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Summary 

Necrotic cells are generally considered to stimulate inflammation whereas apoptotic cells 

should not. However, apoptotic cells have pro-inflammatory properties since they can activate 

complement. To what extent this activation compares to that by necrotic cells is not known. 

We investigated complement activation mechanisms by necrotic cells in plasma, in 

comparison to activation by apoptotic cells. Jurkat cells were made apoptotic by incubation 

with etoposide, or necrotic by heat shock. Cells incubated in recalcified plasma were tested 

for C3 and C4 fixation and fluid phase generation of complement activation products. 

Fixation of C3 and C4 to necrotic cells occurred mainly via the classical pathway, 

independently of the method of necrosis induction and of the cell-type. IgM-depletion of 

plasma almost completely abrogated complement fixation by necrotic cells, which was 

restored by supplementation with purified IgM. Complement activation by late apoptotic cells 

was comparable to that by necrotic cells regarding extent and dependence on IgM. Moreover, 

incubation of plasma with necrotic or late apoptotic cells led to the generation of comparable 

amounts of complement activation products. These results indicate that late apoptotic and 

necrotic cells employ similar complement activation mechanisms in plasma environment. 

Introduction 

Apoptosis and necrosis are described as programmed and sudden cell death, 

respectively, and can be discriminated on morphological criteria. Necrosis results from direct 

damage to the cells primarily leading to cell membrane leakage and subsequent cell death, 

whereas apoptosis results from an organised process leading to intracellular protease activity, 

cleavage of the cytoskeleton and chromatin, and at a late stage, cell membrane leakage. 

Whether an insult may induce necrosis or apoptosis, will depend on the nature, magnitude and 

duration of the stimulus, as well as on the cellular resources [1-6]. Although definition of and 

discrimination between apoptosis and necrosis are debated, it is generally assumed that 

necrotic cells lead to inflammation while apoptotic cells do not [7]. Yet, apoptotic cells have 

some pro-inflammatory properties. For example, various publications show that these cells 

can activate the complement system, in particular via the classical pathway [8], although 

some of the involved activation mechanisms of complement have been postulated to lead to 

an anti-inflammatory profile of activation by suppressing activation at the level of the fifth 
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complement component [9-13]. 

Classical pathway activation by apoptotic cells occurs via multiple mechanisms 

including direct interaction of Clq with apoptotic blebs, and indirect binding via IgM, C-

reactive protein (CRP) or serum amyloid P component (SAP) [14-16]. Apoptosis can be 

differentiated in an early and a late stage based on the membrane integrity. In particular late 

apoptotic cells activate complement [16; 17]. To our knowledge, the molecular mechanisms of 

complement activation by necrotic cells have not been described in detail. Therefore, we 

investigated the mechanisms employed by necrotic cells in a normal plasma environment. In 

addition, we compared these mechanisms to those employed by late apoptotic cells, to get 

more insight into possible inflammatory implications of complement activation by either cell 

type. 

Material and methods 

Reagents 

All biotinylated antibodies used were monoclonal antibodies (mAbs). Antibodies 

against Clq (mAbs Clq-002 and Clq-85), CRP (mAb 5G4), SAP (mAb SAP14), C3c (mAb 

C3-9), C3d (mAb C3-19), C4c (mAb C4-1), C4d (mAb C4-4) and mannan binding lectin 

(MBL; mAb 5E12) were produced in our laboratory, and have all been described before 

[14; 18-20]. 

Anti-human IgM mAb (MH-15), anti-human IgG (MH-16) and mouse IgGl control 

were obtained from Sanquin, Business Unit Reagents (Amsterdam, The Netherlands). MAbs 

were biotinylated with LC-biotin-n-hydroxysuccinimide ester (Pierce, Rockford, IL) 

according to the manufacturer's instructions. Annexin V-FITC and propidium iodide (PI) 

were obtained from Bender Med System (Vienna, Austria) and streptavidin-allophycocyanin 

(Strep-APC) conjugate was obtained from BD Biosciences Pharmigen (San Diego, CA). 

Recalcified plasma and IgM depletion 

Blood was obtained from human volunteers by venapuncture and collected in citrate. 

After centrifugation for 10 minutes at 1,300 g, plasma was obtained, recalcified by addition of 

10 mM CaCK and left for 1 hour at 37°C. Thereafter a clot had formed, which was removed 

by centrifugation for 10 minutes at 1,300 g. The supernatant, recalcified plasma (RP), was 

stored in aliquots at -80°C until use. In the present study, plasma samples from 3 MBL 
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sufficient donors were used. In some experiments plasma from a MBL-deficient donor was 

used as well. 

IgM-depleted plasma (RPd) was prepared by absorption of plasma onto mAb MH-15 

coupled to CNBr-sepharose (Amersham Biosciences AB, Uppsala, Sweden) at 4°C and at 

high salt concentration to prevent complement activation during the procedure. High salt 

conditions were achieved by supplementing the recalcified plasma with NaCl to yield a final 

concentration of 0.5 M NaCl as well as with 10 mM EDTA, final concentration, prior to the 

procedure. The column was equilibrated with 20 mM Hepes buffer containing 0.5 M NaCl 

and 10 mM EDTA. The plasma was applied three times onto the column, collected and stored 

in aliquots at -80 °C until use. The dilution of the plasma during the procedure was calculated 

from the differences in absorbance at 280 nm, and taken into account when diluting the 

plasma in the experiments. The high ionic strength of depleted plasma due to the addition of 

salt and EDTA concentration was corrected in the experiments by diluting the plasma 

appropriately in low ionic strength veronal buffer containing lOmM calcium. As we observed 

that Clq was also removed to some extent during the immunoabsorption procedure, the 

depleted plasma was supplemented with purified Clq to yield its original level. Plasma 

samples used in these experiments were from 2 different MBL sufficient donors. The MBL 

concentrations of these plasma samples were not affected by the depletion procedure. 

Hemolytic assays 

Function of complement in recalcified plasma and in IgM-depleted plasma was tested 

with hemolytic assays specific for the classical pathway, CH50 titer, and for alternative 

pathway,AP 50 titer [21], respectively. Briefly, various plasma dilutions were incubated in the 

presence of antibody-sensitized sheep erythrocytes for CH50, or with rabbit erythrocytes for 

AP50 for 1 or 1.5 hour, respectively, at 37°C with continuous shaking. Thereafter, cells were 

pelleted by centrifugation, and hemoglobin in the supernatant was measured to estimate lysis. 

Purification of plasma IgM 

Lipids were first removed from recalcified plasma by promozol (Promosol Belgium 

SA, Brussels, Belgium) treatment. In brief, plasma and promozol (50 %, v/v) were thoroughly 

mixed and incubated for 5 minutes at room temperature. The lipid layer was then removed by 

2 successive centrifugations for 20 minutes at 1,300 g. One volume of plasma was then 

incubated with one volume of saturated ammonium sulfate for 2 hours at 4°C, pH 7.4, under 

continuous stirring. After centrifugation at 4°C for 30 minutes at 1,300 g, the pellet was 
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resuspended in phosphate buffered saline, pH 7.4 (PBS), and dialysed overnight at 4°C 

against PBS. The precipitate was then applied onto a Biogel A 1.5M (Bio-Rad Laboratories, 

Hercules, CA) column (45 ml) equilibrated with PBS containing lOmM EDTA. IgM 

containing fractions were collected, pooled, concentrated, and dialysed against veronal 

buffered saline, pH 7.4 (VB), containing calcium (10 mM) and magnesium (2 mM) (VB++), 

overnight at 4°C. The IgM fraction was then stored at 4"C until further use. 

Cell culture and induction of necrosis or apoptosis 

Jurkat cells were cultured in IMDM (Biowhittaker Europe, Verviers, Belgium) 

supplemented with 5%, v/v, heat-inactivated fetal calf serum (Life Technologies, Grand 

Island, NY), 20 ug/ml human apo-transferrin (Sigma Corp., St.Louis, MO), 100 U/ml 

penicillin and 100 pg/ml streptomycin (Life Technologies) at 37°C in a humidified 

atmosphere (5% CC>2/95% air). Necrosis was induced in Jurkat cells by incubating 2.5 xlO5 

cells per well in 96 wells round-bottom plates in serum-free IMDM for 2 hours at 60°C or in 

serum-free IMDM containing either 10%, v/v, ethanol or 0.3%, v/v, H2O7 for 2 hours. 

Similarly, apoptosis was induced by incubation of cells in serum-free IMDM containing 100 

|iM etoposide (Sigma) for 48 hours at 37°C. Notably, most of the cells treated in this way, 

stained positive with PI and annexin V, and hence should be considered as late apoptotic 

cells. 

In some experiments other cells were studied as well. These cells were the mast cell-

line (HMC1), and human umbilical vein endothelial cells (HUVECS). The HUVECS were 

harvested from umbilical cords with collagenase, and cultured in RPMI 1640/M199 (v/v, 1/1) 

(Life Technologies), supplemented with 10%, v/v, heat-inactivated human serum, 1%, w/v, 

glutamine (Sigma), 100 U penicillin per ml and 100 pg streptomycin per ml on fibronectin 

(Sigma) coated flasks. Necrosis and apoptosis of these cells were induced as described above 

for Jurkat cells. 

DNA fragmentation assay 

After induction of either necrosis or apoptosis, cells were harvested, washed once with 

PBS and incubated for 30 minutes at 37°C with 10 pi lysis buffer containing 1%, v/v, NP40, 

0.5%, w/v, SDS, 20 mM EDTA and 20 mM TRIS at pH 7.5, together with 0.5 mg/ml Rnase 

A. Thereafter 5 pi Proteinase K were added and the mixtures were incubated for 2 hours at 

50°C. After addition of a loading buffer (20%, v/v, Ficoll 400, 0.1 M EDTA pH 8, 1%, w/v, 
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SDS, 0.25%, v/v, Bromo Phenol blue, 0.25%, v/v, Xylene Cyanol blue) samples were run on 

an agarose gel 1.5%, w/v, containing 500 ug/ml (final concentration) ethidium bromide for 

approximately 2 hours at 40 mA. The gel was then photographed under UV light, to visualize 

DNA. 

Binding oflgM, CRP, SAP and complement to necrotic and apoptotic cells. 

After necrosis or apoptosis induction, cells were washed with serum-free culture 

medium and incubated with recalcified plasma from a single donor titrated in VB++. Plasma 

was titrated from 0 to 20%, v/v. After an incubation for 30 minutes at 37°C, cells were 

washed thrice with Hepes buffer containing calcium (Hepes 10 mM, NaCl 150 mM, KG 5 

mM, CaCl2 1.8 mM and MgCl2 1 mM, pH 7.4) and incubated with biotin-labelled 

monoclonal antibodies (5 ug/ml in 50 u.1, final volume) for 30 minutes at 4°C. After a second 

washing procedure, cells were incubated with streptavidin-APC (1 to 750 diluted) and 

Annexin-V-FITC (1 to 100 dilution) in 100 ul final volume for 30 minutes at 4°C in darkness. 

After washing with Hepes buffer, cells were resuspended in Hepes buffer containing calcium 

as well as PI (at a final concentration of 500 ng per ml). Results were analysed by flow 

cytometry. Data were stored in Cellquest acquisition program and analysed with WinMDI 2.8 

program. 

Complement inhibition 

In order to elucidate which pathway(s) of complement activation was (were) involved 

in complement activation by necrotic cells, several complement inhibitors were evaluated. 

EDTA, at a final concentration of 20 mM, was used to inhibit all pathways of complement 

activation. Mg-EGTA, at 20 mM, was added to plasma to block both the classical and the 

MBL-pathways. To further assess the role of classical or lectin pathways, the mAbs anti-Clq-

85 and anti-MBL 5E12 were used. MAb anti-Clq-85 is directed against the globular head 

regions of Clq, and inhibits binding of Clq to activators such as aggregated IgG. In addition, 

this mAb inhibits the fixation of C4 and C3 to classical pathway activators incubated with 

recalcified plasma (F. McGrath et al., manuscript in preparation). MAb anti-Clq-85 was 

incubated with plasma at a final concentration of 100 ug/ml. The mixtures were incubated 

with the cells to achieve a final plasma concentration of 10%. Thereafter, the binding of 

complement proteins was detected as described above. The non-inhibitory mAb anti-C 1 q-002 

was used as control in these experiments. Anti-MBL mAb 5E12, which inhibits the binding of 
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MBL to mannan-coated plates as well as the fixation of C4 and C3 to these plates when 

incubated with recalcified plasma (M. Hart et a l , manuscript in preparation), was used in a 

similar way to assess the role of the lectin-pathway in activation of complement by the 

necrotic cells. 

Complement activation assay 

Apoptotic, necrotic or vital cells were incubated with 10% recalcified plasma for 30 

minutes at 37°C. Complement activation was measured in the supernatants with ELISAs for 

C3b/c or C4b/c [20;22], or with the SC5b-9 Elisa kit (Quidel, San Diego, CA) according to 

the manufacturer instructions. 

Analysis of data 

Data were analysed with GraphPad Instat® (version 3.0). Distribution of data was analysed 

with the method of Kolmogorov and Smirnov. As data appeared to be normally distributed, 

Student's t test and one-way analysis of variance (ANOVA) with Bonferroni multiple 

comparison test were used to assess differences between groups. Correlation between 

parameters was analysed using the Pearson's correlation coefficient. A two-sided P-value 

<0.05 was considered to represent a significant difference or correlation. 

Results 

Induction of necrosis 

Several methods were used to induce necrosis. Necrotic cells were compared with 

apoptotic cells obtained by treatment with 100 uM etoposide for 48 hours at 37°C. Cells 

treated with either 10% (v/v) alcohol, 0.3% (v/v) H202 or heat for 2 hours at 60°C, did not 

show any DNA laddering on agarose gel, while apoptotic cells did (not shown). Moreover, 

apoptotic and necrotic cells stained both for annexin V-FITC and propidium iodide (PI), 

whereas vital cells were negative for these dyes (Figure 1 A, B and C). Kinetic experiments 

revealed that necrotic cells became positive for annexin V and PI at the same time, whereas 

apoptotic cells first became positive for annexin V to become positive for PI later. In addition, 

apoptotic and necrotic cells had distinct side and forward scatter plots on flow cytometry, 

reflecting different cellular shape (Figure 1 D, E and F). All necrosis induction methods 
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yielded similar results. In the experiments described below, we used incubation for 2 hours at 

60C to induce necrosis, which method has been used by others as well [17], unless indicated 

otherwise[23]. 

Figure 1: Characterization of apoptotic 
and necrotic Jurkat cells by flow 
cytometry. Apoptosis and necrosis were 
induced in Jurkat cells by exposition to 
etoposide 100U.M for 48 hours (A and D) or 
heat treatment at 60 C for 2 hours (B and E), 
respectively. Cells were stained with 
AnnexinV-FITC and propidium Iodide (A-
C), as described in materials and methods 
and analysed by flow cytometry. Plots of 
forward versus side scatter (D, E & F) are 
also shown for apoptotic, necrotic and vital 
cells, respectively. 

Binding of adaptor and complement proteins to necrotic cells 

To assess involvement of various proteins in complement activation by necrotic cells, 

we first investigated the binding of activated complement proteins as well as of various 

complement adaptor molecules to the cells. Jurkat cells were exposed for 2 hours at 60°C and 

further incubated with various concentrations of plasma, i.e. up to 20%, v/v, for 30 minutes at 

37°C. Thereafter, binding of specific plasma proteins was measured with flow cytometry, in 

which triple staining with biotin-labelled specific antibodies and streptavidin-APC (FL 4), 

annexin V-FITC (FL 1) and PI (FL 2) was performed. Necrotic cells were defined by 

selection of the annexin V-FITC and PI double positive cell population with the proper side 

and forward scatter. Binding of known complement activators such as IgM, IgG, CRP and 

SAP to necrotic cells as well as that of proteins from the complement cascade such as Clq, 

MBL, C3 and C4 was first analysed. MBL or Clq were not detected on the cells, in contrast 

to immunoglobulins M and G, the pentraxins CRP and SAP, and complement activation 

products C3d and C4d, which were all detected on the necrotic cells (Figure 2). At 10 %, v/v, 

plasma the binding of the various plasma proteins was in a plateau phase. All further 

Apoptosis Necrosis 

A B 

P i t ' 

s, 
de 
sc 
attj 
er 

D 

Annexin V 

% 

56 



jment activation bv necroti 

experiments were therefore carried out at this plasma concentration. Experiments were done 

with plasma of a single healthy donor and confirmed with plasma from 2 other donors. 

B 

-IgM 

-ÖG 

-CRP 

-SAP 

-MBL 

-C1q 

-IgGIc 

-C3d 

-C4d 

-IgGIc 

CRFH I SAP 

Figure 2: Binding of plasma proteins to necrotic Jurkat cells. Cells were exposed for 2 hours at 60*C, and 
incubated for 30 minutes at 37 C with 5-20%, v/v, plasma in VB++. Necrotic cells were gated based on side and 
forward scatter, and annexinV (FL1) and PI (FL2) staining. Binding of adaptor molecules IgM, IgG, CRP, SAP. 
MBL, Clq in (A) and complement activated products C3, C4 in (B) (FL4) to the gated population was then 
assessed, and depicted as the mean fluorescence intensity (MFI). Histograms representing the binding of IgM. 
CRP and SAP (C) and C3, C4, Clq and MBL (D) are depicted after correction for the number of events. In all 
cases, irrelevant immunoglobulin Gl was used as a control for irrelevant binding (IgGIc). 

To rule out the possible involvement of the MBL pathway activation, plasma was pre-

incubated with anti-MBL antibody mAb 5E12, which inhibits binding of MBL to its ligands 

(M.Hart et al., manuscript in preparation). This pre-treatment had no effect on complement 

fixation to the necrotic cells (not shown). Supplementation of plasma with Mg-EGTA 

abrogated binding of C3 and C4 to the necrotic cells, excluding alternative pathway activation 

(not shown). These results suggested that necrotic cells activated complement mainly via the 

classical pathway. This was further corroborated by the decreased binding of complement 

activated proteins C3 and C4 to the cells upon pre-incubation of the plasma with mAb anti-
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Clq-85, which specifically blocks Clq binding to activators (C3 binding: 22.6±24.17% of 

that observed with plasma without anti-Clq antibody, pO.001; C4 binding: 18.6% ±17.61 of 

the binding without anti-Clq, pO.001; Figure 3A). This observation was very similar to that 

with apoptotic cells as is depicted in figure 3B (C3: 7% ±21.8, pO.001, and C4: 8% ±21.01, 

pO.001, as compared to binding in the absence of anti-C lq mAb). Notably, in the experiment 

in Figure 3, fluorescence was corrected for background which was the fluorescence observed 

in absence of plasma for IgM binding, whereas plasma in presence of EDTA was used as 

background for the other proteins as binding of the latter is calcium dependent. 

A 

7 f ¥ 1 0RP0RP+aC1q85 

Figure 3: Complement activation by necrotic and 
apoptotic cells involves the classical pathway. 
Binding of IgM, CRP, SAP, C3 and C4 upon 
incubation of necrotic (A) or apoptotic (B) cells with 
10%, v/v, recalcified plasma (RP) in presence or 
absence of an inhibiting anti-Clq mAb. Results are 
expressed as a percentage of the binding observed 
with RP (white bars) after correction for background 
values obtained with either no plasma incubation or 
plasma in the presence of EDTA, see material and 
methods. The data represent the mean ± standard 
deviation of 4 experiments performed with 
individual plasma samples from 3 healthy donors. 
Data were analysed with one-way ANOVA and 
Bonferroni multiple comparison test ***p<0.001. 

Jurkat cells made necrotic in other ways, i.e., by alcohol or hydrogen peroxide 

treatment, yielded similar results for binding of CRP, SAP, IgM, C3 and C4, although 

staining intensities were somewhat lower than those with heat or etoposide treated cells (not 

shown). More importantly, C3 and C4 fixation to these cells was nearly completely abrogated 

by mAb anti-C lq-85, as was found with the heat treated cells. Similarly, other cells made 

necrotic by incubation for 2 hours at 60°C, such as mast cell line and primary human umbical 

vein endothelial cells (HUVECs), showed similar binding of CRP, SAP, IgM, C3 and C4 
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upon incubation with 10%, v/v, recalcified plasma. Also with these cells, C3 and C4 binding 

in the presence of anti-Clq85 antibody was reduced by 90% as compared with fixation in the 

absence of this mAb (Figure 4). 

Jurkat Jurkat 

Mast 
cells 

Mast 
cells 

pHUVECs pHUVECs 

Figure 4: Binding of plasma proteins to other necrotic cells. Jurkat cells, HMC-1 mast cells and primary 
human umbilical vein endothelial cells (pHUVECs) were made necrotic by 2 hours-incubation at 60'C, and then 
incubated with 10 %, v/v, plasma in veronal buffer for 30 minutes at 37 C. Necrotic cells were gated based on 
side and forward scatter, annexinV (FL1) and PI (FL2) staining. (A) Binding of IgM, CRP and SAP (FL4) to the 
gated population was then assessed, and depicted in histograms after normalisation for the number of events. (B) 
Similarly. C3 and C4 binding in presence or absence of anti-Clq85 blocking antibody was assessed. 

Complement activation by necrotic cells is dependent on IgM 

Binding of adaptor molecules and that of complement proteins to necrotic cells was 

assessed using plasma from 30 healthy donors. Only binding of IgM correlated with that of 

activated complement proteins C4 and in particular C3 (r=0.39, p=0.03, and r=0.71, 

p<0.0001, respectively; Figure 5). Similar results have already been shown for apoptotic cells 
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[16]. None of the other adaptor molecules correlated significantly with bound complement. 

These results strongly suggested involvement of IgM antibodies, and therefore, we further 

investigated the role of these antibodies in the complement activation mechanism by necrotic 

cells. To investigate whether IgM was involved in the observed complement activation by 

necrotic cells, plasma from healthy individuals was depleted for IgM by absorption onto an 

anti-IgM column. The IgM-depleted plasma contained <1% of the IgM of the original plasma, 

and was then incubated with necrotic cells and binding of IgM, pentraxins and complement 

proteins was measured. CH50 activity of the IgM-depleted plasma was proportional to the 

dilution of the depleted plasma, which was assessed by measuring total protein content. In the 

experiments this dilution was corrected by adding a somewhat larger volume of the depleted 

plasma as compared to the non-depleted plasma. In addition, purified Clq was added, as the 

decrease of Clq during the absorption procedure was disproportional to that of total protein. 

Levels of other proteins such as CRP, SAP and IgG were proportional to the dilution of the 

plasma, and were not corrected. Binding of pentraxins to the necrotic cells upon incubation 

with IgM-depleted plasma was comparable to that of non-depleted plasma. 

1000 

Figure 5: Complement fixation to necrotic cells 
correlates with that of IgM. Binding of IgM versus 
that of C3 (A) or C4 (B) to necrotic cells is depicted. 
The data represent the mean fluorescence intensity 
(MF1) of IgM, C3 or C4 binding to the necrotic cells, 
observed when serum samples from 30 healthy 
donors were tested. R represents Pearson's coefficient 
of correlation. 

IgM binding was reduced by >93% (6.93%±5.76; Figure 6). When the necrotic cells 

were incubated with the IgM-depleted plasma, binding of C3 and C4 was reduced to 

5.46%±7.07 and 19.15%±21.91 as compared to binding observed with non-depleted plasma. 

Supplementation of the depleted plasma with IgM restored binding of C3 and C4 to 
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47.02%±23.39 and 300.60%±107.67 as compared to binding of non-depleted plasma. The 

observed difference in C3 and C4 binding upon supplementation with IgM as compared to 

binding observed with the original plasma, probably was explained by the somewhat weaker 

alternative pathway activity of the depleted plasma (the AP50 activity of the IgM depleted 

plasma was about 50% of that of the non-depleted plasma. However, as the alternative 

pathway had been ruled as a trigger mechanism (see above), we did not consider this to be 

important). 

500 

400 

300 

200 

100 

0 

D RP • RPd D RPd+IgM S IgM control m Rftl+EDTA 

II 

IgM 
fe=. 

CRP SAP C3 C4 

Figure 6: IgM binding is required for complement activation by necrotic cells. Necrotic cells were incubated 
with 10%, v/v, recalcified plasma (RP; open bars), RP depleted for IgM (RPd; black bars), RPd supplemented 
with purified IgM (RPd+IgM; shaded bars), or with purified IgM (speckled bars). Binding of IgM, CRP, SAP 
and complement activated proteins C3 and C4 to the cells was then assessed. The data represent the mean ± 
standard deviation of 9 experiments performed with plasma samples from 2 individual healthy donors. Data were 
analyzed with one-way ANOVA and Bonferroni multiple comparison test. ***p<0.001 and **p<0.01. 

Fluid phase generation of complement activation products. 

Thus far the data did not support a difference in complement activation by apoptotic or 

necrotic cells. As a matter of fact, the binding of IgM, CRP adaptor molecules and 

complement C4 proteins to necrotic cells very well correlated to that to apoptotic cells (Figure 

7) which emphasizes the similarities between these two dead cell populations regarding 

mechanisms of complement activation. To evaluate whether this was also true for the 

generation of activation products in the fluid phase, apoptotic, necrotic and vital Jurkat cells 

were incubated with 10%, v/v, plasma for 30 minutes at 37°C. Thereafter, complement 

activation products were quantified in the supernatants by specific Elisas. Cell numbers of the 

various preparations were normalised by assessing the protein concentration in a lysed sample 
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of the apoptotic or necrotic samples. C3b/c, C4b/c as well as SC5b-9 complement activation 

products increased upon incubation with apoptotic or necrotic cells and were significantly 

higher than the background value measured in the presence of vital cells (figure 8; n=5). 

Moreover, the control activation of plasma at 37°C in the absence of cells gave similar results 

as in the presence of vital cells (not shown). We could therefore show no significant 

differences between fluid phase generation of complement activation products by apoptotic or 

necrotic cells. 
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Figure 7: Binding of IgM, CRP and C4 to 
necrotic cells correlates with that to apoptotic 
cells. The data represent the mean fluorescence 
intensity (MFI) observed with serum samples from 
healthy donors. Data were analysed with linear 
correlation (Pearson) analysis. 

Binding to Necrotic cells (MFI) 

Discussion 

It is generally accepted that necrotic cells induce inflammatory reactions, whereas 

apoptotic cells do not elicit inflammation, amongst others because they are rapidly cleared by 

phagocytic cells [24;25]. Apoptotic cells as well as necrotic cells have been described to bind 
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complement proteins and hence both cell populations share at least one pro-inflammatory 

property, i.e. activation of complement [17]. Apoptotic cells employ several molecular 

mechanisms to activate complement [8; 12; 15], including mechanisms that result in relatively 

little activation of C5, and that hence have anti-inflammatory features [10]. 
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Figure 8: Necrotic and apoptotic cells activate 
complement in the fluid phase equally well. 
Apoptotic and necrotic Jurkat cells were incubated 
in 10%,v/v, plasma for 30minutes at 37 C. 
Thereafter, supernatants were tested for C4b/c (A), 
C3b/c (B) and soluble C5b-9 (C). The data 
represent the median value for each cell 
population, obtained with plasma samples from 5 
healthy donors. For statistical analysis of the data, 
repeated measures ANOVA and Bonferroni 
multiple comparison test were applied. ***p<0.001 
and**p<0.01. 

The mechanisms of complement activation by necrotic cells have not been studied in 

detail. In the present study we show that in a plasma environment necrotic cells activate 

complement via similar mechanisms as apoptotic cells. 

We used Jurkat cells as a model to study the complement activation mechanisms by necrotic 

or apoptotic cells. We preferred the use of a cell line rather than primary cells since a cell line 

has the obvious advantage that a more homogenous population of cells is studied, whereas in 
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case of primary cells likely a mixture of vital, apoptotic and necrotic cells is studied, making 

interpretation of the results difficult. Jurkat cells are well accepted as a model system for 

apoptosis [26] and conclusions based on experiments with these cells in general apply for 

primary cells as well. For example, apoptotic Jurkat cells have been shown to employ similar 

mechanisms of complement activation as primary cells, i.e., peripheral blood lymphocytes 

[10;27]. Hence we assume that our results can be extrapolated to primary cells. Indeed, 

experiments with other cell types such as a mast cell line and primary endothelial cells 

supported this conclusion (figure 4). 

While investigating the binding of various adaptor molecules to necrotic cells, we did 

not detect Clq on the cells although the main mechanism of complement activation involved 

the classical pathway since anti-Clq blocking antibody largely inhibited the complement 

binding to necrotic cells. We assume that the somewhat low affinity interaction of Clq in the 

CI complex for its ligands on the necrotic and apoptotic cells accounts for the failure to detect 

Clq on the cells. This lack of detection of Clq or CI on targets that activate complement via 

the classical pathway is actually well known, since due to the relatively low affinity the CI 

complex may be released from the activator. For example, transfer of CI from antibody-

sensitized cells to other targets has been described [28]. A previous study [15] has shown the 

binding of Clq to apoptotic cells, using the same detecting antibody. Notably, this was 

observed with purified Clq, whereas we did the experiments in plasma. Presumably, Clq has 

a lower affinity for its ligands in plasma environment. Although we do not have evidence for 

that, we speculate that this effect could be mediated by the IgG. 

Previously, it was reported that MBL can bind to apoptotic cells, but does not 

contribute to complement activation by these cells [23]. In our experiments with necrotic 

cells, a possible role for the MBL pathway was ruled out by the observation that anti-Clq 

inhibiting monoclonal antibody abrogated most of the C3 and C4 fixation to the cells. 

Moreover, a blocking antibody against MBL did not affect complement activation by the 

necrotic cells, and there was no correlation between the binding of complement to the necrotic 

or apoptotic cells and the plasma concentration of MBL (data not shown). Furthermore, MBL 

deficient plasma showed a similar degree of C3 and C4 fixation before and after addition of 

purified MBL (not shown). Therefore, activation of complement by apoptotic cells also did 

not involve the MBL pathway in our experiments. Similarly, the alternative pathway did not 

seem to be involved since Mg-EGTA abolished most of the activation in plasma (not shown), 

both that by necrotic as well as that by the apoptotic cells. Thus, complement activation in 

plasma by necrotic cells in our experiments was similar to that by apoptotic cells, and mainly 
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•' 'ft by necrotic and apoptotic cells 

involved the classical pathway. A major role for the classical pathway in the activation of 

complement by apoptotic cells have been found by others as well [13:17]. 

Various mechanisms leading to classical pathway activation have been postulated to 

explain complement activation by apoptotic cells. These include involvement of adaptor 

molecules such as SAP [14], CRP [10], IgM [8;27] and direct binding of Clq to the cells[15]. 

These adaptor molecules may be involved in the activation by necrotic cells as well, since 

necrotic cells bound immunoglobulins M and G, as well as the pentraxins CRP and SAP. 

However, binding of IgM antibodies to the necrotic cells by far correlated best with the 

fixation of complement. A predominant role of IgM in the complement activation in plasma 

by necrotic cells was corroborated by the inhibition of complement binding to necrotic cells 

upon depletion of plasma for IgM antibodies. This IgM dependent-activation is not unique for 

necrotic cells, since also for apoptotic cells this seems to be a dominant mechanism of 

complement activation [16;27]. 

Regarding binding of the adaptor molecules IgM and CRP, necrotic and apoptotic 

cells displayed similar properties, and binding of these molecules to necrotic cells correlated 

strongly with that to apoptotic cells (Figure 7). In preliminary experiments not shown here, 

we observed increased complement fixation to the cells at increasing concentrations of CRP 

in plasma depleted for IgM antibodies. Thus, in normal plasma, the mechanism involving IgM 

antibodies predominates complement activation mechanism while during acute phase 

reactions CRP may contribute more to complement activation by damaged cells. Intriguingly, 

previous studies showed that CRP may modify complement activation in a sense that further 

amplification of inflammation is inhibited since membrane attack complex formation is 

reduced whereas TGF-beta production by macrophages is stimulated [10]. However, 

regarding binding of CRP, apoptotic cells do not differ from necrotic cells, and hence this 

anti-inflammatory activation mechanism of complement activation is shared by both necrotic 

as well as apoptotic cells. 

Since we could not detect differences in the binding of adaptor molecules and the 

complement activation mechanism by either apoptotic or necrotic cells, we also investigated 

the generation of fluid phase complement activation products by both cell populations. In line 

with the results of opsonization, we could not detect significant differences between the 

apoptotic and necrotic cell populations regarding activation of C4, C3 or C5 in the fluid 

phase. Thus, either population of cells likely generates similar amounts of anaphylatoxins, 

such as C3a and C5a in the fluid phase, and hence has comparable pro-inflammatory 

complement-dependent properties. In vivo, clearance by local macrophages leads to removal 
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of apoptotic cells already at an early stage [11;29], i.e. before these cells start to activate 

complement [8; 15]. This raises the question whether complement activation by (late) 

apoptotic cells is relevant for the in vivo situation. We recently, found co-localisation of IgM 

antibodies, CRP and complement in infarcted myocardium at the time that neutrophils 

infiltrate in the ischemic myocardium (Krijnen et al., submitted for publication). Most of the 

dead cardiomyocytes in infarcted myocardium die from apoptosis [30-32]. Hence, these data 

support the hypothesis that when large numbers of apoptotic cells are generated which exceed 

the capacity of normal local clearance mechanisms, these cells may go into the late apoptotic 

stage and start to activate complement leading to a pro-inflammatory phenomenon such as 

infiltration of neutrophils. 

From the above results, we conclude that necrotic cells employ similar activation 

mechanisms as apoptotic cells to activate complement in plasma from healthy individuals. A 

major mechanism involves activation of the classical pathway mainly triggered by 

immunoglobulin M. Hence, regarding complement activation, late apoptotic cells do not 

differ from necrotic cells. 
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