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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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