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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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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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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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