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Chapter 10 

Complement in inflammation 

Complement as a part of innate immune system participates in the defense against 

pathogens. However, it may serve other purposes such as the removal of apoptotic cells and 

bodies [1]. Studies in complement knock-out animal models [2-4] have proven a crucial role 

of complement activation in several inflammatory diseases as well, and it is now clear that 

under pathological conditions complement participates in the pathogenesis of inflammatory 

diseases such as rheumatoid arthritis (RA), glomerulonephritis and ischemia/reperfusion (I/R) 

injury [5]. Complement activation can therefore be advantageous or deleterious in humans 

and understanding its mechanisms of activation may help to prevent the detrimental effects 

while keeping its protective role and function. 

Complement and cell death 

The complement system is involved in the clearance of apoptotic cells and bodies by 

direct or indirect binding of complement proteins to the apoptotic surfaces, which are then 

better recognized by macrophages bearing complement-receptors [6-8]. In vivo, rapid 

clearance of apoptotic cells by neighboring cells prevents inflammation but a defect in the 

clearance mechanisms or overload of these mechanisms by high numbers of apoptotic cells 

can lead to the persistence of cells at a later stage of apoptosis, which ultimately loose their 

membrane integrity to induce inflammation, just as necrotic cells. 

In vitro testing of apoptotic cells in the presence of plasma showed that various 

complement adaptor molecules as well as activated complement proteins bind specifically to 

late apoptotic cells whereas they do not bind to early apoptotic or vital cells (chapter 3). 

Among the complement adaptor molecules binding to apoptotic cells were the 

immunoglobulins M and G, and the pentraxins C-reactive protein (CRP) and serum amyloid 

component P (SAP). Of these, binding of IgM antibodies by far correlated best with the 

binding of complement proteins to apoptotic cells suggesting a major role for IgM in 

complement activation by late apoptotic cells. Although Clq was not detected on apoptotic 

cells, the classical activation pathway appeared to be the dominant pathway for activation 

when plasma was incubated with the cells, since co-incubation with a blocking antibody 

against Clq totally abrogated complement binding to apoptotic cells. The lack of Clq or CI 

detection was probably due to a low affinity of CI complex for its ligand [9]. A main role of 

IgM was further supported by the observation that depletion of plasma for this 

immunoglobulin reduced complement activation to less than 20 % of that in the presence of 

IgM. Supplementation of the depleted plasma with purified IgM restored complement 
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activation and deposition onto the apoptotic cells. The discrepancy between the effects of IgM 

depletion and of the inhibition of Clq activity indicated that in addition to IgM other adaptor 

molecules, or direct binding of Clq, also contributed to the activation of complement by 

apoptotic cells [10]. Though in normal plasma IgM may be the dominant mechanism of 

complement activation by apoptotic cells, during acute phase reactions other adaptor 

molecules, particularly CRP (in humans) or SAP (in rodents) may become more important 

[11:12]. 

Binding properties of plasma proteins onto apoptotic cells can be due to the exposition 

of new binding sites on the cellular membrane [ 13; 14] but also to the accessibility of the 

intracellular milieu after the membrane becomes permeable [15-17]. In the first situation, the 

so-called membrane flip-flop, which is an exchange of phospholipids of inner and outer 

leaflet of the membrane, and which for example occurs during apoptosis, allows exposition of 

phosphatidyl-serine or phosphatidyl-ethanolamine in the outer leaflet of the cell membrane to 

provide new binding sites for adaptor molecules e.g. serum amyloid p-component. Oxidation 

or hydrolysis of this flip-flopped membrane by intracellular or extracellular phospholipases 

[18;19], provides additional binding sites for plasma proteins such as IgM and CRP [14], 

since these now have access to the phosphocholine head groups of phosphatidylcholine which 

are normally inaccessible because of a tight hydrophobic package of these phospholipids [20]. 

Chapter 5 reports that adaptor molecules, IgM, CRP and SAP, can indeed bind to 

phospholipids newly exposed on apoptotic cells with different affinities and depending on 

their plasma concentration can compete with each other for binding to these sites. Moreover, 

binding of IgM antibodies was not restricted to phospholipids head groups since inhibition 

experiments with phosphomonoesters revealed incomplete inhibition of IgM binding to the 

cells. The specificity of the other IgM is currently not known and will be topic of further 

investigations. 

As for the binding of adaptor molecules and complement activation products to the 

cells, there was no detectable difference between late apoptotic and necrotic cells, suggesting 

an equal capacity to induce complement activation and generation of pro-inflammatory 

complement peptides such as the anaphylatoxins C4a, C3a and C5a. This conclusion was 

supported by the observation that either cell type induced a comparable amount of fluid phase 

complement activation products, such as the soluble membrane attack complexes, upon 

incubation with recalcified plasma (Chapter 4). Therefore, we may conclude from these 

experiments that in case of delayed clearance, persistence of late apoptotic cells in the tissues 

will lead to binding of IgM antibodies and other adaptor molecules to the cells which in turns 
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activate the complement system and induce inflammation. In this respect late apoptotic cells 

and necrotic cells resemble each other in having similar pro-inflammatory properties. 

Complement in ischemia-reperfusion injury 

Ischemia occurs in frequent clinical problems such as myocardial infarction, stroke, 

transplantation, vascular surgery and others. A favored and logic treatment of these conditions 

is reperfusion but unexpectedly, in particularly in case of prolonged and severe ischemia, 

reperfusion increases tissue damage rather than to improve it. This adverse effect of 

reperfusion therapy is due to the triggering of inflammatory reactions [21]. Complement has 

long been suspected to play an important role in this I/R-induced inflammation, which indeed 

turned out to be the case [22-26]. Although the role of complement in animal models of I/R-

injury is unequivocally recognized, the mechanism of its activation is still debated [3;4;26-

29]. In human also, there is increasing evidence for a role of complement in I/R injury [30] 

and inhibitors of complement are currently under investigation for their potential to reduce 

clinical I/R-injury [31]. In chapter 2, various mechanisms of complement activation put 

forward in the literature are discussed. Depending on the ischemic model studied, the 

mechanisms of activation are claimed to be different. For example, all three complement 

pathways, i.e., the classical, mannan binding lectin and alternative pathways, have been 

implicated. 

Since apoptosis is frequently induced in cells in tissues exposed to I/R injury [32;33], 

the in vitro studies described above suggest that in ischemic tissue, natural IgM antibodies 

might also mediate complement activation via the classical pathway. Observations in mice 

indeed support this view [28]. We investigated this hypothesis in patients by studying 

involvement of IgM in patients with acute myocardial infarction (chapters 7 and 8). In tissue 

specimens obtained from infarcted myocardium, deposition of IgM was observed. These IgM 

depositions were restricted to the infarcted myocardium and did not appear in the non

ischemic myocardium. Moreover, IgM was found to be co-localized with CRP and activated 

complement proteins, suggesting that IgM as well as CRP activate complement following 

infarction [12], thus participating in the inflammatory processes. Whether this activation 

contributes to infarction size is not clear, but preliminary observations in humans suggest it 

may [34;35]. 

The membrane localization of both the IgM antibodies and CRP suggested that in 

vivo also the modification of phospholipids after hydrolysis with e.g. PLA2 might reveal neo-

epitopes to which adaptor molecules can bind and activate complement. Among the CRP 
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ligands is phosphorylcholine. IgM antibodies against this chemical compound have been 

described in the past [14]. To assess the role of this IgM (anti-PCh) in I/R-injury we decided 

to develop a specific ELISA for it (chapter 6). The assay was found to be specific. Variable 

amounts of anti-PCh IgM were found in healthy volunteers. Moreover, patients with tumors 

showed significant decreases of circulating anti-PCh IgM levels upon treatment with TNF«, 

presumably because this treatment induced apoptosis in the tumor cells resulting in membrane 

flip-flop and subsequent exposition of phosphorylcholine to which specific anti-PCh IgM 

antibodies were bound. 

As described in the previous paragraph, IgM of unknown specificity is found in the 

ischemic myocardium of patients with AMI. It can be hypothesized that this IgM is directed 

against phospholipids and/or PCh. To test this hypothesis, levels of anti-PCh IgM and of IgM 

binding to apoptotic cells were measured in plasma samples from patients with AMI, and 

related to those of inflammatory mediators and to myocardial damage as assessed with 

circulating cardiac markers or electrocardiography. Though circulating IgM against apoptotic 

cells did not correlate with inflammatory mediators or parameters reflecting myocardial 

infarction size, anti-PCh IgM correlated with levels of sPLA2 and with infarction size as 

assessed with electrocardiography (chapter 8). These data support the hypothesis that anti-

PCh IgM is involved in local inflammatory responses in the ischemic myocardium during 

infarction. 

As an alternative to animal testing and as an investigation's tool of the molecular 

mechanisms of ischemia reperfusion injury, we aimed at setting up an in vitro model. In this 

model cells were cultured with metabolic inhibitors for some time ("ischemia"), after which 

they were further cultured in normal medium ("reperfusion"). Chapter 9 reports that in this 

model "I/R" led to cell death by apoptosis depending of the intensity of the ischemic insult. 

Some have found that cellular ATP deprivation followed by oxidative stress induces apoptosis 

or necrosis depending on the levels of ATP decrease [36]. In our model reperfusion is also 

important for induction of apoptosis since metabolic inhibition alone hardly induced this form 

of cell death, in agreement with observations by others [37]. In the in vitro model described in 

chapter 9, endothelial cells were found to react similarly as Jurkat cells. Therefore, we 

conclude that apoptotic cells may represent an alternative model to study the molecular 

mechanisms induced by membrane alterations during I/R-injury, which implies that our 

observations with apoptotic cells described in the previous chapters may be extrapolated to 

some extent to I/R conditions. 
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Figure 1: Possible key-role of complement in I/R injury. Classical pathway activation of complement by 
IgM or pentraxins recognition of flip-flop membrane after induction of apoptosis following ischemia/reperfusion 
injury may exert inflammation by recruiting neutrophils leading to further tissue damage. Membrane flip-flop 
also may occur in the absence of apoptosis, for example upon depletion of intracellular ATP resources. In that 
case reversibly injured cells may become irreversibly injured due to extracellular inflammatory attack. 

Concluding remarks 

In summary, we describe in this thesis that classical pathway of complement activation 

via IgM antibodies plays a major role in the development of inflammation induced by 

damaged cells, notably apoptotic, necrotic and most likely also ischemic cells. Oxidized or 

hydrolyzed phospholipids such as phosphatidylcholine were identified as possible candidates 

for IgM binding. Notably, IgM with similar specificity presumably also plays an important 

role in atherosclerosis and recognition of oxidized LDL [38]. However, our investigations 

also indicate that some IgM binding to damaged cells [39] may be directed against other 

epitopes than the chemical groups of phospholipids. Further studies should shed more light on 

the specificity of this IgM. In particular, phospholipids and or membrane proteins modified by 

reactive oxygen species [40], may provide apoptotic cells with the necessary modifications for 
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adsorption of these IgM antibodies. These and other studies may help to unravel the molecular 

mechanisms of I/R injury further, which at the end may lead to the development of specific 

and potent intervention therapy for this condition. 
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