 
to  EACs was absent  even in  the  presence  of  50% plasma.  LACs strongly  bound 
β2GPI  and  SAP and  modest  CRP binding  to  LACs  was  observed  whereas  MBL 
binding  to  LACs  was  virtually  absent  even  after  incubation  with  50% plasma.  As 
binding of β2GPI, SAP and CRP to apoptotic cells was not saturated in 10% plasma, 
we decided to use this concentration for further experiments.

Comparison of healthy donor and SLE plasma binding of phospholipid-binding 
proteins to apoptotic cells

The binding of phospholipid-binding proteins to apoptotic cells may relate to 
their plasma concentrations. Therefore, we determined β2GPI, SAP, CRP and MBL 
levels in plasma of healthy donors and SLE patients (table 1 and fig 2). β2GPI levels 
were somewhat lower in SLE plasma compared to healthy donor plasmas, whereas 
SAP, CRP and MBL levels were comparable (results summarised in table 2). 

Then the binding of protein to apoptotic cells was determined. β2GPI and SAP 
binding to EACs revealed no significant differences after incubation with 10% healthy 
donor or 10% SLE plasma (fig 3A). Binding of CRP and MBL to EACs after incubation 
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Figure 1.  Binding of phospholipid-binding proteins to apoptotic cells. 
Apoptotic cells were incubated with dilutions of recalcified plasma (n=4 healthy donor plasmas) and stained 
with annexin V-FITC, propidium iodide and specific antibodies. Vital cells (white squares), early apoptotic 
cells  (grey  squares)  and  late  apoptotic  cells  (black  squares)  were  discriminated.  Protein  binding  is 
expressed as median fluorescence intensity (MFI) ± SD.

Figure 2.  Levels  of  β2GPI,  SAP,  CRP and MBL in  recalcified plasma of SLE patients (SLE) and 
healthy donors. 
Each  sample  was  performed in duplicate  wells.  Β2GPI  levels  were  significantly  lower  (p=0.01)  in  SLE 
plasma compared to healthy donor plasma.
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* Table 1. SLE patient characteristics

Patient nr Age Gender SLEDAIa β2GPIb SAPb CRPb MBLb

1 37 F 16 147 28 0.2 3.6
2 48 F 2 173 26 1.6 0.5
3 41 F 16 188 62 0.1 0.8
4 39 F 2 178 22 0.2 0.7
5 27 F 0 166 80 0.6 0.3
6 51 F 2 169 64 3.7 1.4
7 77 F 0 165 50 5.7 1
8 33 F 4 176 16 0.1 0.1
9 37 F 4 191 86 8.1 0.2
10 50 F 2 73 60 1.6 1.5
11 44 F 1 179 52 0.8 0.8
12 19 F 0 184 16 0.3 1.2
13 40 F 8 176 70 0.6 0.3
14 50 F 0 180 36 1.4 0.02
15 27 F 0 167 30 0.6 0.9
16 33 F 12 204 44 0.6 3.7
17 30 F 2 193 36 3.3 0.02
18 43 F 2 194 40 1.5 1.8

a All patients with SLEDAI score ≥4 displayed clinical signs of nephritis
b Plasma protein levels in μg/ml

Table 2. Mean plasma levels of β2GPI, SAP, CRP and MBL ± SEM in SLE and healthy 
donor plasmas

Proteina SLE plasma 
(n=18)

Healthy donor plasma 
(n=10)

p-value

β2GPI 174 ± 7 200 ± 4 0.01b

SAP 45 ± 5 52 ± 7 0.45
CRP 1.7 ± 0.5 1.1 ± 0.4 0.37
MBL 1.0 ± 0.3 1.3 ± 0.4 0.49

a protein levels in μg/ml
b significant

with SLE plasmas was absent and comparable to the observations with healthy donor 
plasma.  The binding  of  SAP and  CRP to  LACs  was  almost  two-fold  higher  after 
incubation with  SLE plasmas as compared to  healthy donor plasmas (p=0,03 and 
p=0.049,  respectively;  fig  3B),  though  SAP  and  CRP  plasma  levels  were  not 
significantly different. Although plasma levels of β2GPI were significantly lower in SLE 
plasmas,  the  binding  of  β2GPI  to  LACs  after  incubation  with  SLE  plasmas  was 
comparable to that observed after incubation with healthy donor plasma.

We then  investigated  a  possible  association  between  plasma  levels  and 
plasma protein binding after incubation of LACs with SLE plasma. An association was 
observed with CRP, but no associations were observed with β2GPI and SAP (table 3)
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Figure 3.  Binding of β2GPI, SAP, CRP and MBL to apoptotic cells.
Early apoptotic cells (A) and late apoptotic cells (B)were incubated with 10% SLE plasma (black squares; 
n=18)  or  healthy  donor  plasma  (white  squares;  n=10).  Protein  binding  is  expressed  as  MFI.  Results 
represent two separate experiments.

* significant differences between groups (p < 0.05)

Table 3. Association between plasma protein levels and protein binding to late apoptotic 
cells

Protein
β2GPI rp = 0.12; p=0.66
SAP rp = 0.23; p=0.34
CRP rp = 0.92; p<0.0001
MBLa nc

a nc = not calculated, as MBL binding to late apoptotic cells was not observed
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Discussion

In this study we investigated the binding of β2GPI, SAP, CRP and MBL to 
cells in various stages of apoptosis and we compared binding of these phospholipid-
binding  proteins  after  incubation  with  healthy  donor  or  SLE plasma.  EACs bound 
β2GPI and SAP, whereas CRP and MBL binding were absent. Binding of β2GPI and 
SAP to LACs was strongly increased compared to EACs and modest CRP binding to 
LACs was found, whereas MBL binding was absent. SAP and CRP levels in healthy 
donor and SLE plasma were comparable, though β2GPI levels were significantly lower 
in SLE plasma. The mean binding of SAP and CRP to LACs was two-fold higher after 
incubation with SLE plasmas, whereas β2GPI binding to LACs was comparable after 
incubation with SLE and healthy donor plasma, despite the lower β2GPI levels in SLE 
plasma.  A  higher  disease  activity  (SLEDAI)  is  not  associated  with  higher  plasma 
β2GPI, SAP and CRP levels or with higher protein binding to late apoptotic cells.

EACs express PS and PE, which are ligands for β2GPI and SAP, respectively. 
Indeed, simultaneous incubation of plasma and water-soluble PS or PE analogues 
completely prevented β2GPI and SAP binding to EACs (data not shown). Binding of 
CRP and MBL was not observed suggesting that their respective plasma levels were 
to low or that ligands for these plasma proteins on EAC membranes were absent.

Ongoing  apoptosis  inevitably  results  in  disruption  of  the  cell  membrane, 
thereby allowing plasma proteins to enter the cell and to bind to intracellular contents. 
Increased  exposure  to  membranes  of  cellular  organelles  containing  PS,  PE  and 
cardiolipin moieties result in increased β2GPI and SAP binding and oxidation of PS as 
part  of  the  apoptotic  process  may  further  promote  the  binding  of  β2GPI.13,14,29,30 

Moreover, SAP may bind to chromatin which is exposed by LACs.31

It has been shown that that CRP interacts with chromatin and with lyso-PC or 
oxidised PC which are formed during the apoptotic process.32-34  The exposure of such 
modified PC moieties may explains the binding of CRP to LACs. Binding of CRP to 
LACs was completely inhibited by phosphorylcholine, a water-soluble PC analogue, 
demonstrating  the  specificity  of  CRP  for  PC  (data  not  shown).  Finally,  loosened 
membrane phospholipid  packaging,  membrane blebbing,  altered membrane fluidity 
and loss of cholesterol may have further increased the binding of β2GPI, SAP and 
CRP with phospholipids in the apoptotic cell membrane.

MBL binding to  LACs was absent,  even after incubation with  50% healthy 
donor plasma. This is in contrast to previous studies showing MBL binding to apoptotic 
cells.16,35  Notably,  purified  MBL  was  used  in  these  studies.  We  also  observed 
significant binding of purified MBL (even at physiological concentrations) though it was 
restricted to LACs. The absence of detectable MBL binding to LACs in whole plasma 
suggests that purified MBL may either have different binding characteristics or plasma 
may contain inhibitors of MBL binding. The absence of MBL binding to apoptotic cells 
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is not supporting the hypothesis that MBL is involved in opsonisation of apoptotic cells, 
at least in a whole plasma milieu.

Binding of β2GPI and SAP to EACs after incubation with healthy donor or SLE 
plasma was  comparable.  As observed  with  healthy  donor  plasma,  CRP and MBL 
binding to EACs were absent. The binding of β2GPI to LACs after incubation with SLE 
plasma or healthy donor plasma was also comparable, despite significantly decreased 
β2GPI levels  in plasma of  SLE patients.  Previous studies on the measurement of 
β2GPI in SLE have shown equivocal results.36-40  The lower levels of β2GPI in SLE 
plasmas  may  be  explained  by  the  presence  of  antiphospholipid  antibodies  that 
promote clearance of β2GPI. Alternatively, the levels of β2GPI are erroneously low for 
the reason that binding of antiphospholipid antibodies or other plasma factors may 
have interfered with β2GPI binding in the β2GPI assay. Since β2GPI binding to LACs 
was comparable after incubation with SLE or healthy donor plasma, we presume that 
β2GPI levels in SLE plasma may actually be comparable to healthy donor plasma. 
Interestingly, we could not detect antiphiospholipid antibodies in any SLE plasma (not 
shown

The results of this study may have been influenced by the use of a cell line 
instead of primary human cells. However, Jurkat cells have been used in numerous 
studies as a model for apoptosis and results have in general been comparable to 
primary  cells.  We found  no  associations  between  disease  activity  and  binding  of 
plasma proteins to apoptotic cells, although the number of patients with active disease 
included in our study was low. Recent data have suggested that increased disease 
activity is associated with higher titres of antibodies against SAP, CRP and MBL.41-43 

These antibodies may interfere with the binding of phospholipid binding proteins to 
apoptotic cells. So far, our data suggest that binding of β2GPI, SAP, CRP and MBL is 
independent  from  SLE  disease  activity  and  thus  independent  of  the  presence  of 
antibodies that interfere with protein binding.

The list of proteins that interact with apoptotic cells and promote apoptotic cell 
phagocytosis  is  large  and  still  growing.  Interestingly,  most  of  these  proteins  are 
involved in such diverse processes as haemostasis, lipid metabolism, innate immunity 
and  tissue  homeostasis.  Thrombospondin,  protein  S,  clusterin  (apo  J),  the  long 
pentraxin (PTX3), surfactant proteins A/D, growth arrest specific gene-6 protein and 
MGF-E8 (milk fat globule–EGF factor 8) bind to apoptotic cells and enhance apoptotic 
cell  uptake.  44-50 Preliminary  results  suggest  that  apoptotic  cells  also  bind 
apolipoprotein A1, apo A2 and apo B (data not shown) 

The triple staining method using annexin V, propidium iodide and streptavidin-
allophycocyanin allowed us to investigate protein binding to cells in various stages of 
apoptosis simultaneously. We demonstrated that the binding of β2GPI, SAP and CRP 
to apoptotic cells after incubation with healthy donor or SLE plasma is comparable. 
Membrane  phospholipids  are,  at  least  partly,  responsible  for  the  binding  of  these 
proteins, though other intracellular constituents may also be involved. Previous studies 
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have  shown  that  β2GPI,  SAP,  CRP  and  MBL  are  involved  in  the  clearance  of 
apoptotic cells and that deficiencies of these proteins may result in defective clearance 
of apoptotic cells and development of SLE.13-16,22  In the present study we obtained no 
evidence  that  apoptotic  cell  binding of  β2GPI,  SAP and CRP was disturbed  after 
incubation with SLE patient plasma.
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Abstract

Apoptotic cells activate complement via various molecular mechanisms. It is 
not known which of these mechanisms predominate in a physiological environment. 
Using Jurkat cells as a model, we investigated complement deposition on vital, early 
and  late  apoptotic  (secondary  necrotic)  cells  in  a  physiological  medium,  human 
plasma, and established the main molecular mechanism involved in this activation. 

Upon  incubation  with  recalcified  plasma,  binding  of  C3  and  C4  to  early 
apoptotic  cells  was  similar  to  background  binding  on  vital  cells.  In  contrast,  late 
apoptotic cells consistently displayed substantial binding of C4 and C3 and low, but 
detectable, binding of C1q. Binding of C3 and C4 to the apoptotic cells was abolished 
by EDTA or Mg-EGTA, and also by C1-inhibitor or a monoclonal antibody that inhibits 
C1q binding,  indicating that  complement fixation by the apoptotic cells was mainly 
dependent on the classical pathway. Late apoptotic cells also consistently bound IgM, 
in which binding significantly correlated with that of C4 and C3. Depletion of plasma 
for  IgM abolished  most  of  the  complement  fixation  by  apoptotic  cells,  which  was 
restored by supplementation with purified IgM.

We conclude that  complement binding by apoptotic cells  in  normal human 
plasma  occurs  mainly  to  late  apoptotic,  secondary  necrotic  cells,  and  that  the 
dominant mechanism involves classical pathway activation by IgM.

Introduction

For adequate cell  homeostasis in multicellular organisms a highly regulated 
turnover of cells is essential. This turnover involves proliferation and differentiation on 
one hand, and cell  death according to an orderly process called apoptosis, on the 
other. The general assumption is that the majority of apoptotic cells are cleared from 
the body without eliciting inflammation. An early event in the apoptotic process is the 
exposure of phosphatidylserine and phosphatidylethanolamine, which in vital cells are 
mainly confined to the inner leaflet of the membrane, a phenomenon referred to as 
membrane “flip-flop”.1-2 Exposure of phosphatidylserine is sufficient for phagocytosis of 
the  apoptotic  cell,  because  phagocytic  cells  possess  specific  receptors  for  this 
phospholipid.3 However,  the  vitronectin  receptor  (CD51/CD61),  the  scavenger 
receptor type A and B, the Ox-LDL receptor (CD68), the LPS receptor (CD14) and the 
tyrosine kinase family receptor,  MER, may contribute to the clearance of apoptotic 
cells as well.4-9 

Although direct recognition of phosphatidylserine exposed in the outer leaflet 
of  the  membrane  by  phagocytic  receptors  likely  is  important  for  phagocytosis  of 
apoptotic cells,  recognition  in vivo may be modulated by proteins in plasma or the 
interstitial  fluid  that  bind  to  phosphatidylserine  or  other  structures  exposed  on 
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apoptotic cells. Indeed, apoptotic cells have been shown to bind such diverse proteins 
as  thrombospondin,  pentraxins  (serum  amyloid  P  component  (SAP),  C-reactive 
protein  (CRP),  pentraxin-3  (PTX-3)),  immunoglobulins,  collectins  (C1q,  mannan 
binding  lectin  (MBL),  surfactant  protein  A  and  D),  complement  (C3,  C4),  and 
apolipoproteins  (b2-glycoprotein-I,  clusterin).10-22 Consequently,  receptors  for  these 
proteins, such as the thrombospondin/vitronectin receptor complex and complement 
and surfactant receptors contribute to the clearance of apoptotic cells as well. 

Recently, attention has been focused on the importance of complement in the 
clearance  of  apoptotic  cells.  The  finding  that  C1q  binds  to  apoptotic  cells,  in 
combination with the well known strong association between C1q deficiency and the 
development of systemic lupus erythematosus (SLE), have put forward the hypothesis 
that C1q deficiency could predispose to SLE because of a defect in the clearance of 
apoptotic  cells.16,23  Mice  deficient  in  C1q indeed  display  disturbed  phagocytosis  of 
apoptotic  cells  and  develop  glomerulonephritis  associated  with  accumulation  of 
apoptotic cell debris.23,24

Though it is now generally accepted that apoptotic cells can activate and bind 
complement,  there  is  no  agreement  regarding  the  molecular  mechanism  of  this 
activation.  Multiple  mechanisms  including  direct  binding  of  C1q  or  MBL,  indirect 
binding of C1q via adapter molecules as CRP, SAP or immunoglobulins, and also 
alternative  pathway  activation,  could  explain  complement  activation  by  apoptotic 
cells.12,15,19,20 Which of these mechanisms dominate under physiological conditions, is 
not well understood. Moreover, though it has been shown that complement activation 
to apoptotic cells is a late event and that many other features of apoptosis, such as 
loss  of  mitochondrial  transmembrane  potential,  PS exposure,  hypergranularity  and 
nuclear fragmentation precede complement binding, it is also not well known at which 
stage of apoptosis cells can activate complement under physiological conditions.25 In 
the  present  study  we  investigated  the  molecular  mechanisms  of  complement 
activation in a physiological medium, i.e. human plasma. In addition, we studied during 
which stage of the apoptotic process cells activate complement. Our results indicate 
that particularly late apoptotic cells activate complement, and the dominant molecular 
mechanism of this activation involves IgM.

Material and methods

Materials
Mouse monoclonal antibodies (mAbs) specific for C1q (C1q-2 and C1q-85), 

C4  (C4-4),  C3  (C3-9),  CRP  (5G4)  and  SAP  (SAP-14)  were  developed  in  our 
laboratory.11,26-28  C1-inhibitor (C1-Inh) and mAbs specific for IgG heavy chain (MH16) 
and  IgM  heavy  chain  (MH15)  were  obtained  from  the  CLB  (Amsterdam,  The 
Netherlands).  Etoposide  was purchased  from Sigma (St.  Louis,  MO),  streptavidin-
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allophycocyanin (strep-APC) from Pharmingen (San Diego, CA) and annexin V-FITC 
from BenderMed (Vienna, Austria). CNBr-Sepharose was purchased from Pharmacia 
Biochem (Uppsala, Sweden).

Cell culture and apoptosis induction
Jurkat cells were maintained in culture medium (IMDM, 5% (v/v) foetal calf 

serum (FCS), penicillin, streptomycin and 50 μM 2-mercaptoethanol; further referred 
to as CM). Before apoptosis induction, cells were washed twice in CM without FCS 
(CM-),  to prevent  interaction between cells and proteins in FCS. Jurkat  cells,  0.5–
2X106  cells/ml,  were resuspended in CM- and etoposide was added to yield a final 
concentration of 200 μM. Cells were then incubated for 6 h which yielded mainly early 
apoptotic cells (annexin-V-positive (annV+), propidium iodide negative (PI-) or for 16 h 
to obtain late apoptotic cells (annV+, PI+).

Recalcified plasma and IgM-depletion
Healthy donor blood was collected in vials containing sodium citrate (10 mM 

final concentration). Plasma was prepared by centrifugation for 15 min at 3000 x g and 
transferred into a glass tube. Then CaCl2 was added (10 mM final concentration) and 
the mixture was incubated for 15 min at 37oC to allow clotting, followed by incubation 
on ice for 30 min for clot retraction. The clot was removed and the recalcified plasma 
was stored at  –20oC until  further use.  IgM-depleted plasma was prepared with  an 
affinity column, which consisted of mAb MH15 coupled to CNB-Sepharose. Prior to 
IgM  depletion,  recalcified  plasma  was  supplemented  with  EDTA  (10  mM  final 
concentration)  and  NaCl  (0.5  M  final  concentration)  to  prevent  C1q  binding  and 
subsequent complement activation. The IgM was eluted from the column with 0.1 M 
glycin pH 2.5 and immediately supplemented with 1 M TRIS until the pH was 7.5. Both 
the IgM-depleted plasma and the IgM eluate were subsequently dialysed against 5 
mM veronal buffer pH 7.4 containing 150 mM NaCl for 16 h at 4oC and stored at –20oC 
until use. In total, three plasmas were depleted in this way. After correction for the 
dilution there was no effect on CH50 titre and the C1q levels were >75% of the original 
levels. The purified IgM did not contain measurable C1q or C4. 

FACS analysis
The mixed apoptotic cell cultures were washed twice in CM- and suspended at 

5x105–1x106 cells/ml.  One  hundred  microliters  of  the  cell  suspension  were  then 
transferred into a 96-well  round bottom plate. Subsequently,  100 ml of dilutions of 
recalcified plasma in CM- were added and the mixtures were incubated for 60 min at 
37oC. The cells were then washed trice in ice-cold FACS buffer (HEPES 10 mM, pH 
7.2, containing NaCl 150 mM, KCl 5 mM, CaCl2  2 mM, MgCl2  2 mM) and incubated 
with 2 μg/ml biotinylated mAb specific for C3, C4, C1q, CRP, SAP, IgG or IgM for 45 
min at 4oC. Next, the cells were washed trice in FACS buffer, and then incubated with 
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250 ng/ml strep-APC and 1:200 diluted annexin V-FITC in FACS buffer for 20 min at 
4oC.  Finally,  the cells  were  washed in  FACS buffer  and  PI  was  added at  a  final 
concentration  of  500  ng/ml  and  the  samples  were  immediately  evaluated  with  a 
Becton Dickinson FACSCalibur (Mountain View, CA). Vital, early and late apoptotic 
cells were gated according to their annexin V-FITC and PI staining properties and their 
corresponding protein binding was expressed as the median fluorescence intensity 
(MFI)  of  allophycocyanin  on a  logarithmic  scale.  FACS data  were  analysed using 
WinMDI (v8) free-downloadable software (http://www.facs.scripps.edu/).

Complement inhibition
To  investigate  the  mechanism  of  complement  binding  to  apoptotic  cells, 

several  inhibitors  of  complement  activation  were  evaluated.  EDTA  at  a  final 
concentration of up to 10 mM was used to inhibit all pathways of complement since 
activation of these requires Ca++ and/or Mg++-ions. Mg-EGTA at a concentration of up 
to 10 mM was used to block the classical as it requires Ca++ and Mg++-ions, whereas 
the alternative pathway only needs Mg++-ions for activation. C1-Inh and mAb anti-C1q-
85 (IgG1-isotype), which inhibits C1q binding and C1 activation, were added to 10% 
plasma  in  CM-,  v/v,  to  yield  final  concentrations  of  1–5  mg/ml  and  5–100  μg/ml, 
respectively,  and  incubated  for  20  min  at  room  temperature.  Thereafter,  the 
preincubated  plasma  was  added  to  cells  and  protein  binding  was  detected  as 
described above. 

Statistics
To analyse differences in protein binding to vital cells, early apoptotic cells and 

late  apoptotic  cells,  paired  Student  t-tests  were  performed.  Correlation  between 
parameters was assessed with Pearson correlation analysis. A two-sided p-value less 
than 0.05 was considered to represent a significant difference or correlation.

Results

Binding of complement to apoptotic cells
Jurkat  cells  incubated with  etoposide for 6 h,  yielded on average 40–60% 

early apoptotic cells (annV+/PI-), 40–60% vital cells (annV-/PI-) and less than 5% late 
apoptotic cells (annV+/PI+). When cells were incubated for 16 h, 50–70% late apoptotic 
cells  (annV+/PI+)  were  obtained.  whereas  the  remaining  cells  were  vital.  By 
microscopy,  over  95%  of  the  PI+ cells  had  condensed  or  fragmented  nuclei 
characteristic of apoptosis. These cells were thus considered to be late apoptotic cells.

When  cells  were  incubated  with  various  dilutions  of  a  recalcified  normal 
human  plasma,  the  binding  of  C4  and  C3  to  early  apoptotic  cells  was  slightly 
increased compared to vital cells whereas that to late apoptotic cells increased a 100- 
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fold (fig. 1). Similar dose–response curves were obtained from five other plasmas (not 
shown). Binding of C1q to early apoptotic cells was only observed at higher plasma 
concentrations, whereas that to late apoptotic cells was moderately increased at all 
plasma concentrations tested. We decided to evaluate the mechanisms of activation 
at 10% plasma, unless mentioned otherwise.

Inhibition of complement binding by complement inhibitors
Complement activation by apoptotic cells has been described to occur via all 

three known activation pathways. To further analyse the contribution of each of these 
pathways to complement activation by apoptotic cells in plasma, we tested several 
complement  inhibitors  for  their  ability  to  block  activation  by  late  apoptotic  cells  in 
normal plasma. Each inhibitor was first tested at several doses to assess the optimal 
concentration.  The  overall  results  are  summarised  in  Table  1.  EDTA  completely 
abolished C3- and C4-binding to late apoptotic cells,  confirming that  the observed 
fixation of  complement  fragments to  the cells  resulted from an activation process, 
rather than from non-specific binding. Mg-EGTA reduced C4 and C3 binding to 2 and 
4%, respectively, ruling out a major role for the alternative pathway. Inhibition of C1q 
binding  to  apoptotic  cells  with  mAb anti-C1q-85,  which  inhibits  binding  of  C1q  to 
immune  complexes,  resulted  in  an  average  6% residual  C4  and  3% residual  C3 
binding to late apoptotic cells (fig. 2). The inhibition of activation by C1-Inh yielded 
similar results for C4 and C3 binding which were on average 9 and 4%, respectively. 
Notably, in these experiments C1-Inh was used at supraphysiological concentrations 
(5 mg/ml) to obtain maximal inhibition. Results obtained with plasma samples from 
three separate experiments were comparable (table 1). Hence, these results pointed 
to the classical pathway as being the dominant route of complement activation by 
apoptotic cells in plasma.

Table 1. Inhibition of the binding of complement to late apoptotic cells by complement inhibitors

Late apoptotic cells were incubated with recalcified plasma in the presence of complement inhibitors at the 
indicated  final  concentration.  C4  and  C3  binding  to  the  cells  were  determined  by  FACS  analysis  as 
described in “Methods” section. Values represent the percentage (range) of residual complement binding as 
observed in 3 experiments. The MFI of complement binding in the absence of
inhibitors was set at 100%, that in the absence of plasma (i.e. background staining) at 0%.
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Figure 1. Dose-dependent binding of complement components to vital  cells,  early apoptotic cells 
and late apoptotic cells.
Apoptotic cells were incubated with several dilutions of recalcified plasma from a healthy donor for 60 min at 
37oC, and triple-stained with annV-FITC, PI and biotinylated mAbs specific for C1q, C4 or C3 that were 
subsequently detected with strep-APC. Curves represent the MFI of complement binding. Similar curves 
were obtained from five other plasmas (not shown).
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Figure 2. The effect of C1q inhibiting mAbs on the binding of C4 and C3 to late apoptotic cells.
Ten percent recalcified plasma was incubated with 100 μg/ml anti C1q-85 for 20 min before it was added to 
apoptotic cells. Then cells were stained with annV-FITC, PI and biotinylated antibodies specific for C4, C3 
and IgM that were subsequently detected with strep-APC. The histograms represent the MFI of C4 and C3 
binding to late apoptotic cells in the presence (thick line) or absence (shaded histogram) of anti-C1q-85. 
EDTA, Mg-EGTA or C1-Inh gave identical results to anti-C1q-85 (not shown).
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Involvement of adapter molecules in classical pathway activation
Several proteins in normal human plasma (IgM, IgG, CRP, SAP) may act as 

adapter molecules that could influence classical pathway complement activation by 
apoptotic cells. An example of binding of adapter molecules observed with one normal 
plasma,  is  shown  in  figure  3.  Similar  dose-dependant  binding was observed  after 
testing five other plasmas (not shown). Binding of SAP was significantly inhibited by 
10  mM  phosphorylethanolamine  (a  water-soluble  phosphatidylethanolamine/PE 
analogue; PE is a major ligand for SAP binding) and CRP binding was absent in the 
presence of 10 mM EDTA (data not shown), indicating that SAP and CRP binding to 
apoptotic cells were specific.11 

To  gain  insight  into  the  contribution  of  these  molecules  to  the  observed 
complement activation by apoptotic cells, we investigated binding of complement as 
well as adapter molecules to the apoptotic cells in plasma samples from 10 different 
healthy donors. The correlation between binding of adapter molecules and that of

Figure 3. Dose-dependent binding of adapter proteins potentially involved in complement binding to 
vital cells, early apoptotic and late apoptotic cells. 
Apoptotic cells were incubated with several dilutions of recalcified plasma from a healthy donor for 60 min at 
378C, and triple stained with annV-FITC, PI and biotinylated mAbs specific for IgM, IgG, SAP and CRP that 
were subsequently detected with strep-APC. Curves represent the MFI of protein binding. Similar curves 
were obtained from five other plasmas (not shown).
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complement to the cells was then assessed. Analysis of the results with the 10 plasma 
samples revealed that binding of C3 or C4 to early apoptotic cells was not stronger 
than that to vital cells. As a matter of fact, vital cells bound somewhat more C3 in 
some plasma samples (not shown). C1q binding to vital or early apoptotic cells was 
negligible in all plasma samples.

Compared  to  vital  or  early  apoptotic  cells,  late  apoptotic  cells  displayed 
increased binding of C4 and C3 (fig. 4A), and of adapter proteins IgG, IgM, SAP and 
CRP  (fig.  4B).  Also  a  slight  but  significant  C1q  binding  was  observed  with  late 
apoptotic  cells  upon  incubation  with  the  various  plasma  samples.  To  assess  a 
potential link between the binding of adapter proteins to late apoptotic cells on one 
hand and of  complement on the other hand, the association between complement 
binding and that of the adapter molecules was studied. Only IgM binding correlated 
significantly to the binding of C4 and C3 (r = 0:65; p = 0:04 and r = 0:83; p = 0:003; 
respectively; fig. 5). The correlation between IgM and C1q binding was not significant 
(r = 0:29; p = 0:41), nor were there correlations between IgG, CRP or SAP and C4 or 
C3, respectively (table 2).

Table  2.  Correlation  between  binding  of  adapter  proteins  and  complement  to  late 
apoptotic cells

Late  apoptotic  cells  were  incubated  with  recalcified  plasma  from  10  healthy  donors,  and 
assessed for  binding of  C3 and C4,  and that  of  IgM,  IgG,  CRP and SAP.  The correlation 
between binding of C3 or C4 and that of the proteins mentioned was then calculated (Pearson’s 
correlation coefficient).

Inhibition of complement binding in IgM-depleted plasma
The correlation between IgM binding and complement binding to late apoptotic 

cells suggested that IgM might play a dominant role in complement binding in normal 
human plasma.  Therefore,  we  studied  the  effect  of  IgM depletion  on  C4 and  C3 
binding. Recalcified plasma was depleted from IgM after two passages in high salt 
over a monoclonal anti-IgM heavy chain affinity column. The residual IgM level in the 
IgM-depleted plasma was less  than  10  μg/ml  IgM,  determined  by IgM-ELISA (not 
shown).  After  incubation of  late  apoptotic  cells  with  10%IgM-depleted plasma,  the 
residual C4 binding of these cells was approximately 25%, whereas no residual IgM 
binding was observed (fig. 6). After incubation with 40 μg/ml purified IgM alone no C4 
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binding was detected, showing that no complement activation had occurred during the 
IgM-depletion  procedure.  Reconstitution  of  10% IgM-depleted  plasma with  purified 
IgM  (40  μg/ml  final  concentration)  completely  restored  the  binding  of  C4  to  late 
apoptotic cells (fig. 6).

Figure 4. Comparison of the binding of complement (A) and adapter proteins (B) to early apoptotic 
cells and late apoptotic cells 
Cells were incubated with 10% recalcified plasma (10 different healthy donor plasmas). Dots represent the 
MFI of protein binding. Differences between early apoptotic and late apoptotic cell binding were significant 
p , 0.001) for all plasma proteins tested.

Discussion

In  this  study,  we  investigated the mechanism of  complement  activation by 
apoptotic  cells  in  a  physiological  environment,  i.e.  plasma.  Late  apoptotic  cells 
strongly  fixed  complement,  which  fixation  was  virtually  abolished  by  a  mAb  that 
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inhibits C1q binding to immune complexes, by excess C1-inh or by Mg-EDTA. Late 
apoptotic  cells  also  strongly  bound  immunoglobulins  G  and  M,  as  well  as  the 
pentraxins CRP and SAP.  Depletion of  IgM abrogated most  of  the C4 binding.  In 
contrast, early apoptotic cells hardly bound C4. Thus, these data indicate that late, but 
not early apoptotic cells, activate complement in normal human plasma, and that the 
dominant mechanism involves binding of IgM.

Figure .5 Correlation between the binding of IgM and C4 (A) or C3 (B) to late apoptotic cells
Late apoptotic cells were incubated with 10% plasma (n = 10 healthy donors).  IgM binding significantly 
correlated to C4 binding (r = 0:65; p = 0:04) and C3 binding (r = 0:83; p = 0:003).
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Although a number of  studies have demonstrated complement binding and 
activation by apoptotic cells there is little data about the actual stage of  apoptosis 
wherein  cells  start  to  activate  complement.12,15-17,19,20,24,25 The absence of  significant 
complement binding to early apoptotic cells, during which stage the cell membrane is 
impermeable, though flip-flopped, suggests that complement is probably not important 
for early apoptotic cell opsonisation. Hence, during this stage the exposure of PS in 
the  outer  leaflet  of  the  cell  membrane  likely  results  in  the  prompt  elimination  of 
apoptotic  cells  by  PS  receptors  present  on  professional  and  amateur  scavenger 
cells.31-33 

Figure 6. The effect of IgM depletion and reconstitution on IgM and C4 binding to late apoptotic 
cells.
Apoptotic cells were incubated with 10% plasma (A), 10% IgM-depleted plasma (B), 40 μg/ml purified IgM 
(C) and 10% IgM-depleted plasma which was reconstituted with 40 μg/ml IgM (D). Cells were stained with 
annV-FITC, PI and antibodies specific for IgM and C4. The binding of IgM (black bar) and C4 (white bar) to 
late apoptotic cells was evaluated.  Bars represent  the binding of  protein expressed as a % of maximal 
protein binding (which was considered to be 100% in 10% IgM sufficient plasma and 0% in the absence of 
plasma). Error bars represent SEM (n = 2 experiments). Similar results were obtained with two other plasma 
samples from different donors.

Presumably, other mechanisms could attribute to removal of apoptotic cells as well. 
These mechanisms include elimination via Fcγ-receptors, the mannose receptor, the 
LRP-1  (LDL-related  receptor  protein-1)/calreticulin  complex,  LRP-2  (megalin)  and 
surfactant  receptors.17,18,29,30 Our  data  imply  that  unsuccessful  removal  of  apoptotic 
cells during the early stages of apoptosis may result in complement activation by the 
cells during a later stage. 

Ig and complement binding to the apoptotic cells were limited to PI-positive 
apoptotic cells. We have observed that as soon as the cells become PI-positive they 
also stain positive for mAbs (molecular weight ≈ 160  kDa) to nuclear constituents 
(and not with isotype control antibodies) showing that the cells contain large pores. 
Hence,  leakage  of  large  intracellular  molecules  such  as  DNA  or  cytoskeletal 
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components  due to  disruption  of  the cell  membrane  may have  contributed  to  the 
observed activation. 

C4  and  C3  binding  to  the  late  apoptotic  cells  were  almost  completely 
dependent on C1q, as C1-Inh as well as an inhibiting anti-C1q mAb abrogated binding 
of C4 and C3. Although previous studies have shown that purified C1q readily binds to 
apoptotic cells we were unable to demonstrate significant C1q binding to apoptotic 
cells.16,17 We compared the binding of  recalcified  plasma C1q to  purified  C1q and 
observed a much stronger binding of purified C1q to late apoptotic cells compared to 
plasma tested  at  an  equimolar  concentration  of  C1q (not  shown).  Possibly,  since 
plasma C1q is mainly in complex with C1r and C1s (C1qC1r2C1s2), this C1q-complex 
could have different binding properties compared to purified C1q. The C1qC1r2C1s2 

might  dissociate  easier  from  apoptotic  cell-bound  IgM,  compared  to  purified  C1q, 
which could explain the low plasma C1q binding. Despite the low plasma C1q binding 
it is functional in complement activation as anti-C1q85 and C1-Inh completely inhibited 
C4 and C3 binding. 

The strongly increased binding of complement to late apoptotic cells that we 
observed was in accordance with a previous studies.15,25 We have now extended these 
observations and showed that binding of IgM is restricted to late apoptotic cells and 
that  IgM  binding  significantly  correlated  to  C4  and  C3  binding.  In  contrast,  no 
correlation was observed between C3 and C4 binding and that of IgG, CRP and SAP. 
In IgM-depleted plasma C4 binding was strongly decreased and reconstitution with 
purified IgM completely restored the binding of C4. In contrast,  the recovery of C3 
binding after reconstitution with purified IgM was 60%, despite the fact that the CH50 
titer of IgM-depleted plasma was not affected. So far, we have no explanation for this 
reduced C3 binding. 

Though  we  identified  IgM-mediated  complement  activation  as  a  dominant 
mechanism  of  complement  binding  to  late  apoptotic  cells,  IgM  depletion  did  not 
completely abolish complement fixation.  The residual  C4 and C3 binding that  was 
observed in IgM-depleted plasma was abrogated by anti-C1q mAb, suggesting that 
other activators of the classical pathway of complement such as IgG, CRP or SAP 
may be involved.  Also,  a role for immunoglobulin-  and pentraxin-independent C1q 
binding to apoptotic cells in complement activation should be considered. A caveat in 
our studies is that we have used Jurkat cells for our studies. We were reluctant to use 
primary  human  cells  because  in  these  cells,  apoptosis  induction  is  far  less 
reproducible compared to Jurkat cells. However, Jurkat cells have been used in many 
studies as a model for apoptotic cells and results were often comparable to primary 
cells.  11-13,15,20,24 In addition, these cells have the advantage that they do not express 
Fcγ-receptors. Occasionally, we have also tested SKW cells (a human B cell line) with 
similar results. 

With the use of triple-staining flowcytometry we determined plasma protein 
binding to cells in various stages of apoptosis simultaneously. We demonstrated that 
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the binding of IgM and complement is limited to late apoptotic cells and that IgM-
mediated complement activation is of major importance in complement binding. The 
nature of the IgM binding to apoptotic cells is not exactly known. There is reason to 
believe  that  part  of  the  natural  IgM  repertoire  is  directed  to  late  apoptotic  (and 
necrotic)  cells  because  they  recognise  oxidised  phospholipids  or 
lysophospholipids.14,15 Previous  studies  have  shown  that  IgM  or  complement 
deficiencies  result  in  the  accumulation  of  apoptotic  cell  debris  and  provoke  the 
development of autoimmunity and autoimmune diseases.23,34,35 However, these studies 
did not address the question whether the defective clearance applied to early or late 
apoptotic cells.  We propose that IgM-mediated complement activation constitutes a 
vital backup clearance system that is involved in the elimination of late apoptotic cells 
when early apoptotic cell clearance mechanisms are shortcoming.
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Abstract

Apoptotic cells are rapidly cleared before cell leakage takes place. Impaired 
clearance  of  early  apoptotic  cells  (EACs)  results  in  cellular  leakage.  IgM  and 
complement bind to secondary necrotic, late apoptotic cells (LACs) and promote their 
elimination. A failure to eliminate LACs results in exposure to intracellular contents 
and autoimmunity. Persistent production of IgG autoantibodies, especially antinuclear 
antibodies  (ANAs),  is  a  hallmark  of  SLE.  Binding  of  ANAs  to  LACs  may  affect 
complement binding to LACs.

We investigated the levels of IgM, IgG, C1q, C4 and C3 in plasma of 16 SLE 
patients and 10 healthy controls. Moreover, we studied the binding of these proteins to 
apoptotic cells after incubation with SLE or healthy donor plasma.

Vital  cells  and  EACs  showed  moderate,  and  comparable,  binding  of 
immunoglobulin and complement to vital cells and EACs after incubation with SLE or 
healthy  donor  plasma.  LACs  displayed  highly  increased  immunoglobulin  and 
complement binding compared to EACs. Moreover, binding of IgG and C1q to LACs 
was significantly  higher  with  SLE plasma compared to  healthy donor plasma.  The 
significant  association  between  ANA  titers  in  plasma  and  C1q  binding  to  LACs 
suggested that ANA were involved in complement C1q binding to LACs. C1q-inhibiting 
monoclonal  antibody and EDTA almost  completely  inhibited complement activation 
(measured as C4 and C3 binding)  showing that  C1q was involved in complement 
activation.

We showed that LACs strongly bind IgG and C1q after incubation with SLE 
plasma and we obtained evidence that ANA were instrumental in this C1q binding

Introduction

Senescent and unwanted cells undergo a process of programmed cell death 
or apoptosis. The expression of phosphatidylserine moieties on the exterior apoptotic 
cell  membrane  enables  the  direct  recognition  by  scavenger  receptors  present  on 
surrounding  phagocytes.1 In  addition,  plasma  proteins  that  are  involved  in  such 
diverse  processes  as  lipid  homeostasis  (β2-glycoprotein-I,  clusterin),  hemostasis 
(thrombospondin,  protein  S),  innate  immunity  (IgM,  CRP,  Serum  amyloid  P 
component  (SAP),  large  pentraxin-3  (PTX-3),  mannan binding  ligand  (MBL),  C1q, 
surfactant proteins) and tissue homeostasis (milk fat globule-epidermal growth factor 
8,  or  MFG-E8)  interact  with  lipid  bilayer  PS  and  phosphatidylethanolamine  and 
promote apoptotic cell uptake.2-19

Once apoptotic cell clearance has failed in an early stage, the cell membrane 
ruptures  and  exposure  to  intracellular  contents  takes  place.  Recent  studies  have 
shown that IgM and complement bind to these secondary necrotic, late apoptotic cells 
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(LACs).20,21  Binding  of  IgM  and  complement  proteins  may  provide  a  back-up 
mechanism for the clearance of LACs.

IgM  and  complement  deficiencies  have  been  associated  with  defective 
clearance of apoptotic cells and with the development of SLE which has resulted in 
the hypothesis that SLE is caused by defective clearance of apoptotic cells.16,22 SLE 
patients  produce  significant  amounts  of  IgG  autoantibodies  that  bind  to  various 
intracellular, cytoplasmic as well as membrane antigens. The most probable source of 
the  autoantigens  triggering  the  immune  response  is  the  inadequately  eliminated 
LAC.23 Binding of autoantibodies may promote the uptake of apoptotic cells.24-26

In contrast, several studies have shown that elimination of apoptotic cells by 
professional  macrophages  is  hampered  in  the  presence  of  SLE  plasma.27-31 

Decreased  levels  of  complement  may  account  for  the  impaired  opsonisation  and 
phagocytosis of apoptotic cells.31 This study specifically addresses to the binding of 
immunoglobulins and complement to apoptotic cells after incubation with SLE plasma.

Material and methods

Material
Biotinylated monoclonal antibodies specific for C1q (C1q-2 and C1q-85), C4 

(C4-4)  and  C3  (C3-9)  were  developed  in  our  laboratory.  Biotinylated  monoclonal 
antibodies specific for IgG heavy chain (MH16) and IgM heavy chain (MH15) were 
obtained  from Sanquin  (Amsterdam,  The  Netherlands).  Etoposide  was  purchased 
from Sigma (St. Louis, MO, USA), streptavidin-allophycocyanin from Pharmingen (San 
Diego, CA, USA) and annexin-V-FITC from BenderMed (Vienna, Austria). Protein G 
Sepharose was purchased from Pharmacia Biochem (Uppsala, Sweden).

Cell culture and apoptosis induction 
Jurkat cells were used as a model for apoptotic cells, as apoptosis induction in 

primary cells is far less reproducible. Jurkat cells have been used in numerous studies 
as a model for apoptotic cells and the results were often comparable to primary cells. 
In addition, using Jurkat cells have the advantage that these cells do not express Fcγ-
receptors thus decreasing Fcγ-mediated aspecific binding of monoclonal antibodies.

Jurkat cells were maintained in culture medium (IMDM, 5% (v/v) foetal calf 
serum (FCS), penicillin, streptomycin, 50 μM 2-mercaptoethanol, further referred to as 
CM). Before apoptosis induction, cells were washed three times in CM without FCS 
(CM-) to prevent interaction between cells and proteins in FCS. In order to obtain cells 
in an early and late stage of apoptosis simultaneously, cells were incubated with CM- 

containing 200 μM etoposide for 16 hours.
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Recalcified plasma
We favoured the use of plasma instead of serum as the latter showed higher 

background  binding  of  immunoglobulins  and  complement,  presumably  due  to  the 
presence of cell debris that arise in serum production. Since incubation of apoptotic 
cells  with  citrated  plasma  is  useless  as  it  readily  coagulates  in  the  presence  of 
apoptotic cells, we used recalcified plasma. Blood was collected in vials containing 
sodium citrate  (10  mM final  concentration)  from 16  SLE  patients  and  10  healthy 
donors.  Plasma  was  collected  after  centrifugation  for  15  min  at  1300  x  g and 
transferred into a glass tube. CaCl2 was added (final concentration 10 mM) and the 
mixture was incubated for 15 min at 37oC to allow clotting, followed by incubation on 
ice for 30 min for clot retraction. Then, the clot was removed by centrifugation for 10 
min at 1300 x g and the recalcified plasma was stored at –20oC until further use.

Immunoglobulin and complement levels in SLE plasma
A turbidimetric assay using a Behring Nephelometer Analyser (Behringwerke 

AG, Marburg,  Germany)  was used for immunoglobulin,  C4 and C3 detection.  C1q 
plasma levels were determined with ELISA. In brief, an ELISA plate was coated with a 
monoclonal antibody specific for the stalk of the C1q protein (C1q-2). Then the plate 
was washed and plasma dilutions were added to the plate in PBS containing 10 mM 
EDTA and  skimmed  milk  2% (v/v).  The  plate  was  washed  and  incubated  with  a 
biotinylated monoclonal antibody specific for the globular heads of C1qa (C1q-85). 
Next, the plate was washed and incubated with streptavidin-horse radish peroxidase, 
followed by washing and staining with tetramethylbenzidin. The staining reaction was 
terminated with sulphuric acid and the extinction was read with a spectrophotometer. 

FACS analysis
In order to investigate the binding of plasma proteins to apoptotic cells we 

decided to use 10% plasma, as previously described.21 Apoptotic cells were washed 
twice in CM- and suspended at 5x105- 106 cells per ml. Then the cells were transferred 
into a 96-well round bottom plate, 100 ml per well and centrifuged at 1000 x  g. The 
supernatant was discarded, 100 ml of 10% recalcified plasma in CM- was added and 
the cells were incubated for 60 min at 37oC. Thereafter, cells were washed three times 
in FACS buffer (HEPES 10 mM pH 7.2 containing NaCl 150 mM, KCl 5 mM, CaCl2 2 

mM, MgCl2 2 mM) and incubated with 2 μg/ml biotinylated monoclonal antibodies for 
45 min at 4oC. The cells were washed three times in FACS buffer and incubated with 
250 ng/ml streptavidin-allophycocyanin and 1:200 diluted annexin  V-FITC in FACS 
buffer for 20 min at 4oC. Finally, the cells were washed in FACS buffer, and PI was 
added in a final  concentration of  500 ng/ml.  The cells were evaluated with  a four 
colour  Becton Dickinson FACSCalibur  (Mountain  View,  CA,  USA).  Vital  cells  were 
characterised by the absence of  annexin V-FITC and PI fluorescence, EACs were 
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annexin V-FITC positive and LACs were concomitantly positive for annexin V-FITC 
and PI. For each cell population, the allophycocyanin fluorescence, representing the 
extent of immunoglobulin and complement binding was measured. The protein binding 
was expressed as the median fluorescence intensity (MFI) of at least 5000 cells.

Statistics
Differences between groups were analysed with the Mann-Whitney test and 

associations were investigated with Spearman correlation (r) analysis (both rank-sum 
tests) as sample values not always showed Gaussian distributions. A P-value less 
than 0.05 was considered significant.

Results

SLE patients and controls
Blood was drawn from 10 healthy donors and 16 SLE patients who gave their 

informed consent. All patients were female, aged between 19-77 y. (mean 40 y.) and 
fulfilled  the ACR criteria  for  SLE.32 The SLE disease  activity  index  (SLEDAI)  was 
calculated and 3/16 SLE patients had a disease exacerbation (defined as a SLEDAI 
³10).33  All  patients  had  ANA  (antinuclear  antibody)  titres  ³  1:160  (binding  of  IgG 
antibody to HEp2; the titre represents the plasma dilution where binding of IgG to 
HEp2 cells  was  still  detectable).  Moreover,  8/16  patients  had high-affinity  ds-DNA 
antibodies (as measured in the Farr assay). Patient data are summarised in table 1.

Immunoglobulin and complement levels in SLE plasma
The binding of immunoglobulin and complement to LACs may depend on their 

corresponding  levels  in  plasma.  Therefore,  the  levels  of  immunoglobulins  and 
complement were determined. Decreased C4 and C3 levels were observed in most 
patients (13/16 and 11/16, respectively;  see table 2).  Moreover,  one patient had a 
decreased IgM level,  two patients had decreased IgG levels  and two patients had 
decreased C1q levels. In contrast, one patient had an increased IgM level and two 
patients had increased IgG plasma levels.

 
Immunoglobulin and complement binding to apoptotic cells

Incubation of  Jurkat  cells  with  200  μM etoposide for  16 hours,  yielded on 
average  20-30%  EACs  (annexin  V+/PI-),  30-50%  LACs  (annexin  V+/PI+)  and  the 
remaining  cells  were  vital  (annexin  V-/PI-).  Microscopic  evaluation  of  the  PI+ cells 
indicated that over 95% of these cells displayed condensed and fragmented nuclei 
characteristic of apoptotic cell death.

Slight  binding  of  IgM and  C4 to  vital  cells  and  EACs was  observed  after 
incubation with SLE plasmas and with healthy donor plasmas (fig 1A). Protein binding 
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Table 1.  Patient characteristics

Patient nr Gender Age SLEDAI1 Nephritis Prednison Farr2 ANA
1 F 37 16 + + 55 1:160
2 F 48 2 - + 20 1:640
3 F 41 16 + + 7 1:320
4 F 39 2 - + 12 1:640
5 F 27 0 - + 17 1:2560
6 F 51 2 - + 139 1:10240
7 F 77 0 - + 6 1:10240
8 F 33 4 + + 126 1:320
9 F 37 4 + + 95 1:5120
10 F 50 2 - + 1 1:640
11 F 44 1 - - 11 1:2560
12 F 19 0 - + 5 1:320
13 F 50 0 - - 1 1:160
14 F 27 0 - + 6 1:5120
15 F 33 12 + + 1972 1:320
16 F 30 2 - + 17 1:320

1 A SLEDAI score ³ 10 was considered as an exacerbation of disease
2 The Farr assay measures the precipitation of ds-DNA by high-affinity ds-DNA antibodies. A 
Farr score ³ 17 was considered positive

Table 2.  Patient plasma characteristics

Patient nr IgM

mg/ml

IgG

mg/ml

C1q

mg/ml

C4

mg/ml

C3

mg/ml
1 0.6 5.1 55 189 0.65 
2 1.8 8.4 51 129 0.78 
3 0.7 9.6 79 225 0.51 
4 2.0 7.2 7 60 0.69 
5 1.0 6.7 50 72 0.78 
6 1.7 10.7 44 74 0.72 
7 3.1 13.4 95 107 1.00
8 0.2 2.6 54 109 0.91
9 1.0 25.4 35 30 0.64 
10 1.6 13.2 90 104 0.94 
11 1.1 16.0 65 79 0.86 
12 1.0 10.7 27 88 0.86 
13 0.4 28.5 82 120 1.04
14 1.0 8.5 42 56 0.81 
15 0.9 10.2 2 115 0.24 
16 2.0 12.0 63 169 0.98
SLE (mean ± SEM) 1.3 ± 0.2 11.7 ± 1.7 54 ±  6 108 ± 13 0.78 ± 0.05
NHD (mean ± SEM)

NHD range 0.4-2.3 7.0-16
50±15

26-76 150-400 0.90-1.8

86



Chapter 5

to EACs after incubation with SLE plasmas or healthy donor patient plasmas was not 
significantly  different.  C1q  binding  to  EACs  was  absent.  Notably,  the  binding  of 
immunoglobulin and complement  to  vital  cells  or EACs was comparable  (data  not 
shown). 

Figure 1.  Comparison of immunoglobulin and complement binding to early apoptotic cells after 
incubation with SLE  or healthy donor plasma
Cells were incubated with 10% plasma and stained with annexin V, PI and antibodies. (A) Early apoptotic 
cells  (annexin  V+,  PI-)  and  (B)  late  apoptotic  cells  (annexin  V+,  PI+)  were  selected  and  the  median 
fluorescence  intensity  (MFI)  of  IgM,  IgG,  C4 and C3 binding  was  evaluated  after  incubation  with  SLE 
plasma (fat  boxes)  or  healthy  donor  plasma (slim boxes).  The boxes  extend  from the  25th to  the  75th 

percentile  with  a  line  at  the  median.  The whiskers  represent  the  highest  and  the  lowest  values.  The 
difference in IgG and C1q binding between SLE and healthy donor plasma is significant. 
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Incubation  of  LACs  with  plasma  showed  highly  increased  binding  of 
immunoglobulins, C4 and C3 (table 3 and fig 1B). Moreover, considerable C1q binding 
to LACs was found. The binding of IgG and C1q to LACs was significantly higher in 
SLE plasmas compared to healthy donor plasmas whereas IgM, C4 and C3 binding 
were comparable. Note that the MFI value of IgG binding to LACs may be actually 
above the upper limit of detection (which is represented by an MFI value of 9646) in 
8/16 SLE plasmas. Thus, the observed binding of IgG to LACs in SLE plasma might 
be  an  underestimation.  Protein  binding  to  LACs  may  depend  on  their  respective 
plasma  protein  levels.  Therefore,  a  possible  association  between  plasma  protein 
levels  and plasma protein binding to  LACs was investigated.  A low but  significant 
association between C3 levels and C3 binding was observed after incubation with SLE 
plasma, whereas immunoglobulin, C1q and C4 binding to LACs were independent on 
their respective plasma levels (table 4).

Immunoglobulins  are  important  activators  of  the  classical  pathway  of 
complement; hence the extent of immunoglobulin binding to LACs may influence the 
binding of  complement  to LACs.  A significant  association was found between IgG 
binding  and  C1q  binding  to  LACs  after  incubation  with  SLE  plasma  (table  5), 
suggesting that C1q binding may largely depend on IgG binding. Moreover, a strong 
association was observed between IgG and C1q binding in consecutive samples of an 
individual patient (r = 0.55, P = 0.006; fig 2). In contrast, associations between IgG and 
C4 or C3 binding and associations between IgM binding and complement binding after 
incubation with SLE plasma were absent.

Although total  plasma IgG levels  were  not  associated  with  IgG binding to 
LACs, the presence of  ANA or ds-DNA antibodies could contribute to complement 
binding. We observed a significant association between ANA titres and C1q binding to 
LACs (table 6, fig 3), whereas an association between ds-DNA antibodies and C1q 
binding was absent. No associations between ANA titres or ds-DNA antibodies and 
C4 or C3 binding were observed.

Mechanism of complement activation by LACs in SLE plasma
Preincubation of 10% SLE plasma with 10 mM EDTA or 100 μg/ml anti-C1q (a 

monoclonal antibody that binds to the globular head of C1q and inhibits the binding of 
C1q to antigen-antibody complexes) strongly inhibited C4 binding. On average, a 3% 
residual C4 binding to LACs was observed (range 1-10%) in the presence of either 
EDTA or anti-C1q (fig 4).  This shows that most C4 binding depended on  de novo 
classical  route of  complement activation and was not  due to binding of  preformed 
antibody-antigen complexes in SLE plasma.
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Table 3.   Median fluorescence intensity (MFI) values of protein binding to late apoptotic cells 
after incubation with SLE plasma (10%)

Patient nr IgM IgG1,2 C1q2 C4 C3
1 3924 4216 43 3162 562
2 1778 7773 339 2738 2053
3 5424 8659 58 3398 673
4 5232 7233 54 2942 1113
5 2738 9646 7773 3162 2287
6 4261 9646 9305 2128 2641
7 1778 9646 2838 2371 3785
8 237 6042 138 4531 1539
9 2838 9646 2458 1154 1539
10 5623 3278 107 378 96
11 5232 9646 3398 2287 4371
12 2053 9646 138 6042 4531
13 2838 3278 165 3398 3651
14 4067 9646 3050 5623 5048
15 2942 9646 64 437 143
16 5424 7498 237 2641 3278
SLE (mean ± SEM) 3524 ± 405 7822 ± 596 1885 ± 723 2900 ± 395 2332 ± 407
NHD (mean ± SEM)
NHD range

2860 ± 322
1382 - 4869

586 ± 125
305 - 1596

45 ± 7
31 - 107

1916 ± 512
111- 4216

1252 ± 173
392 – 2053

1A MFI value of 9646 represents the upper limit of detection
2Significant difference between SLE and NHD (P<0.0001)

Table 4.  Associations between immunoglobulin and complement levels in SLE plasma and 
their respective binding to late apoptotic cells after incubation with 10% SLE plasma 

Protein IgM IgG C1q C4 C3
rs=0.21
P=0.43

rs=-0.15
P=0.58

rs=0.04
P=0.87

rs=0.12
P=0.65

rs=0.53
P=0.04*

• significant

Table  5.  Associations  between  immunoglobulin  binding  and  complement  binding  to  late 
apoptotic cells after incubation with SLE plasma

Protein C1q C4 C3
IgM rs==0.20

P=0.45
rs=-0.33
P=0.21

rs=-0.26
P=0.33

IgG rs=0.61
P=0.02*

rs=-0.11
P=0.67

rs=0.46
P=0.07

*significant
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Figure 2.  Incubation of apoptotic cells with plasma from SLE patient 9 collected at various time 
points in the course of the disease. 
Cells were stained with annexin V, PI and specific antibodies. The binding of IgG and C1q to late apoptotic 
cells was determined. (For clarity of the graph, the different time points were evenly distributed; the time 
points do not reflect the actual distance in time)  

Table  6.  Associations  between  ANA  titres  or  high-affinity  ds-DNA  antibodies  (Farr)  and 
complement binding to late apoptotic cells after incubation with SLE plasma 

C1q C4 C3
ANA rs=0.74

P=0.001*
rs=-0.38
P=0.14

rs=0.32
P=0.21

ds-DNA rs=0.04
P=0.87

rs=-0.30
P=0.24

rs=-0.37
P=0.15

*significant

Figure 3.  Association between ANA titres and IgG or C1q binding to late apoptotic cells. The ANA 
titres were determined with binding of IgG to fixed and permeated HEp2 cells. (A) ANA titre and IgG binding 
and (B) ANA titre and C1q binding. Squares represent the individual SLE plasmas.

90

100

1000

10000

Time

M
FI

 Ig
G

 / 
C1

q 
(lo

g)

80 160 320 640 1280 2560 5120 10240
10

100

1000

10000

ANA titer

M
FI

 C
1q

 (l
og

)

A



Chapter 5

Figure 3. (continued)

Figure 4.  Binding of C4 to late apoptotic cells after incubation with SLE plasma in the presence of 
anti-C1q or EDTA.
The binding of C4 to late apoptotic cells in the absence of anti-C1q or EDTA was considered to be 100% 
and the background staining of C4 in the absence of plasma as 0%. The black bars represent residual C4 
binding with anti-C1q and the white bars with EDTA. Eight SLE patients were tested (1 to 8) and 2 healthy 
donor plasmas were also tested.

Discussion

In  this  study  we  investigated  the  plasma  levels  of  immunoglobulin  and 
complement in plasma of SLE patients and we compared the binding of these plasma 
proteins to late apoptotic Jurkat cells. C4 and C3 levels were substantially lower in 
SLE plasma compared to normal values in healthy donors, whereas in general, the 
immunoglobulin  and  C1q  levels  in  SLE  plasma  were  within  normal  range.  No 
significant  differences in  protein  binding were  observed between SLE and healthy 
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donor plasma. The binding of immunoglobulin and complement to LACs was strongly 
increased.  Binding of  IgM,  C4 and  C3 was  comparable  after  incubation with  SLE 
plasma or healthy donor plasma. In contrast, IgG and C1q binding were significantly 
higher after incubation with SLE plasma. There was a significant association between 
IgG  and  C1q  binding,  suggesting  that  IgG  was  instrumental  in  the  C1q  binding. 
Indeed, activation of complement depended on C1q binding since C1q monoclonal 
antibody abrogated complement activation.

An important hallmark of SLE is the production of autoantibodies, including 
antiphospholipid antibodies and ANA. Antiphospholipid antibodies bind to membranes 
of apoptotic cells and promote the uptake of apoptotic cells by phagocytes.8,25  We 
observed only minor binding of IgG to EACs after incubation with SLE plasma and this 
IgG  binding  was  comparable  to  that  observed  with  healthy  donor  plasma.  This 
suggested that antiphospholipid antibodies were absent in all the 16 SLE plasmas or, 
alternatively,  that the phospholipid were not present on EACs. An anti-phospholipid 
antibody assay was negative for all the 16 SLE plasmas (data not shown). Our data 
are not in favour of a role for increased opsonisation of EACs by IgG or complement in 
SLE plasma.

The increased binding of IgG to LACs with SLE plasmas seemed independent 
on the total IgG levels; instead the IgG binding was significantly associated with the 
ANA titre, whereas no significant association with anti ds-DNA levels were observed. 
This suggested that the increased binding of IgG to LACs was for the most part due to 
ANA  binding,  hence  binding  of  IgG  to  LACs  may  be  considered  merely  as  an 
alternative way to detect the presence of ANA. The difference is that the ANA titre is 
determined  on  fixed  and  permeabilised  vital  HEp2  cells  whereas  non-fixed  late 
apoptotic Jurkat cells were used in the present study. 

The  significant  association  between  IgG  binding  and  C1q  binding  pointed 
towards  a  major  role  for  IgG,  and  hence  ANA,  in  C1q  binding.  This  significant 
association between IgG and C1q binding was also observed in a longitudinal series 
of plasmas from a single SLE patient.  This suggested that IgG binding determined 
C1q  binding  and  that  fluctuations  in  disease  activity  were  not  influencing  this 
association.  An  association  between  anti  ds-DNA  antibodies  (measured  with  Farr 
assay) and C1q binding was absent (not shown), which argues against a role for anti 
ds-DNA, specifically, in complement activation.  

The binding of C4 to LACs was strongly inhibited by anti-C1q, showing that C4 
binding  strongly  dependent  on  the  binding  of  C1q,  hence  C4  binding  completely 
depended on the classical route of complement activation. Moreover, the binding of 
C4 was inhibited by EDTA, suggesting that the binding of complement to LACs was 
not  merely the result  of  binding of  circulating immune complexes that had already 
bound C4, but depended on  de novo complement activation. Despite the increased 
binding of C1q to LACs with SLE plasma, the amount of C3 and C4 binding after 
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incubation with SLE plasma or healthy donor plasma were similar. The lower C4 and 
C3 levels in SLE plasma may in part explain this. 

Several studies have shown that phagocytosis of apoptotic cells is hampered 
in the presence of SLE plasma.27-31 Decreased complement levels in SLE plasma have 
been associated with decreased apoptotic cell clearance.31 Despite decreased C4 and 
C3 levels in SLE plasma, we observed no defect in C4 and C3 binding to LACs in the 
presence of SLE plasma. Our data suggested that adequate C4 and C3 binding might 
be  warranted  by  virtue  of  higher  IgG  and  C1q  binding  to  LACs.  In  addition,  the 
increased binding of IgG and C1q suggested that elimination of LACs in SLE plasma 
might also involve Fcγ and C1q-receptor dependent uptake. Interestingly,  a recent 
study has shown that autoantibodies promote phagocytosis of apoptotic cell debris by 
dendritic cells and that as a consequence autoantigen expression by dendritic cells is 
increased.30 This increased expression of autoantigens by dendritic cells may result in 
the sustained production of autoantibodies.

Several studies addressed to a defect in clearance of apoptotic cells in SLE. 
We conclude  that  opsonisation  of  apoptotic  cells  in  SLE  patients  per  se  is  not 
impaired, since LACs strongly bind IgG and C1q. Moreover, the association between 
IgG or C1q and ANA suggested that ANAs are involved in increased C1q binding
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Abstract

We observed that interaction of secondary necrotic (sn), late apoptotic cells 
with human serum or plasma leads to loss of DNA staining. The decrease turned out 
to be a result of nucleosome release and was specific for apoptotic cells, as necrotic 
cells did not show this phenomenon. We named this activity in plasma nucleosome 
releasing  factor  (NRF).  NRF activity  was  completely  inhibited  by  trypsin  inhibitors 
suggesting  that  a  serine  protease  is  involved.  Upon  testing  a  number  of  plasma 
candidate serine proteases we found that plasmin did have NRF activity.  However, 
plasminogen-deficient plasma still had NRF activity indicating that NRF is not plasmin. 
We conclude that a yet unidentified plasma serine protease is involved in removal of 
nucleosomes from sn cells.

Introduction

Tissue homeostasis in multicellular organisms requires the production of new 
cells whereas senescent or potentially  hazardous cells have to be removed. Such 
unwanted cells  undergo a  process of  programmed cell  death,  or apoptosis,  which 
results  in  prompt  recognition  and  removal  in  order  to  prevent  release  of  toxic  or 
potentially  autoantigenic  intracellular  constituents.  The  expression  of 
phosphatidylserine on the outer phospholipid-bilayer initiates recognition of the early 
apoptotic cell by professional and amateur phagocytes bearing scavenger receptors.1,2 

Binding of serum proteins, such as β2-glycoprotein-I and serum amyloid P component 
(SAP), may promote phagocytosis of early apoptotic cells.3-5 

Ongoing  apoptosis  in  the  absence  of  phagocytosis  will  inevitably  result  in 
secondary necrotic (sn) cells. Sn cells bind serum proteins such as immunoglobulins, 
SAP,  C-reactive  protein  (CRP),  mannan  binding  lectin  and  complement,  which 
promote rapid clearance of sn cells by phagocytes.6-10 The importance of opsonisation 
of sn cells is further supported by the observation that complement binding is a rather 
late  event  during apoptosis  as  compared  to  early  complement  binding to  necrotic 
cells.11.  Likewise,  IgM  and  complement  deficiencies  have  been  associated  with 
defective clearance of apoptotic cells.12,13.  Exposure to intracellular contents due to 
secondary necrosis may trigger autoimmunity or even autoimmune disease.14,15 

A recent study has shown that the corporate action of plasmin and DNAse 
results in nucleosome release from necrotic cells.16 Necrotic cells bind plasminogen 
and  urokinase-type  plasminogen  activator  (uPA)  leading  to  plasmin  generation. 
Plasmin  degrades  histones  and  facilitates  the  breakdown  of  chromatin  by  serum 
DNAse-I  in  necrotic  cells  and  the  release  of  chromatin  may  attribute  to  the 
development of  systemic autoimmunity.  Such a mechanism may also contribute to 
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release of nucleosomes from sn cells, as apoptotic cell blebs are sites of enhanced 
coagulation.17,18 

We observed  that  incubation  of  sn  cells  with  serum or  plasma decreased 
nuclear  staining  and  that  this  phenomenon  was  absent  in  necrotic  cells.  We 
demonstrate  that  the  decrease  in  nuclear  staining  is  associated  with  nucleosome 
release and we made an effort to characterise this nucleosome releasing activity in 
plasma.

Material and methods

Material
Monoclonal  antibodies specific  for nucleosomes (CLB.ANA-58),  histone H3 

(CLB.ANA-60),  CD95  (CLB.CD95-18),  CD3  (CLB.T3/4E),  CD28  (CLB.CD28.1), 
plasmin  and  its  proenzyme  plasminogen  (CLB/AP-1),  affinity  purified  polyclonal 
antibodies specific for plasmin and plasminogen, purified a2-antiplasmin, antithrombin 
and C1-inhibitor were produced in our laboratory.19 Recombinant IL-2 was a kind gift of 
Dr. A. Creasey, Chiron, Emeryville, CA, USA. annexin V-allophycocyanin (annexin V-
APC)  was  obtained  from  BD  Pharmingen  (Erembodegem,  Belgium).  Etoposide, 
soybean  trypsin  inhibitor  (SBTI),  benzamidin,  phenylmethylsulfonylfluoride  (PMSF), 
RNAse, propidium iodide (PI), tissue-type plasminogen activator (tPA), plasminogen 
(plg)  and  plasmin  (pl)  were  purchased  by  Sigma  (St.  Louis,  MO).  Urokinase-type 
plasminogen  activator  (uPA)  was  from  Technoclone  TC  (Vienna,  Austria). 
Complete/EDTA-free, a broad-spectrum protease inhibitor was obtained from Roche 
(Mannheim, Germany) and aprotinin (Trasylol)  was obtained from Bayer (Mijdrecht, 
The Netherlands).  e-Amino caproic acid was obtained from Calbiochem (San Diego, 
CA). CnBr-Sepharose was from Pharmacia Biochem (Uppsala, Sweden). 

Cell culture, apoptosis and necrosis induction 
Jurkat cells were maintained in culture medium (IMDM supplemented with 5% 

foetal calf serum (FCS), penicillin, streptomycin and 50 μM 2-mercaptoethanol) further 
referred to as culture medium (CM). Peripheral blood mononuclear cells (PBMC) were 
isolated directly from aphaeresis by separation with an Elutra (Gambro, Lakewood, 
USA) and were cultured at 20.000 cells/ml for 6 days in IMDM supplemented with 5% 
heat-inactivated  human  pool  serum  (HPS),  penicillin,  streptomycin,  50  μM 
mercaptoethanol,  anti-CD3  (0.1  μg/ml),  anti-CD28  (1  μg/ml)  and  100  U/ml 
recombinant  IL-2).20 Cells  were  washed  twice  in  CM  without  FCS  (CM-)  before 
apoptosis or necrosis induction to prevent the interaction of FCS or HPS  proteins with 
apoptotic  cells.  To  obtain  sn  (late  apoptotic)  cells,  Jurkat  cells  or  PBMC  were 
incubated with CM- containing 200 μM etoposide or anti-CD95 (5 μg/ml) for 16–20 h. 
After apoptosis induction with etoposide or anti-CD95 only 25% of the unstimulated 
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PBMC were  sn  after  24  h.  In  contrast,  treatment  with  etoposide  or  anti-CD95  of 
stimulated PBMC resulted in 40% and 30% sn cells after 24 h. Therefore, stimulated 
PBMC have been used for these experiments. Necrotic Jurkat cells were obtained 
after  incubation with  CM- containing 0.3% H2O2 for 60 min at  60oC. In preliminary 
experiments, the behaviour of cells made necrotic by treatment with 70% ethanol or 
heating at 56oC for 30 min was tested as well.  Since the results with ethanol, heat 
shock  and  H2O2 were  comparable,  H2O2 was  used  to  induce  necrosis  in  these 
experiments. Prior to FACS analysis cells were treated with RNAse for 30 min at 37oC 
at a final concentration of 40  μg/ml. To stop the reaction cells were put on ice until 
further use. 

Recalcified plasma
In  preliminary  experiments  we  used  serum  as  a  source  of  nucleosome 

releasing  factor  (NRF).  It  turns  out  that  most  sera  contain  abundant  numbers  of 
particles that show up as events in the scatter analysis which do not stain with PI or 
annexin V. Moreover, freeze–thawing of serum turned out to generate new particles. 
High speed centrifugation or filtration will lead to strong reduction of these particles in 
serum. Since these issues can easily circumvented by using plasma and recalcified 
plasma turned out to remove nucleosomes as efficiently as serum we used recalcified 
plasma as a source of  NRF. In the text,  recalcified plasma  is denoted as  plasma. 
Blood was collected from healthy donors in siliconised tubes containing sodium citrate 
at a final concentration of 10 mM. The vials were immediately centrifuged two times for 
10 min at 1300 x g at 4oC to achieve platelet poor plasma. Plasma was transferred to 
a glass vial, recalcified with CaCl2 at a final concentration of 10 mM and incubated for 
15 min at 37oC, followed by incubation for 30 min at 4oC until  a retracted clot had 
formed. The clot was removed and the plasma was stored at 20oC until use. 

Detection of apoptotic and necrotic cells 
Apoptotic and necrotic cells were washed in FACS buffer (10 mM HEPES, pH 

7.2, containing 150 mM NaCl, 5 mM KCl, 2 mM CaCl2, 2 mM MgCl2, further referred to 
as FB) and stained with 1:200 annexin V-APC in ice-cold FB for 10 min. Then the cells 
were washed in ice-cold FB and 500 ng/ml PI was added. Finally, a cell sample was 
spotted  on  an  object  glass,  wet  mounted  and  immediately  evaluated  under  a 
fluorescence microscope. annexin V+//PI+ Jurkat cells with fragmented or condensed 
nuclei were scored as sn cells and annexin V+/PI+ cells without nuclear changes as 
necrotic cells.

The median fluorescence intensity (MFI) of PI binding to annexin V+/PI+ (at 
least  10000  events/sample)  was  quantified  with  BD LSR II  flowcytometer  (Becton 
Dickinson,  Mountain  View,  CA)  using  FACS  Diva  software  (Becton  Dickinson, 
Mountain View, CA). 
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Nucleosome release from apoptotic cells
Apoptotic and necrotic cells were washed twice in CM- and resuspended in 

CM-. The cells were transferred to a 96-well round bottom plate (1–2x105 cells/well), 
centrifuged  at  1300xg  and  the  supernatant  was  removed.  The  cell  pellet  was 
resuspended in dilutions of plasma in CM- (100–200 ml/well) and incubated for 30 min 
at  37oC.  The  supernatant  was  collected  and  stored  at  20oC  until  further  use. 
Nucleosome levels were determined with an ELISA as previously described with some 
modifications.21. In brief, ELISA plates were coated with monoclonal anti-histone H3 
antibody (CLB/ANA-60) and the samples were added and incubated for 1 h at room 
temperature.  After  washing,  biotin-labelled  F(ab')2  fragments  of  monoclonal 
antinucleosome antibody (CLB/ANA-58) were added and incubated for another hour at 
room temperature. Binding of biotin-labelled antibodies was detected with streptavidin-
horse radish peroxidase (HRP) using tetramethylbenzidine (TMB) as a substrate. The 
reaction was stopped with 2M H2SO4 and the absorption was measured at 450 nm. 
Serial  dilutions  of  a  culture  supernatant  of  approximately  1x106/ml  Jurkat  cells, 
cultured  for  a  week  with  etoposide  to  obtain  100%  dead  cells  were  used  as  a 
standard. The levels of nucleosomes were expressed in arbitrary units (AU). One AU 
is the amount of nucleosomes released by approximately 100 dead Jurkat cells. The 
detection limit of the ELISA was 2 AU/ml.

The effect of protease inhibitors on PI staining and nucleosome release
Complete/EDTA-free  working-dilution  (1  tablet  in  10  ml  water,  prepared 

according to manufacturer prescriptions), EDTA, aprotinin, SBTI, PMSF, benzamidin, 
e-amino-caproic  acid,  C1-inhibitor,  antithrombin and  a2-antiplasmin were  diluted in 
CM-.  Ten percent  plasma was pre-incubated for 30 min at 37oC with the protease 
inhibitors. Then 2x105 secondary necrotic Jurkat cells were incubated with 100ml of 
the treated plasma for 60 min at 37oC. Finally, the cells  were washed with FB, stained 
with PI and analysed with flowcytometry. Untreated plasma was used as a positive 
control.  The  apoptotic  cell  supernatant  was  collected  to  measure  the  nucleosome 
concentration. 

The effect of plasmin and plasminogen on PI staining.
Plasmin  and  its  pro-enzyme  plasminogen  were  diluted  in  different 

concentrations in CM_. In another set of experiments plasminogen at a concentration 
of 150 nM was incubated with increasing concentrations of either tPA or uPA for 15 
min at 37oC. As controls, tPA or uPA at increasing concentrations were incubated with 
buffer only for 15 min at 37oC. Next, 100 ml of the protease dilution was added to 
2x105 secondary necrotic Jurkat cells and the cells were incubated for 30 min at 37oC. 
Finally, cells were washed with FB, stained with PI and analysed with flowcytometry as 
described above. 

101



Chapter 6

Plasminogen depletion of plasma
Monoclonal anti-plasminogen antibody (15 mg, recognising both plasminogen 

and plasmin) was coupled to 0.75 g CNBr-Sepharose, according to instructions of the 
manufacturer. The affinity-column was equilibrated with 30 ml 20 mM sodium citrate 
(pH 6.0) containing 1M NaCl and 0.02% Tween20. NaCl was added to plasma to a 
final concentration of 1M. Five ml of plasma containing 1M NaCl was applied to the 
column. The flow-through was dialysed against 20 mM phosphate buffer containing 
140 mM NaCl  and 0.02% Tween20 overnight  (volume after  dialysis  10.5  ml).  The 
plasminogen level after depletion and dialysis was determined with ELISA. In brief, an 
affinity-purified rabbit polyclonal anti-plasminogen was coated on an ELISA plate. A 
titration of plasma was used as a standard assuming 1 ml of plasma to contain 100 U 
of plasminogen. Standard and samples were incubated for 1 h at room temperature. 
After  washing,  biotinylated  monoclonal  anti-plasminogen  antibody  was  added  and 
incubated for another hour at room temperature. Binding of biotin-labelled antibodies 
was  detected  with  streptavidin-HRP using TMB as  a  substrate.  The reaction  was 
stopped with 2 M H2SO4 and the absorption was measured at 450 nm. In order to test 
the nucleosome releasing activity of plasminogen-depleted plasma either plasma or 
plasminogen-depleted plasma was incubated in different concentrations with sn cells 
for 30 min at 37oC. Thereafter, cells were washed and stained with PI and analysed as 
described above.

Results

The effect of plasma on the PI staining of sn cells
annexin V+/PI+ secondary necrotic Jurkat cells after apoptosis induction with 

etoposide showed a MFI  of  2617 ±  41  for  PI  in  the absence of  plasma whereas 
incubation for 30 min with 50% plasma reduced PI staining by 79% to 558 ± 26 (fig. 
1A). No such effect of 50% plasma on PI staining could be seen in living and necrotic 
cells, respectively. A similar effect was observed after apoptosis induction with anti-
CD95: the PI staining in late apoptotic Jurkat cells decreased from a MFI of 2106 ± 38 
without plasma to 233 ± 11 with 20% plasma. The same results were obtained when 
other cell lines, such as CHO-K1 and SKW6.4 cells, were used (data not  shown). The 
loss of PI staining was only found with sn cells. No effect of plasma on PI staining of 
necrotic cells was observed (fig. 1B). Necrosis induction using H2O2 might seriously 
damage  internal  cellular  components,  which  may  act  as  cofactor  for  the  effect 
observed  upon  incubation  of  sn  cells  with  plasma.  However,  similar  results  were 
obtained when ethanol or heat shock was used to induce necrosis (data not shown). 
The effect of plasma on sn cells was not restricted to cell lines but could be observed 
in sn PBMC after apoptosis induction as well (fig. 2).
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Figure. 1. Plasma induces a decrease of propidium iodide (PI) staining in secondary necrotic (sn) 
cells.
Living (top), sn (middle) and necrotic Jurkat cells (bottom) were incubated with either buffer (left) or 50% 
plasma (right) (A). Living cells contained 10% sn cells as indicated by a population of PI and annexin V 
positive cells (A, top).  Secondary necrotic  (open circles)  and necrotic  Jurkat  cells (closed circles)  were 
incubated with increasing concentrations of plasma (B). Since the PI staining without plasma in necrotic 
cells  (median  fluorescence  intensity  5167  ±  497)  was  stronger  as  compared to  apoptotic  cells  without 
plasma (2617 ± 41), the data were normalised taken apoptotic or necrotic cells incubated with buffer only as
100%. Results are indicated as means ± S.E. of the mean (n = 3)
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Figure 2. Plasma induces a decrease in propidium iodide (PI) staining in secondary necrotic (sn) 
peripheral blood mononuclear cells. 
After 6 days culturing of primary lymphocytes stimulated with anti-CD3, anti-CD28 and IL-2, apoptosis was 
induced with 200 μM etoposide. Secondary necrotic peripheral blood mononuclear cells (PBMCs) were then 
incubated  with  plasma.  PI  staining  of  sn  (double  positive  for  annexin  V  and  PI)  cells  is  shown  after 
incubation with n., 5% and 20% plasma, respectively (A–C)

.Measurement  of  nucleosomes  in  supernatant  of  sn  cells  after  plasma 
incubation.

The loss of PI staining after plasma incubation could be the result  of DNA 
release or plasma might interfere with PI staining. Therefore, we analysed the release 
of nucleosomes from sn cells after incubation with plasma. The supernatant of sn cells 
contained 24  ± 2 AU/ml nucleosomes when incubated with CM- alone,  whereas a 
dose-dependent increase in  nucleosome levels  was observed up to 10.764 ± 724 
AU/ml in the presence of 20% plasma (fig.  3).  The increased nucleosome release 
coincided with a reduction of the PI staining of the sn cells from approximately 5195 ± 
195 to 1186 ± 2 (fig. 3). Notably, nucleosomes in normal donor plasma were below 
detection level (not shown). In another approach using sn cells with 3H-labelled DNA a 
dose-dependent release of 3H-labelled DNA from the cells into the supernatant upon 
plasma incubation was observed  (data not shown).

Mechanism of nucleosome release from apoptotic cells
The  release  of  nucleosomes  in  the  apoptotic  cell  supernatant  and  the 

concomitant decrease in PI staining was absent when apoptotic cells were incubated 
with plasma at 4oC or when plasma was heated for 60 min at 56oC (not shown). This 
suggested that an enzymatic process may be involved and we decided to denote this 
activity as nucleosome releasing factor (further referred to as NRF). To resolve the 
nature of NRF activity we tested a series of protease inhibitors (table 1). Preincubation 
of plasma with Complete/EDTA-free abrogated NRF activity while no inhibition of the 
NRF  activity  was  observed  after  preincubation  of  plasma  with  EDTA. 
phenylmethylsulfonylfluoride (PMSF) abrogated NRF activity at a concentration of 2.5 
mM (table 1). 

104



Chapter 6

Table 1.  The effect  of protease inhibitors on the plasma-induced decrease of nuclear 
staining of secondary necrotic cells in the presence of 10% plasma

aPMSF, phenylmethylsulfonylfluoride, SBTI, soy bean trypsin inhibitor.
bHighest concentration that was tested, or *the lowest concentration that showed inhibition.
cWorking solution (see Section 2).
dKIU, Kallikrein-inhibiting unit.

Figure 3.  Plasma induces nucleosome release in secondary necrotic cells.
Secondary  necrotic  Jurkat  cells  were  incubated  with  different  concentrations  of  plasma.  Cells  were 
centrifuged and the pellet was stained with propidium iodide (closed circles). The release of nucleosomes in
the supernatant of the cells was detected with ELISA (open circles). Results are indicated as means ± S.E. 
of the mean. AU/ml: arbitrary units per ml, MFI: median fluorescence intensity.
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Moreover, preincubation of plasma with aprotinin and soybean trypsin inhibitor 
(SBTI)  showed  a  dose-dependent  inhibition  of  NRF  activity  (fig.  4).  Notably, 
preincubation of  sn cells with the above mentioned protease  inhibitors followed by 
awash prior to the addition of plasma had no effect on NRF activity. It has been shown 
that the plasminogen  system is involved in the release of nucleosomes from necrotic 
cells  and  we  observed  that  the  NRF  activity  is  inhibited  by  aprotinin  and  SBTI 
suggesting that the NRF activity might be due to plasmin.16 We investigated the NRF 
activity  of  several  purified  serine  proteases  involved  in  the  plasminogen  system. 
Plasmin displayed a dose-dependent NRF activity and plasminogen with simultaneous 
addition of either tPA or uPA was active as well (fig. 5). In contrast, no NRF activity 
was observed when purified plasminogen, uPA or tPA were added separately. 

Figure 4. Aprotinin and soybean trypsin inhibitor inhibit plasma mediated  nucleosome release in 
secondary necrotic cells. 
Secondary necrotic Jurkat cells were incubated with plasma (10%) containing different concentrations of 
aprotinin (A) or soybean trypsin inhibitor (SBTI, B). Cells were centrifuged and the pellet was stained with 
propidium iodide  (PI)  (closed circles).  The release of  nucleosomes in the supernatant  of  the cells was 
detected with ELISA (open circles). Results are indicated as means ± S.E. of the mean (n = 3). The median
fluorescence  intensity  of  PI  staining  and  the  nucleosome  concentration  in  the  supernatant  of  sn  cells 
incubated with 10% plasma without inhibitors were 1308 ± 4 and 10649 ± 1773 AU/ml, respectively. AU/ ml: 
arbitrary units per ml, MFI: median fluorescence intensity, KIU/ ml: Kallikrein inhibiting units per ml.

The effect of plasminogen depletion on NRF activity
As plasmin seemed to be involved in the release of  nucleosomes from sn 

cells,  we  depleted plasminogen from plasma with  affinity  chromatography.  Plasma 
was applied once to the column thereby reducing the total plasminogen content from 
500  U  to  a  total  20  U  in  the  flow  through.  Interestingly,  the  NRF  activities  of 
plasminogen-depleted plasma and normal plasma were equal (fig. 6).
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Fig. 5. Plasmin removes nucleosomes from secondary necrotic (sn) cells.
 Secondary necrotic Jurkat cells were incubated with dilutions of either purified plasmin (open triangles) or 
plasminogen  (closed  triangles)  and  stained  with  propidium  iodide  (PI)  (A).  Secondary  necrotic  cells 
incubated  with  dilutions  of  uPA alone  (closed  squares)  or  dilutions  of  uPA preincubated  with  150  nM 
plasminogen (open squares) were stained with PI (B). Sn cells incubated with dilutions of tPA alone (closed 
circles) or with dilutions of tPA preincubated with 150 nM plasminogen (open circle) were stained with PI. 
Results are indicated as means ± S.E. of the mean (n = 3). MFI: median fluorescence intensity.

Fig. 6. Plasminogen-depleted plasma  maintains its nucleosome releasing capacity.
The effect of plasminogen depletion on the median fluorescence intensity (MFI) of propidium iodide (PI) 
staining of sn cells. Sn cells were incubated with several dilutions of plasma (open circles) or plasminogen-
depleted plasma (closed circles). The dilution of plasminogen-depleted plasma were corrected for dilutions 
achieved during plasminogen depletion (dilutionfactor 2.1) and are indicated in % of plasma. Results are 
indicated as means ± S.E. of the mean (n = 3).
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Discussion

Surrounding phagocytes rapidly clear early apoptotic cells and thus prevent 
exposure to apoptotic cell cytoplasmic and nuclear contents. However, little is known 
about the processing of sn cells. We studied the effect of normal human plasma on 
secondary necrotic Jurkat cells and PBMC under culture conditions and in theabsence 
of  phagocytes.  A  strong  release  of  nucleosomes  from  sn  cells  coincided  with  a 
decrease in nuclear staining with PI. The effect of plasma on nuclear staining was 
observed at 37oC, but was absent at 4oC and in heated plasma, suggesting that an 
enzymatic process was involved.  The NRF activity  was specific  for sn cells as no 
effect on  nucleosome release was observed in necrotic cells, thus processing of DNA 
by  an  apoptotic  cell  endonuclease  seemed  to  be  a  prerequisite  for  nucleosome 
release. 

Plasmin has been involved in the degradation of  histones in vitro, which could 
possibly  promote  the  release  of   nucleosomes  from  sn  cells.16,22 Indeed 
preincubation of sn cells with a broad-spectrum protease inhibitor (Complete/EDTA-
free), with aprotinin, PMSF or with SBTI inhibited NRF activity of plasma. In contrast, 
EDTA,  e-amino-caproic  acid  and  the  naturally  occurring  protease  inhibitors  C1-
inhibitor, a2-antiplasmin and antithrombin were inactive. Both, aprotinin and SBTI are 
potent inhibitors of plasmin supporting the candidacy of plasmin. Indeed plasmin has 
NRF  activity.  Plasmin-free  plasminogen  has  no  NRF  activity  unless  it  was 
simultaneously administered with a plasminogen activator, either uPA or tPA, showing 
that the apoptotic cell has no intrinsic plasminogen-activating properties. 

Notwithstanding the NRF activity of plasmin, our data show that NRF is not 
plasmin. NRF activity was unaffected in plasmin and plasminogen-depleted plasma, in 
plasma  pretreated  with  e-amino-caproic  acid  or  a2-antiplasmin  enriched  plasma, 
indicating another protease than plasmin to exhibit NRF in plasma. It has been shown 
that necrotic cells   lose nucleosomes in the presence of DNAse-I and either plasmin 
or  C1q.16,23  Our  observation  that  the  release  of  nucleosomes  from  sn  cells  was 
unaffected in  the  presence  of  EDTA argues  against  a  role  for  calcium-dependent 
DNAses, like DNAse-I, in the removal of nucleosomes from sn cells. 

Previous studies have shown that sn cells bind various complement activating 
proteins such as SAP, CRP, MBL, immunoglobulins and C1q and binding of these 
proteins  to  sn  cells  may  promote  complement  activation.4-9  Moreover,  loss  of 
membrane-bound inhibitors of complement activation in the apoptotic process may 
facilitate  apoptotic  cell  lysis  by  complement.24,25  EDTA  abrogates  complement 
activation by sn cells and since no inhibitory effect of EDTA on nucleosome release 
was observed, it is unlikely that complement activating proteins or complement exert 
substantial NRF activity. 

The physiological relevance of a NRF is at present unknown. Nucleosomes 
were reported to bind to glycosaminoglycans, such as heparan sulphate.26  Therefore, 
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nucleosomes released from apoptotic cells might be scavenged by binding to heparan 
sulphate exposed on surrounding cells. Efficient removal of apoptotic cells is important 
since prolonged exposure  of the immune system to autoantigens exposed on the 
surface of apoptotic cells and blebs may result in the development of autoantibodies 
against nucleosomes.14  Nucleosomes released into circulation are rapidly cleared by 
hepatocytes.27  However,  only  little  is  known  on  how  nucleosomes  escape  from 
apoptotic cells. We now demonstrate plasma to contain a protease, which removes 
nucleosomes from sn cells. We hypothesise that the removal of nucleosomes from sn 
cells  by plasma may represent  a  constitutive  part  of  a disposal  program for early 
apoptotic cells, which were not properly cleared (e.g. due to excessive nucleosome 
release, due to decreased clearance capacity or a combination of both) and became 
sn. A decreased capacity of plasma to remove nucleosomes from sn cells may lead to 
autoantibody formation to nucleosomes. Indeed, we observed decreased NRF activity 
in plasma of  SLE patients, suggesting that processing of nucleosomes from sn cells 
may be affected (unpublished observation).

Our  results  indicate  that  in  vitro studies  with  apoptotic  cells  should  be 
interpreted with care. In the presence of  unheated plasma sn cells lose nucleosomes 
and thus staining with DNA-binding dyes, such as PI, is lost. Under these conditions 
annexin  V+ and P- staining cells,  which  are  designated  early  apoptotic  cells,  may 
actually  represent  sn cells.  This study may offer an explanation for the infrequent 
finding of sn cells  in vivo, such as in histology sections. When cell leakage occurs, 
nucleosomes are removed from sn cells.  Therefore,  staining of  sn cells  with  DNA 
binding dyes such as hematoxylin may be impaired.

We conclude that a yet  unidentified plasma protease is instrumental  in the 
release of nucleosomes from sn cells. The protease that is responsible for the release 
of  nucleosomes from sn  cells  as  well  as  the  physiological  relevance  of  this  NRF 
remains to be identified.
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Abstract

Previous studies have shown that  incubation of  late apoptotic cells (LACs) 
with  plasma  leads  to  a  reduction  of  nuclear  staining  with  the  DNA  binding  dye 
propidium  iodide  (PI)  and  a  concomitant  release  of  nucleosomes.  Healthy  donor 
plasma  contains  a  yet  unidentified  serine  protease  that  is  instrumental  in  these 
phenomena and this protein is referred to as nucleosome releasing factor (NRF). SLE 
patients develop antinuclear antibodies (ANA) that may interfere with NRF.

We investigated the NRF activity in plasma from SLE patients. Late apoptotic 
Jurkat cells were incubated with SLE plasma or healthy donor plasma and the cells 
were  stained  with  PI  and  mouse  monoclonal  ANA.  Nucleosome  release  in  the 
supernatant was measured with ELISA.

The NRF activity was significantly lower in SLE plasma compared to healthy 
donor plasma. Addition of healthy donor plasma to SLE plasma could not recover NRF 
activity, suggesting that SLE plasma contained inhibitors of NRF. Incubation of LACs 
with mouse monoclonal ANA inhibited NRF activity when healthy donor plasma was 
subsequently  added,  showing  that  ANA  interfere  with  NRF  activity.  To  obtain 
additional evidence that ANA inhibit NRF activity, SLE plasma was depleted from IgG 
and added to LACs. The NRF activity was recovered in 2/4 IgG-depleted SLE plasma. 
Interestingly, the NRF activity was still absent in the remaining two IgG-depleted SLE 
plasmas and the NRF activity could be recovered only after addition of healthy donor 
plasma.

In summary, we showed that ANA inhibit the NRF activity in plasmas from 
SLE patients. Moreover,  a (functional) NRF deficiency may explain the absence of 
NRF activity in a subset of SLE patients.

Introduction

Multicellular organisms produce excessive amounts of cells and unwanted or 
senescent  cells  have to be eliminated.  Elimination is  initiated by a process called 
apoptosis  or  programmed  cell  death.  Early  apoptotic  cells  (EACs)  express 
phosphatidylserine  on  their  outer  membrane,  which  triggers  their  uptake  by 
surrounding phagocytes.1,2 Soluble proteins such as  β2-glycoprotein-I,  clusterin and 
SAP bind to EACs and further promote apoptotic cell scavenger receptor mediated 
uptake by phagocytes. 3-6

Ongoing culture  of  EACs inevitably  results  in the occurrence of  secondary 
necrotic,  late  apoptotic  cells  (LACs)  in  vitro.7,8 In  the  presence  of  plasma, 
immunoglobulins and complement bind to LACs and promote their phagocytosis and 
these proteins may provide an essential backup mechanism in the removal of LACs in 
vivo.9-12 Indeed,  secretory-IgM  and  complement  deficiencies  are  associated  with 
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defective  clearance  of  apoptotic  cells  and  persistent  exposure  to  LACs  results  in 
development of autoimmunity and systemic autoimmune disease.13-17

SLE is a prototypic systemic autoimmune disease that is characterised by the 
production  of  autoantibodies  specific  for  ubiquitous  cellular  antigens,  especially 
antinuclear  antibodies  (ANA).  It  has  been  shown  that  apoptotic  cells  may  be  an 
important  source  for  autoantigens.18,19 Mice  that  are  vaccinated  with  abundant 
apoptotic cells develop ANA suggesting that the mere exposure to apoptotic cells and 
its contents may be sufficient for a temporary breakdown in self tolerance.20 

Despite a potential role for LACs in development of autoimmune disease, data 
on  the  fate  of  LACs  in  vivo is  lacking.  We previously  observed  that  LACs  show 
decreased nuclear staining with PI and a concomitant release of nucleosomes in the 
presence of whole plasma. A plasma serine protease, tentatively called nucleosome 
releasing factor (NRF), is involved in this process.21 This NRF activity is specific for 
LACs since no NRF activity is observed with primary necrotic cells.

In the present  study,  we investigated the NRF activity  in SLE plasma. We 
obtained evidence that NRF activity is inhibited in SLE plasma and that ANAs are 
involved in this inhibition.

Material and methods

Patients
Eighteen  SLE  patients  were  included  and  all  patients  gave  their  informed 

consent.  Patient  data  are  summarised  in  table  1.  A  SLE  disease  activity  index 
(SLEDAI) ³ 4 is considered as active disease

Recalcified plasma
Blood was collected from SLE patients and healthy donors in siliconised tubes 

with sodium citrate (10 mM final concentration) and immediately centrifuged for 20 min 
at 1300 x g at 4oC. Then the plasma was collected, transferred to a glass vial and 
recalcified with CaCl2 (10 mM final concentration) for 15 min at 37oC, followed by 30 
min incubation on ice for clot retraction. The clot was removed and the recalcified 
plasma was stored at –20oC until use. 

Materials
Mouse monoclonal  antibodies specific  for  histone-1 (CLB/ANA-12),  histone 

2A/B (CLB/ANA-18),  histone-3  (CLB/ANA-60),  nucleosome  (CLB/ANA-58),  double-
stranded  DNA  (CLB/ANA-109  and  CLB/ANA-123)  and  a  yet  unclassified  ANA 
(CLB/ANA-84)  were  developed  in  our  laboratory.22 CLB/ANA-58  and  CLB/ANA-60 
were  biotinylated  with  LC-biotin-n-hydroxysuccinimide  from  Pierce  (Rockford,  IL). 
Biotinylated monoclonal antibodies specific for IgM (CLB/MH15) and IgG (CLB/MH16) 
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Table 1.  SLE patient characteristics

Patient Gender Age SLEDAI1 Nephritis Predisone Farr2 ANA3

1 F 37 16 + + 55 1:160
2 F 48 2 - + 20 1:640
3 F 41 16 + + 7 1:320
4 F 39 2 - + 12 1:640
5 F 27 0 - + 17 1:2560
6 F 51 2 - + 139 1:10240
7 F 77 0 - + 6 1:10240
8 F 33 4 + + 126 1:320
9 F 37 4 + + 95 1:5120
10 F 50 2 - + 1 1:640
11 F 44 1 - - 11 1:2560
12 F 19 0 - + 5 1:320
13 F 40 8 + + 11 1:2560
14 F 50 0 - - 1 1:5120
15 F 27 0 - + 6 1:160
16 F 33 12 + + 1972 1:320
17 F 30 2 - + 17 1:320
18 F 43 2 - + 1 1:2560

1 SLEDAI = SLE disease activity index
2 Farr > 17 IU/ml is positive
3 ANA titer > 1:40 is positive

were obtained from Sanquin (Amsterdam, The Netherlands). Etoposide and propidium 
iodide (PI) were purchased from Sigma (St. Louis, MO), streptavidin-allophycocyanin 
(strep-APC) from Pharmingen (San Diego, CA) and annexin V-FITC from BenderMed 
(Vienna,  Austria).  Protein  G  Sepharose  was  obtained  from  Pharmacia  Biochem 
(Uppsala, Sweden).

Cell culture and apoptosis induction
Jurkat cells were maintained in culture medium (IMDM substituted with 5% 

foetal calf serum, penicillin, streptomycin and 50 μM b-mercaptoethanol) at 37oC in a 
humidified 5% CO2 atmosphere. Before apoptosis-induction cells were washed twice 
in  culture  medium  without  foetal  calf  serum  (CM-).  Cells  (1-2x106 cells/ml)  were 
incubated in CM- with 200 μM etoposide for 16 h. A 200 ml sample of this culture was 
incubated  with  1  ml  annexin  V-FITC  for  10  min  at  room  temperature  and  then 
propidium iodide (PI; 500 ng/ml final concentration) was added. A 50 ml sample was 
transferred to a microscopic slide, wet  mounted with  a cover slip  and immediately 
evaluated with a fluorescence microscope. The majority of cells were annexin V+ and 
PI+ double-staining cells with fragmented or condensed nuclei,  thus LACs, and the 
remaining cells were vital cells (annexin V-), EACs (annexin V+/PI-) or necrotic cells 
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(annexin  V+ and  PI+ double-staining  cells  without  nuclear  condensation  or 
fragmentation).

FACS analysis
Apoptotic  Jurkat  cells  were washed in  CM-,  transferred to  a  96-well  round 

bottom plate (1-2x105 cells/well)  and incubated with 10% recalcified plasma in CM- 

(100 ml/well) for 60 min at 37oC. Then plates were centrifuged and supernatants were 
collected for nucleosome ELISA. The cells were washed twice in 200 ml FACS buffer 
(10 mM HEPES pH 7.2 containing 150 mM NaCl, 5 mM KCl, 2 mM CaCl2,  2 mM 

MgCl2,  further referred to as FB) and 2  μg/ml biotinylated monoclonal mouse ANA 
(CLB/ANA 58 or -60) was added for 30 min at 4oC. Thereafter, the cells were washed 
with FB containing 250 ng/ml strep-APC and annexin V-FITC (1:200) and incubated 
for  20  min  at  4oC.  Finally  the  cells  were  washed in  FB and  PI  (500  ng/ml,  final 
concentration)  was  added.  The  cells  were  evaluated  with  a  FACSCalibur 
flowcytometer (Becton Dickinson, Mountain View, CA). annexin V–FITC fluorescence 
was detected in fluorescence channel 1 (FL1), PI fluorescence in FL2, and the strep-
APC  binding  to  biotinylated  antinuclear  antibodies  was  detected  in  FL4.  The  PI 
staining and ANA binding were expressed as the median fluorescence intensity (MFI) 
of at least 5000 cells.

Nucleosome ELISA
The release of nucleosomes from LACs was determined with a nucleosome 

ELISA, as described previously.8 In brief, plates were coated with 1  μg/ml ANA-60 
(anti histone-3 antibody) and incubated with supernatants of apoptotic cells. Then the 
plates were incubated with 1  μg/ml biotinylated ANA-58 (anti-nucleosome antibody) 
followed by incubation with streptavidin-horse radish peroxidase. Finally, plates were 
stained  with  tetramethylbenzidin/H2SO4.  For  calibration,  a  culture  supernatant  of 
serum deprived Jurkat cells (grown for 2 weeks) was used, and nucleosome levels 
were  expressed  as  arbitrary  units  (AU).  One  AU  approximates  the  release  of 
nucleosomes from 100 Jurkat cells.

Mouse monoclonal ANAs
To measure the effect of ANA on NRF activity, LACs were preincubated with 

mouse monoclonal ANA prior to incubation with plasma. The performance of these 
mouse  monoclonal  ANA  in  HEp2  binding  (ANA  titer),  Farr  assay  (quantitative 
determination of high-affinity double-stranded DNA antibodies), Crithidia luciliae assay 
(qualitative  double-stranded  DNA binding)  and  anti-histone  ELISA (with  or  without 
addition of double-stranded DNA) is summarised in table 2.

LACs (105/well) were preincubated with several dilutions (range 1-100 μg/ml) 
of mouse monoclonal ANA in CM- for 30 min at room temperature. Then cells were 
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washed three times in CM- and incubated with 10% human plasma in CM- for 1 h at 
37oC.  The cells  were  washed  twice  with  ice-cold  FB  and  stained  with  annexin  V 
(1:200) and PI (500 ng/ml), followed by flowcytometry.

Table  2.   Specificity  of  mouse  monoclonal  antinuclear  antibody  (ANA)  in  various 
autoantibody tests

Moab CLB/ANA
(specificity)

ANA1

ng/ml
Crithidia2

ng/ml
Farr3

IU/mg
Anti-histone

ELISA4
Anti-histone 

ELISA + ds DNA5

12 (histone-1) 80 neg neg + (H1) nt
18 (histone-2A/B) 310 neg neg + (H2A/B) nt
58 (nucleosome) 630 neg neg neg +
60 (histone-3) 160 neg neg + (H3) nt
84 (ANA) 310 neg neg neg neg
109 (ds-DNA) 200 600 neg neg +
123 (ds-DNA) 200 150 475000 + nt

1 HEp2 cell binding assay, lowest concentration showing positivity
2 Crithidia luciliae anti ds-DNA qualitative test for anti double-stranded DNA; lowest 
concentration showing positivity; negative  is >10 µg/ml
3 Farr assay, quantitative test for high-avidity double stranded-DNA (In plasma Farr > 15 IU/ml is 
considered positive)
4 Anti-histone ELISAs as described previously8

5 Anti-histone/ds-DNA ELISA as described previously8 ; nt = not tested 

IgG depletion of plasma
To study the influence of IgG ANA on NRF activity, some SLE plasmas were 

IgG-depleted.  Protein  G  Sepharose  was  thoroughly  resuspended  and  200  ml 
suspension was added to a 1.5 ml eppendorf tube and washed three times with 0.1 M 
glycine pH 2.5. Then the protein G Sepharose was washed two times with PBS and 
the supernatant was removed. 200 ml SLE or healthy donor plasma was added and 
the tube was incubated head-over-head for 2 h at room temperature. Thereafter, the 
tube was centrifuged and the supernatant was collected. The complete IgG-depletion 
procedure  was  performed  twice  to  ensure  complete  IgG  depletion.  LACs  were 
incubated with 10% undepleted or 10% IgG-depleted plasma for 1 h at 37oC and the 
binding of IgG and IgM and nuclear staining with PI was evaluated with flowcytometry. 
In a subset of experiments, LACs were incubated with 10% IgG-depleted SLE plasma 
substituted with 10% healthy donor plasma for 1 h at 37oC , followed by the detection 
of IgG and IgM binding, and PI staining.

Statistic analysis
Differences between groups were analysed with a student-t-test. Associations 

were investigated with a Pearson correlation (r) test. P-values < 0.05 were considered 
significant.
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Figure 1. Histone-3, nucleosome and PI staining of late apoptotic Jurkat cells after incubation with 
SLE plasma or healthy donor plasma. 
Cells were stained with annexin-V, PI (A) and with anti  histone-3 antibody (B) or with anti  nucleosome 
antibody (C). The dotted lines represent the MFI in the absence of plasma. (D) The relation between PI and 
anti histone-3 staining after incubation with SLE plasma (r = 0.93, P < 0.0001).

Figure  2.  Nucleosome  levels  in  supernatant  of  late  apoptotic  Jurkat  cells  after  incubation  with 
healthy donor or SLE patient plasma
(A). Nucleosome levels were measured with ELISA and were expressed as arbitrary units (AU). (B) The 
relation between PI staining and nucleosome release (r = -0.69, P =  0.002)
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Figure 3. Association between disease activity (SLEDAI) and NRF activity.
In (A) the SLEDAI is plotted against PI staining (r = -0.43, P = 0.04)  In (B) the SLEDAI is plotted against 
nucleosome release (r = 0.63, P = 0.005)

Results

NRF activity in plasma from SLE patients and healthy donor plasma

After  incubation  of  LACs  with  SLE  plasma  or  healthy  donor  plasma  the 
supernatant was collected for nucleosome measurement and LACs were stained with 
annexin V, PI and either anti-histone 3 or nucleosome antibody. LACs incubated with 
SLE plasma showed higher PI staining compared to healthy donor plasma (MFI 87 ± 
11 and 50 ± 1, P = 0.04, respectively; fig 1A). Likewise, incubation of LACs with SLE 
plasma resulted in a higher nucleosome staining (MFI 636 ± 69 and 323 ± 15, P = 
0.01 fig 1B) and a higher histone-3 staining (MFI 113 ± 11 and 74 ± 2, P = 0.04; fig 
1C). Staining of LACs with PI strongly correlated to histone-3 binding (r = 0.93, P < 
0.0001,  fig  1D).  A  similar  correlation  was  found with  PI  staining  and nucleosome 
staining (r = 0.92, P < 0.0001, not shown).  

Nucleosome measurements in the supernatants of LACs incubated with SLE 
plasmas contained significantly lower nucleosome levels compared to healthy donor 
plasma (276 ± 48 AU and 487 ± 458 AU, P = 0.02, respectively; fig 2A). Nucleosomes 
were  also  measured  in  SLE patient  plasmas and  healthy  donor  plasmas prior  to 
incubation with LACs and in the supernatant of LACs in CM- without plasma. In these 
samples nucleosome levels  were below detection limits,  showing  that  nucleosome 
release was a consequence of incubation of LACs with plasma. An inverse correlation 
between  PI  staining  and  nucleosomes  in  the  supernatant  was  observed  after 
incubation with SLE plasma (r = -0.69, P =  0.001; fig 2B).

We also  investigated  a  possible  association  between  the  disease  activity 
(SLEDAI)  and  the  NRF  activity.  A  significant  inverted  association  was  observed 
between the SLEDAI and PI staining (r = -0.48, P = 0.044; fig 3A). Also a significant 
association was observed between the SLEDAI and nucleosome release in the LAC 
supernatant  (r = 0.63,  P = 0.005;  fig 3B). One patient  with active disease showed 
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normal  decrease  in  PI  staining,  whereas  the  release  of  nucleosomes in  the  LAC 
supernatant  was  low.  Particularly,  this  patient  had  high  affinity  ds-DNA antibodies 
(Farr 1972 IU/mg). Apparently, these ds-DNA antibodies were unable to inhibit NRF 
activity (hence PI staining decreased) but interfered with the nucleosome ELISA in 
LAC supernatant (thus nucleosome detection failed). Interestingly, patients with active 
disease  showed  significant  lower  PI  staining  and  significant  higher  nucleosome 
release  compared  to  patients  with  inactive  disease,  P  =  0.014  and  P  =  0.02, 
respectively) 

The effect of SLE plasma on the NRF activity of healthy donor plasma
The lower NRF activity exerted on LACs in SLE plasma could have several 

possible explanations. The SLE plasma may merely lack the NRF protease or SLE 
plasma may contain an inhibitor of the NRF protease. Alternatively, exposure of the 
target of the NRF protease, most likely the nucleosome, is prevented. Therefore, we 
investigated whether SLE plasma might influence the NRF activity exerted by healthy 
donor plasma. Incubation with SLE plasma alone and with NHD plasma alone served 
as controls. As expected, the NRF activity was present in healthy donor plasma as 
shown by the reduced PI staining and this activity was absent in SLE plasma (fig 4). 
When SLE plasma was coadministered with healthy donor plasma, the NRF activity 
exerted  by  healthy  donor  plasma was  completely  inhibited,  showing  that  the SLE 
plasma was inhibitory. This inhibition of NRF activity by dilutions of SLE plasma was 
dose-dependent (not shown).

Figure 4. PI staining of late apoptotic Jurkat cells after incubation with healthy plasma, SLE plasma 
or both plasmas simultaneously.  The horizontal axis of the dotblot  represents annexin V staining, the 
vertical axis represents PI staining. The left dotblot represents ann-V/PI staining of LACs incubated with 
healthy donor plasma, the middle dotblot represents annV/PI staining of  LACs incubated with SLE plasma 
and the right dotblot represents annV/PI staining of LACs incubated with healthy donor plasma and SLE 
plasma simultaneously.  Note that LACs show decreases PI staining with healthy donor plasma and that 
decreased PI staining is absent with  SLE plasma. Moreover, healthy donor plasma is apparently unable to 
overcome the inhibition, which is observed with SLE plasma.
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The effect of mouse ANA on the PI staining of healthy donor plasma 
The observation that  SLE plasma contained an inhibitor of NRF activity  of 

healthy donor plasma suggested that ANA were involved in this inhibition. ANA bind to 
chromatin and may impair NRF function. To investigate this concept, apoptotic cells 
were  preincubated  with  monoclonal  ANA  and  then  incubated  with  healthy  donor 
plasma. Mouse ANA specific for double-stranded DNA (CLB/ANA-123), nucleosome 
(CLB/ANA-58 and -109) or a yet unclassified ANA (CLB/ANA-83) strongly inhibited PI 
staining of healthy donor plasma at concentrations of 100  mg/ml (fig 5). In contrast, 
ANA specific for histone-1 (CLB/ANA-12), histone-2A/B (CLB/ANA-18) and histone-3 
(CLB/ANA-60) at concentrations of 100  mg/ml displayed low inhibition,  or inhibition 
was absent (CLB/ANA-18 and CLB/ANA-12 and –60, respectively).

Figure 5. The effect of mouse monoclonal ANA on PI staining of late apoptotic Jurkat cells after 
incubation with healthy plasma.
LACs  were  incubated  with  100  μg/ml  ANA  prior  to  incubation  with  10%  healthy  donor  plasma.  The 
specificities of the ANA are shown below the graph. The MFI in the absence of plasma is 1500; the dotted 
line represents the PI staining of LACs incubated without plasma and the solid line is the PI staining after 
incubation with 10% plasma. Thus ANA-58 has the highest inhibitory activity on the decrease of PI staining 
exerted by plasma and ANA-12 the lowest (i.e. none).

122

12 18 58 60 84 109 123
0

500

1000

1500

M
FI

 P
I

Antigen
H1 x
H2A/B x
H3 x
DNA x x
Nucleosome x
ANA x



Chapter 7

Depletion of plasma from IgG
The finding that SLE plasma and monoclonal ANA inhibited the NRF activity of 

healthy donor plasma hence strongly suggested that  ANA in SLE plasma may be 
involved in NRF inhibition. Four SLE plasmas were depleted from IgG (and thus IgG-
type  ANA) using protein  G and  the binding of  IgG to  LACs before  and after  IgG 
depletion was tested with IgG-specific monoclonal antibody.  The binding of  IgM to 
LACs was included as a control, showing that IgM binding was unaltered after IgG 
depletion.  After  IgG-depletion,  the  IgG binding  was  reduced  to  background  levels 
whereas  IgM  binding  was  not  affected.  NRF  activity  was  recovered  in  2/4  IgG-
depleted SLE plasmas (s3 and s4; fig 6) while IgG depletion of healthy donor plasma 
(n1) had no effect on NRF activity. In 2/4 IgG-depleted SLE plasmas (s1 and s2) no 
effect of IgG depletion on NRF activity was observed. The NRF activity in these two 
plasmas was recovered only after addition of healthy donor plasma, whereas addition 
of healthy donor plasma to the other IgG-depleted SLE plasma was largely ineffective.

Figure 6. PI staining of late apoptotic Jurkat cells after incubation with plasma, IgG-depleted plasma 
and reconstituted plasma.
The vertical axis represents the % of PI staining where 100% is the PI staining in the absence of plasma 
and 0% is the PI staining of LACs incubated with 10% plasma. LACs were incubated with 10% plasma 
(black bars) from four SLE patients (s1-s4) and a healthy donor (n) as a comparison. These SLE plasmas 
were also IgG-depleted by repeated protein G Sepharose column chromatography and 10% IgG-depleted 
plasma was added to LACs (white bars). Finally these IgG-depleted plasmas were reconstituted with 10% 
healthy donor plasma (grey bars). Note that IgG depletion of s3 and s4 recovers the decrease of PI staining 
to the level observed with the healthy donor plasma (n). In contrast, de decrease of PI staining in s3 and s4 
are only recovered with the addition of healthy donor plasma to the IgG-depleted plasma.
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Discussion

Incubation of  LACs with  healthy donor plasma results in a decrease in  PI 
staining of LACs and a concomitant nucleosome release. The release of nucleosomes 
is exerted by a plasma serine protease, referred to as NRF. Incubation of LACs with 
SLE plasma showed a significantly reduced NRF activity compared to healthy donor 
plasma.  Incubation  of  healthy  donor  plasma  with  SLE  plasma  showed  a  dose-
dependent inhibition of the NRF activity exerted by healthy donor plasma. As NRF 
exerts  its  activity  on LAC nuclei,  we  hypothesised that  ANA in  SLE plasmas may 
interfere  with  NRF  activity.  Preincubation  of  LACs  with  mouse  monoclonal  ANA 
inhibited the NRF activity of healthy donor plasma. Similarly,  we observed that the 
removal of ANA from SLE plasmas recovered the NRF activity in 2/4 IgG-depleted 
SLE plasmas. However, the NRF activity was unaffected by IgG depletion in the other 
two SLE plasmas and the NRF activity could only be recovered by the simultaneous 
addition of healthy donor plasma.

It  is  generally accepted that  apoptotic cells are rapidly cleared once PS is 
expressed  on  the  EAC membrane  and  phagocytes  express  numerous  scavenger 
receptors that directly recognise and internalise these EACs. Plasma proteins may 
further promote EAC clearance.1-4 Ongoing apoptosis in the absence of phagocytosis 
will inevitably result in the appearance of LAC, which can readily be observed in cell 
culture and is characterised by positive PI staining.7 It is still debatable whether LACs 
really occur  in vivo as they are mostly undetectable, even in tissues with high cell 
turnover,  indicating  that  apoptotic  cell  clearance  is  very  efficient.  However,  the 
observations  that  NRF  decreases  nuclear  staining  and  promotes  the  removal  of 
nucleosomes from LACs, suggest that LACs may not be stained with nuclear dyes at 
all.  

Until recently, the plasma protein exerting the NRF activity was unidentified. It 
is a protease that is inhibited by serine protease inhibitors.21 It has been shown that 
plasminogen is involved in the removal of nucleosomes from primary necrotic cells.23,24 

We also observed that purified plasmin exerted NRF activity on LACs.21 However, the 
NRF activity  in plasma could not  be attributed to plasmin and the NRF in plasma 
remains to be identified. Recently,  Factor VII-activating protease (FSAP) has been 
identified as a protease with NRF activity.25

The  NRF  activity  in  SLE  plasma  was  significantly  reduced  compared  to 
healthy donor plasma and ANA were involved in this reduction. Especially ANA with 
nucleosome  specificity  and  to  a  lesser  extent  ds-DNA  antibodies  inhibited  NRF, 
whereas ANA with histone specificity were largely ineffective. This suggests that NRF 
required binding to DNA to exert its activity. Also, the NRF activity could be restored in 
IgG-depleted  SLE  plasma.  Alternatively,  ANA  may  form  a  large  complex  with 
nucleosomes, which is simply too large to be released from the LAC, regardless of the 
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presence of NRF. In either scenario, ANA impair nucleosome release from LACs in 
SLE plasma.

Surprisingly, the NRF activity in SLE plasma was significantly associated with 
the SLEDAI. The NRF activity in plasma of patients with a higher SLEDAI score was 
comparable to the NRF activity in healthy donors, whereas the NRF activity in plasma 
of patients with inactive disease was significantly decreased. In contrast however, a 
recent pilot study with SLE patient sera selected for strong Farr positivity (data not 
shown) suggested that strongly Farr positive sera have significantly decreased NRF 
activity.  This difference between recalcified plasma and strongly Farr  positive  sera 
remains elusive. 

IgG removal resulted in the recovery of NRF activity in 2/4 SLE plasmas, but it 
had no effect in the other two SLE plasmas. NRF activity in the latter two plasmas 
could  be  restored  with  simultaneous  incubation  with  healthy  donor  plasma.  This 
suggested  that  these  SLE  plasmas  lacked  NRF.  It  is  tempting  to  speculate  that 
defective  removal  of  nucleosomes  from  LACs  in  NRF  deficient  plasma  may 
predispose to SLE in this subset of patients.

At present, it is still questionable whether the in vitro NRF activity exerted by 
plasma  has  any  physiological  relevance.  We  presume  that  the  NRF  activity  is 
important  for  appropriate  breakdown  and clearance  of  DNA from LAC in  a  whole 
plasma  environment.  The  presence  of  ANA  in  SLE  plasma  interferes  with  the 
physiological processing of LAC nucleosomes.
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Abstract

Plasma proteins such as early complement components and IgM are involved 
in the removal of late apoptotic or secondary necrotic (sn) cells. A deficiency in one of 
these proteins impairs clearance of sn cells and may lead to autoimmune disease, 
such  as  systemic  lupus  erythematosus  (SLE).  We have  recently  described  that  a 
plasma  protease  that  could  be  inhibited  by  the  protease  inhibitor  aprotinin  was 
essential to remove nucleosomes from sn cells. An obvious candidate, plasmin, was 
indeed demonstrated to have nucleosome releasing factor (NRF) activity.  However, 
recalcified plasma retained its NRF activity after plasminogen depletion, suggesting 
the existence of another protease responsible for NRF activity in plasma. In this study 
we  have  used  size  exclusion  and  anion  exchange  chromatography  to  purify  the 
protease  responsible  for  NRF  activity  in  plasma.  SDS-PAGE  analysis  of 
chromatography  fractions  containing  NRF-activity  revealed  a  protein  band 
corresponding with NRF activity. Sequence analysis showed this band to be factor VII-
activating protease (FSAP). We developed monoclonal antibodies to FSAP and were 
able to completely inhibit NRF activity in plasma with monoclonal antibodies to FSAP. 
In conclusion, we report that FSAP may function in cellular homeostasis by catalysing 
the release of nucleosomes from secondary necrotic cells.

Introduction

In multicellular organisms the process of apoptosis is essential for the control 
of  tissue  homeostasis.1  Apoptotic  cells  are  efficiently  removed  by  professional 
scavenger  cells  to  prevent  the  release  of  potentially  harmful  cytotoxic  and 
immunogenic  cellular  content  due  to  loss  of  membrane  integrity  on  secondary 
necrosis.2  Apoptotic cells not efficiently removed become late apoptotic or secondary 
necrotic. Secondary necrotic (sn) cells are reported to bind various plasma proteins, 
such  as  soluble  IgM,  serum  amyloid  P  (SAP),  C-reactive  protein  (CRP)  and 
complement  proteins.3-7 Binding  of  these  plasma  proteins  enables  professional 
phagocytes to recognise and eliminate sn cells.3,6-8 The importance of plasma proteins 
in the removal of sn cells is illustrated by the fact that a deficiency of IgM or of the 
early complement components is associated with a defective or delayed clearance of 
apoptotic  cells.9,10 Delayed  removal  of  sn  cells  exposes  the  immune  system  to 
intracellular  contents,  which  may lead to  autoantibody  formation and  finally  to  the 
development  of  autoimmune  disease,  such  as  systemic  lupus  erythemathosus 
(SLE).11,12 

We  have  previously  shown  that  induction  of  apoptosis  leads  to  swift 
fragmentation of DNA in human T-cell line cells, but that in the absence of serum or 
plasma it takes days for the nucleosomes to be released from these sn cells.13 In the 
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presence  of  plasma,  DNA  release  starts  immediately  and  is  complete  within 
minutes.14.This release of DNA is independent of the method to induce apoptosis and 
was  found  to  occur  with  different  cell  types,  including  primary  cells.  The  DNA is 
released in the form of nucleosomes as indicated by its reactivity in a nucleosome 
ELISA.  This  sandwich  ELISA  uses  a  monoclonal  antibody  to  histone  H3  in 
combination  with  a  monoclonal  antibody  recognising  an  epitope  formed  by  a 
combination of DNA and histones H2A and H2B.13 We showed that the capacity of 
plasma to induce the release of nucleosomes from sn cells (nucleosome releasing 
factor activity, NRF) was due to a plasmin-like protease, because it was inhibited by 
the protease inhibitor aprotinin.14 Indeed, purified plasmin added to sn cells showed 
NRF activity,  whereas plasminogen was inactive.  Also,  other investigators recently 
demonstrated chromatin breakdown by DNAseI in necrotic cells to be dependent on 
plasminogen.15  However,  we  still  found  undiminished  NRF  activity  in  plasmin  and 
plasminogen-depleted plasma suggesting another protease to be involved. The aim of 
this study was to identify the protease responsible for NRF activity.

Material and methods

Reagents
Etoposide,  RNAse,  propidium  iodide  (PI),  plasmin  and  2-mercaptoethanol 

were obtained from Sigma Aldrich (Zwijndrecht, The Netherlands). NuPAGE 4-12% 
polyacrylamide  gels,  polyvinylidene  fluoride  (PVDF)  and  nitrocellulose  blotting 
membranes  were  purchased  from  Invitrogen  (Breda,  The  Netherlands).  Aprotinin 
(Trasylol) was obtained from Bayer (Mijdrecht, The Netherlands). Q-Sepharose and 
Superdex  200HR  10/30  columns  were  from  Amersham  Biosciences  (Uppsala, 
Sweden). Protein G-Sepharose (4 fast flow) was from GE Healthcare Europe GmbH 
(Diegem, Belgium).  Bio-Gel  A  1.5  m was obtained from Bio-Rad Laboratories  BV 
(Veenendaal, The Netherlands). An Ultragel ACA34 column was obtained from Pall 
Medical USA (Ann Arbor,  MI, USA),  Iscove’s  Modified Dulbecco’s Medium (IMDM) 
and biotin (NHS-LC biotin II, Pierce) were purchased from Perbio Science Nederland 
BV (Etten-Leur,  The  Netherlands)  and  YM 10  filters  were  obtained  from Millipore 
International Holding Company BV (Amsterdam, The Netherlands). Anti-IL6/8 and rat 
anti-mouse  k  (RM19)  antibodies  were  obtained  from  Sanquin  (Amsterdam,  The 
Netherlands). Vacutainer tubes were obtained from Becton Dickinson (Alphen aan den 
Rijn, The Netherlands). 3,3’,5,5’-Tetramethylbenzidin (TMB) was provided by Merck 
(Darmstadt, Germany). 

Cell culture and induction of apoptosis 
Jurkat cells were cultured in culture medium (IMDM containing 5% foetal calf 

serum  (FCS),  50  IU/ml  penicillin,  50  μg/ml  streptomycin  and  50  μM  2-

131



Chapter 8

mercaptoethanol).  Before apoptosis induction,  Jurkat  cells were washed twice with 
culture medium without FCS. To get sn cells, Jurkat cells were incubated for 24 to 48 
hours in culture medium without FCS containing 200 μM etoposide.

Recalcified plasma
Blood  was  collected  from  healthy  donors  in  siliconised  tubes  containing 

sodium  citrate  at  a  final  concentration  of  10  mM.  The  tubes were  immediately 
centrifuged 2 times for 10 min at  1300 x g at 4oC in order to  obtain platelet-poor 
plasma.  Plasma  was  transferred  to  a  glass  vial,  recalcified  with  CaCl2 at  a  final 
concentration of 10 mM and incubated for 15 min at 37oC, followed by incubation for 
30  min  at  4oC until  a  retracted  clot  had  formed.  The  clot  was  removed  and  the 
recalcified plasma was stored at –200C until use.

Assessment of NRF activity 
Secondary necrotic Jurkat cells were washed with HEPES-BSA buffer (10 mM 

HEPES (pH 7.2) with 1% (w/v) bovine serum albumin, 2 mM CaCl2 and mM, 140 mM 
NaCl) and resuspended in HEPES buffer at a concentration of 2x106 cells/ml. RNAse 
was added to the cells to a final concentration of 40 μg/ml and incubated for 30 min at 
37oC.  Thereafter,  100-ml  aliquots  of  either  recalcified  plasma  in  various  dilutions 
(diluted in HEPES-BSA buffer) or of chromatography fractions were added to 100 ml 
of  cells  and  incubated  for  another  30  min  at  37oC.  Subsequently,  the  cells  were 
washed twice with FACS buffer (10 mM HEPES pH 7.2 containing 150 mM NaCl, 5 
mM KCl, 2 mM CaCl2, 2 mM MgCl2 and 0.5% (w/v) bovine serum albumin) and stained 
with PI (final concentration 500 ng/ml). The samples were analysed by flowcytometry. 
The  median  fluorescence  intensity  (MFI)  of  PI  was  quantified  with  either  a 
FACSCalibur or a LSRII flow cytometer (Becton Dickinson, Mountain View, CA) by 
using  WinMDI  v8  free-downloadable  software  (FACSCalibur™  flowcytometer; 
http://www.facs.scripps.edu/) or FACS Diva software (Becton Dickinson). NRF activity 
is  expressed  as  the  percentage  decrease  of  PI-signal-taking  cells  incubated  with 
buffer control as maximum and cells incubated with 20% plasma as minimum signal. 
In the figure legends the maximum (max) and minimum (min) MFI are indicated.

Isolation of NRF
- Size-exclusion chromatography
Recalcified plasma (1.5 ml) was applied on a Bio-Gel A 1.5 m column which had been 
equilibrated  with  20  column  volumes  (CV)  PBS  containing  0.02%  Tween-20  and 
0.02% sodium azide. The fractions were collected and stored at -20oC until use. All 
fractions were tested for NRF activity.
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- Plasma precipitation
Recalcified pooled plasma (25 ml) was dialysed against 50 mM sodium acetate, pH 
5.0 at 4°C overnight. The sample was then centrifuged at 2000 x g for 20 minutes. The 
supernatant was removed and stored at -20 °C until use. The pelleted precipitate was 
washed 3 times with 50 mM sodium acetate, pH 5.2 and resuspended in 5 ml 20 mM 
Tris-HCl pH 8.0. The precipitate was stored until use at -20 °C. Both the precipitate 
and the supernatant were tested for NRF activity.

- Ion-exchange chromatography
The NRF containing sample was further processed by means of high performance 
liquid chromatography. After equilibrating an 8 ml Q-Sepharose column with 10 CV of 
20 mM Tris-HCl pH 8.0,  the NRF containing sample was loaded, which has been 
dialysed against the starting buffer previously. The column was washed with 80 ml 20 
mM Tris-HCl pH 8.0, 300 mM NaCl. Elution was performed using a continuous NaCl 
gradient  from  300  mM  up  to  2  M.  The  elution  fractions  from  the  ion-exchange 
chromatography  were  collected  (4  ml/fraction)  and  stored  at  -20°C  until  use.  All 
fractions were tested for NRF activity. The fractions having NRF activity were pooled 
(28 ml) and concentrated to a final volume of 450 l by using an YM 10 filter. After 
dialysis against HEPES buffer, 350 μl of the concentrated pooled elution was applied 
to  a  Superdex  200HR 10/30  column  using  HEPES buffer  as  running  buffer.  The 
fractions (0.5 ml) were collected and stored at -20°C until use. All fractions from the 
size exclusion chromatography were tested for NRF activity. 

- SDS-PAGE
The various steps in the purification procedure were analysed on SDS/PAGE using 
NuPAGE  Novex  4-12%  Bis-Tris  polyacrylamide  gels  (Invitrogen)  following  the 
instructions  of  the  manufacturer.  After  electrophoresis,  the  gels  were  stained  with 
silver.  In some experiments samples were concentrated by 5% trichloroacetic acid 
precipitation.  After  washing  with  ethanol  the  samples  were  applied  to  SDS/PAGE 
NuPAGE Novex 4-12%.  The proteins were  then blotted onto a PVDF membrane 
following standard procedures. N-terminal sequences of excised blotted protein bands 
were analysed at the Sequence Centre Utrecht (Institute of Biomembranes, University 
of Utrecht, The Netherlands) using an automated system (Applied Biosystems 476A). 
The obtained amino acid sequences were further analysed using the BLAST network 
service of the Swiss Institute of Bioinformatics (SIB). The SIB BLAST network service 
uses a server developed at SIB and the NCBI (http://www.expasy.ch/tools/ blast).

Preparation of monoclonal antibodies 
Balb/c mice were hyperimmunised by repeated subcutaneous injections of 25 

μg of two-chain FSAP (tcFSAP) purified from plasma (a kind gift of Prof. K. Mertens, 
Department  of  Plasma  Proteins,  Sanquin,  Amsterdam,  The  Netherlands)  using 

133



Chapter 8

montanide  as  adjuvans.  Fusion  of  spleen  cells  from  immunized  mice  with  Sp2/0 
myeloma  cells  and  hybridoma  selection  were  performed  as  described  in  detail 
elsewhere.16.The  specificity  of  the  antibodies  produced  by  the  hybridomas  was 
analysed by ELISA. Briefly, microtiter plate wells were coated with monoclonal rat anti-
mouse k IgG (RM19, at 2 μg/ml) in  PBS overnight.  After 5 washes with  PT (PBS 
containing 0.02% (w/v) Tween-20), the supernatant of the hybridoma cells was diluted 
in PTG (PBS containing 0.02% Tween-20 and  0.2% gelatin) and incubated for 60 min 
at room temperature. After 5 washes with PT, biotinylated FSAP (see below) diluted in 
PTG buffer was incubated for 60 minutes at room temperature. Plates were washed 5 
times with  PT and then 1/10.000 diluted  streptavidin-poly  horse radish peroxidase 
(Sanquin,  Amsterdam, The Netherlands) in PTG buffer was added for 20 minutes. 
After washing 5 times with PT, plates were developed by adding 100 μg/ml 3,3’,5,5’- 
tetramethylbenzidin (TMB, Merck, Darmstadt, Germany) and 0.003% (v/v) hydrogen 
peroxide in 0.11 M sodium acetate buffer pH 5.5 for 5 min. The reaction was stopped 
by adding 2 M H2SO4. and the absorption was measured at 450 nm. 

Biotinylation of FSAP
FSAP (1 μg/ml in PBS) was diluted in 0.05 M NaHCO3, pH 9.6 and incubated 

with 600 μg NHS-LC biotin II  for 2 h at room temperature in the dark. Thereafter, 
FSAP was dialysed overnight against PBS.

Immunoblot analysis of anti-FSAP antibodies
Western  blotting  was  performed  according  to  the  instructions  of  the 

manufacturer.  In  brief,  SDS/PAGE 4-12% gels  were  blotted  on  to  a  nitrocellulose 
membrane and blocked with Western blocking reagent 1% in TBS-T (10 mM Tris-HCl 
pH 8.0,  150  mM NaCl,  0.05% Tween-20). Thereafter,  the  blotting membrane  was 
incubated with biotinylated mAbs to FSAP or with a biotinylated monoclonal antibody 
with the same isotype but with irrelevant specificity at a final concentration of 10 µg/ml 
followed by detection with streptavidin-alkaline phosphatase (1:500 v/v). Finally,  the 
blotting membrane was stained using nitro blue tetrazolium (NBT) and 5’-bromo-4’-
chloro-3’-indolyl phosphate (BCIP) and the reaction was stopped with distilled water.

Inhibition of NRF activity by antibodies against FSAP
All dilutions are made in HEPES buffer. Diluted recalcified plasma (50 ml; final 

dilutions: 20, 10, 5, 2.5, 0%) were incubated for 30 min at 37°C with either 50 ml 
antibodies  against  FSAP at  10 μg/ml  or  with  a  monoclonal  antibody of  the  same 
isotype but with irrelevant specificity. In another set of experiments recalcified plasma 
and plasmin at final dilutions of 10% and 1 μM, respectively, were incubated  for 30 
min at 37°C with monoclonal antibodies to FSAP (final concentration 10 μg/ml) and 
aprotinin (40 kIU/ml). Thereafter, 100 μl of sn Jurkat cell suspension (2x106cells/ml in 
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HEPES-BSA buffer) was added to the samples and incubated for another 30 min at 
37°C. Finally, cells were washed with FACS buffer, stained with PI and analysed as 
described above

Sandwich ELISA to measure FSAP antigen levels
Microtiter  plates  were  coated  overnight  at  4oC  with  2  μg/ml  monoclonal 

antibody to  FSAP recognising the light  chain  (anti-FSAp4) diluted in  PBS.  After  5 
washes with PT samples diluted in high-performance buffer (HPE) were added and 
incubated for 60 min at room temperature. After 5 washes with PT biotinylated anti-
FSAP2 recognising the heave chain diluted in HPE (0,5 μg/ml) was added to the wells 
and incubated for 60 min. After 5 washes with with PT streptavidin-poly horse radish 
peroxidase diluted 10.000 times in HPE was added to the wells and incubated for 20 
min. After another 5 washes with PT plates were developed by adding 100 μg/ml TMB 
and 0.003% (v/v) hydrogen peroxide in 0.11 M sodium acetate buffer pH 5.5 for 5 min. 
The reaction was stopped by adding 2 M H2SO4 and the absorption was measured at 
450 nm. Plasma was used as standard and arbitrarily set as 100%. ELISA detects 
both scFSAP and tcFSAP.

Purification of scFSAP from plasma

- Size-exclusion chromatography
Recalcified plasma (8 ml) containing 1 M NaCl was applied on an Ultragel ACA34 
column, which was equilibrated with 10 mM HEPES pH 7.2, containing 2 mM CaCl2, 1 
M NaCl and 0.02% Tween-20. FSAP contents of gel filtration fractions (7.7 ml) were 
measured by ELISA. The FSAP peak with an apparent molecular mass of 60 kDa was 
pooled and further purified by affinity chromatography.

- Affinity chromatography
Monoclonal anti-FSAP4 (27 mg) was coupled to 1.5 g CNBr-Sepharose. The  column 
was equilibrated with 30 ml 20 mM sodium citrate pH 6.0, containing 1 M NaCl and 
0.02% Tween-20. The FSAP peak from the size-exclusion column was applied to the 
anti-FSAP4  column.  Column-bound  FSAP was  eluted  with  0.1  M  glycine  pH 2.5, 
containing 0.02% Tween-20 (elution volume 4 ml). Directly thereafter, the eluate was 
neutralised with an equal volume of a modified McIlvian buffer (0.5 M NaPO4 / 1 M 
citric acid pH 7.0) Finally, the pH-adjusted eluate was incubated at room temperature 
for  30  min  with  1  ml  packed  protein  G-Sepharose  to  remove  contaminating  IgG. 
Protein G-Sepharose was subsequently removed, the supernatant was analysed on 
SDS-PAGE, and the NRF activity of the purified material was tested
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Results 

Purification of NRF from recalcified plasma
To determine the molecular weight of NRF, recalcified plasma was subjected 

to size-exclusion chromatography and the fractions were tested for NRF activity. The 
NRF activity was found to migrate at an estimated molecular weight of 60 kDa (data 
not shown). To further characterize the protease,   recalcified plasma was subjected to 
cation-exchange chromatography. To this end, recalcified plasma was first dialysed 
overnight at 4°C against 50 mM sodium acetate pH 5.2. During dialysis, however, a 
precipitate was formed. The precipitate readily dissolved in 20 mM Tris-HCl pH 8.0 
and appeared to contain all NRF activity (fig 1).

Figure 1. Sodium acetate-precipitated plasma proteins contain all NRF activity.
After  overnight  dialysis  of  recalcified  plasma  against  50  mM  sodium  acetate  pH  5.2  at  4oC,  proteins 
precipitated from solution were pelleted, washed 3 times, and dissolved in 20 mM Tris-HCl pH 8.0 in a 
volume corresponding to one-fifth of the original volume of the plasma. Thereafter, NRF activity (MFI max 
2525;  MFI  min  332)  was  measured  in  the  recalcified  plasma  (open  circles),  in  the  precipitate  (open 
triangles), and in the supernatant (open squares).

The  dissolved  precipitate  was  further  purified  on  a  Q-Sepharose  anion-exchange 
column. Initial  Q-Sepharose chromatography experiments showed that,  at 300 mM 
NaCl, NRF-activity bound to the column, whereas 90% of the dissolved precipitated 
plasma proteins did not. Therefore loading in further experiments was started at 300 
mM  followed  by  elution  with  a  continuous  NaCl  gradient.  A  small  protein  peak 
following the broad protein peak eluted at 800 to 1000 mM NaCl (elution fractions 34-
40) was found to contain NRF activity (fig 2). 

NRF-containing  fractions  35-38  were  pooled  and  then  subjected  to  size-
exclusion chromatography (fig 3A). The NRF activity of the fractions was compared 
with the SDS-PAGE pattern. NRF activity in fraction 10-12 coeluted nicely with a 60 
kDa protein under non-reducing conditions (fig 3B). On reduction the 60 kDa band 
disappeared and two protein bands at 45 and 28 kDa were clearly visible (fig 3C). 
Surprisingly, the elution pattern of the pooled fractions containing NRF activity eluted 
at  a  higher  molecular  weight  than  predicted  from  the  initial  size-exclusion 
chromatography experiments with plasma.
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Figure 2. Anion-exchange chromatography of acetate-precipitated plasm proteins.
Acetate-precipitated plasma proteins, dissolved in 20 mM Tris-HCl pH 8.0, were loaded on a Q-Sepharose 
column,  which  was  then  washed  with  20  mM Tris-HCl  pH 8.0  with  300  mM NaCl  and  eluted  with  a 
continuous NaCl gradient from 300 mM up to 2 M. Only the part of the elution starting at 500 nM NaCl is 
indicated. Fractions 35-38 in the small protein peak eluting at 800-1000 mM NaCl contained most of the 
NRF activity. Solid line, absorption at 280 nm (mAU); dotted line, NaCl gradient; grey bars, NRF activity of 
the fractions (MFI max 1382; MFI min, 542)

FSAP is identical to NRF
The 28 kDa band visible on SDS gels stained with Coomassie was excised. N-

terminal  sequence analysis  revealed the  amino acid  sequence  shown in  figure  4. 
Homology search in the database of BLAST network service of the Swiss Institute of 
Bioinformatics (SIB) of the sequence  IYGGFKSTAG revealed 100% homology with 
FSAP originally described as plasma hyaluronan-binding protein  (UniProtKB/Swiss-
Prot  entry Q14520; EC 3.4.21.-).17 The sequence  IYGGFKSTAG,  corresponding to 
amino acids 291 to 300 of the full  length FSAP molecule,  represents the first  ten 
amino acids of the N-terminal end of the light chain of FSAP, which has a calculated 
molecular weight of 27 kDa. 

Inhibition of NRF activity by monoclonal antibodies
Mice were immunised with full-length FSAP isolated from human plasma for 

the  preparation  of  monoclonal  antibodies.  We obtained  more  than  20 monoclonal 
antibodies. One of these antibodies, anti-FSAP 4, inhibited NRF activity of plasma (fig 
5A) and was shown to recognise the light chain of FSAP as indicated by immunoblot 
analysis (fig 5B). Anti-FSAP 2 which reacts with the heavy chain of FSAP as well as 
mAbs directed to unrelated antigens did not inhibit NRF activity. The specificity of anti-
FSAP 4 was confirmed by analysing their effect on the NRF activity of plasmin.  As 
expected, anti-FSAP 4 did not inhibit the NRF activity of purified plasmin (fig 6).

137



Chapter 8

Figure 3. Size-exchange chromatography of partially purified NRF activity
Fractions 35-38 of Q-Sepharose chromatography were pooled and concentrated using an YM 10 filter and 
subsequently applied to a Superdex 200HR 10/30 column. Each fraction was tested for NRF activity (A, 
grey bars; MFI max, 1240; MFI min, 723). The fractions were also supplied to a NuPAGE Novex 4-12% Bis-
Tris  polyacrylamide  gel  under  nonreducing  (B)  and  reducing  (C)  conditions.  Thereafter,  the  gels  were 
stained with silver. Of 35 fractions, only fractions 8-15 are shown. Arrows  point to the 60 kDa band in (B) 
and the 45 and 28 kDa bands in (C), which coelute with the NRF activity
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Figure 4. The 28 kDa peptide in NRF-containing chromatography fractions in the light chain of FSAP.
The fractions from the size-exclusion chromatography containing NRF activity (fraction 10-12) were pooled 
and concentrated by 5% trichloroacetic acid precipitation. After washing with ethanol,  the samples were 
applied to SDS-PAGE NuPAGE Novex 4-12% under reducing conditions and stained with Coomassie. The 
proteins were then blotted onto a PVDF membrane following standard procedures. N-terminal sequences of 
exised blotted protein bands were analysed at the Sequence Centre Utrecht. The amino acid sequence 
shows 100% homology to those of the light chain of FSAP. 

Fig 5. Inhibition of NRF activity by antibodies against FSAP and characterisation of antibodies to 
FSAP by immunoblot analysis.
(A) NRF activity (MFI max 5787;  MFI min 1106) after  incubation of  recalcified plasma with monoclonal 
antibodies anti-FSAP2 (closed squares) and a monoclonal antibody (anti-IL6/8) of the same isotype with an 
irrelevant specificity as a control (closed circles. (B) Characterisation of antibodies to FSAP by immunoblot. 
Two-chain  FSAP  was  applied  onto  a  nitrocellulose  membrane.  Detection  was  performed  by  using 
biotinylated antibodies (10 μg/ml) to FSAP. Anti-FSAP4 (left panel recognise the light chain and anti-FSAP2 
(right  panel)  react with the heavy chain of  FSAP. A biotinylated antibody with the same isotype and of 
irrelevant specificity did not recognise FSAP (not shown)
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Figure 6. Blocking antibodies to FSAP do not inhibit the NRF activity of plasmin
Antibodies to FSAP (at a concentration of 10 μg/ml) and aprotinin (40 kIU/ml) were either incubated with 
10% recalcified plasma or with 1 μM plasmin diluted in HEPES buffer. Anti-FSAP4 (αFSAP4, 10 μg/ml) 
abrogated NRF activity in plasma but  had no effect  on the NRF activity of  1 μM plasmin.  In  contrast, 
aprotinin inhibited NRF activity of both plasma and plasmin (MFI max, 2484; MFI min, 181). Results are 
mean ± SD (n=3).

NRF activity of single-chain FSAP purified by means of affinity chromatography 
from plasma

In another approach we wanted to show that purified plasma-derived FSAP 
induces nucleosome release from sn cells. To obtain single-chain FSAP, recalcified 
plasma was first subjected to size-exclusion chromatography. The FSAP-containing 
fractions  were  polled  and  further  purified  with  an  anti-FSAP4  affinity  column  and 
protein G depletion. On SDS-PAGE the eluate of the affinity chromatography revealed 
only a 64 kDa band under reducing and nonreducing conditions, indicating that the 
FSAP obtained was in its single-chain form (fig 7A). When tested in the NRF assay, 
purified plasma derived FSAP was fully active (fig 7B).

Discussion

In the present study we have identified the plasma protease that is responsible 
for  the  removal  of  nucleosomes  from  sn  cells,  NRF,  as  being  FSAP.  First,  a 
monoclonal  antibody to the light  chain  of  FSAP completely  blocks NRF activity  of 
plasma. Second, purified scFSAP is fully active in the NRF assay. This identification is 
in agreement with earlier findings on the nature of NRF.  Earlier, we characterised 
NRF as a plasmin-like protease that is efficiently inhibited by aprotinin.14 Aprotinin has 
been shown to be an efficient inhibitor of the amidolytic activity of FSAP.18,19
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Figure 7. Purified, plasma derived scFSAP removes nuceosomes from sn cells.
Affinity-purified FSAP was appliedd to SDS-PAGE NuPAGE Novex 4-12% and stained with silver. (A) Under 
nonreducing (NR) and reducing ® conditions a single protein band at 64 kDa was visible, indicating that the 
FSAP was in its single chain form after purification. The activity of the purified scFSAP was tested in the 
NRF assay. (B) The purified scFSAP efficiently removed nucleosomes from sn cells (MFI max, 5354; MFI 
min, 827). results are means ± SD (n=3). Open squares, plasma; open circles, scFSAP.

141



Chapter 8

The  observed  size  (60  kDa)  as  determined  by  chromatography  is  in  reasonable 
agreement with the expected 64 kDa. Also the finding that NRF activity elutes from an 
anion-exchange column at NaCl concentrations higher than 700 mM is in line with 
recently published FSAP purification protocols.19-21 Given the reported isoelectric point 
in the range of 4.9 to 5.5, the observed elution properties are surprising, but binding of 
FSAP  to  plasma  hyaluronan,  a  negatively  charged  anion,  might  explain  these 
unexpected  chromatography characteristics  .17,22  Sequence analysis  of  the  28 kDa 
band  which  copurified  with  NRF  activity  revealed  a  100%  homology  with  the  N-
terminus of the light chain of FSAP. Surprisingly, size-exclusion chromatography of 
the pooled fractions of the anion-exchange chromatography containing NRF activity 
eluted at  a  higher  molecular  mass than the predicted 60 kDa based on the size-
exclusion chromatography experiments in plasma. At the same time this procedure 
leads to conversion of scFSAP to tcFSAP Very likely this purification procedure leads 
to  activation  of  FSAP  and  to  complexation  of  the  activated  FSAP  to  protease 
inhibitors. 

It  has  been  reported  that  a  plasma  protease  is  instrumental  in  removing 
nucleosomes  from DNAse treated  necrotic  cells.15 Very  likely  this  phenomenon is 
related  to  our  finding  that  a  plasma  protease  is  involved  in  the  removal  of 
nucleosomes from sn cells. In the latter case no DNAse treatment is required because 
the  apoptotic  process  has  already  taken  care  of  DNA  cleavage.  However  the 
responsible protease was reported to be plasmin. Previously we showed that plasmin 
has  NRF activity  but  that  NRF  is  not  plasmin  because  depletion  of  plasmin  and 
plasminogen from plasma did not  affect  NRF activity.14 The identification of  FSAP 
being responsible for NRF activity is in line with these observations. It remains to be 
investigated  whether  FSAP  is  also  involved  in  the  removal  of  nucleosomes  from 
DNAse-treated necrotic cells. The neutralising monoclonal antibody to FSAP could be 
useful in that analysis
Kannemeier  et al. reported FSAP in plasma as scFSAP with an apparent molecular 
mass  of  60  kDa.  Most  purification  protocols  without  protease  inhibitors  result  in 
activation hence in purification of tcFSAP. Purification of FSAP in high concentrations 
of urea without protease inhibitors allows purification of scFSAP.23 The development of 
suitable  monoclonal  antibodies  allowed  us  to  purify  scFSAP  in  the  absence  of 
protease inhibitors or urea. Incubation of scFSAP with sn cells leads to activation of 
FSAP. Immunoprecipitation revealed that interaction of scFSAP with sn cells leads to 
conversion  to  tcFSAP  (unpublished  results).  Because  FSAP  circulates  as  a 
proteolytically  inactive  single-chain  molecule,  we  propose  that  FSAP in  plasma  is 
activated on contact wit sn cells, and in analogy, the same is expected for purified, 
plasma-derived FSAP. All  the experiments to isolate and identify FSAP have been 
performed with recalcified plasma to avoid induction of coagulation on contact with sn 
cells.  Because  FSAP  is  susceptible  for  autoactivation,  one  would  expect  FSAP 
activation to occur on recalcification of plasma. Apparently, recalcification of plasma 
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did not result in activation of FSAP, which is evidenced by the fact that we purified 
scFSAP from recalcified plasma with high recovery.  Hence the activation of FSAP 
observed  in  the  initial  fractionation  of  NRF  was  probably  due  to  the  low  salt 
precipitation.  The data presented in figure 7 suggest  that purified scFSAP is even 
more active then when present in plasma. Probably the absence of plasma protease 
inhibitors is responsible for the higher than 100% recovery of NRF activity with purified 
FSAP. Recent work suggests that tcFSAP is mainly produced by autoactivation of 
scFSAP.  Glycosaminoglycans  (GAGs),  such  as  heparin,  promote  FSAP  (auto) 
activation.22,23 Thus, endogenous GAGs from sn cells might promote (auto) activation 
of FSAP on sn cells.  In addition, RNA and to a lesser extend DNA, were reported to 
act  as potent  cofactors  for FSAP (auto)activation.24 However,  stimulation of  FSAP 
autoactivation by RNA in our experiments seems unlikely because the sn cells in our 
experiments  were  pre-treated  with  RNAse..When  GAGs  are  responsible  for  the 
activation of FSAP, it remains to be explained why only sn cells activate FSAP. FSAP 
is abundantly present in plasma, with a reported concentration of 10 μg/ml (range 4-16 
μg/ml) under healthy conditions.25. The name “factor VII activating protease” refers to 
the ability  of FSAP to activate factor VII  in a tissue factor-independent pathway  in 
vitro.19 FSAP was also demonstrated to efficiently convert single-chain urokinase to 
two-chain  urokinase  in  vitro.17  The  in  vivo relevance  of  FSAP in  coagulation  and 
fibrinolysis has not been established. Finally, FSAP has been reported to be a potent 
inhibitor  of  platelet-derived  growth  factor-mediated  vascular  smooth  muscle  cell 
proliferation and migration  in  vitro and  in  vivo.26,27 We now report  a novel  role  for 
FSAP.  We demonstrate  that  FSAP efficiently  releases nucleosomes from sn cells. 
Whereas  early  apoptotic  cells  are  rapidly  cleared  in  vivo,  their  delayed  removal 
inevitably in sn cells  and exposes the immune system to its intracellular contents, 
which  may  lead  to  autoantibody  formation  and  finally  to  the  development  of 
autoimmune  disease,  such  as  SLE.11,12 Elevated  nucleosome  levels  and  anti-
nucleosome antibodies can be measured in SLE patients.28,29 Although nucleosomes 
were  recently  reported  to  be  exposed  on  surfaces  and  apoptotic  blebs  of  cells 
undergoing apoptosis, little is known on the mechanism of release of nucleosomes 
from sn cells.30 Identification of FSAP as a crucial factor in the release of nucleosomes 
from sn cells has now provided the impetus for follow-up studies on the role of FSAP 
in the development of autoimmune disease.
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The  early  expression  of  phosphatidylserine  (PS)  on  the  EAC  membrane 
warrants prompt phagocytosis by surrounding amateur phagocytes such as epithelial 
cells, endothelial cells and fibroblasts, and professional macrophages.1-4 An abundant 
array of proteins bind to PS and phosphatidylethanolamine (PE) and further promote 
their  uptake  by  phagocytes  (summarised  in  chapter  1).  We  observed  low  but 
significant binding of  β2GPI and SAP to EACs suggesting that these proteins may 
attribute to the clearance of EACs. However, immunoglobulin and complement binding 
to EACs is almost absent, suggesting that these proteins are probably not involved in 
clearance of EACs. 
If clearance of EACs is shortcoming then loss of membrane integrity will  inevitably 
evolve. This event is associated with increased expression of phospholipids and result 
in  strongly increased binding of  β2GPI,  SAP and CRP to LACs. Also, natural  IgM 
binds to LACs and promote C1q-mediated C4 and C3 binding. C4 and C3 promote the 
uptake of LACs via complement receptors. A role for C1q receptors in clearance of 
LACs is doubtful in the absence of substantial C1q binding. Apparently, IgM-mediated 
and C1q-mediated complement binding and opsonisation constitute a safety net that 
promotes clearance of LACs, although perhaps at the cost of some inflammation.
Meanwhile a plasma nucleosome releasing factor (NRF), a new function of Factor VII-
activating  protease  (FSAP),  enzymatically  removes  nucleosomes  from LACs.  The 
physiological  significance of  NRF remains to  be established.  However,  removal  of 
nucleosomes may prevent the exposure of this potential autoantigen in the presumed 
pro-inflammatory  context  of  the  LAC.  Nucleosomes  released  from  LACs  bind  to 
membrane heparan sulphate proteoglycans and is endocytosed by surrounding cells.5-

6 Nucleosomes that escape local uptake presumably end up in the marginal zones of 
lymph nodes or they may reach the circulation where they are rapidly cleared by the 
liver.7

SLE is a systemic disease that is characterised by the production of affinity-
maturated IgG antibodies against many cell membrane and intracellular components, 
especially antinuclear antibodies (ANA). Deposition of IgG and autoantigen in blood 
vessels results in multi-organ dysfunction, notably nephritis. Interestingly, binding of 
IgG from SLE plasma to EACs is absent. Apparently, EACs are no important trigger 
for autoantibody production and a role for autoantibodies in the clearance of EACs is 
unlikely. In contrast to healthy donor plasma, abundant IgG and C1q binding to LACs 
is observed with SLE plasma, whereas binding of C4 and C3 is similar. Increased 
binding of IgG will promote FcγR-mediated uptake of LACs and the significant binding 
of C1q may promote uptake of LACs via C1q receptors.8-10 It is reasonable to assume 
that LACs opsonised with IgG and complement will endow a LAC with a strong pro-
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inflammatory stimulus and that this stimulus is different from the opsonisation of LACs 
in healthy donor plasma where IgG and C1q binding are low.

The  release  of  nucleosomes in  SLE plasma is  seriously  hampered  in  the 
presence  of  ANA,  especially  nucleosome  antibodies  and  dsDNA  antibodies. 
Nucleosomes from LACs remain associated with the cell despite the presence of NRF 
and  ANA depletion of  SLE plasma reconstitutes  NRF activity.  The mechanism by 
which SLE ANA inhibits NRF remains to be established. ANA may conceal the binding 
site of NRF and prevent subsequent activation of NRF. Alternatively, ANA may simply 
prevent nucleosome release by forming immune complexes that are simply too large 
to dissociate from the LAC.  Recent data has shown that complexes of nucleosome 
and  anti-nucleosome  may  provoke  a  strong  pro-inflammatory  signal  via  the 
simultaneous  activation  of  Toll-like  receptors  and  Fcγ-receptors,  promoting  IFNα 
release and the production of autoantibodies.11-13 On the other hand, binding of ANA 
and inhibition of NRF keep nucleosomes associated to the LAC and this may prevent 
nucleosome  release  in  the  lymph  or  circulation.  As  a  consequence,  vascular 
deposition of immune-complexes, vasculitis and disease exacerbation may not occur 
and active disease is prevented.

 An increased disease activity (SLEDAI) is significantly associated with normal 
NRF activity whereas the NRF activity in plasma of patients with inactive disease is 
decreased. This is in marked contrast with an unpublished recent study of our group 
showing  that  a  selection  of  sera  from patients  with  active  disease  and  high  Farr 
showed decreased NRF activity whereas NRF activity in sera of these same patients 
with  inactive disease was normal.  Obviously,  high affinity dsDNA antibodies inhibit 
NRF activity, as expected. The most likely explanation for this discrepancy may be the 
timing of sampling, as samples were unselected for disease activity and Farr in the 
transversal  study  as  described  in  chapter  7.  In  contrast,  samples  from  the  later 
longitudinal study were primarily selected for disease activity and high-affinity dsDNA 
antibodies.  Merging  data  of  both  studies  in  a  theoretical,  comprehensive  model 
suggests that four consecutive profiles may be discriminated in a SLE patient (figure 
1).  According to this model,  patients  with  low NRF activity,  most  likely  due to  the 
production of  nucleosomal  antibodies,  are at  risk  to develop active  disease.  Once 
dsDNA  antibodies  are  formed  active  disease  ensues.  Upon  resolution  of  dsDNA 
antibodies  the  NRF  activity  may  recover  rapidly,  whereas  the  disease  activity 
normalises  at  some  later  stage.  It  would  be  interesting  to  verify  this  hypothetical 
model,  as  patients  at  risk  for  exacerbation  of  the  disease  may be  identified,  and 
perhaps treated.

Several genetic deficiencies have been identified that are associated with the 
development of SLE (summarised in table 1). Lactadherin (milk fat globule-epidermal 
growth factor-like 8, MFG-E8) binds to apoptotic cells and promotes their uptake by 
macrophages via the vitronectin receptor. Lactadherin deficiency is associated with 
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Figure 1. Hypothetical model showing the contemporary relation between NRF, anti dsDNA and 
disease activity in time
Group I represents patients with low NRF activity and low disease activity that are at risk when anti-dsDNA 
is formed.  Group II represents patients with low NRF activity and high disease activity in the presence of 
anti-dsDNA antibodies.  Group III represents patients with normalised NRF activity and persistent high 
disease activity in the absence of anti-dsDNA. Group IV represents patients with normal NRF activity and 
low disease activity.

accumulation  of  apoptotic  B-  and  T-cells  in  germinal  centres of  lymph nodes and 
spleen showing that increased exposure to inadequately removed apoptotic cells in 
lymphoid tissue promotes the development of autoimmune disease.14

SAP deficiency is associated with accelerated development of SLE in SLE-
prone mice.15 SAP binds to the cell  membrane and nucleosomes and it  has been 
involved in the dissolution of nucleosomes and the removal of apoptotic cells. In the 
absence of SAP, nucleosomes may precipitate in tissue and promote an autoimmune 
response.  However,  other  yet  unidentified  genetic  traits  also  play  a  role  in  the 
development of SLE in such SAP-deficient animal models.16 Though SAP is an acute 
phase protein in mice, SAP is constitutively present in humans and displays no acute 
phase behaviour. CRP is considered as the human counterpart of murine SAP and 
CRP is an important acute phase protein in man. CRP has also been involved in the 
binding  and  clearance  of  nucleosomes  and  apoptotic  cells.17 Interestingly,  certain 
genetic  polymorphisms in the CRP-gene and the CRP-gene promoter region have 
been associated with SLE in humans.18,19 Also, polymorphisms in the MBL gene as 
well as the MBL-gene promoter region have been associated with SLE in humans.20,21 

Though purified MBL binds to LACs, presumably via PS and PC, its binding is absent 
in a whole plasma milieu. Moreover,  as mannose is unable to prevent C4 and C3 
binding to LACs a role for MBL in complement activation on LACs is unlikely. 
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Table 1.  Genetic deficiencies or polymorphisms associated with SLE

Deficiency Presumptive mechanism*

MFG-E8 (lactadherin) defective phagocytosis of apoptotic cells

IgM defective phagocytosis of apoptotic cells

C1q defective clearance of immune complexes
defective clearance of apoptotic cells

C4, C2, C3 defective clearance of immune complexes
defective clearance of apoptotic cells

CRP-promoter region polymorphisms defective phagocytosis of nucleosomes
defective phagocytosis of apoptotic cells

SAP-gene polymorphisms defective phagocytosis of nucleosomes
defective phagocytosis of apoptotic cells

MBL-gene polymorphisms defective clearance of apoptotic cells

MBL-promoter region polymorphisms defective clearance of apoptotic cells

FcgR gene polymorphisms deregulated autoantibody response

FcgR promoter polymorphism deregulated autoantibody response

DNAse-I defective processing of necrotic cell DNA

*References in text

Except for their role in processing of nucleosomes and apoptotic cells, SAP, 
CRP and MBL are involved in the opsonisation and elimination of micro-organisms. 
Aberrant protein, decreased production or increased turnover of protein alter the first-
line  defence  against  microorganisms.  Impaired  clearance  of  microorganisms, 
prolonged inflammation and increased cellular  damage may ensue.  Hypothetically, 
such prolonged exposure to apoptotic cells could potently promote the development of 
autoantibodies in lupus-prone humans and mice.

Several  studies  have  shown  that  secretory-IgM  (sIgM)  and  complement 
deficiencies are strongly associated with SLE.22,23 Our data as well as observations by 
others show that  IgM and complement  bind to  LACs and it  has been shown that 
complement proteins are instrumental in LAC clearance. In the absence of sIgM or 
complement, LAC clearance may be defective and persistent exposure to LACs may 
lead to development of SLE. Although IgM binding to LACs is not affected in IgG-
depleted SLE plasma, complement binding to LACs was nearly absent. Obviously, 
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IgG-depletion  of  SLE plasma could  have  affected complement  activity  despite  the 
presence of  EDTA and 0.5  M NaCl.  Alternatively,  IgM from SLE patients  may be 
defective  in  the activation of  complement  and production  of  affinity-maturated  IgG 
autoantibodies may circumvent this defect.

Recent  data  suggest  that  certain  FcγR polymorphisms are associated with 
SLE.24-27 Tolerogenic signals may be lacking in the absence of FcγRIIb. The discovery 
that  DNA  binds  to  Toll-like  receptors  (TLR)  and  that  DNA  containing  immune 
complexes provoke autoimmunity via the concerted action of TLRs and FcγR has led 
to the discovery of TLR-polymorphisms that influence autoimmune responses.28-30

The  combined  action  of  plasmin  and  DNAseI  is  involved  in  the  removal  of 
nucleosomes  from  necrotic  cells  and  DNAseI  deficiency  is  associated  with 
development of SLE.31-33 This effect of plasma and DNAseI on necrotic cells seems 
comparable to the activity of FSAP in the removal of nucleosomes from LACs. We 
obtained yet  inconclusive evidence that  (functional)  NRF deficiency may exist  in  a 
subpopulation of SLE patients, since NRF activity could not be recovered after IgG 
depletion of these SLE patient plasmas. 

The observations that autoantigens accumulate in apoptotic cell  blebs, that 
these blebs bind C1q and that C1q deficiency is strongly associated with SLE has 
resulted  in  the  hypothesis  that  defective  clearance  of  apoptotic  cells  results  in 
autoimmunity and autoimmune disease.34,35 Interestingly, most, if not all of the genetic 
deficiencies that have been associated with the development of SLE appear to affect 
the handling of LACs and perhaps necrotic cells, but not of EACs. Immunoglobulin, 
complement,  SAP,  CRP  and  MBL  bind  almost  exclusively  to  LACs.  Presumptive 
FSAP deficiency may be involved in defective processing of DNA and only LACs but 
not EACs expose this DNA. This strongly suggests that defective processing of LACs 
propagate the development of SLE.

Although LACs are a potential source of autoantibodies and a probable trigger 
of autoimmunity, the existence of LACs may still be considered an in vitro artefact, as 
LACs are not observed in tissue or blood samples. A tentative explanation for this lack 
of LACs is that nucleosomes are removed from cells as soon as membrane integrity is 
lost. With its nucleosomes removed, the LAC is no longer stainable with DNA-binding 
dyes.  In  this  respect  it  is  worth  mentioning  that  various  studies  that  have  been 
performed with apoptotic cells that were considered to be EACs (PI staining negative) 
were actually permeable LACs from which nucleosomes were removed.

Numerous physiological and pathological processes result in the exposure to 
nucleosomes. It has been shown that repeated injection of syngenic apoptotic cells 
provokes transient  autoantibody production.36 Others have shown that  exposure to 
necrotic cells may induce autoantibodies.37,38 Recent studies suggest that autophagy 
of vital cells may provoke development of autoantibody.39,40 Autophagy is a process 
where intracellular proteins and organelles are taken up and digested in lysosomes 
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when  nutrients  are  shortcoming.  Large  amounts  of  cellular  peptide  fragments  are 
formed, captured by HLA and expressed on the exterior cell  membrane stimulating 
autoimmune  responses.  Several  pathological  conditions  such  as  sepsis,  brain 
ischemia and tumour treatment  result  in  the systemic release of  nucleosomes.41-43 

However, exposure to nucleosomes under these conditions has not been associated 
with a sustained production of ANA or in the development of autoimmune disease. 
It has been established that autoantibodies are produced several years before overt 
systemic autoimmune disease does occur.44 This autoantibody production is likely the 
first  indication of a decreased capacity to process LACs. When uncontrolled,  such 
continuous  exposure  to  LACs  will  inevitably  trigger  the  development  of  systemic 
autoimmune disease.
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Summary 

It is generally accepted that apoptotic cells are swiftly cleared to prevent the 
exposure to potentially hazardous and autoantigenic contents. An abundant array of 
plasma proteins bind to apoptotic cells and promote the uptake of apoptotic cells by 
phagocytic cells. The stage of the apoptotic cell, i.e. an early apoptotic cell (EAC) or a 
late apoptotic cell (LAC) may determine the binding of the individual proteins and this 
aspect  of  protein  binding has  frequently  been  incompletely  resolved.  Using  three-
colour FACS analysis it was possible to discern protein binding to vital cells, EACs 
and LACs.

A plasma protein of major importance in apoptotic cell clearance is C1q and its 
deficiency  is  strongly  associated  with  development  of  SLE,  which  has  led  to  the 
hypothesis that defective clearance of apoptotic cells may result in the development of 
SLE. Other plasma protein deficiencies associated with development of SLE include 
other classical pathway components (C4 and C2), secretory-IgM, MBL and SAP.

SAP is a plasma protein that binds to phosphatidylethanolamine and hence it 
may also bind to PE moieties that are present on the EAC membrane. SAP binds to 
the EAC membrane and its binding is completely inhibited by soluble-PE suggesting 
that membrane PE is indeed the target for SAP (chapter 2). SAP binding to LACs is 
significantly  higher  suggesting  that  additional  ligands  for  SAP  binding  become 
available. Chromatin, which consists of DNA and histone protein, is a SAP ligand that 
is exposed by LACs. However, no effect of DNAse treatment or inhibition by soluble 
histone protein on SAP binding to LACs is observed, whereas soluble-PE completely 
inhibits SAP binding. Confocal microscopy of LACs shows that SAP binding is largely 
limited to the LAC membrane, suggesting that a disturbed architecture of the LAC 
membrane  may  be  a  major  determinant  in  the  increased  SAP  binding  to  LACs, 
whereas a role for chromatin is less certain. 

SAP and other phospholipid-binding proteins such as b2GPI, CRP and MBL 
may function in the clearance of apoptotic cells via the immunoglobulin receptor (FcgII) 
and LRP. Moreover, these proteins may activate the complement system and promote 
complement receptor-mediated uptake of apoptotic cells. Likewise, low plasma levels 
or decreased binding to late apoptotic cells may decrease apoptotic cell clearance and 
promote autoimmune disease. Though minor differences in plasma protein levels and 
protein  binding  are  detected  between  healthy  donor  and  SLE  plasmas,  no  major 
defects in binding of SAP,  b2GPI, CRP or MBL to apoptotic cells in SLE plasma is 
observed (chapter 3).

Previous  studies  have  shown  that  purified  C1q  binds  to  apoptotic  cells 
independently  from  immunoglobulins.  In  contrast,  incubation  of  EACs  in  a  more 
physiological milieu, i.e. whole plasma, results in low but significant binding of IgM and 
C4. IgG and C3 also bind although to a lesser extent (chapter 4). C1q binding to 
EACs  is  absent  and  binding  of  immunoglobulin  and  complement  to  EACs  is 
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comparable  to  vital  cells.  LACs  show  significantly  increased  binding  of 
immunoglobulin,  C4  and  C3  and  display  low,  but  significant  C1q  binding.  IgM  is 
instrumental in the C1q-dependent C4 and C3 binding to LACs in whole plasma.

SLE plasma is characterised by the presence of high titres of ANA and these 
antibodies likely bind to LACs although studies on the binding of ANA to specifically 
LACs are lacking. Strongly increased binding of IgG to LACs is indeed observed after 
incubation with SLE plasma and, interestingly, so was C1q (chapter 5). In fact, there 
is  a strong association between IgG and C1q and studies with  IgG-depleted SLE 
plasma  suggested  that  IgG  was  essential  not  only  for  C1q  binding  but  also  for 
complement activation.

Incubation with  healthy donor plasma results in a decreased PI staining of 
LACs. Investigation of this phenomenon shows that the decrease in PI  staining of 
LACs  is  caused  by  an  increased  release  of  nucleosomes.  This  is  caused  by  an 
enzyme activity, tentatively called nucleosome releasing factor, NRF (chapter 6).

The NRF activity in a subset of SLE plasmas is strongly decreased compared 
to healthy donor plasmas (chapter 7).  A higher ANA titre is inversely related to a 
lower  NRF activity.  Incubation of  healthy donor plasma with  ANA shows a similar 
decrease in NRF activity. Hence ANA inhibit the NRF activity in plasma. Removal of 
IgG from SLE plasmas restores the NRF activity in some, though other SLE plasmas 
display decreased NRF activity despite IgG depletion suggesting that these patients 
contain lower plasma NRF activity.
The NRF activity is inhibited by serine protease inhibitors suggesting that a serine 
protease is involved. Fractionation of plasma results in the isolation and purification of 
a 23 kDa plasma protein with NRF activity (chapter 8). This protein is identified as the 
light-chain of FSAP (Factor VII activating protease).
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Apoptotische cellen bevatten potentieel  schadelijke en immunogene stoffen 
en daarom worden dergelijke cellen direct  herkend en snel  opgeruimd. Bovendien 
binden vele plasma-eiwitten aan apoptotische cellen en deze bevorderen de klaring 
van apoptotische cellen door fagocyten. Het stadium van apoptose van de cel kan 
bepalend zijn voor de binding van plasma eiwitten. Er is tot op heden nog weinig 
aandacht voor dit aspect van apoptose. Met behulp van drie-kleuren FACS analyse is 
het  mogelijk  vitale,  vroeg  apoptotische  en  laat  apoptotische  cellen  van  elkaar  te 
onderscheiden.

C1q is een plasma eiwit dat belangrijk is voor klaring van apoptotische cellen 
en  een  C1q  deficiëntie  is  sterk  geassocieerd  met  SLE.  Dit  heeft  geleid  tot  de 
hypothese  dat  een  verstoorde  klaring  van  apoptotische  cellen  kan  leiden  tot  de 
ontwikkeling  van  SLE.  Inmiddels  zijn  ook  deficiënties  van  andere  plasma eiwitten 
beschreven die geassocieerd zijn met SLE zoals C4, C2, secretoir-IgM, MBL en SAP.

SAP is een plasma eiwit dat aan fosfatidylethanolamine (PE) bindt en omdat 
PE op de celmembraan van de vroeg apoptotische cel tot expressie komt bindt SAP 
aan  vroeg  apoptotische  cellen  (hoofdstuk  2).  Veel  meer  SAP  bindt  aan  laat 
apoptotische cellen wat laat zien dat er meer liganden voor SAP in laat apoptotische 
cellen aanwezig zijn. SAP bindt aan chromatine en SAP kan daardoor aan DNA in laat 
apoptotische cellen binden. Voorbehandeling met DNAse/RNAse of preïncubatie van 
plasma  met  histoneiwitten  had  echter  geen  effect  op  SAP  binding  aan  laat 
apoptotische cellen en fluorescentie microscopie liet zien dat binding van SAP aan 
laat  apoptotische  cellen  grotendeels  aan  de  celmembraan  optrad.  Een  verstoorde 
architectuur van de laat apoptotische celmembraan kan hieraan ten grondslag liggen. 
Een rol voor chromatine in de binding van SAP is minder zeker.

Niet alleen SAP, maar ook andere plasma-eiwitten die aan fosfolipiden binden 
zoals  b2GPI,  CRP en MBL kunnen een rol  spelen bij  de klaring van apoptotische 
cellen  via  Fcγ-receptoren  en  LRP.  Bovendien  kunnen  deze  eiwitten  het 
complementsysteem activeren en op deze wijze kan klaring van apoptotische cellen 
via complementreceptoren verlopen. Als de spiegels van dergelijke eiwitten in plasma 
verlaagd  zijn,  kan  de  klaring  van  apoptotische  cellen  verstoord  zijn  en  kan  een 
autoimmuunziekte ontwikkelen. Er zijn geen verschillen aantoonbaar in de binding van 
SAP,  b2GPI,  CRP en MBL aan apoptotische cellen na incubatie  met  plasma van 
gezonde donoren of SLE patiënten (hoofdstuk 3).

Eerdere studies hebben laten zien dat gezuiverd C1q aan apoptotische cellen 
bindt en dat deze C1q binding onafhankelijk is van immuunglobulinen. In een meer 
fysiologisch  milieu  zoals  plasma  is  met  name  IgM  en  C4  binding  aan  vroeg 
apoptotische  cellen  aantoonbaar  en  in  mindere  mate  ook  IgG  en  C3  binding 
(hoofdstuk 4). C1q bindt echter niet aan vroeg apoptotische cellen. De binding van 
immuunglobulinen en complement aan vroeg apoptotische cellen is vergelijkbaar met 
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de binding aan vitale cellen. Laat apoptotische cellen laten een sterke toename van 
IgG, IgM, C4 en C3 zien en ook is enige C1q binding aantoonbaar. In plasma blijkt 
IgM voor het grootste deel verantwoordelijk voor de binding van C4 en C3 aan laat 
apoptotische cellen en deze complement binding is C1q afhankelijk.

SLE  plasma  wordt  gekenmerkt  door  de  aanwezigheid  van  hoge  titers 
antinucleaire  antistoffen  (ANA)  en  deze  antistoffen  binden  waarschijnlijk  aan  laat 
apoptotische  cellen  alhoewel  studies  naar  de  binding  van  ANA specifiek  aan laat 
apoptotische cellen ontbreken. Na incubatie van laat apoptotische cellen met plasma 
van SLE patiënten is er inderdaad sprake van sterk toegenomen binding van IgG en 
C1q aan laat apoptotische cellen in vergelijking met plasma van gezonde donoren 
(hoofdstuk 5). In feite blijkt er een sterke associatie te bestaan tussen de IgG binding 
en C1q binding na incubatie met plasma's van SLE patiënten, terwijl  een dergelijke 
associatie  na  incubatie  met  plasma  van  gezonde  donoren  ontbreekt.  In  IgG-
gedepleteerd SLE plasma is geen C1q binding meer aantoonbaar en wordt geen C4 
en C3 binding meer gezien, wat suggereert dat in SLE plasma  IgG van groot belang 
is voor complementactivatie.

Incubatie van laat apoptotische cellen met plasma van gezonde donoren laat 
een sterke daling van de PI kleuring zien, wat berust op het verlies van nucleosomen. 
Dit verlies van nucleosomen wordt veroorzaakt door een enzym dat NRF, nucleosome 
releasing factor, wordt genoemd (hoofdstuk 6). 

Wanneer de NRF activiteit in plasma’s van SLE patiënten wordt bepaald blijkt 
dat er een subgroep is waarbij de NRF activiteit is verlaagd (hoofdstuk 7). In deze 
groep is  er  sprake van een omgekeerde associatie  tussen NRF activiteit  en ANA 
binding. Wanneer laat apoptotische cellen met een plasma van een gezonde donor 
worden geïncubeerd in aanwezigheid van monoklonale ANA  leidt dit tot een remming 
van NRF activiteit. Wanneer IgG uit het plasma van SLE patiënten wordt verwijderd is 
weer NRF activiteit aantoonbaar. Dit is niet bij alle plasma’s van SLE patiënten het 
geval. Bij sommige SLE plasma’s is de NRF activiteit mogelijk afwezig.

NRF  activiteit  wordt  efficiënt  geremd  door  serine  protease  remmers  wat 
suggereert dat NRF een serine protease is. Fractionering van plasma heeft geleid tot 
de isolatie en zuivering van een eiwit van 23 kDa met NRF activiteit. Dit proteïne blijkt 
Factor VII activating protease (FSAP) te zijn (hoofdstuk 8)

163


