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INTRODUCTION 



Immunity 

Immunity distinguishes two types of responses to pathogen infection, the innate and 

adaptive immunity. Both types involve cellular as well as humoral mediators. Innate 

immunity constitutes a first line defense mechanism against pathogens using ubiquitous and 

non-specific cells, such as macrophages and neutrophils, and soluble mediators such as 

complement proteins. Adaptive immunity on the other hand uses antigen specific tools 

provided by lymphocytes, such as antibodies or cytotoxic T cells. 

The innate immune system is required for defense against pathogens but also is 

involved in the maintenance of tissue homeostasis. Dying cells may become abundant in 

human body as a result of normal growth and ageing but also in response to internal or 

external stimuli. Either induced via the so-called programmed cell death, apoptosis, or via 

necrosis when aberrantly induced, a dying cell in general is a waste product that has to be 

removed from the circulation and the tissues to prevent inflammation. 

Cell death 

Apoptosis is characterized by chronological morphological changes such as membrane 

flip-flop and blebbing, nuclear and cytoplasmic condensation, and nucleosomal DNA 

fragmentation [1;2]. With the exception of the latter, these events occur in the cells when the 

plasma membrane is still intact, since in general apoptotic cells and bodies are meant to be 

engulfed by phagocytes before intracellular constituents leak into the environment and induce 

inflammation. Necrosis rather consists of cellular swelling and disruption of internal and 

external membranes leading to the rapid release of intracellular proteins, DNA fragments and 

other cell debris which subsequently trigger inflammation. Although necrosis and apoptosis 

constitute very distinct forms of cell death that in typical cases can be easily discriminated by 

their morphological attributes, the distinction between apoptotic and necrotic cells sometimes 

is not so clear [3;4]. Also the general view that apoptosis and necrosis constitute anti- or pro

inflammatory forms of cell death, respectively, does not seem to hold for every situation. For 

instance, loss of membrane integrity occurs as a later event during apoptosis, therefore cells 

dying by apoptosis may also trigger inflammation, particularly during the later stages. 
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Introduction 

Complement system 

Complement is a part of the innate immune system and as such is an important 

effector system of adaptive immunity since it "complements" the function of antibodies. The 

complement system, as blood coagulation, is composed of a number of inactive precursor 

proteins that circulate in the blood. Interaction with an activator leads to an organized cascade 

reaction in which proteins activate each other in a specific order by limited proteolysis [5]. 

Thus, during this activation process some complement proteins are converted from a zymogen 

into an active enzyme. Ultimately, the membrane attack complex (MAC) is formed which 

leads to a pore formation and subsequent cell lysis. Activators of this enzymatic cascade may 

vary and induce activation via three known pathways that differ from each other by the initial 

or upstream proteins of the cascade, the final phase from C3 on to the MAC formation being 

common to all three pathways. The classical activation pathway can be triggered by direct 

recognition of the pathogenic surface of certain viruses [6], gram negative bacteria [7] or 

apoptotic cells [8] by the complement protein Clq, or by interaction of this protein with 

immune complexes [9; 10] or adaptor molecules bound onto pathogenic surfaces, such as C-

reactive protein [11]. Recognition of microbial mannose-containing polysaccharides activates 

complement via the mannan-binding lectin pathway (MBL) [12]. Finally, the alternative 

pathway can be triggered by spontaneous cleavage of native C3 subsequently stabilized by 

binding to pathogenic surfaces. 

Biological activity of the complement system is not restricted to MAC formation and 

cell lysis. Other activated complement fragments, such as the anaphylatoxins C3a and C5a, 

have inflammatory properties as well. To prevent uncontrolled activation of complement and 

damage to self cells, fluid phase and membrane-bound regulatory mechanisms stand by. 

However, unrestrained complement activation may occur and has been involved in the 

development of several clinical conditions, including ischemia/reperfusion injury [13] and 

rheumatoid arthritis [14]. The mechanisms of activation of complement and their regulation 

are further discussed in chapter 2 (figure 2). 

Adaptor molecules 

The classical activation pathway of complement sometimes uses bridging molecules 

between the pathogenic surface and the recognition unit of the first complement protein, Clq, 

which together with 2 Clr and 2 Cls molecules constitutes the CI complex. Binding of Clq 
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to these bridging molecules fixes a conformation of C1 q that allows auto-activation of the 

pro-enzymes Clr and Cls to form the active CI complex [15]. Active CI then activates C4 

and C2 that together form a C3-convertase, the C4b2b complex, which in its turn activates C3 

and the rest of the cascade. Immunoglobulins M or G as well as molecules from the 

pentraxins family, such as C - reactive protein, serum amyloid P-component and PTX3 are 

known to have such a bridging function and can be considered as adaptor molecules of the 

classical complement pathway. Notably, pentraxins have specificity for the head groups of 

phospholipids such as phosphocholine and phosphoethanolamine, and can bind to hydrolyzed 

or oxidized phospholipids [16; 17]. A similar specificity at least for phosphocholine has been 

described for some natural antibodies as well [18]. 

Cell clearance and complement 

Outer and inner leaflet of the membranes of normal cells have a somewhat different 

composition of phospholipids, which is known as membrane asymmetry [19]. During 

apoptosis this asymmetry is lost with subsequent exposition of phospholipids of the inner 

leaflet, such as phosphatidylserine, in the outer leaflet. These newly exposed phospholipids 

allow a direct recognition of apoptotic cells by specific macrophages receptors [20-22], 

Altered membrane phospholipids, however, may also serve as recognition molecules for 

plasma proteins [23], such as complement proteins [24] and adaptor molecules [25;26]. 

Presumably, these plasma proteins are also involved in cell clearance by binding of apoptotic 

cells to complement or Fc receptors on macrophages [25]. A critical role of complement in 

the clearance of apoptotic cells has been demonstrated in complement knock-out mice that 

developed systemic autoimmunity as a result of circulating self antigens [27;28]. 

Complement in ischemia reperfusion injury 

Ischemia reperfusion (I/R) injury may occur when ischemic tissue is reperfused. In 

particular after a prolonged period (few hours) of ischemia, reperfusion will cause additional 

damage to the tissue rather than to limit damage. This paradoxical effect of reperfusion has 

been shown to result from an inflammatory response elicited in the ischemic tissue following 

reperfusion, and will be discussed in more detail in chapter 2. Among the mediators involved 

in I/R-injury are reactive oxygen species (ROS), activated complement fragments and 

polymorphonuclear neutrophilic granulocytes (PMN) that together will plug the capillaries 
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et ion 

and cause a so-called no-reflow phenomenon [29;30]. Ultimately these phenomena lead to 

cell death, either by apoptosis or necrosis, depending on the remaining cellular energy supply 

[31-35]. 

Though complement is known to play a role in I/R injury, the mechanism of activation 

is not yet clear. Several activation mechanisms have been proposed, which are discussed in 

some detail in chapter 2. Yet these mechanisms have not been fully elucidated in humans. In 

this thesis we focused on the molecular mechanisms of complement activation by either 

apoptotic or necrotic cells as models for I/R-induced complement activation. 

Scope of this thesis 

Complement cascade plays a key role in I/R-injury. To investigate the mechanism of 

activation in this condition we decided to investigate the molecular mechanism(s) of 

activation by damaged cells in vitro, and to establish whether the identified mechanisms are 

relevant for I/R-injury. The literature on the possible molecular mechanisms of complement 

activation during ischemia and reperfusion is reviewed in chapter 2, which also contains a 

description of the complement system in detail. In chapters 3 and 4, studies on the 

mechanisms of complement activation by apoptotic and necrotic cells, respectively, are 

described. In these studies cells were incubated with recalcified plasma in vitro, and 

complement activation was studied using neutralizing monoclonal antibodies against Clq and 

mannan binding lectin, together with absorption of adaptor molecules. Chapter 5 further 

investigates the possible binding sites for adaptor molecules, identified in the previous 

chapters as being involved in complement activation, on apoptotic cells. Chapter 6, describes 

studies on an Elisa developed to measure natural anti-phosphorylcholine IgM, which are 

antibodies among the IgM antibodies that bind to apoptotic cells. The relation of IgM 

antibodies binding to apoptotic cells to inflammatory responses in patients with acute 

myocardial infarction is discussed in chapter 7, in which the co-localisation of IgM antibodies 

and complement proteins in infarcted myocardial tissue is demonstrated. Chapter 8 

investigates the association between levels of IgM that binds to apoptotic cells, including anti-

phosphorylcholine IgM, and clinical and inflammatory parameters in patients with acute 

myocardial infarction. In chapter 9, we explored the possibility to use cells, Jurkat cells as 

well as endothelial cells, exposed to metabolic inhibitors as an in vitro model for ischemia-

reperfusion. Finally, chapter 10 contains a general discussion and a summary of the work. 
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Summary 

Reperfusion of ischemic organs may induce an inflammatory reaction that damages 

the reperfused tissues. This negative effect of reperfusion is also known as 

ischemia/reperfusion (I/R) injury. Among the inflammatory processes involved in the 

pathogenesis of I/R injury, is activation of complement. Studies in animal models have 

indicated that inhibition of complement activation potentially may limit I/R injury. However, 

the molecular mechanisms of I/R-induced complement activation are not clear. In this article 

we will shortly review the evidence that complement activation contributes to I/R-injury. In 

addition, we will discuss the molecular mechanisms of this activation, described in the 

literature. It is concluded that complement is an important mediator of I/R-injury, probably 

also in humans. The molecular mechanisms causing this activation, likely are multiple and 

include binding of several proteins such as natural IgM antibodies, mannan binding lectin 

(MBL) and C-reactive protein (CRP), to the ischemic endothelium. Future studies should 

reveal to what extent these mechanisms may explain I/R-induced complement activation in 

humans. 

Introduction 

Ischemia (I) is a frequent clinical problem occurring amongst others in myocardial 

infarction, transplantation, vascular surgery and thrombo-embolic disease. The obvious 

treatment of ischemia is reperfusion of the jeopardized organ or tissue. However, in case 

ischemia is too severe, reperfusion may exacerbate rather than limit tissue damage, a 

phenomenon known as I/R-injury. A number of studies have been done to unravel the 

pathophysiology of I/R-injury, and it is now clear that this condition is mainly due to an 

inflammation elicited by reperfusion. Hence, limitation of I/R-induced inflammatory reactions 

is expected to improve the efficacy of reperfusion. Indeed, inhibition of inflammatory 

mediators improves the beneficial effects of reperfusion of ischemic tissues in animal models. 

In this article we will summarize the role of inflammation in the pathogenesis of I/R-injury, 

and discuss in more detail that of the complement system, as this plasma cascade system 

seems to be a key mediator in this condition. 
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Mole .plement i _ reperfusion 

The inflammatory cascade 

Inflammation is an extremely complex interaction of an array of so-called 

inflammatory mediators resulting in activation of various cells such as leukocytes, endothelial 

cells and platelets, and in the generation of aggressive molecules including multispecific 

proteases, oxygen and nitrogen radicals, and various lipid mediators, which degrade proteins 

and other biomolecules, and cause dysfunction and death of cells. Clinical manifestations of 

inflammation may range from the classical signs of rubor, calor, tumor, dolor and functio 

laesa, to organ dysfunction and severe shock. A simplified scheme describing the 

inflammatory cascade is given in figure 1. 

According to the scheme outlined in figure 1, cytokines should be considered as 

primary inflammatory mediators orchestrating a number of down-stream inflammatory 

effector mechanisms. The pro-inflammatory effects of cytokines are numerous and include 

activation of various cells such as endothelial cells, leukocytes and platelets. Part of their 

effects is exerted by activating nuclear factor kappa B (NF-kB), which induces the synthesis 

of other cytokines and inflammatory proteins. For example, the expression of adhesion 

molecules such as Intracellular adhesion molecule (ICAM-1), which increases upon I/R [1], is 

under control of NF-kB. As depicted in figure 1, plasma cascade systems such as the 

coagulation and the complement systems, endothelial cells, polymorphonuclear neutrophils 

(PMN) and platelets cells may be considered as secondary inflammatory mediators. 

Coagulation is activated when endothelial cells or blood mononuclear cells are stimulated by 

the cytokines tumor necrosis factor (TNF) or interleukin (IL)-l: the expression of tissue 

factor, which interacts with coagulation factor VII, is induced, whereas anti-coagulant 

molecules such as thrombomodulin are down-regulated. Finally, tertiary inflammatory 

mediators such as multispecific proteases, oxygen and nitrogen radicals are generated, which 

degrade proteins and phospholipid membranes and induce cell damage and death. 

Role of inflammation in I/R-injury 

Involvement of a variety of inflammatory mediators in I/R-injury has been 

demonstrated by a number of studies. In general, these studies have shown a) the activation or 

release of inflammatory mediators following I/R-injury; b) reduction of I/R-injury upon 

treatment with anti-inflammatory drugs; and c) reduced I/R-injury in animals deficient in 

inflammatory mediators. 
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Increased plasma levels of cytokines including TNF, IL-6, IL-8 and others, and increased 

mRNA levels of pro-inflammatory cytokines support the notion that these mediators play a 

role in the pathogenesis of I/R-injury. Notably, this increase occurs within hours after 

reperfusion of ischemic tissues. For example, mRNA of pro-inflammatory cytokines is up 

regulated in parallel with a decreased expression of superoxide dismutase (SOD) and a rise in 

oxygen radicals in rat gastro-intestinal I/R model [2]. Definite proof for a role in the 

pathogenesis of I/R-injury was provided in studies showing that inhibition of cytokines such 

as TNF, with neutralizing antibodies reduces I/R-injury, as was found in a hind limb ischemia 

model in rats [3]. Also in human I/R-injury cytokines likely play a role. Plasma levels of IL-6 

increase in patients undergoing cardio-pulmonary bypass [4]. Notably, not only pro

inflammatory cytokines increase upon I/R but also anti-inflammatory cytokines such as IL-10 

[5], presumably to off-set inflammation in the later stages of I/R. 

Among the multiple effects of pro-inflammatory cytokines is stimulation of 

endothelial cells. Stimulated endothelium actively contributes to inflammatory processes by 

promoting coagulation, secreting mediators such as cytokines, vasoactive compounds and 

chemoattracting agents, and expressing adhesion molecules. These processes orchestrate the 

infiltration of leukocytes in the inflamed tissues. Adhesion molecules, for example selectins, 

are upregulated during I/R [6], which allows the transmigration of PMN into the ischemic 

tissue. These cells enhance tissue damage by producing oxygen radicals and other cytotoxic 

components. Many animal models have shown that the activation of PMN (as well as of 

complement, see below) during I/R may provoke injury in remote organs, particularly the 

lungs [7,8]. Both endothelial cells and PMN secrete platelet activating factor (PAF), which 

activates platelets and PMNs. As a result of the interaction of the endothelium with activated 

PMN, the endothelium may become dysfunctional. Indeed, impaired functions of ionic canals 

with influx of Ca2+, formation of reactive oxygen species (ROS), generation of lipid derived 

mediators and deregulation of nitric oxide (NO) metabolism are among the features observed 

with endothelial cells exposed to I/R. Damage to the endothelium may result in enhanced 

vascular leakage, thrombus formation and loss of regulation of microcirculatory flow [9-12], 

These phenomena may increase hypoxygenation of the tissues upon reperfusion. This 

phenomenon is also enhanced by another mechanism involving PMN. During I/R these 

inflammatory cells become activated within the blood vessels. As a consequence of activation 

PMN become stiff, and due to their relatively large diameter plug capillaries, which have a 

smaller diameter. This mechanism is thought to explain the so-called "no reflow" 

phenomenon, which is often observed when severely ischemic tissues are reperfused. Indeed, 

20 



; Tisms of complement n dur ing ischemia reperfusion 

evidence for a role of neutrophils in I/R-injury was provided by studies showing that 

neutropenia is associated with less I/R-related injury [13]. Furthermore, blockade of ICAM-1 

also attenuates I/R-injury [14], suggesting that the interaction of activated PMN with the 

ischemic endothelium, is an important event in the pathogenesis of I/R-injury. 

INFLAMMATORY CASCADE 

agent 

O 
Monocytes 

Macrophages 
T Lymphocytes 

O 
Cytokines 

r 

Cascade systems: 
clotting/fibrinolysis 
complement/contact 

endothelium 

Vasoactive peptides 
Lipid mediators 
0-/N/Radicals 

Proteases 

Neutrophils 
NK cells 
Platelets 

Figure 1: Inflammatory cascade with various mediators, activators and effectors. 
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Glial: 

The complement system 

In addition to the mediators briefly discussed above, the complement system 

constitutes an important mediator of I/R-injury. Complement has a major function in innate 

immunity but it also contributes to adaptive immune reactions in particular at low antigen 

concentrations [15]. The complement system is composed of more than 30 proteins, most of 

which circulate in peripheral blood as an inactive zymogen. During activation, the various 

complement components are activated by limited proteolysis in a process, in which one 

component activates the next one in the cascade and so on. Ultimately, the membrane attack 

complex (MAC) consisting of the components C5, C6, C7, C8 and polymeric C9 is formed, 

which can induce cell lysis. Upstream to C5 and central in the complement cascade is the 

third component, C3. C3 can be activated via various pathways, that are the classical, the 

alternative and the mannan binding lectin (MBL) pathways (see figure 2). Immune complexes 

containing IgM or IgG are well known activators of the classical pathway. 

This pathway is also activated by other agents, including bacterial components and C-

reactive protein (CRP) [16]. Activators of the classical pathway bind and activate the first 

complement protein, CI. CI consists of three components, Clq, which binds to the activator, 

and the pro-enzymes Clr and Cls, which both are present as dimers in the CI complex, and 

become active enzymes upon activation. Activated Cls activates C4 and C2, which together 

forms the bimolecular C4b2b complex. This complex is a C3-convertase being able to 

activate C3. 

Bacterial products can activate complement in an antibody-independent fashion via at 

least two different mechanisms. One of these involves alternative pathway activation, which 

leads to the formation of the C3bBb complex. This bimolecular complex, another C3-

convertase, is stabilized by properdin (P). The other mechanism starts with the binding of 

MBL, a protein resembling Clq, to sugar residues, particularly mannose, in the bacterial wall. 

Bound MBL then will activate so-called MBL-associated serine proteinase-1 and/or -2 

(MASP-1 and MASP-2, respectively), which are homologous to Clr and Cls. Activated 

MASPs can either directly activate C3, or indirectly via activation of C4 and C2. Many 

molecular aspects of this MBL-pathway are not clear yet. There is evidence for the 

involvement of other collectins (MBL and C1 q both belong to this superfamily of proteins) 

such as ficolin. Furthermore, another MASP, MASP-3, has been identified recently, but its 

role is far from clear yet. 
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Inflammatory effects of complement activation products 

All three pathways of complement ultimately lead to the activation of C3 and the 

formation of MAC, which can penetrate into the cell membrane to form a pore. Insertion of 

various MAC complexes in the membrane induces lysis of the cells. Smaller amounts of 

MAC are not necessarily lethal to cells, but rather may signal the cells to produce 

inflammatory mediators, which in part results from NF-KB activation. Among the effects of 

sublytic amounts of MAC are adhesion molecule expression and the synthesis of pro

inflammatory cytokines [17,18]. Also C5b-7 and C5b-8, incomplete forms of MAC, can 

activate intracellular mechanisms [19]. MAC is not the only inflammatory complement 

product. During activation of C4, C3 and C5 small peptides, C4a, C3a and C5a, respectively, 

are cleaved off, which because of their biological effects are known as the anaphylatoxins. In 

particular C5a is a potent peptide being able to attract, activate and degranulate PMN, and to 

induce bronchoconstriction and vasodilation due to its effects on smooth muscle cells 

(contraction in the airways, relaxation in the arterioles, respectively). Furthermore, the 

anaphylatoxins are able to activate and degranulate mast cells and platelets, and have many 

more inflammatory effects [20-22]. 

Regulation of complement activation 

In order to control excessive activation and to overcome unwanted detrimental effects, 

complement activation is regulated at various levels. Two main classes of regulators exist: 

fluid phase and membrane-bound regulators. Some regulators act as enzyme inhibitors (Cl-

inhibitor, CI-Inn), some are protease (factor I) that serve to degrade active complement 

components into inactive species, whereas others, such as factor H, compete with cofactors 

of the complement enzymes [15,23]. Factors H and I are fluid phase inhibitors that regulate 

amplification and the alternative pathway, whereas C4-binding protein (C4bp), Cl-Inh and 

factor I regulate both the classical and the MBL pathways. Membrane cofactor protein (MCP 

or CD46), decay accelerating factor (DAF or CD55), and complement receptor 1(CR1 or 

CD35) are membrane-bound proteins that inhibit all pathways at the level of the C3 and C5 

convertases [24]. 

The formation of MAC is inhibited by several plasma proteins such as vitronectin S 

protein and Clusterin SP40, apolipoprotein J, AI and All, but also by the membrane-bound 

complement regulators, C8 binding protein (C8bp), and protectin (CD59). The membrane-
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bound regulatory proteins are differently expressed depending on the cell type [25]. 

Endothelial cells in general are well endowed with membrane-bound complement regulatory 

proteins, presumably to protect these cells from so-called innocent bystander lysis by 

activation processes induced by complement activators in the neighborhood. This protection 

may be lost upon I/R: glycosyl phosphatidyl inositol (GPI)-anchored regulators CD35 and 

CD59 are released during inflammation, which renders the cells more sensitive to 

complement attack. This was shown both in vitro [26], in a rat model for acute myocardial 

infarction (AMI), as well as in human AMI [27,28]. Notably, membrane-bound complement 

regulators may be upregulated upon I/R as well, though this phenomenon needs more than 

24h, and hence is probably not important for the protection of cells during I/R injury, as this 

damage occurs within a few hours after reperfusion [29,30]. 

Complement activation during I/R 

Complement involvement in the inflammatory process induced by I/R has been proposed 

more than 3 decades ago by Hill et al. [31]. Since then, a number of studies have shown that 

complement is activated during I/R-injury [24,32-36]. In general, this activation occurs within 

minutes after reperfusion to diminish within 30 to 60 minutes [35]. To assess whether 

complement activation contributes to the pathophysiology of I/R-injury or constitutes an 

epiphenomenon, initially the effect of cobra venom factor (CVF) was evaluated in animal 

models. CVF binds to factor B, which subsequently becomes activated by factor D, and 

activates native C3 into C3a and C3b, and C5 into C5a and C5b. As it is not regulated by 

factors I and H, the complex of CVF with factor B constitutes an unregulated C3-convertase 

which within 1-2 hours depletes circulating complement, an effect that may last up to 24-48 

hours. Hence, pretreatment with CVF renders an animal virtually complement-deficient 

during this period. CVF pretreatment reduced I/R-injury in a number of animal models 

[37,38]. As CVF extensively depletes the complement system by activation within the 

vascular compartment, its application is associated with serious side effects such as dyspnoea, 

hypotension and others. Hence, this agent cannot be used in clinical practice. Last decade a 

number of complement inhibitors, which do not have this disadvantage of intravascular 

activation of the system, has been developed and evaluated for their effects in animal models 

for I/R-injury. All these inhibitors, which include Cl-Inh [32,33], sCD35 or sCRl[34-36] as 

well as DAF/MCP hybrid molecules [39] showed beneficial effects in these models. 

Antibodies against C5 or the MAC complex also showed beneficial effects [40-42]. 
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Final proof for the involvement of complement in I/R-injury came from experiments in 

complement-deficient mice [43], which showed significantly less I/R-injury than their wild-

type littermates. The deficient animals developed normal I/R-injury when supplemented with 

the lacking protein. The studies discussed above clearly demonstrate that complement is 

activated during I/R and contributes to the injury induced by reperfusion. 

Likely the most toxic complement activation products are generated at the level of C5, 

since inhibition of C5 activation by monoclonal antibodies, which allow C3 activation, 

reduces I/R-injury. These activation products likely are C5a and /or MAC, as is discussed in a 

previous paragraph. 

Mechanisms of complement activation during I/R 

A number of studies have shown that the classical, the alternative as well as MBL 

pathways could be involved in the development of I/R-injury depending on the model, the 

type of tissue and the time course of inflammation [44]. 

Involvement oflgM 

IgG or IgM antibodies bound to antigens are strong activators of the classical complement 

pathways. Observations in mouse models have revealed that in particular IgM may be 

involved in the pathogenesis of I/R-injury. Initial experiments with mice deficient in rag 

(RAG1-/- (C57BL/6J-RAG 1™ ' Mom) and RAG2-/-), and hence unable to form 

immunoglobulins, had about half the I/R-injury in a hind-limb model as compared to wild-

type mice. Deficient mice substituted with polyclonal IgM had I/R-injury comparable with 

wild-type mice. Finally, it was established that upon reperfusion IgM bound to the 

endothelium in the ischemic tissues, although the epitopes for this IgM are not known at 

present [45]. Similar results were obtained in a mouse model for intestinal I/R [46]. 

Involvement of C-reactive protein (CRP) 

CRP is an acute phase protein that upon binding to a ligand can activate the classical 

complement pathway. It also inhibits the activation of the alternative pathway by increasing 

the binding of regulator factor H to C3b [47]. A ligand for CRP may be lyso-phospholipids 

generated in the cell membrane [16,48]. These lyso-phospholipids may be generated in a 

membrane by interaction with phospholipase A2 (PLA2) with a flip-flopped membrane [49], 

as occurs in damaged cells. 
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In a post-mortem study of AMI patients, CRP was found to be co-localized with activated C3 

and C4 on cardiomyocytes [50], suggesting this mechanism may be relevant for ischemia of 

tissues in humans. Human CRP indeed was found to enhance reperfusion-induced cell death 

in a rat model for myocardial infarction [51]. Pasceri et al. [52] have shown in vitro that 

endothelial cells exposed to I/R, had an increased expression of adhesion molecules (ICAM-1, 

VCAM-1 and E-Selectin) upon binding of CRP in the presence of serum, an effect that likely 

is complement-mediated [50]. 

Mitochondrial disturbance 

Many in vitro data emphasized a role for mitochondria in the onset of complement 

activation by I/R injury. In these studies mitochondria were shown to be able to activate 

complement when added to normal human serum. Sera deficient in immunoglobulins allowed 

complement activation to a similar extent as normal sera, ruling out involvement of 

immunoglobulins in this activation process [53]. A few candidate proteins being able to 

activate CI have been purified from mitochondria. Also cardiolipin was described to bind 

Clq and was detected in vivo in cardiac lymph upon reperfusion [54]. In another study from 

Giclas et al. [55], both classical and alternative pathways were activated in serum incubated 

with human heart mitochondrial membrane constituents. Though the molecular mechanism 

causing complement activation by mitochondria is not completely resolved yet, these studies 

clearly demonstrated an intriguing mechanism of complement activation. However, whether 

this mechanism really contributes to complement-mediated damage during I/R is not clear 

since it requires exposure of mitochondria to extracellular proteins, i.e. complement 

components. This implies that the cells providing mitochondria for this activation process are 

already permeable, and probably dead. 

Other mechanisms of activation 

Many studies have been undertaken to elucidate the mechanism of activation of the 

complement during I/R. Various activation mechanisms other than those described above, 

were suggested, and included activation of the classical, MBL but also of the alternative 

activation pathways. Since activation of C4 has been observed without apparent involvement 

of immunoglobulins, the role of the MBL pathway in I/R was studied. Indeed, cultured 

endothelial cells exposed in vitro to hypoxia followed by reoxygenation bound MBL [56], 

Cytokeratin 1, which is upregulated upon I/R, was identified as a ligand for MBL [57]. 

Although a role for MBL was also pointed out in I/R in vivo as well [58], it remains to be 
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Figure 2: Complement activation cascades. The 3 different pathways are depicted here and inhibitors are also 
indicated in bold. Inflammatory mediators are indicated in bold, italic, underlined symbols. 
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established to what extent this mechanism contributes to I/R-injury in man. 

Erythrocytes, of which the membranes are disturbed and flip-flopped upon oxidative 

stress, were shown to activate complement in vivo via the alternative pathway. This induced 

recruitment of neutrophils and amplified the inflammatory process [59-61]. A flip-flop of the 

cell-membrane likely occurs on endothelial cells upon I/R. Thus, it is conceivable that a 

similar activation process may take place on these cells, at least during I/R. Subendothelial 

extracellular matrix, exposed to blood upon endothelial disruption, also has been suggested to 

activate complement [62]. In addition, oxidized molecules generated by I/R such as oxidized 

LDL [17], were found to activate proteases that in their turn activate the alternative pathway 

of complement. Apoptotic endothelial cells can also activate the classical complement 

pathway in vitro. Among the mechanisms causing this activation, IgM deposition may be 

involved [63]. On the other hand, evidence is accumulating that apoptotic cells directly or 

indirectly via adaptor molecules such as CRP or serum amyloid P component [64] may 

activate complement. 

Conclusions 

It is now well accepted that complement plays a role in the initiation of I/R injury in 

animals. However, whether this occurs in humans as well remains to be established. Inhibition 

of complement reduces I/R-injury significantly, though not completely. Hence, complement 

inhibitors constitute an attractive option for therapy in clinical conditions resulting from I/R-

injury. Complement is likely activated during I/R via multiple mechanisms. Unraveling the 

relative contribution of these mechanisms to I/R-injury in man, probably allows for the best 

therapeutic approach to reduce this injury. 
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Abstract 

Apoptotic cells activate complement via various molecular mechanisms. It is not 

known which of these mechanisms predominate in a physiological environment. Using Jurkat 

cells as a model, we investigated complement deposition on vital, early and late apoptotic 

(secondary necrotic) cells in physiological medium, human plasma, and established the main 

molecular mechanism involved in this activation. 

Upon incubation with recalcified plasma, binding of C3 and C4 to early apoptotic cells was 

similar to background binding on vital cells. In contrast, late apoptotic (secondary necrotic) 

cells consistently displayed substantial binding of C4 and C3 and low, but detectable, binding 

of Clq. Binding of C3 and C4 to the apoptotic cells was abolished by EDTA or Mg-EGTA, 

and also by CI-Inhibitor or a monoclonal antibody that inhibits Clq binding, indicating that 

complement fixation by the apoptotic cells was mainly dependent on the classical pathway. 

Late apoptotic cells also consistently bound IgM, which binding significantly correlated with 

that of C4 and C3. Depletion of plasma for IgM abolished most of the complement fixation by 

apoptotic cells, which was restored by supplementation with purified IgM. 

We conclude that complement binding by apoptotic cells in normal human plasma occurs 

mainly to late apoptotic, secondary necrotic cells, and that the dominant mechanism involves 

classical pathway activation by IgM. 

Introduction 

For adequate cell homeostasis in multicellular organisms a highly regulated turnover of cells 

is essential. This turnover involves proliferation and differentiation on one hand, and cell 

death according to an orderly process called apoptosis, on the other. The general assumption 

is that the majority of apoptotic cells are cleared from the body without eliciting 

inflammation. An early event in the apoptotic process is the exposure of phosphatidylserine 

[1] and phosphatidylethanolamine [2] which in vital cells are mainly confined to the inner 

leaflet of the membrane, a phenomenon referred to as membrane 'flip-flop'. Exposure of 

phosphatidylserine is sufficient for phagocytosis of the apoptotic cell, because phagocytic 

cells possess specific receptors for this phospholipid [3]. However, the vitronectin receptor 

(CD51/CD61), the scavenger receptor type A and B. the Ox-LDL receptor (CD68), the LPS 

receptor (CD 14) and the tyrosine kinase family receptor, MER [4-9], may contribute to the 

clearance of apoptotic cells as well. 
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Although direct recognition of phosphatidylserine exposed in the outer leaflet of the 

membrane by phagocytic receptors likely is important for phagocytosis of apoptotic cells, 

recognition in vivo may be modulated by proteins in plasma or the interstitial fluid that bind 

to phosphatidylserine or other structures exposed on apoptotic cells. Indeed, apoptotic cells 

have been shown to bind such diverse proteins as thrombospondin, pentraxins (serum amyloid 

P component (SAP), C-reactive protein (CRP), pentraxin-3 (PTX-3)), immunoglobulins, 

collectins (Clq, mannan binding lectin (MBL), surfactant protein A and D), complement (C3, 

C4), and apolipoproteins ((32-glycoprotein-I, clusterin) [10-22]. Consequently, receptors for 

these proteins, such as the thrombospondin/vitronectin receptor complex and complement and 

surfactant receptors contribute to the clearance of apoptotic cells as well. 

Recently, attention has been focussed on the importance of complement in the clearance of 

apoptotic cells. The finding that Clq binds to apoptotic cells [16], in combination with the 

well known strong association between Clq deficiency and the development of systemic 

lupus erythematosus (SLE), have put forward the hypothesis that Clq deficiency could 

predispose to SLE because of a defect in the clearance of apoptotic cells [16, 23]. Mice 

deficient in Clq indeed display disturbed phagocytosis of apoptotic cells [24] and develop 

glomerulonephritis associated with accumulation of apoptotic cell debris [23], 

Though it is now generally accepted that apoptotic cells can activate and bind 

complement, there is no agreement regarding the molecular mechanism of this activation. 

Multiple mechanisms including direct binding of Clq or MBL, indirect binding of Clq via 

adaptor molecules such as CRP, SAP or immunoglobulins, and also alternative pathway 

activation, could explain complement activation by apoptotic cells [12, 15, 19, 20]. Which of 

these mechanisms dominate under physiological conditions, is not well understood. 

Moreover, though it has been shown that complement activation to apoptotic cells is a late 

event and that many other features of apoptosis, such as loss of mitochondrial transmembrane 

potential, PS exposure, hypergranularity and nuclear fragmentation precede complement 

binding [25], it is also not well known at which stage of apoptosis cells can activate 

complement under physiological conditions. In the present study we investigated the 

molecular mechanisms of complement activation in a physiological medium, i.e. human 

plasma. In addition, we studied during which stage of the apoptotic process cells activate 

complement. Our results indicate that particularly late apoptotic cells activate complement, 

and the dominant molecular mechanism of this activation involves IgM. 
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Materials and Methods 

Materials 

Mouse monoclonal antibodies (mAbs) specific for Clq (Clq-2 and Clq-85), C4 (C4-4), C3 

(C3-9), CRP (5G4), SAP (SAP-14) and MBL (5E12) were developed in our laboratory [11, 

26-28]. CI-Inhibitor (Cl-Inh) and mAbs specific for IgG heavy chain (MH16) and IgM heavy 

chain (MH15) were obtained from the CLB (Amsterdam, Netherlands). Etoposide was 

purchased from Sigma (St. Louis, MO), streptavidin-allophycocyanin (strep-APC) from 

Pharmingen (San Diego, CA) and Annexin-V-FITC from BenderMed (Vienna, Austria). 

CNBr-Sepharose was purchased from Pharmacia Biochem (Uppsala, Sweden). 

Cell culture and apoptosis induction 

Jurkat cells were maintained in culture medium (1MDM, 5% (v/v) fetal calf serum (FCS), 

penicillin, streptomycin and 50 \\M P-mercaptoethanol, further referred to as CM). Before 

apoptosis induction, cells were washed twice in CM without FCS (CM"), to prevent 

interaction between cells and proteins in FCS. 0.5-2x10 Jurkat cells per ml were resuspended 

in CM" and etoposide was added to yield a final concentration of 200 U.M. Cells were then 

incubated for 6 hours which yielded mainly early apoptotic cells (Annexin-V-positive 

(Ann\Q, propidium iodide-negative (PI")) or 16 hours to obtain late apoptotic cells (AnnV+, 

PI+). 

Recalcified plasma and IgM depletion 

Healthy donor blood was collected in vials containing sodium citrate (10 mM final 

concentration). Plasma was prepared by centrifugation for 15 min at 3000 x g and transferred 

into a glass tube. Then CaCb was added (10 mM final concentration) and the mixture was 

incubated for 15 min at 37°C to allow clotting, followed by incubation on ice for 30 min for 

clot retraction. The clot was removed and the recalcified plasma was stored at -20°C until 

further use. 

IgM-depleted plasma was prepared with an affinity column, which consisted of mAb 

MH15 coupled to CNBr-sepharose. Prior to IgM depletion, recalcified plasma was 

supplemented with EDTA (10 mM final concentration) and NaCl (0.5 M final concentration) 

to prevent Clq binding and subsequent complement activation. The IgM was eluted from the 

column with 0.1 M glycin pH 2.5 and immediately supplemented with 1 M TRIS until the pH 

was 7.5. Both the IgM-depleted plasma and the IgM were subsequently dialyzed against 5 
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mM veronal buffer pH 7.4 containing 150 mM NaCl for 16 hours at 4°C and stored at -20°C 

until use. 

F ACS analysis 

The mixed apoptotic cell cultures were washed twice in CM" and suspended at SxKf- 1x10 

cells per ml. Hundred JJ.1 of the cell suspension were then transferred into a 96-well round 

bottom plate. Subsequently, 100 u.1 of dilutions of recalcified plasma in CM" were added and 

the mixtures were incubated for 60 min at 37°C. The cells were then washed trice in ice-cold 

FACS buffer (HEPES 10 mM pH 7.2 containing NaCl 150 mM, KC1 5 mM, CaCl2 2 mM, 

MgCb 2 mM) and incubated with 2 ng/ml biotinylated mAb specific for C3, C4, Clq, CRP, 

SAP, IgG or IgM for 45 min at 4°C. Next, the cells were washed trice in FACS buffer, and 

then incubated with 250 ng/ml strep-APC and 1:200 diluted AnnV-FITC in FACS buffer for 

20 min at 4°C. Finally, the cells were washed in FACS buffer and PI was added at a final 

concentration of 500 ng/ml and the samples were immediately evaluated with a Becton 

Dickinson FACSCalibur (Mountain View, CA). Vital, early and late apoptotic cells were 

gated according to their AnnV and PI staining properties and their corresponding protein 

binding was expressed as the median fluorescence intensity (MFI) of allophycocyanin on a 

logarithmic scale. FACS data were analyzed using WinMDI (v8) free-downloadable software 

(http://www.facs.scripps.edu/). 

Complement inhibition 

To investigate the mechanism of complement binding to apoptotic cells, several inhibitors of 

complement activation were evaluated. EDTA at a final concentration of up to 10 mM was 

used to inhibit all pathways of complement since activation of these requires Ca"+ and/or 

Mg++-ions. Mg-EGTA at a concentration of up to 10 mM was used to block both the classical 

and the MBL-pathway as they both require Ca~ and Mg"-ions, whereas the alternative 

pathway only needs Mg++-ions for activation. Cl-Inh and mAb anti-Clq-85 (IgGl-isotype), 

which inhibits Clq binding and CI activation, were added to 10% plasma in CM", v/v, to 

yield final concentrations of 1-5 mg/ml and 5-100 (ig/ml, respectively, and incubated for 20 

min at room temperature. Thereafter, the preincubated plasma was added to cells and protein 

binding was detected as described above. 
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Statistics 

To analyze differences in protein binding to vital cells, early apoptotic cells and late apoptotic 

cells, paired Student t-tests were performed. Correlation between parameters was assessed 

with Pearson correlation analysis. A two-sided P-value less than 0.05 was considered to 

represent a significant difference or correlation. 
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Figure 1. Binding of complement components to vital cells, early apoptotic cells and late apoptotic cells. 
Apoptotic cells were incubated with several dilutions of recalcified plasma from a healthy donor for 60 min at 
37°C, and triple-stained with AnnV-FITC, PI and biotinylated mAbs specific for Clq, C4 or C3 that were 
subsequently detected with strep-APC. Curves represent the median fluoresence activity (MFI) of complement 
binding. 

Results 

Binding of complement to apoptotic cells 

Jurkat cells incubated with etoposide for 6 hours, yielded on average 40-60% early apoptotic 

cells (AnnV7PI~), 40-60% vital cells (AnnVVPI") and less than 5% late apoptotic cells 
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(AnnV7PI+). When cells were incubated for 16 hours 50-70% late apoptotic cells 

(AnnV7PF) were obtained whereas the remaining cells were vital. By microscopy over 95% 

of the PF cells had condensed or fragmented nuclei characteristic of apoptosis. These cells 

were thus considered to be late apoptotic cells. 

C4 

WV^ ƒ \ 

C3 

^W 
Figure 2. The effect of Clq inhibiting monoclonal antibodies on the binding of C4 and C3 to late apoptotic cells. 
10% recalcified plasma was incubated with 100 u.g/ml Clq-85 for 20 min before it was added to apoptotic cells. 
Then cells were stained with AnnV-FITC, PI and biotinylated antibodies specific for C4, C3 and IgM that were 
subsequently detected with strep-APC. The histograms represent the MF1 of C4 and C3 binding to late apoptotic 
cells in the presence (thick line) or absence (shaded histogram) of Clq-85. 

When cells were incubated with various dilutions of recalcified normal human plasma, 

the binding of C4 and C3 to early apoptotic cells were slightly increased compared to vital 

cells whereas that to late apoptotic cells was about 100 times increased (fig 1). Binding of 

Clq to early apoptotic cells was only observed at higher plasma concentrations, whereas that 

to late apoptotic cells was moderately increased at all plasma concentrations tested. We 

decided to evaluate the mechanisms of activation at 10% plasma, unless mentioned otherwise. 

Inhibition of complement binding by complement inhibitors 

Complement activation by apoptotic cells has been described to occur via all three known 

activation pathways. To further analyze the contribution of each of these pathways to 

complement activation by apoptotic cells in plasma, we tested several complement inhibitors 

for their ability to block activation by late apoptotic cells in normal plasma. Each inhibitor 

was first tested at several doses to assess the optimal concentration. The overall results are 

summarized in table 1. EDTA completely abolished C3 binding to late apoptotic cells, 

whereas a residual 9% of C4 binding was observed, confirming that the observed fixation of 

complement fragments to the cells resulted from an activation process, rather than from 

aspecific binding. Mg-EGTA reduced C4 and C3 binding to 2% and 4%, respectively, ruling 

out a major role for the alternative pathway. Inhibition of Clq binding onto apoptotic cells 

39 



with mAb anti-Clq-85, which inhibits binding of Clq to immune complexes, resulted in an 

average 6% residual C4 and 3% residual C3 binding to late apoptotic cells (fig. 2). The 

inhibition of activation by Cl-Inh yielded similar results for C4 and C3 binding which were 

on average 9% and 5%, respectively. Notably, in these experiments Cl-Inh was used at 

supraphysiological concentrations (5 mg/ml) to obtain maximal inhibition. Results obtained 

with plasma samples from 3 separate experiments were comparable (table I). Hence, these 

results pointed to the classical pathway as being the dominant route of complement activation 

by apoptotic cells in plasma. 

Inhibitor C4 (%) C3 (%) 

100ug/mlantiClq-85 6(0-18) 3(1-5) 

5 mg/ml Cl-Inh 9(0-18) 4(3-5) 

lOmMEDTA 9(0-18) 0 

10mMMg-EGTA 2 4(2-6) 

Table I. Inhibition of the binding of complement to late apoptotic cells by complement inhibitors. Late 
apoptotic cells were incubated with recalcified plasma in the presence of complement inhibitors at the indicated 
final concentration. C4 and C3 binding to the cells was determined by FACS analysis as described in methods. 
Values represent the percentage (range) of residual complement binding as observed in 3 experiments. The MFI 
of complement binding in the absence of inhibitors was set at 100%, that in the absence of plasma (i.e. 
background staining) at 0%. 

Involvement of adaptor molecules in classical pathway activation 

Several proteins in normal human plasma (IgM, IgG, CRP, SAP and MBL) may act as 

adaptor molecules that influence complement activation by apoptotic cells. Examples of 

binding of adaptor molecules are shown in fig. 3. To get insight into the contribution of these 

molecules to the observed complement activation by apoptotic cells, we investigated binding 

of complement as well as adaptor molecules to the apoptotic cells in plasma samples from 10 

different healthy donors. The correlation between binding of adaptor molecules and that of 

complement to the cells was then assessed. Analysis of the results with the 10 plasma samples 

revealed that binding of C3 or C4 to early apoptotic cells was not stronger than that to vital 

cells. As a matter of fact, vital cells bound somewhat more C3 in some plasma samples (not 

shown). Clq binding to vital or early apoptotic cells was negligible in all plasma samples. 
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Figure 3. Binding of adaptor proteins potentially involved in complement binding to vital cells, early apoptotic 
and late apoptotic cells. Apoptotic cells were incubated with several dilutions of recalcified plasma from a 
healthy donor for 60 min at 37°C, and triple stained with AnnV-FITC, PI and biotinylated mAbs specific for 
IgM, IgG, SAP, CRP and MBL that were subsequently detected with strep-APC. Curves represent the MFI of 
protein binding. 

Compared to vital or early apoptotic cells, late apoptotic cells displayed increased binding of 

C4 and C3 (fig 4A), and of adaptor proteins IgG, IgM, SAP and CRP (fig 4B). Also a slight 

but significant Clq binding was observed with late apoptotic cells upon incubation with the 

various plasma samples, whereas MBL binding to late apoptotic cells was absent. To assess a 

potential link between the binding of adaptor proteins to late apoptotic cells on one hand and 

that of complement on the other hand, the association between complement binding and that 

of the adaptor molecules was studied. Of the latter, IgM binding significantly correlated to the 

binding of C4 and C3 (rp = 0.65, p = 0.04 and r = 0.83, p = 0.003, respectively; fig. 5). The 

correlation between IgM and Clq binding was not significant (rp= 0.29, p = 0.41), nor were 

the correlations between IgG, CRP or SAP with C4 or C3, respectively (table II). 
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IgM 

IgG 

SAP 

CRP 

C4 

r= 0.65 p = 0.04 

r= - 0.21 p = 0.53 

r= 0.21 p = 0.56 

r= - 0.31 p = 0.38 

C3 

r = 0.83 p = 0.003 

r = -0.19 p = 0.61 

r= 0.24 p = 0.49 

r = 0.34 p = 0.33 

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

Inhibition of complement binding in IgM-depleted plasma 

The correlation between IgM binding and complement binding to late apoptotic cells 

suggested that IgM might play a dominant role in complement binding in normal human 

plasma. Therefore, we studied the effect of IgM-depletion on C4 and C3 binding. Recalcified 

plasma was depleted from IgM after two passages over the anti-IgM heavy chain affinity 

column. The residual IgM level in the IgM-depleted plasma was less than 10 u.g/m! IgM, 

determined by IgM-ELISA (not shown). After incubation of late apoptotic cells with 10% 

IgM-depleted plasma, the residual C4 binding of these cells was approximately 25%, whereas 

no residual IgM binding was observed (fig. 6). After incubation with 40 (Xg/ml purified IgM 

no C4 binding was detected, showing that no complement activation had occurred during the 

IgM-depletion procedure. Reconstitution of 10% IgM-depleted plasma with purified IgM (40 

Hg/ml final concentration) completely restored the binding of C4 to late apoptotic cells (fig 6). 
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Figure 4. Comparison of the binding of complement (A) and adaptor proteins (B) to early apoptotic cells and 
late apoptotic cells after incubation with 10% whole plasma (10 different healthy donor plasmas). Dots represent 
the MFI of protein binding. 
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Figure 5. Correlation between the binding of IgM and C4 (A) or C3 (B) to late apoptotic cells after incubation 
with 10% plasma (n=10 healthy donors). IgM binding significantly correlated to C4 binding (r=0.65, p=0.04,) 
and C3 binding (r=0.83, p=0.003). 

Discussion 

In this study we investigated the mechanism of complement activation by apoptotic cells in a 

physiological environment, i.e. plasma. Late apoptotic cells strongly fixed complement, 

which fixation was virtually abolished by a mAb that inhibits Clq binding to immune 

complexes. Late apoptotic cells also strongly bound immunoglobulins G and M, as well as the 

pentraxins CRP and SAP. Depletion of IgM abrogated most of the C4 binding. In contrast, 

early apoptotic cells hardly bound C4. Thus, these data indicate that late, but not early 

apoptotic cells, activate complement in normal human plasma, and that the dominant 

mechanism involves binding of IgM. 
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Figure 6. The effect of IgM depletion and reconstitution on IgM and C4 binding to late apoptotic cells. 
Apoptotic cells were incubated with 10% plasma (A), 10% IgM-depleted plasma (B). 40 ug/ml purified IgM (C) 
and 10% IgM-depleted plasma which was reconstituted with 40 (ig/ml IgM (D). Cells were stained with AnnV-
FITC, PI and antibodies specific for IgM and C4. The binding of IgM (black bar) and C4 (white bar) to late 
apoptotic cells was evaluated. Bars represent the binding of protein expressed as a % of maximal protein binding 
(which was considered to be 100% in 10% IgM sufficient plasma and 0% in the absence of plasma). 
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Although a number of studies have demonstrated complement binding and activation by 

apoptotic cells [12, 15-17, 19, 20, 24, 25] there is surprisingly little data about the stage of 

apoptosis that cells start to activate complement. The observation that C4 and C3 binding 

does not occur during the early stage of apoptosis, during which stage the cell membrane is 

impermeable, though flip-flopped, suggests that complement is probably not important for 

early apoptotic cell opsonization. Hence, during this stage the exposure of PS in the outer 

leaflet of the cell membrane likely results in the prompt elimination of apoptotic cells by PS 

receptors present on professional and amateur scavenger cells [32-34]. 

Presumably, other mechanisms could attribute to removal of apoptotic cells as well. 

These mechanisms include elimination via Fc-receptors, the mannose receptor, the LRP-1 

(LDL-related receptor protein-l)/calreticulin complex, LRP-2 (megalin) and surfactant 

receptors [17, 18, 30, 31]. Notably, these mechanisms may not elicit inflammatory reactions. 

Our data imply that unsuccessful removal of apoptotic cells during the early stages of 

apoptosis may result in complement activation by the cells during a later stage, and give rise 

to inflammatory reactions. 

We observed that IgM binding to late apoptotic cells was strongly increased compared 

to early apoptotic cell binding. Recently it has been shown that phospholipids that are 

oxidatively modified in the apoptotic process and lysophospholipids constitute epitopes for 

natural IgM [14,15]. These studies did not address the stage of the apoptotic cell. Our results 

show that the exposure of these epitopes for IgM does not occur in early apoptotic cells, as 

IgM binding was largely limited to late apoptotic (secondary necrotic) cells. We assume that 

the formation of oxidized phospholipids and lysophospholipids causes damage to the 

apoptotic cell membrane, which not only results in exposure of neo-epitopes but also gives 

rise to apoptotic cell membrane leakage. Cell leakage results in the exposure of other 

intracellular epitopes that have been involved in IgM binding such as DNA and cytoskeleton 

as well [35,36]. 

C4 and C3 binding to the late apoptotic cells were almost completely dependent on 

Clq, as Cl-Inh as well as an inhibiting anti-Clq mAb abrogated binding of C4 and C3. 

Previous studies have shown that purified Clq strongly bound to apoptotic cells [16,17]. We 

compared the binding of whole plasma Clq to purified Clq. Preliminary experiments 

indicated a stronger binding of purified Clq to apoptotic cells compared to plasma tested at an 

equimolar concentration of Clq (not shown). A possible explanation could be that Clq forms 

complexes with Clr and Cls in recalcified plasma, that have different binding properties to 

late apoptotic cells compared to purified Clq. 
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IgM activates complement on late apoptotic cells 

The strongly increased binding of complement to apoptotic cells that we observed was 

in accordance with a previous study [25]. In that latter study, the mechanism of complement 

binding to late apoptotic cells was not determined. We observed that the binding of IgM to 

late apoptotic cells significantly correlated to C4 and C3 binding. In contrast, no correlation 

was observed between C3 and C4 binding and that of IgG, CRP and SAP. In IgM-depleted 

plasma C4 binding was strongly decreased and reconstitution with IgM completely restored 

the binding of C4. In contrast, the recovery of C3 binding after reconstitution with IgM was 

60% (not shown). At present, we have no explanation for this reduced C3 binding. We 

conclude that a dominant mechanism of complement activation employed by late apoptotic 

cells apparently is fixation of IgM to intracellular epitopes and classical pathway activation by 

fixed IgM. Yet, IgM depletion did not completely abolish complement fixation by the late 

apoptotic cells. The residual C4 and C3 binding that was observed in IgM-depleted plasma 

was abrogated by anti-Clq mAb, and hence may involve IgG, CRP, SAP, or direct binding of 

Clq. We are currently investigating these possibilities. 

Recently, it has been shown that MBL binds to apoptotic cells [17]. MBL complexes 

with the MBL-associated serine proteases 1 and 2 (MASP 1 and 2) which form a proteolytic 

complex that cleaves and activates C4. We presume that a role for MBL in complement 

binding to late apoptotic cells is limited, if any, as MBL binding to late apoptotic cells was 

not observed. Moreover, preincubation of plasma with 50 mM mannose, a potent inhibitor of 

MBL binding, had no effect on complement binding to late apoptotic cells (not shown). 

Finally, we did not observe enhanced binding of C3 or C4 to late apoptotic cells in MBL-

deficient plasma upon supplementation with functional MBL. 

With the use of a triple-staining flowcytometric method we could determine plasma 

protein binding to cells in various stages of apoptosis simultaneously. We demonstrated that 

IgM-mediated complement binding is mainly limited to late apoptotic cells. Thus, 

complement-independent mechanisms are likely involved in the clearance of early apoptotic 

cells. In contrast, both IgM and complement mainly act in a late apoptotic phase, i.e. is when 

cells become leaky and expose oxidized phospholipids, lysophospholipids as well as 

intracellular epitopes. It is tempting to speculate that IgM and complement constitute a back

up system promoting the clearance of apoptotic cells at a late stage when early clearance 

mechanisms have failed. Interestingly, preliminary data show that primary necrotic cells 

(Jurkat cells treated with 80% ethanol) bind IgM and complement to the same extent as late 

apoptotic cells, suggesting that loss of cell membrane impermeability triggers IgM and 

complement binding. Complement binding to late apoptotic cells, and presumably primary 
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necrotic cells, results in dead cell clearance at the expense of inflammation. 

Abbreviations: SAP, serum amyloid P component; CRP, C-reactive protein; MBL. mannan binding lectin; Cl-

Inh. CI-esterase inhibitor; CM, culture medium; CM", culture medium without FCS; AnnV. Annexin-V; PI, 

propidium iodide; strep-APC, streptavidin-allophycocyanin 
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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 
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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 

r=0.39 
p=0.03 

A 

10 100 

IgM 

B 
1000 r=0.71 

pO.0001 , 

100 « , 

10 
10 100 1000 

IgM 

60 



ictivation. bv r 

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). 
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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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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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Abstract 

Plasma proteins such as IgM and the pentraxins, C-reactive protein (CRP) and serum 

amyloid-P-component (SAP), can bind to apoptotic cells. We investigated whether these 

proteins recognize similar binding sites on apoptotic cells. Competition experiments with 

phosphate-monoesters showed that pentraxins and part of the IgM bind to phospholipid head 

groups. Moreover, competition experiments with purified proteins revealed that these proteins 

variably competed with each other for binding to apoptotic cells, SAP having the highest and 

CRP the lowest apparent affinity. We suggest that this shared specificity as well as their 

shared capability to activate complement, indicates that IgM and the pentraxins exert similar 

functions in the removal of apoptotic cells. 

Introduction 

Apoptosis induces a series of intracellular events leading to phenomena such as DNA 

fragmentation and caspase activation [1;2]. Among the morphological changes ensuing during 

apoptosis, is the reorganisation of the cellular membrane leading to the exposition of anionic 

phospholipids in the outer leaflet of the membrane, a phenomenon known as flip-flop. 

Exposition of these anionic phospholipids allows receptor-specific recognition of apoptotic 

cells by phagocytes [3;4]. Indeed, removal of apoptotic cells by macrophages and 

neighbouring cells is in part mediated by a receptor which specifically binds to the anionic 

phospholipid phosphatidylserine exposed on the apoptotic cell [3-5]. However, other 

mechanisms including binding of several plasma proteins and activation of complement [5-8], 

are also triggered by membrane flip-flop. Among the proteins binding to apoptotic cells are 

pentraxins such as C-reactive protein (CRP) and serum amyloid P component (SAP) [9-11]. 

CRP and SAP bind to phosphatidylcholine and phosphatidylethanolamine, respectively, in a 

calcium-dependent fashion [12-15]. CRP and SAP are supposed to participate in the clearance 

of these cells by phagocytes either by direct interaction with macrophage Fcgamma-receptors 

[16], or indirectly via activation of complement [5;6;17]. Other proteins binding to apoptotic 

cells include IgM antibodies [18; 19], which also can activate complement. Most of the IgM 

that binds to apoptotic cells, has been claimed to bind to phosphatidylcholine [18;20;21]. This 

suggests that the pentraxins CRP, SAP and IgM may share the same binding sites on 

apoptotic cells. 
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In the present study we investigated the binding of IgM, CRP and SAP to apoptotic 

cells, and tested the hypothesis that these proteins interact with the same binding sites. 

Material and Methods 

Reagents 

All biotinylated antibodies were monoclonal antibodies (mAbs) produced in our 

laboratory, including anti-CRP mAb 5G4 (lgG2a subclass) and anti-SAP mAb SAP 14 (IgGl 

subclass), which both have been described before [9;22]. Anti-human IgM mAb MH-15 

(IgGl subclass), mouse IgGl control and fluorescein isothiocyanate (FITC)-coupled rabbit 

anti-human IgM, F(ab')2, 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. Recombinant CRP was 

obtained from BiosPacific (Emeryville, CA). Phosphocholine chloride calcium salt (PC), O-

phosphoethanolamine (PE) and O-phospho-L-serine (PS) were obtained from Sigma Corp. 

(St.Louis, MO). AnnexinV-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). 

Plasma 

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

After centrifugation for 10 minutes at 1,300 g, plasma was obtained and stored at -70°C until 

used. Plasma was recalcified by addition of 10 mM CaCl2 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, was stored in aliquots at -70°C until use. 

Purification of plasma IgM (lgMp) 

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 of 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 1,300 g for 30 minutes at 4°C, the pellet was 

resuspended in phosphate buffered saline, pH 7.4 (PBS), and dialysed against PBS overnight 
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at 4°C. The precipitate was then applied to a Biogel A 1.5M (Bio-Rad Laboratories, Hercules, 

CA) column (45 ml) equilibrated with PBS containing 10 mM 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"1"""), overnight at 4°C. 

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

Purification of SAP from plasma (SAPP) 

Human SAP was purified from normal human plasma by affinity chromatography as 

described by Ying et al. [23], with slight modifications. In brief, Biogel A 0.5M (Bio-Rad), 

which binds SAP in a calcium-dependent fashion, was equilibrated with VB , and incubated 

batchwise with recalcified human plasma, in the presence of 0.5 M NaCl, 10 mM CaCL and 2 

mM MgCL, final concentrations, overnight at 4°C. After extensive washing of the gel with 

VB", SAP was eluted with VB containing EDTA 25 mM. The preparation was then dialysed 

against VB^+ overnight at 4°C, and stored at -70°C until used. The preparation showed a 

single band at -25 KDa on SDS-PAGE. 

Protein concentration assessment 

IgM concentration was assessed by nephelometer measurement. CRP and SAP 

concentrations were determined by specific ELISAs as described earlier [9;22]. 

Binding of proteins to apoptotic cells 

Jurkat cells were cultured in IMDM supplemented with 5%, v/v, heat-inactivated 

foetal calf serum (Bodinco, Alkmaar, The Netherlands), 20 |ig/ml human apo-transferrin 

(Sigma), 100 U/ml penicillin and 100 ug/ml streptomycin (Life Technologies, Grand Island, 

NY) at 37°C in a humidified atmosphere (5%C02/95%air). Apoptosis was induced in Jurkat 

cells by incubation in 96 wells round-bottom plates at 2.5 xlO cells per well in serum-free 

IMDM containing 100 uM etoposide (Sigma) for 5 to 48 hours at 37°C. After apoptosis 

induction, cells were washed with serum-free culture medium to remove etoposide and 

incubated with recalcified plasma titrated in VB++ or with purified proteins diluted in VB++. 

Plasma was titrated from 0 to 40%, v/v. Alternatively, purified proteins at concentrations 

equivalent to those in plasma, were added. After an incubation for 30 minutes at 37°C, cells 

were washed thrice with Hepes buffer containing calcium (Hepes 10 mM, NaCl 150 mM, KC1 

5 mM, CaCL 1.8 mM and MgCL 1 mM, pH 7.4) and incubated with biotin-labelled 
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monoclonal antibodies (5 ug/ml in 50 ju.1 final volume) for 30 minutes at 4°C in darkness. 

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 (il 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. 

Competitive binding assays-

After apoptosis induction, the cells were washed with serum-free culture medium and 

incubated with a fixed concentration of one component and varying concentrations of the 

competing compounds. Competing compounds included the phosphomonoesters PC, PE and 

PS, as well as purified IgM, CRP and SAP. Binding of the component studied was measured 

with a labelled monoclonal antibody as described above. 

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) multiple comparison 

test with Bonferroni correction were used to assess differences between groups. Correlation 

between parameters was assessed by calculating the Pearson's correlation coefficient. A P-

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

Results 

Binding of plasma proteins to late apoptotic cells 

Jurkat cells were incubated with etoposide from 5 to 48 hours to induce apoptosis. To assess 

binding of plasma proteins to the cells, they were incubated for another 30 minutes at 37°C 

with 10%, v/v, recalcified plasma. Thereafter, binding of specific plasma proteins was 

measured by flow cytometry, in which triple staining was performed with specific, biotin-

labelled antibodies, annexinV-FITC (FL 1) and PI (FL 2). Vital cells were defined as negative 

for both annexin V as well as PI, early apoptotic cells as single annexinV-FITC positive, and 

late apoptotic cells as double positive for annexinV-FITC and PI. These cell populations were 

gated and specific binding of IgM, CRP or SAP to each cell population was studied. As 
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depicted in figure 1 which shows the results of 6 different plasma samples, each of the three 

plasma proteins bound to late apoptotic cells, and not to vital cells. Only SAP showed 

measurable binding to the early apoptotic population, as described earlier [9]. As a control for 

the specificity of the antibody binding, we used an irrelevant mouse IgGl antibody, which 

showed background staining similar to that of cells incubated in the absence of plasma. 

Testing plasma samples from other healthy individuals yielded similar results. Hence, in all 

further experiments we only considered binding of proteins to late apoptotic cells. 
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Figure 1; Binding of IgM (A), CRP (B) and SAP 
(C) to vital, early apoptotic and late apoptotic 
cells. Jurkat cells incubated for various times with 
etoposide (100 uM. final concentration) were pooled 
and incubated for 30 minutes at 37°C in 10%, v/v, 
recalcified plasma from 6 different healthy donors. 
Cells were then triple stained with AnnexinV-FITC 
(FL1), PI (FL2) and specific biotinylated mAb 
coupled to Streptavidin-APC (FL4). Vital, early 
apoptotic and late apoptotic cells then were 
discriminated based on FL1 and FL2. Binding of IgM 
(A), CRP (B) and SAP (C) is depicted as mean 
fluorescence intensity (MFI). Lines indicate the mean 
of each group. Data were analysed with Student's t 
test (ns: non significant). 

Vital Early Late 
apoptotic apoptotic 

Figure 2 shows dose-response curves of individual plasma samples regarding IgM 

binding to apoptotic cells. Binding of IgM reached a plateau at 5 % plasma for these samples. 

Remarkably, the level of this plateau was different for each plasma sample, pointing to 

different specificities of IgM recognising the neo-epitopes exposed on apoptotic cells or to a 
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competition between plasma proteins for the binding to apoptotic cells. Unless otherwise 

indicated, we used 10 %, v/v, plasma in all further experiments. 

Moreover, binding of IgM as well as that of CRP and SAP to the apoptotic cells 

appeared to be variable in different plasma samples (figure 1). To assess the relation between 

plasma concentration of a protein versus its binding to apoptotic cells, more plasma samples 

were analysed (n=l 1). Binding of IgM antibodies as well as that of CRP and SAP to the cells 

correlated with their respective plasma concentration (IgM R=0.68 p<0.05, CRP R=0.82 

pO.001 and SAP R=0.78 p<0.005; figure 3). 

Figure 2: IgM binding to late apoptotic 
cells as a function of the amount of 
plasma tested. Apoptotic Jurkat cells were 
incubated with varying amounts of plasma 
from 5 healthy donors, and assessed for 
IgM binding. Results are depicted as mean 
fluorescence intensity (MFI). 

% plasma 

IgM binding to late apoptotic cells is partially inhibited by phosphomonoesters. 

Recent studies [18;21] show that the binding site for IgM on apoptotic cells 

comprises lyso-phosphatidyl. In order to investigate whether the epitopes for IgM recognising 

the apoptotic cells indeed were related to phospholipids, binding of IgM was studied in 

presence of increasing concentrations (0 to 40 mM) of various phosphomonoesters, i.e. PC, 

PE and PS. As plasma may contain competitors for the binding of IgM to apoptotic cells, we 

initially studied binding of purified IgM (0.2 g/L), isolated from a pool of various plasma 

samples. As depicted figure 4, binding of IgM to late apoptotic cells was decreased to 61 ± 18 

% (mean ± standard deviation) in presence of 20 mM PC, while PE and PS (20mM final 

concentration) reduced the binding to 82 ± 15 % and 75 ± 20 %, respectively. To validate 

their use as competitors under the experimental conditions used, phosphomonoesters were 

also studied for their effects on CRP and SAP binding to the apoptotic cells since these 

pentraxins bind specifically to phospholipids [13]. Indeed, binding of purified SAP could be 

inhibited completely by PE, even at low concentration (10 mM), while PS and PC had no 

effect at this concentration but rather enhanced the binding of this pentraxin up to 150% (data 

not shown). At higher concentrations, PC inhibited SAP binding to late apoptotic cells up to 

about 50% whereas PS had no effect. CRP binding was almost completely (90%) inhibited 
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when incubated in the presence of 10 mM PC. However, PE and PS also substantially reduced 

the binding of CRP to the apoptotic cells, although it has been described previously that the 

binding of CRP mainly occurs via phosphatidylcholine [13]. We next evaluated the effects of 

phosphomonoesters on the binding of IgM to apoptotic cells upon incubation with plasma 

(figure 5). Mean IgM binding observed with plasma samples from 6 different donors was 71 ± 

10 % in the presence of PC, as compared to binding in the absence of this compound 

(pO.001). PS reduced the binding of IgM to 84 ± 12 % (p<0.05). In contrast, incubation of 

the plasma samples in presence of PE had a negligible effect on the binding of IgM to the 

apoptotic cells (99 ± 16 %, ns). As observed with purified CRP, the binding of plasma CRP 

was also almost completely inhibited with all three compounds (residual binding with PC: 8 ± 

3 %, pO.001; PE: 8 ± 2 %, pO.001; PS: 15 ± 2 %, pO.001; see figure 5). Binding of SAP 

was inhibited to 17 ± 6 %, p<0.001, with PE, and was non-significantly increased in the 

presence of PC or PS to 136 ± 19 %, and 124 ± 63 %, respectively. 
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Figure 3: Relation between binding of IgM (A), 
CRP (B) and SAP (C) to late apoptotic cells and 
their plasma concentration. Apoptotic Jurkat 
cells were incubated with recalcified plasma 
samples (10%, v/v) from 11 healthy donors. 
Binding of IgM, CRP and SAP to the cells was 
then assessed with labelled mAbs, expressed as 
mean fluorescence intensity (MFI), and related to 
the plasma concentration of a single protein in 
each individual. R represents Pearson's correlation 
coefficient. 
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In the plasma sample that displayed the lowest binding of IgM to apoptotic cells, PC inhibited 

the binding by 48 % for plasma, PS had an intermediate effect (70% IgM binding in 

comparison to baseline binding), whereas PE had no effect (96%). When added to the plasma 

that showed the highest binding of IgM to the apoptotic cells, phosphomonoesters had 

negligible effects on binding of IgM to the apoptotic cells. Higher concentrations of 

phosphomonoesters did not change this inhibition pattern. As the effect of the 

phosphomonoesters on binding of CRP to the apoptotic cells, was different from the 

specificity of CRP described in literature, we performed additional experiments in which the 

effects of varying concentrations of phosphomonoesters were tested (figure 6a and b). CRP 

had the lowest affinity for PS as compared to PE or PC, whereas the effects of the latter two 

compounds were comparable. 

100 

50 • 
PC 

Figure 4: Inhibition of purified IgM binding to apoptotic cells by phosphomonoesters. Apoptotic Jurkat cells 
were incubated with 0.2 g/L purified IgM in the presence of 20 mM of various phosphomonoesters (PC: 
phosphorylcholine; PE: phosphorylethanolamine; PS: phosphorylserine), and assessed for IgM binding. Results 
were expressed as percentage relative to binding of IgM in the absence of phosphomonoesters, which was set at 
100%. Bars indicate standard deviation (n=2). 
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Figure 5: Inhibition of binding of IgM, CRP or SAP to late apoptotic cells by phosphomonoesters in 
recalcified plasma. Apoptotic Jurkat cells were incubated with recalcified plasma (10 %. v/v) in the presence of 
phosphomonoesters (PC: phosphorylcholine; PE: phosphorylethanolamine; PS: phosphorylserine), and tested for 
binding of IgM, CRP and SAP. Binding observed in the absence of phosphomonoesters was set at 100%. The 
data represent the mean ± standard deviation of experiments performed with plasma samples from 6 healthy 
donors. Results were analysed with one-way ANOVA multiple comparison test with Bonferroni correction. 
***p<0.001 and*p<0.05. 
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Figure 6: Inhibition of CRP binding to apoptotic cells by phosphomonoesters. (A) Apoptotic Jurkat cells 
were incubated with 10%, v/v, plasma supplemented with various concentrations of phosphomonoesters (PME). 
Binding of CRP to the cells was detected with labelled mAb, as described in methods, and expressed as 
percentage relative to binding in the absence of phosphomonoesters. Bars indicate standard deviation (n=2). (B) 
Cells were incubated with purified rCRP (10 (tg/ml) in the presence or absence of 20 mM phosphomonoester. 
Binding of CRP was then assessed by incubation with labelled anti-CRP mAb. Bars indicate standard deviation 
(n=2). Data were analysed with ANOVA multiple comparison test with the Bonferroni correction, ***p<0.001. 

Competition oflgM, CRP and SAP for binding to late apoptotic cells. 

To further investigate whether the binding sites on the apoptotic cells for the plasma 

proteins tested indeed were similar or at least overlapping, each of the purified proteins (IgM 

at 0.2 g/1, rCRP 10 |ig/ml and SAP at 10 jig/ml) were incubated with the cells in the presence 

of increasing amounts of purified competitors (IgM: 0.2 and 1 g/L; rCRP: 50 and 250 |J.g/ml 

and SAP: 50 and 250|lg/ml; see figure 7). It appeared that IgM binding to the late apoptotic 

cells was inhibited by SAP (27 ± 18 %, pO.001, residual binding with 250 ug/ml SAP) but 

hardly by rCRP (91 ± 19 %, ns, for IgM binding in the presence of 250 jig/ml rCRP). rCRP 

binding to the cells was inhibited both by IgM (1 g/L) and SAP (250 ug/ml) to 63 ± 15 %, 

p<0.001, and 34 ± 4 %, p<0.001, as compared to control values, respectively. SAP binding 

was affected neither by IgM (1 g/L) nor by rCRP (250 (Xg/ml) with a residual binding not 

different from that observed in the absence of competitor, i.e. 93 ± 7 %, ns, and 89 ± 8 %, ns, 

respectively. 
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Figure 7: Competition between purified IgM, 
CRP and SAP for binding to apoptotic cells. 
Purified proteins (A: IgM at 0.2 mg/ml IgM; B: 
rCRP at 10 ug/ml; C: SAP at 10 ug/ml) were 
incubated with apoptotic cells in the presence of 
competing proteins at the indicated concentrations. 
Binding of the protein was then assessed with 
labelled mAb and FACS analysis, and expressed as 
percentage relative to the binding observed in the 
absence of competitor. Data represent mean and 
standard deviation of 2 duplicate experiments. 
Significance of the differences between groups was 
analysed with ANOVA multiple comparison test 
with Bonferroni correction, ***p<0.001 and 
*p<0.05. 

CRP 

Similarly, the binding of IgM, CRP and SAP in 10% plasma, v/v, was competed with 

increasing amounts of purified competitors (figure 8). In plasma, IgM binding was hardly 

affected by 250 ug/ml rCRP (92 ± 11 %, ns) while it was significantly inhibited by 250 ug/ml 

SAP (78 ± 16 %, p<0.01), although not as efficiently as in the purified system. Binding of 

CRP in 10% plasma could be inhibited by both IgM (1 g/L) and SAP (250 ug/ml) to 27 ± 4 %, 

pO.001 and 63 ± 22 %, p<0.05, respectively. SAP binding in 10% plasma was not affected 

either by IgM (1 g/L) or by rCRP (250 ug/ml), being 103 ± 15 and 85 ± 27 %, respectively. 

Therefore, it appeared from these experiments that the apparent affinity for apoptotic cells 

was the highest in case of SAP, whereas CRP had the lowest affinity, and IgM being 

intermediate. 
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Figure 8: Competition between IgM (A), CRP (B) 
or SAP (C) in plasma for binding to apoptotic 
cells. Apoptotic Jurkat cells were incubated with 
10%, v/v, plasma supplemented with IgM, CRP or 
SAP at the indicated concentrations. Binding of 
proteins to the cells was assessed with labelled 
mAb and F ACS analysis, and expressed as 
percentage relative to the binding observed in the 
absence of competitor. Data represent mean and 
standard deviation of 2 duplicate experiments. 
Significance of the differences between groups was 
analysed with ANOVA multiple comparison test 
with Bonferroni correction, ***p<0.001, ***p<0.01 
and *p<0.05. 
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Discussion 

Several studies have shown that IgM [18], CRP [10] as well as SAP [9] can bind to 

apoptotic cells. Here, we demonstrate that in a plasma environment each of these proteins 

indeed can bind to apoptotic cells, although mainly to late apoptotic cells. This binding is 

proportional to the plasma concentration of these opsonins. Moreover, we show that IgM, 

CRP and SAP partially compete with each other for binding to apoptotic cells suggesting they 

share similar binding sites. 

IgM and CRP bound exclusively to the late apoptotic cell population [9; 10] while SAP 

bound to late, and to a lesser extent to early apoptotic cells. Previously, we have shown that 



SAP also weakly binds to erythrocytes with flip-flopped membrane, induced by ionomycin 

treatment [9], This weak binding of SAP to the flip-flopped erythrocytes likely is comparable 

to that to early apoptotic cells. In experiments not shown here, we also tested IgM and CRP 

binding to flip-flopped erythrocytes, and found no significant binding of either protein. Thus, 

apparently, binding of CRP, IgM, and also SAP, to late apoptotic cells does not solely result 

from a membrane flip-flop. Likely, additional events contribute to the exposition of binding 

sites on late apoptotic cells. One of these events may be hydrolysis of phosphatidylcholine 

into lyso-phosphatidylcholine by phospholipase A2 [24], which was shown to be necessary for 

binding of both IgM [18] and CRP [10] to apoptotic cells. 

Pentraxins have specificity for phospholipids, CRP for phosphatidylcholine [13;25] 

and SAP for phosphatidylethanolamine [9] and phosphatidylcholine [26]. Competition 

experiments revealed that the binding of the pentraxins to apoptotic cells indeed was inhibited 

by various phosphomonoesters, i.e. the head groups of these phospholipids (figures 4 and 5). 

Binding of SAP was only inhibited by phosphorylethanolamine, whereas binding of CRP was 

inhibited by phosphorylcholine. At higher concentration phosphoserine and 

phosphorylethanolamine also inhibited CRP binding to the apoptotic cells, in contrast to some 

published data [13]. Titration experiments revealed that CRP binding was best inhibited by 

phosphorylcholine, indicating that this pentraxin indeed has the highest affinity for this 

compound. 

Natural IgM antibodies that bind to apoptotic cells have been claimed to be specific 

for phosphatidylcholine [18]. We found that binding of IgM to the apoptotic cells was 

inhibited by phosphorylcholine in plasma from healthy donors tested, supporting this 

specificity. However, this inhibitory effect of phosphorylcholine on IgM binding in plasma 

was variable depending on whether plasma contained high or low levels of IgM binding to 

apoptotic cells. In plasma with low levels, inhibition by up to 60 % was observed, whereas in 

plasma with higher levels less or even no inhibition was observed. This variation between 

individuals, as well as the different dose-response curves (figure 3) obtained with different 

plasma samples, may reflect a quantitative difference as for the amount of competitors present 

in plasma. SAP is an obvious candidate. However, we did not find an inverse correlation 

between SAP binding and that of IgM. The inter-individual variation of IgM binding may also 

reflect a difference in repertoire of the IgM antibodies against apoptotic cells. Furthermore, 

we consistently found that binding of purified IgM to apoptotic cells could be inhibited by 

phosphorylserine and phosphorylethanolamine (figure 4), suggesting that part of the natural 

IgM has specificity for these phosphomonoesters as well. Remarkably, purified SAP strongly 
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and consistently inhibited binding of most IgM to the apoptotic cells, at least in the system 

with purified components (figure 7), further supporting that most IgM against apoptotic cells 

has similar binding sites as SAP, which in part may be phosphatidylethanolamine [13]. The 

poor inhibition of the binding of purified IgM to the cells by phosphorylethanolamine, 

presumably reflected a low affinity of this IgM for phosphatidylethanolamine, or to other 

specificities of IgM. One of these specificities may be phosphatidylcholine since SAP may 

also interact with phosphorylcholine [26], as we also found. 

Comparing the capacity of natural IgM, CRP and SAP to compete with each other for 

binding to apoptotic cells revealed that SAP had the highest affinity for the cells, whereas 

CRP had the lowest affinity: SAP could hardly be competed by IgM and CRP while this 

pentraxin could inhibit binding of IgM as well as of CRP to the cells. The observation that 

SAP also binds to early apoptotic cells (figure 1), indicates that a membrane flip-flop itself is 

sufficient to allow binding of SAP to the cells, whereas binding of CRP and IgM occurs at a 

later stage and requires other phenomena such as hydrolysis or oxidation of phospholipids as 

well [10; 18]. As a matter of fact the observed differences between the competition 

experiments performed with purified protein as opposed to those in plasma (compare figures 

4 and 5 and figures 7 and 8), are explained by the presence of SAP in the plasma. In the 

plasma system, SAP, because of its high affinity for the apoptotic cells, will interact with 

most, if not all, suitable binding sites on the apoptotic cells, leaving no room for anti-

phosphatidylethanolamine IgM to bind to the cells. Furthermore, in the presence of SAP, CRP 

mainly binds to phosphatidylcholine, and hardly to phosphatidylethanolamine. This 

presumably explains why the effect of SAP on CRP binding in the plasma system was less 

pronounced than that in the purified system. 

Although natural antibodies against phospholipids are present in all healthy 

individuals [27], their origin and function are not fully identified and are still debated. 

Antibodies against phospholipids, though thought to originate from immune responses against 

pathogens [28], have been shown to recognise oxidised-LDL and apoptotic cells [21 ;29]. In 

addition, since the detection methods do not always discriminate between phospholipids and 

their associated proteins like Beta 2-glycoprotein 1, the specificity of the anti-phospholipid 

antibodies detected is not always clear, although some evidence points towards 

phosphatidylcholine as a main epitope [27]. Our data support this specificity but also indicate 

that part of the natural IgM that binds to apoptotic cells also binds to other phospholipids such 

as phosphatidylserine and most probably to other neo-epitopes. It is tempting to speculate that 

neoepitopes exposed on apoptotic cells, in particular oxidised phosphatidylcholine, give rise 
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to an ongoing formation of the naturally occurring anti-phospholipid antibodies, in particular 

IgM antibodies. 

In this study we show that the pentraxins CRP and SAP compete with each other and 

with natural IgM for binding to apoptotic cells, suggesting that they bind to overlapping 

epitopes. Pentraxins as well as IgM share the ability to activate the complement system via 

the classical pathway once bound to a ligand. This shared specificity and function suggest that 

the pentraxins and natural IgM have a similar role in the clearance of apoptotic cells. 
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Abstract 

Natural IgM antibodies against phosphorylcholine (anti-Pc IgM) resemble C-reactive 

protein (CRP) regarding specificity and have gained increasing attention because of their 

supposed role in clearance of damaged cells and in cardiovascular disease. In order to 

quantify these antibodies in human plasma, we have developed an ELISA system, in which p-

aminophenylphosphorylcholine (PCH) coupled to human serum albumin (HSA) was coated 

on microtiters plates. Human plasma or serum samples were incubated in the plates, after 

which bound anti-Pc IgM was detected with mouse anti-human IgM-HRP. Pre-incubation of 

plasma samples with competitors such as phosphorylcholine, phosphorylethanolamine or 

glycine-HSA, confirmed that the ELISA was specific for anti-PC IgM. Levels of anti-Pc IgM 

in a cohort of healthy donors differed by more than 100-fold, whereas the fluctuation of anti-

Pc IgM levels in individuals over time was small (coefficient of variation between 6 to 25 %). 

Furthermore, there was no correlation between CRP and anti-Pc IgM in this cohort. Levels of 

anti-Pc IgM in the normal donors correlated significantly with IgM binding to apoptotic cells. 

To test the hypothesis that anti-Pc IgM can bind to neo-antigens expressed on necrotic or 

apoptotic cells, anti-Pc IgM was also quantified in patients with tumors undergoing isolated 

limb perfusion with tumor necrosis factor-a. Following this procedure a significant decrease 

of circulating anti-Pc IgM relative to total IgM was found in all 5 patients tested. 

In conclusion, we have developed a specific and reproducible ELISA for anti-Pc IgM. 

Fluctuation of levels of these natural antibodies over time in healthy individuals was limited, 

although the variation among individuals was large. Significant decreases of levels of anti-Pc 

IgM were found to occur during tissue damage. 

Introduction 

Antibodies against phosphorylcholine (anti-Pc Abs) have been studied for a few 

decades and are thought to constitute a first line of defense against infections by virulent 

Streptococcus pneumonia and possibly other bacteria [3, 16]. These antibodies (abs) belong to 

the class of natural antibodies [11], and in mice frequently carry the so-called T15 idiotype, 

which initially was identified in an IgA paraprotein secreted by the plasmacytoma line T 

(EPC) 15 [24] . More recently, high titers of anti-Pc Abs have been described in 

hypercholesterolemic apolipoprotein E-deficient mice that develop severe atherosclerotic 

disease [19]. Most of these anti-Pc abs are of the IgM class, and are produced by CD5 Bl-
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cells, the predominant B lymphocytes in the newborn. Further characterization of these abs 

revealed that they are structurally and genetically related, if not identical, to the classic T15 

idiotype-carrying abs [15]. Both T15 anti-Pc abs as well as the abs occurring in 

atherosclerotic mice recognize the Pc headgroup moiety of phosphatidylcholine in oxidized 

low density lipoprotein particles (OxLDL) [23,12,19,7]. Both types of abs also bind to 

oxidized Pc-containing phospholipids on apoptotic cells but only poorly, if at all, to native 

LDL or non-oxidized Pc-containing phospholipids [13,4,22,23,7,19]. 

Anti-Pc abs presumably play a role in the pathogenesis of atherosclerosis although 

their precise role is not known [21]. Among their supposed functions is blockade of uptake of 

LDL by macrophages [10]. Accordingly, anti-Pc abs may slow down progression of 

atherosclerosis by inhibiting the transformation of macrophages into foam cells. Recently, 

Binder et al. [1] have shown that circulating levels of natural anti-Pc IgM in LDL receptor-

deficient mice increase upon vaccination with Streptococcus pneumoniae. Importantly, this 

immunization attenuated progression of atherosclerosis, suggesting a protective effect of anti-

Pc IgM in this murine model. 

Based on their supposed role in murine models of atherosclerosis, studies on the 

relationship between circulating levels of anti-Pc IgM and the risk of cardiovascular disease 

are warranted. To this end specific and reproducible assays for these abs are needed. In the 

present study, we developed a specific and reproducible ELISA for the quantification of anti-

Pc IgM in humans. Using this assay, the distribution of anti-Pc IgM in a cohort of healthy 

donors was estimated. In addition, the correlation between plasma levels of anti-Pc IgM and 

those of IgM binding to apoptotic cells was assessed. Finally, levels of this IgM were studied 

in 5 patients with malignant tumors undergoing isolated limb perfusion with tumor necrosis 

factor-a (TNF-a), to assess whether levels of anti-Pc IgM decrease in situations of enhanced 

tissue destruction. 

Materials and Methods 

Patients and healthy individuals 

For the present study, the following sets of plasma samples were tested: 1) samples 

from healthy lab donors obtained at 1-week interval during a period of 6 weeks; 2) samples 

from healthy blood donors; 3) serial samples from 5 patients with a limb tumor (sarcoma or 

melanoma) who were treated with isolated limb perfusion with TNF a (Boehringer Ingelheim; 

4 mg/leg or 3 mg/arm). These patients participated in studies on the effect of isolated limb 
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perfusion on local and systemic activation of coagulation and inflammatory systems [29]. 

TNF-a was administered during a 3.5 h-limb perfusion. Blood samples were drawn before and 

at several times points after the perfusion up to 48 h. Baseline samples and samples obtained at 

24 or 48 h after the perfusion, were used for the present study. 

Collection of blood samples 

The blood samples were collected in siliconized vacutainer tubes containing sodium 

citrate, EDTA or sodium heparin (Greiner, Kremsmunster Bad Haller, Austria). Plasma was 

obtained after centrifugation at 1,300 g for 10 min at 4°C. To obtain recalcified plasma, 

sodium citrate or EDTA plasma were recalcified by incubation with 12 mM CaCl2 for 15 min 

at 37°C. The formed fibrin clot was removed by centrifugation as described above. Fresh 

normal human serum was obtained by collection of blood in glass tubes. Blood was allowed 

to clot for 1 h at room temperature (RT), and centrifuged as described above. Serum and 

plasma samples were stored in aliquots at -70°C. 

Reagents, proteins and antibodies 

P-aminophenylphosphorylcholine (Pc) was obtained from Sigma Chemical Co. (St 

Louis, MO, USA). O-phosphorylethanolamine (PE) and O-phospho-L-serine (PS) were 

obtained from Sigma-Aldrich (St Louis, MO, USA). l-Ethyl-3-(3-dimethylaminopropyl) 

carbodiimide hydrochloride (EDC) as well as gel containing immobilized p-aminophenyl

phosphorylcholine was obtained from Pierce Biotechnology Perbio (Rockford, IL, USA). The 

conjugation buffer, (2-[7V-morpholino] ethanesulfonic acid) Hydrate (MES), was obtained 

from Sigma Aldrich (St. Louis, MO, USA). 

Human serum albumin (HSA) was obtained from the Business Unit Immune Reagents 

of our institute (Sanquin). Recombinant human C-reactive protein (rhCRP) was from 

BiosPacific (Emeryville, CA 94608, USA). Streptavidin-coupled to peroxidase (strept-PO) 

was purchased from Amersham-Pharmacia Biotech (Buckinghamshire, UK). L-C-biotin-N-

hydroxysuccimide ester was from Pierce. Streptavidin coupled to polymerized horseradish 

peroxidase was obtained from the Business Unit Immune Reagents (Sanquin). 

The mouse monoclonal antibody (mAb) against human CRP (5G4) was produced in 

our laboratory [30] and biotinylated (mAb 5G4bt) according to established procedures. MAb 

M15 against human IgM, coupled to horseradish peroxidase or to biotin, was obtained from 

the Business Unit Immune Reagents (Sanquin). 
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E LISA for anti-Pc IgM antibodies 

p-Aminophenylphosphorylcholine was coupled to HSA according to the procedure 

provided by Pierce (Pierce Biotechnology, www.piercenet.com). Briefly, 4 mg of HSA was 

coupled to 4 mg of PCh in 0.1 M MES buffer, pH 4.5, containing 2 mg of EDC in a final 

volume of 1.6 ml. The mixture was incubated for 2 h at RT. The conjugated HSA was then 

dialyzed against phosphate buffered saline, pH 7.4 (PBS), at 4°C. As a control, glycine 

instead of PCh was coupled to HSA (glycine-HSA). 

Polystyrene microtiter plates (Dynatech, Plochingen, Germany) were incubated o/n at 

4°C with Pc-HSA (2.5 |ig/ml) in 0.1 M carbonate/bicarbonate buffer, pH 9.6. Glycine-HSA 

was also included as a control. Final volume of this as well as of all other steps was 100 \x\ per 

well, unless stated otherwise. After washing the plates twice with PBS, residual binding sites 

were blocked (1 h at RT) with 200 JJ.1 per well of PBS containing 2 %, w/v, HSA. Human 

plasma or sera were appropriately diluted in assay buffer (veronal buffer containing 0.1 %, 

w/v, HSA, 2 mM CaCl2, 0.1 %, w/v, Tween 20, pH 7.4), and incubated for lh at RT. After 

this and the subsequent incubation steps the plates were washed with PBS containing 0.1 %, 

w/v, Tween-20. IgM bound to Pc-HSA was quantified with peroxidase-labelled anti-human 

IgM mAb diluted in assay buffer. Finally, peroxidase activity was visualized by incubation 

with 3,3', 5,5'-tetra-methyl-benzidine, 100 ug/ml in 0.11 M sodium acetate, pH 5.5, 

containing 0.003 %, v/v, H2O2. The reaction was stopped after 10 minutes by addition of 2 M 

H2SO4, and the absorbance at 450 nm was measured in a Titertek plate reader. 

Dilutions of a pool of normal plasma, obtained from 40 healthy volunteers, were used 

to generate a standard curve in each microtiter plate. This standard was arbitrarily proposed to 

contain 100 U per ml of anti-Pc IgM antibodies. Results with plasma samples were related to 

this standard and expressed as U/ml of anti-Pc IgM 

The specificity of the binding of anti-Pc IgM to Pc-HSA was determined by 

competition immunoassay. The standard curve was pre-incubated with increasing amounts of 

the competitors (Pc, PE, and PS) or glycine-HSA. After 1-h incubation, the standard with or 

without competitors was added to the Pc-HSA coated plates and tested as described above. As 

another control, four normal sera were diluted 1 to 2 in VB, and absorbed batch wise onto 

PCh-Sepharose gel (1 volume of 1:2 diluted serum, with 1 volume of Sepharose suspension 

(capacity 5-11 mg of human CRP per ml gel, 5 ml gel and 5 ml buffer) o/n at 4°C. Glycine-

Sepharose was used as a negative control. The supernatants were then tested in the ELISA. 

Binding of CRP to Pc-HSA coated plates 
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Plates with Pc-HSA were prepared as described above, and incubated with recalcified 

NHP or rhCRP diluted in assay buffer (see previous paragraph) for 60 min at RT. After a 

washing procedure, bound CRP was detected by incubation for 60 min with biotinylated mAb 

5G4 against human CRP (mAb 5G4bt), diluted in assay buffer followed by a subsequent 

incubation with polymerized peroxidase dissolved in veronal buffer containing 2 mM CaCU 

and 2 %, v/v, milk (Campina, The Netherlands). Finally, peroxidase activity was visualized 

with tetra-methyl-benzidine as described above. As a control, sample incubations were 

prepared in the presence of 10 mM EDTA. 

Quantification of total IgM 

The concentration of total IgM was determined by nephelometry (Behring 

Nephelometer Analyzer, Marburg, Germany), according to standard procedures. 

E LISA for human CRP 

CRP concentration was determined by ELISA as described [30]. Briefly, polyclonal 

rabbit anti-human CRP (KH61) was used as capture abs and mAb 5G4bt was used as the 

detecting antibody. Results were obtained by reference to a standard from Behringwerke AG 

(Marburg, Germany). 

Binding of IgM to apoptotic cells 

Levels of IgM binding to apoptotic cells was assessed with FACS using Jurkat cells as 

previously described [32]. Briefly, Jurkat cells were made apoptotic by incubation with 

etoposide (Sigma). Cells were washed with serum-free medium and incubated with 10%, v/v, 

recalcified human plasma for 30 min. IgM binding to the cells was assessed by incubation 

with biotin-labeled anti-human IgM monoclonal antibody. Results were analyzed by flow 

cytometry, and expressed as mean fluorescence intensity (MFI). Plasma samples were also 

tested with vital Jurkat cells, as a control. Under the conditions used, binding of IgM to these 

vital cells was negligible. 

Statistical analysis 

Data were analyzed with the GraphPad software Prism, Inc (San Diego, CA, 

USA).The distribution of anti-Pc IgM in healthy donors was analyzed using a normality test. 

Groups of data were compared with repeated measures ANOVA. The variation of levels of 

anti-Pc IgM and CRP was evaluated by comparing intra-individual variation over time with 
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the paired Student's t test (two-tailed). Correlations between parameters were assessed by 

estimating Spearman's rank correlation coefficient. A two-sided p-value <0.05 was 

considered to indicate statistical significance. 

Results 

Quantification of anti-Pc IgM with ELISA 

To quantify natural IgM antibodies against phosphorylcholine in humans, an ELISA 

was developed using PCh coupled to HSA as capture antigen on the plates. The coating 

antigen was validated by assessing binding of CRP, which has a similar specificity as anti-Pc 

IgM [25,26,28,5]. Upon incubation of the plates with rhCRP or NHP, calcium-dependent 

binding of CRP was observed to Pc-HSA plates but not to glycine-HSA plates (data not 

shown). Thus, Pc-HSA was probably a suitable antigen for anti-Pc IgM. This was further 

assessed by incubation of Pc-HSA plates with serial dilutions of NHP followed by detection 

of bound IgM with biotinylated anti-IgM. A dose-dependent binding of IgM was observed 

(Fig. 1A). In general, IgM is notorious for antigen non-specific sticking to solid phases. 

Hence, we included a number of controls to rule out the possibility that the observed binding 

of IgM to Pc-HSA was specific. Binding of IgM to HSA- or non-coated plates upon 

incubation with dilutions of NHP was negligible. However, significant binding of IgM to 

glycine-HSA was observed, though this binding was less than that to Pc-HSA coated plates 

(Fig.lA). We did competition experiments to further substantiate the specificity of the ELISA 

for anti-Pc IgM. Binding of IgM to Pc-HSA coated plates was almost completely inhibited in 

the presence of increasing concentrations of Pc during the sample incubation, whereas PE, PS 

or glycine-HSA had no effect (Fig.IB). Conversely, binding of IgM to glycine-HSA was 

inhibited by glycine-HSA but not by Pc, PE or PS (data not shown). In addition, four sera 

absorbed onto PCh-Sepharose yielded negative results in the ELISA with Pc-HSA coated 

plates, whereas the same sera absorbed onto glycine-Sepharose exhibited unaffected IgM 

binding to Pc-HSA coated plates (Fig.lC). 
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Figure 1: Specificity of the 
ELISA for anti Pc IgM 
antibodies. (A) Microliter 
plates were coated with Pc-
HSA (filled square) glycine-
HSA (diamond) HSA (triangle) 
or coating buffer (open square). 
Dilutions of pooled normal 
human plasma were then added 
to the plates. Bound IgM was 
detected using mouse anti-
human IgM conjugated to 
HRP. Peroxidase activity was 
visualised with TMB. (B) 
Pooled normal plasma was pre-
incubated for lh with Pc (filled 
square), PE (triangle, PS (filled 
circle) or glycine-HSA 
(diamond), and tested in the 
ELISA. (C) Four sera were 
adsorbed onto Pc-Sepharose 
and tested in the ELISA. Bars 
represent the amount of 
specific IgM against Pc relative 
to the total IgM (U/g) in the 
sera absorbed with Pc-
Sepharose (open bars), glycine-
Sepharose (black chequered 
bar), or without absorption 
(black bar). Results in the 
figure are the means of 
triplicate determinations. The 
experiment was repeated twice 
with similar results. 

Thus, these experiments together demonstrated the specificity of the ELISA with Pc-HSA 

coated plates for anti-Pc IgM. We next tested the effect of the method of blood collection, and 

of freezing and thawing of samples, on levels of anti-Pc IgM as measured with the ELISA. In 

Table 1 it can be seen that anti-Pc IgM levels were similar in plasma samples collected in 

EDTA, sodium citrate or in sodium heparin, as well as in serum samples. Moreover, Table 1 

also shows that five additional cycles of freezing at -70°C and thawing did not affect levels of 

anti-IgM. We also tested with plasmas from 10 different donors whether binding of IgM in 

the Pc-HSA ELISA was calcium-dependent. The results showed no difference in levels when 

EDTA was present during the sample incubation step (data not shown). 
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Figure 2: Distribution of 
anti-Pc IgM in healthy 
controls according to age 
(A) or sex (B). 

Variation of anti-Pc IgM levels in healthy donors 

To quantify results obtained with plasma samples, a pool of plasma samples from 

healthy donors was arbitrarily assigned 100 U of anti-Pc IgM per ml. Results with samples to 

be tested were then compared with this plasma pool and expressed as U/ml. In 40 healthy 

donors, the median concentration of anti-Pc IgM was 108 U/ml, the 25th percentile being 55 

U/ml, and the 75th percentile 162 U/ml. The lowest concentration of anti-Pc IgM in these 

healthy donors was 3 U/ml and the highest was 469 U/ml. Thus, levels of anti-Pc IgM in the 

healthy donors differed considerably, i.e. more than 100-fold. The distribution of anti-Pc IgM 

in the donors according to age is shown in Fig 2A, and that according to sex is shown in Fig 

2B. Younger or older persons had similar levels of anti-Pc IgM. Moreover, men had similar 

levels as women. To estimate variation of anti-Pc IgM levels over time, plasma samples from 

20 healthy donors were collected weekly during a period of 6 weeks, and tested for anti-Pc 

IgM with the ELISA. Small fluctuations in anti-Pc IgM levels were observed (coefficient of 

intra-individual variation over time: 6-25 %; Fig. 3A). For comparison, CRP plasma levels 
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were also measured in the same samples and appeared to differ significantly (p< 0.0001) more 

during the observation period of 6 weeks than anti-Pc IgM levels (coefficient of intra-

individual variation over time for CRP: up to 114%; Fig. 3B). These differences in variation 

of plasma levels of anti-Pc IgM CRP were not explained by different reproducibility of the 

assays, since the coefficient of inter-assay variation was less than 10 % for either assay. 

Weeks 0 1 2 3 4 5 6 7 

Weeks 

Figure 3: Fluctuation of individual levels of anti-Pc IgM over time. Anti-Pc IgM (A and B) and CRP 
concentrations (C and D) were measured in plasma obtained weekly from healthy controls. 

Because of the functional similarities (specificity for PC; complement activation) 

between anti-Pc IgM and CRP, we studied the correlation between levels of either parameter 

in the healthy individuals. However, the levels of anti-Pc IgM and CRP, did not correlate 

(Spearman's r: 0.115, p = 0.2429). Furthermore, we also assessed the relationship between 

anti-Pc IgM and total IgM concentration. These parameters showed only a borderline 

correlation (Spearman's r0.44; P = 0.051). 
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Figure 4: Relationship between anti-
Pc IgM and IgM binding to apoptotic 
cells in healthy individuals. Anti-Pc 
IgM and IgM binding to apoptotic 
Jurkat cells were measured in samples 
from 30 healthy donors with ELISA 
and FACS, respectively. File 
concentration of anti-Pc IgM is 
expressed in U/ml and IgM binding to 
apoptotic cells is presented as median 
fluorescence intensity (MFI). 
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Anti-Pc IgM in healthy donors correlate with IgM binding to apoptotic cells 

IgM with specificity for Pc has been shown to bind to apoptotic cells [4,5,13,23]. In 

order to examine the relation between levels of natural IgM abs as measured with Pc-HSA 

coated plates, and IgM binding to apoptotic cells, 30 sera were tested both in the anti-Pc IgM 

ELISA as well as for binding of IgM to apoptotic Jurkat cells. As seen in Fig. 4 anti-Pc IgM 

correlated positively with the amount of IgM that bound to the apoptotic cells (p <0.0001). 
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Figure 5: Levels of anti-Pc IgM before 
and after limb perfusion with TNFa. 
Isolated limb perfusion with TNFa was 
performed in five patients with sarcomas 
during 3.5 h. Systemic blood samples 
were taken before (tO, black bars) and 
after perfusion, 24h (grey bars) and 48 h 
(open bars). The concentration of anti-Pc 
IgM was adjusted to total IgM 
concentration quantified by nephelometry 
as described in the Material and Methods. 

Circulating levels of anti-Pc IgM antibodies decrease during tissue damage 

We postulated that during tissue damage, neo-antigens are exposed on the membranes 

of jeopardized cells, which may be recognized by the anti-Pc IgM antibodies. Consequently, a 

decrease in plasma levels of anti-Pc IgM is expected in situations of sufficient tissue damage. 
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To test this hypothesis, the kinetics of anti Pc IgM in plasma samples from five patients 

undergoing isolated limb perfusion with TNFa because of sarcoma or melanoma was 

determined. In all patients regression of the tumor was observed, and was accompanied by 

high levels of several pro-inflammatory cytokines such as IL-6 (data not shown). The anti-Pc 

IgM concentration was related to total IgM levels in order to adjust for hemodilution. A 

moderate decrease of anti-Pc IgM levels was observed in all patients at 24 h after perfusion 

(p>0.05). At 48 h after perfusion, this decrease was up to 60 % and had become significant 

(p<0.05; Fig. 5). 

Table 1: Repeated freezing/thawing has no effect on levels of anti-Pc IgM in plasma or serum samples. 
EDTA. citrated or heparin plasma or serum samples were frozen at -70°C and thawed one (tl) to six (t6) times, 
and then tested in ELISA. 

Sample tl t6 

EDTA 141.9U28.63 145.08±28.13 
Citrate 128.39±21.74 117.15±19.57 
Heparin 139.58±22.17 143.16±24.35 
Serum 133.96+23.85 151.13±29.43 
Values represent mean ± SEM of the anti-Pc IgM concentration in U/ml of 6 healthy donors. 

Discussion 

Some decades ago, anti-Pc IgM was considered to constitute a first-line defense 

against micro-organisms. More recently, interest in these antibodies was renewed because of 

their potential involvement in processes such as atherosclerosis [1,17-19,31] or removal of 

apoptotic cells and cellular debris [13]. As a consequence levels of anti-Pc IgM may 

constitute a risk marker for human diseases such as cardiovascular disease [21]. Here we 

describe a specific and reproducible ELISA for the quantification of anti-Pc IgM. Levels of 

these antibodies differed by more than 100-fold among healthy donors, whereas the intra-

individual variation over time was limited. Furthermore, anti-Pc IgM levels correlated well 

with IgM binding to apoptotic Jurkat T cells and decreased in patients with sarcoma or 

melanoma upon isolated limb perfusion with TNF-a. 

Quantification of IgM with ELISA in general is associated with an increased risk of 

non-specific binding of IgM to the plates. However, the ELISA for the quantification of 

natural anti-Pc IgM in humans described here was considered specific since the signal was 
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abolished when plasma was pre-incubated with Pc, but not PE or PS. In addition, pre-

absorption of sera with Pc-Sepharose reduced IgM binding in the ELISA. Furthermore, pre

incubation of plasma with modified albumin (glycine-HSA) did not affect the response of 

plasma samples in the anti-Pc IgM ELISA, ruling out the possibility that IgM detected in this 

assay had interacted with the chemical linker used to prepare Pc-albumin. Thus, the IgM 

detected in the ELISA was IgM specifically binding to Pc. A limitation of the use of Pc-

albumin as a coating antigen in the ELISA is that Pc conjugated to HSA may not resemble Pc 

presented by injured cells. However, CRP, which has a well known specificity for Pc [25,28] 

and is able to bind to apoptotic and injured cells [5,9] , easily bound to the Pc-HSA. Thus, Pc 

conjugated to HSA resembled Pc exposed on apoptotic or injured cells. This was confirmed 

by the observation that levels of anti-Pc IgM in healthy donors correlated with IgM binding to 

apoptotic cells. 

Studies on the relationship between biochemical markers and cardiovascular events 

are more credible when markers to be measured in blood samples are stable during repeated 

freezing and thawing. As with anticardiolipin IgM [2], we found no significant difference in 

mean concentration of anti-Pc IgM after repeated freeze-thaw cycles. 

Notably, the levels of anti-Pc IgM differed by more than 100-fold among healthy 

donors, though there was no relationships between these levels and age or sex. In animal 

models for atherosclerosis anti-Pc IgM increase over time [1]. Our data do not support the 

notion that anti-Pc IgM in humans is increased in atherosclerosis since in that case some 

relationship between plasma levels and age would be expected. Conversely, anti-Pc IgGl was 

significantly higher in children than in adults [6]. In addition, anti-Pc IgM levels did not 

correlate with total IgM concentration, as has been found earlier for anti-Pc IgG [6]. We 

speculate that the inter-individual differences in anti-Pc IgM levels among healthy donors 

reflect genetic variations as well as exposure to different microbes during life. 

Anti-Pc IgM and CRP share similarities in biological function in that they can bind to 

Pc exposed on injured cells and activate complement [9,20]. Nevertheless, plasma levels of 

these moieties did not correlate with each other. Hence, one can speculate that IgM and CRP 

constitute two independent mechanisms taking care of injured cells. The relative contribution 

of anti-Pc IgM and CRP to complement activation could differ between individuals depending 

of their relative concentration. Indeed, we (Krijnen P. et al, unpublished observations) have 

recently shown that the relative amounts of CRP and IgM deposited on cardiomyocytes in 

infarcted myocardium may differ from patient to patient. 
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Complement activation by apoptotic cells in plasma is mainly mediated by IgM 

binding to neo-epitopes exposed in the membranes of these cells [13,32]. Though it has been 

claimed that most if not all of these IgM antibodies recognize Pc exposed in the 

lysophosphatidylcholine in the cell membrane [13], we have observed that this only holds for 

some individuals, whereas others also have IgM recognizing additional, unknown epitopes 

(Ciurana C. et al, in press). In this study we report a good correlation between the levels of 

anti-Pc IgM as measured by ELISA and the amount of IgM binding to apoptotic Jurkat cells. 

This finding is consistent with the notion that part of the IgM binding to apoptotic cells 

recognizes Pc. The specificity of the rest of the IgM recognizing apoptotic cells is currently 

under investigation. 

To further verify that anti-Pc IgM can bind to apoptotic or damaged cells we measured 

plasma levels of these antibodies in patients with sarcoma or melanoma and treated by 

isolated limb perfusion with TNF-rx Most of these patients respond well to this therapy 

within a few days [14,27], and exhibit massive death of both malignant cells and endothelial 

cells of the tumor vasculature. Ischemia and subsequent reperfusion of the perfused limb may 

also add to cell death. A decrease of anti-Pc IgM relative to total IgM levels was observed in 

all of the patients tested, in agreement with the notion that anti-Pc IgM can bind to oxidized or 

hydrolyzed phospholipids of damaged cells. We speculate that this mechanism contributes to 

the clearance of damaged cells and cellular debris. 

In conclusion we describe a specific and reproducible ELISA for anti-Pc IgM. Levels 

of this IgM differ by up to 100-fold among healthy persons. Future studies on anti-Pc IgM 

should delineate its role in human diseases such as cardiovascular disease. 

Abbreviations 

abs: antibodies ; anti-Pc IgM: anti-phosphorylcholine IgM antibodies; EDO. l-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide hydrochloride); HSA: human serum albumin; mAb: monoclonal antibody; NHP: normal human 
plasma; oln: overnight; oxLDL: oxidized low density lipoprotein ; PBS: phosphate buffered saline, pH 7.4; Pc: 
phosphorylcholine; PCh: p-aminophenylphosphorylcholine ; PE: O-phosphoryl-ethanolamine; PS: 0-phospho-L-
serine; rhCRP: recombinant human C-reactive protein; RT: room temperature; strept-PO: streptavidin-coupled 
to peroxidase; TNF-a: tumor necrosis factor-cc; VB: veronal-buffered saline containing 2 mM CaCl2, 10 mM 
MgCl:.pH7.4. 
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Chapter 7 

Abstract 

Reperfusion of ischemic myocardium after acute myocardial infarction (AMI) may induce 

ischemia/reperfusion (I/R)-injury, which amongst others results from local activation of the 

complement system. Previously, we provided evidence for involvement of C-reactive protein 

in this activation. In this study we analyzed a potential role of IgM in complement activation 

in the human heart subsequent to AMI. 

We performed an immunochemical analysis of heart specimens from 59 patients who died 

from AMI. Serial slides of frozen tissue from the infarction site, were stained for IgM, 

complement factors C3d and C5b-9 (membrane attack complex) and CRP. 

Depositions of IgM were found on the plasma membrane, cross-striations and in the 

cytoplasm of jeopardized cardiomyocytes in infarct of 1 to 5 days duration. IgM depositions 

were remarkably similar to those of CRP and both complement factors C3d and C5b-9. 

Relative staining intensities of IgM and CRP varied greatly among patients. 

IgM just as CRP, targets complement locally to jeopardized cardiomyocytes in the human 

heart following AMI. An identical deposition of IgM with C5b-9 on jeopardized 

cardiomyocytes proves co-localization of IgM with the membrane attack complex of 

complement. Localization patterns and relative staining intensities suggest IgM and CRP 

recognize similar epitopes in the ischemic heart, but that the relative contribution of either 

protein to complement activation in the ischemic myocardium differs among patients. 

Introduction 

Reperfusion of the impaired myocardium after acute myocardial infarction (AMI) results in a 

local inflammatory response [1]. This inflammatory response damages the ischemic tissue, a 

phenomenon also designated as ischemia/reperfusion (I/R)-injury. Prevention of this I/R-

induced inflammation has been shown to reduce the infarct size up to 50% in animal models 

[1], and may offer new therapeutic opportunities for patients with AMI. Hence, knowledge of 

the mechanisms of I/R-injury in humans is warranted. 

An important mediator involved in experimental I/R-injury in animals is the complement 

system. In a rat model of reperfusion injury of ischemic myocardium, prevention of 

complement activation resulted in a marked reduction of I/R-related injury [2]. Also in 

humans, there is preliminary evidence that inhibition of complement by CI inhibitor reduces 

infarction size by up to 57% [3]. These results point to complement as an attractive target to 
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limit I/R-injury. However, the molecular basis of I/R-induced complement activation is not 

completely elucidated as yet. 

Various molecules have been claimed to target activated complement to the ischemic 

myocardium during I/R injury. One of these molecules is C-reactive protein (CRP), which 

activates complement via the classical pathway [4-6]. In rabbits, CRP was localized in the 

inflamed myocardium after AMI [7,8]. Administration of human CRP in rats challenged with 

coronary artery occlusion enhances infarction size in a complement-dependent fashion [9]. In 

myocardial tissue specimens from patients that died from acute myocardial infarction (AMI), 

CRP has been shown to co-localize with complement [10], suggesting that in humans this 

acute phase protein contributes to complement activation in the ischemic myocardium. This 

notion is supported by observations that during AMI the human heart contains increased 

amounts of activation products that specifically reflect complement activation induced by 

CRP [11]. 

In mice, another molecular mechanism for complement activation induced during I/R-injury 

was revealed. This mechanism involves immunoglobulin M (IgM) [12,13]. In I/R models of 

the intestine and skeletal muscle, IgM-deficient mice developed substantially less I/R-injury 

than their wild-type littermates; this injury was restored in the deficient mice by 

supplementation with normal murine IgM. The specificity of the IgM mediating I/R-injury in 

mice is not known. It is also not known whether a similar IgM-dependent mechanism occurs 

in humans during I/R. We hypothesized that in humans IgM might also contribute to ischemic 

injury in the heart following AMI. In this study we therefore analyzed tissue specimens from 

the heart of patients that had died from AMI. These specimens were analysed for the presence 

of IgM, CRP, complement factor C3d and complement factor C5b-9 of the membrane attack 

complex (MAC). 

Materials and Methods 

Patients 

Patients referred to the Department of Pathology for autopsy were included in this study when 

autopsy was performed no later than within 24 hours after death, and when at autopsy they 

showed signs of a recently developed AMI: i.e. on histochemical examination they had 

decreased lactate dehydrogenase (LD) staining (de-coloration) of the affected myocardium. 

The study was approved by the ethics committee of the VU Medical Center, Amsterdam, and 
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complied with the principles of the Declaration of Helsinki. Use of left-over material after the 

pathological examination is part of the standard patient contract in our hospital. 

Processing of tissue specimens 

Myocardial tissue specimens were obtained from the infarcted zone as well as from remote 

sites of the healthy part of the heart. These remote sites showed normal LD staining patterns 

and were studied as internal non-infarcted controls. A control heart tissue sample from the left 

ventricle was obtained from a patient that died from a cause not related to heart disease. 

Before being prepared as cryo-sections, tissue specimens were stored at -196°C (liquid N2). 

Frozen sections were mounted onto SuperFrost®Plus glass slides (Menzel-Glaser, 

Braunschweig, Germany). 

Assessment of infarct phase 

Microscopic criteria [14,15] were used to estimate infarct duration and viability of 

cardiomyocytes in all myocardial tissue specimens. As morphological judgment is more 

reliable with paraffin slides, corresponding paraffin slides were also made. Jeopardized 

myocardium was characterized by the intensity of eosinophilic staining of involved 

myofibers, condensation, loss of nuclei and cross striation. We characterized jeopardized 

myocardium without microscopic changes but with macroscopic LD-decolorization as an 

early phase infarct (phase 1), infiltration of polymorphonuclear leukocytes (PMNs) as a 

PMN-phase (phase 2), lymphocytes and macrophages and fibrosis as a chronic phase (phase 

3). Furthermore, patients showing typical changes of phase 3 morphology together with those 

of phase 1 morphology were classified as reinfarct early phase (phase 4). Patients with phase 

3 morphology and phase 2 morphology were classified as reinfarct PMN phase (phase 5). 

Two investigators (P.A.J.K. and H.W.M.N.) each judged and scored independently all slides 

for infarct phase. In case of discrepancy, slides were re-evaluated by both investigators until 

consensus was reached. The distribution of the various infarct phases among the patients is 

given in Table 1. In all cases, infarct age as assessed with histology corresponded with the 

clinical course. 

Antibodies 

Horseradish peroxidase (HRP)-conjugated rabbit polyclonal antibody against human IgM 

(American Qualex, San Clemente, CA, USA) was used for immunohistochemical detection of 

IgM. Monoclonal antibodies (mAbs) against the complement factor C3d (mAb C3-15, 
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subtype: IgG-1) and against CRP (mAb 5G4, subtype: IgG-2a) have been used previously for 

immunohistochemical studies [10]. mAb aEl 1 (subtype: IgG-2a, Dako, Carpinteria, CA, 

USA) was used for detection of complement factor C5b-9. The mAbs were stored at 1 mg/ml 

in phosphate-buffered saline, pH 7.4 (PBS). Irrelevant MAbs (2 IgG-1. 1 IgG-2a and 1 IgM) 

were used as negative controls, and tested at concentrations similar to those used for the anti-

complement and anti-CRP mAbs. These controls yielded negative results. 

lmmunohistochemistry 

Frozen sections (5 urn thick) were mounted onto glass slides, dried for 1 h by exposure to air 

and fixed in acetone ('Baker analyzed reagent', Mallinckrodt Baker, Deventer, Netherlands). 

After a rinse in PBS, the slides were incubated at room temperature for 10 minutes with 

normal swine serum (NSS; for IgM), normal rabbit serum (NRS; for complement and CRP) 

(both Dakopatts; Glostrup, Denmark) or 5% (w/v) bovine serum albumin (BSA) in PBS (for 

C5b-9), diluted 1:10 (NSS) or diluted 1 to 50 (NRS) in 1% (w/v) BSA in PBS (PBS-BSA), 

(BSA from Boehringer, Mannheim, Germany). Incubation of the slides with specific antibody 

solutions (Abs diluted in PBS-BSA) was performed for 60 min except for mAb aEl 1, which 

was incubated overnight at 4°C (pAb against IgM was diluted 1:400; mAb C3-15 was diluted 

1:1500; mAb 5G4 was diluted 1:300; mAb aEl 1 was diluted 1:50). The slides were washed 

for 30 min with PBS and slides stained with mAbs were incubated with HRP-conjugated 

rabbit-anti-mouse immunoglobulins (RaM-HRP; Dakopatts), diluted 1 to 25 in PBS-BSA 

except for mAb aEll, which was detected using EnVision (Dako, Carpinteria, CA, USA). 

Thereafter the slides were washed again in PBS and incubated for 3 min in 0.5 mg/ml 3,3'-

diaminobenzidine tetrahydrochloride (DAB, Sigma, St. Louis, MO, USA) in PBS, pH 7.4, 

containing 0.01% (v/v) H2C>2, washed again, counterstained with hematoxylin for 1 min, 

dehydrated, cleared and finally mounted. 

Co-localization of IgM, C3d, C5b-9 and CRP as well as relative staining intensities of IgM 

and CRP were evaluated in each patient. Furthermore, the percentage of positive surface area 

was determined, by subdividing the total area of the slide into four equal parts and then 

estimating the percentage of positive areas per visual field. Finally, an average percentage of 

positive surface area was calculated from these subdivisions. The slides stained with pAb 

against IgM, or with mAb C3-15, mAb 5G4 or mAb aEl 1 were serial slides. 

Two investigators (P.A.J.K. and H.W.M.N.) assessed anatomical localization of the specific 

antibodies, as visualized by immunohistochemical staining. For the final scoring results, 

consensus was achieved by the two investigators. 
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Statistics 

Statistics were performed with the SPSS statistics program (windows version 9.0). To 

evaluate whether observed differences were significant, paired or non-paired T-tests were 

used when appropriate. A P-value (two-sided) of less than 0.05 was considered to represent a 

significant difference. 

Results 

IgM depositions in the human heart 

Immunohistochemical depositions of IgM were found on cardiomyocytes that were 

morphologically characterized as jeopardized as described in Methods (Fig. 1). Depositions of 

IgM found on the plasma membrane, were strikingly intensive in different areas of the 

macroscopic infarction zone (Fig. la, arrow I; figures lb, \c, arrows IV, V, VI), on cross-

striations (Fig. la, arrow II) and in the cytoplasm (Fig. la, arrow III) of cardiomyocytes. As a 

negative control, an IgM-subtype antibody against Leu7 was used; this antigen is not present 

in cardiomyocytes of the left ventricle of the adult heart. Staining of the slides with this 

antibody was negative (Fig. \g). 

Focal depositions of IgM were found inconsistently on the endothelium of blood vessels in 

the heart of patients who died of AMI (not shown). This endothelial IgM staining was 

independent of the phase of infarction, since within each phase a subgroup of patients had no 

IgM staining of the endothelium, whereas the rest of the patients of that group had a varying 

amount of IgM positive vessels. Moreover, endothelium staining for IgM was not limited to 

the infarction area, but also occurred in adjacent sites and remote sites of the healthy part of 

the heart. IgM depositions on cardiomyocytes were found in the infarcted myocardium of 

patients with PMN-phase infarcts and PMN-phase reinfarcts. No deposition of IgM was found 

in the infarcted myocardium of patients with early- or chronic phase infarcts or early 

reinfarcts. IgM deposition was never found in the healthy, remote myocardium. Also, in the 

heart of a patient who died from a disorder not related to heart disease no IgM was found on 

cardiomyocytes. As discussed in Materials and Methods, no staining with IgG-1 or IgG-2a 

was found on cardiomyocytes. Replacement of specific antibody with IgG-1 or IgG-2a 

isotype controls yielded negative results on the cardiomyocytes. 
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Co-localization oflgM, complement and CRP 

To test a putative co-localization of IgM, complement and CRP in the infarcted myocardium, 

we stained serial slides of the tissue specimens. IgM (Fig. \d and \h) was found to co-localize 

with complement factor C3d (Fig. le), complement factor C5b-9 (Fig. If) and CRP (Fig. 1/). 

Figure 1: Localization of IgM on cardiomyocytes in myocardial infarct and co-localization of IgM, C3d, 
C5b-9 and CRP in the human heart.Localization of IgM on cardiomyocytes in the heart of a patient who had 
died from AMI. a: IgM deposited on the plasma membrane (arrow I), on cross-striations (arrow II) and in the 
cytoplasm (arrow III) of jeopardized cardiomyocytes (Magnification x630). b+c: Close up of IgM staining of the 
plasma membrane of jeopardized cardiomyocytes (arrows IV, V, VI) (magnification xlOOO). d and h: 
Localization of IgM, e: localization of complement factor C3d, f: localization of CRP and i: localization of 
complement factor C5b-9 in the heart of a patient who died after AMI (Magnification x 100). As a negative 
control an IgM-subtype mAb against Leu7 was used (g). 
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As a matter of fact staining patterns of IgM, CRP and complement were strikingly similar. As 

was found for IgM, no deposition of complement and CRP occurred at sites remote from the 

infarction area. We also determined the extent of the depositions by estimating the mean 

surface area occupied by cardiomyocytes that were positive for IgM, complement or CRP as a 

percentage of the total surface area of the slides in the infarcted region (Fig. 2). The 

percentage of IgM-/complement-/CRP-positive surface area in patients with PMN phase 

infarcts or PMN phase reinfarcts was significantly higher than that of patients with early 

phase infarcts (P=0.001) or early phase reinfarcts (P<0.021), respectively. Moreover, this 

IgM-/complement-/CRP-positive area tended to be higher in PMN phase reinfarctions as 

compared with PMN phase infarctions (P=0.539 for IgM, ,P=0.578 for complement, and 

ƒ>=().698 for CRP). To analyse the correlation between depositions of IgM, CRP and 

complement, scatter plots were made in which the percentages of IgM-/complement-/CRP-

positive surface area of each patient was plotted, irrespective of infarct phase. This analysis 

revealed a linear relationship between the percentages of IgM and complement depositions 

(Fig. 3a; R=0.999, P=0.000), those of IgM and CRP (Fig. 3b; R=0.994, P=0.000), and those 

of complement and CRP (Fig. 3c; R=0.996, P=0.000). 
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Figure 2: Extent 
complement and 
depositions in the 
myocardium. 
Boxplot presentation of the 
percentage of IgM (grey bars)-
/complement (white bars)-/CRP 
(shaded bars)-positive 
myocardium. For each patient the 
percentage of positive surface area 
for the particular antibody in 
relation to the total area of the 
examined tissue was calculated as 
mentioned in Materials and 
Methods. The error bars represent 
minimum and maximum values, 
while the boxes represent the 
lower- and upper quartiles. The 
black lines within the boxes 
represent the medians, n = the 
number of patients examined. 
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Figure 3: Scatter plots of the extent of IgM-
/complement-/CRP-positive areas of individual 
patients 
Scatter plots in which the extent of depositions, 
expressed as % of surface, of IgM, complement and 
CRP per patient are plotted against each other, a: IgM-
versus complement; b: IgM- versus CRP; c: CRP versus 
complement. For each plot, the corresponding 
correlation coefficient (R) and the two-tailed 
significance (P value) are given. 
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Staining intensity of IgM versus CRP 

As both IgM and CRP can activate complement, we attempted to assess the contribution of 

either adaptor molecule in complement activation by comparing relative intensities of staining 

(Fig. 4). For this, only PMN phase infarcts and PMN reinfarcts were analyzed because only 

these episodes had IgM and CRP depositions. The staining intensity of IgM and CRP clearly 

varied between different patients (not shown). In the 11 examined patients of the PMN phase, 

4 patients (36%) had more or less identical IgM and CRP staining intensity (IgM=CRP). In 4 

patients (36%) staining of IgM was less intense than that of CRP (IgM<CRP), while in 3 

patients (27%) IgM staining was more intense than that of CRP (IgM>CRP). In 3 of the 7 
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examined patients (42%) with PMN phase reinfarctions, IgM and CRP staining intensities 

were comparable, in 1 patient (14%) IgM staining was less intense than that of CRP, and in 3 

patients (42%) IgM stained more intensely than CRP. 

Table 1: Distribution of various phases of AMI in the patients 

AMIphase 

Early phase 

PMN phase 

Chronic phase 

Reinfarction 
Early phase 

Reinfarction 
PMN phase 

infarct age 

0 - 12 h 

12 h - 5 days 

5 days - 14 days 

chronic phase + 
0 - 12 h 

chronic phase + 
12 h - 5 days 

number of patients 

2^ 

11 

5 

5 

7 

male/female 

17/ 10 

6 /5 

3 / 2 

3 2 

3/4 

age range 

23-98 

42-85 

58-83 

63-85 

30-89 

h = hours 

Discussion 

The observation that complement is locally activated by infarcted myocardium dates back 

over 30 years [16]. Since then it has become apparent that the complement system is an 

important mediator of I/R injury in the heart during AMI, as well as in other organs. Studies 

on the molecular mechanisms of I/R-induced activation of complement may offer new clues 

for therapy. Recent evidence points to CRP as an activator of complement in human 

myocardial infarcts [11]. Here we provide evidence for involvement of IgM in this activation 

as well. IgM is a known activator of complement [17-21], and appeared to be deposited in the 

infarcted human myocardium. Indeed, co-localization of IgM with activated C3d and C5b-9 is 

indicative for MAC formation. Irrelevant antibody controls indicated specificity of the 

observed staining for IgM. In addition, IgG staining yielded negative results. To our 

knowledge this is the first study showing involvement of IgM in ischemic injury in humans. 

The deposition of IgM showed a remarkable co-localisation with that of complement and 

CRP, strongly suggesting that the IgM deposited had bound to the same ligands in the 

ischemic heart as CRP. Apparently, these ligands are only exposed during the PMN phase of 
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(re-)infarction, since depositions of CRP and IgM during the other phases were virtually 

absent. At this moment we can only speculate about the nature of these ligands. 

10 

9 i 

8 

7 

6 

1 5 

I 4 
U 

O-

2 

1 

27.27% 

36.36% 

42.86% 

14.28% 

42.86% 

n=11 
PMN 
phase 

| |lgM>CRP 

| |lgM<CRP 

EH IgM = CRP 

n=7 
reinfarction 

PMN 
phase 

Figure 4: Intensities of IgM versus CRP 
depositions in the infarcted area of the heart 
Patients were divided into one of three groups 
according to staining intensity: IgM staining 
intensity is comparable to that of CRP 
(IgM=CRP, shaded bars), IgM staining is less 
intense than that of CRP (IgM<CRP, white 
bars) and IgM staining is more intense than that 
of CRP (IgM>CRP, grey bars). The number of 
patients in each group is represented within the 
bars. 

However, microscopic evaluation revealed that especially the plasma membrane of the 

ischemic cardiomyocytes harbored the ligands for IgM and CRP, since in different areas in 

the infarcted zone either protein was found to bind particularly to the plasma membrane of 

cardiomyocytes. In a former study we have shown that apolipoprotein H (ApoH), which binds 

to phosphatidylserine in flip-flopped membranes, co-localizes with CRP in ischemic 

myocardium [22]. A loss of plasma membrane integrity, also designated as membrane flip-

flop [23], is a feature of jeopardized cells. Together these data suggest that structures exposed 

in the flip-flopped membrane of jeopardized cardiomyocytes serve as ligands for CRP and 

IgM. For several reasons phosphorylcholine may constitute such a structure. CRP is well 

known to bind to phosphatidylcholine and particularly to lyso-phosphatydylcholine, via this 

chemical group [4,6,24]. Indeed, a significant amount of lyso-phospholipids is generated in 
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the infarcted myocardium [25]. In agreement with this, we have recently revealed that type-II 

secretory phospholipase Ai (SPLA2), which generates lyso-phospholipids, enhances the 

binding of CRP to the plasma membrane of ischemic challenged rat cardiomyoblasts [26], 

Furthermore, we have found that SPLA2 co-localizes in the infarcted human myocardium with 

complement and CRP [27] and thus also with IgM, according to the data described in this 

study. A similar specificity, i.e. preferential binding to lyso-phosphatidylcholine, has recently 

been described for anti-phosphorylcholine IgM [28]. This IgM failed to recognize 

phosphatidyl lipids but did bind to lyso-phosphatidylcholine on murine apoptotic T cells, and 

their binding was dependent on intracellular PLA2 activity [28]. It was further revealed that 

increased IgM binding to the apoptotic cells was accompanied by complement activation [28]. 

In addition to lyso-phospholipids also oxidized phospholipids in membranes may expose 

phosphorylcholine in a way that allows binding of IgM as well as CRP [29,30]. Increased 

amount of oxygen radicals is generated in myocardial ischemia [31]. Its supposed specificity 

for phosphorylcholine is consistent with the idea that this IgM is natural IgM. Put together, a 

mechanism emerges in which increased production of oxygen radicals together with enhanced 

PLA2 activity generates binding sites in the membrane of cardiomyocytes in the ischemic 

myocardium, which promotes the binding of both natural IgM and CRP, and which ultimately 

leads to activation of complement and subsequent irreversible injury to the tissue. 

We observed differences in staining intensities of CRP and IgM implying that in some 

patients IgM, recognizing epitopes on the membranes of ischemic cardiomyocytes, mediates 

complement activation, whereas in others CRP, presumably binding to the same epitopes, 

activates complement. Serum levels of natural IgM vary between people [32]. In addition, 

there are variations in the magnitude of the CRP response between patients suffering from 

AMI [10]. Unfortunately, we did not have the opportunity to analyze the blood samples of the 

patients included in this study. Hence the relationship between circulating IgM and CRP 

levels and the relative contribution of either protein to complement activation in the ischemic 

myocardium remains to be established in further studies. 

Autoimmune diseases such as systemic lupus erythematosus (SLE), rheumatoid arthritis (RA) 

and mixed connective tissue disease (MCTD) are accompanied by elevated IgM levels in the 

circulation [33,34] and an increased risk for cardiovascular events [35,36]. In particular, 

increased levels of natural auto-IgM against cardiolipin (CL) are supposed to be the link 

between cardiovascular events and IgM in these diseases, the more since patients with 

ischemic heart disease may also have elevated levels of these antibodies [37,38]. Our findings 

would imply that during AMI, higher IgM serum levels might result in more extensive IgM 
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deposition in the ischemic myocardium, thereby contributing to more extensive injury and a 

higher mortality in patients with autoimmune diseases. We included only one patient who was 

suffering from sclerodermia, with autoimmune disease in this study. Though this patient 

indeed had very intense IgM deposition in the infarcted myocardium, the causal link between 

increased levels of auto-phospholipid IgM and cardiovascular events in autoimmune disorders 

needs to be further studied. 

A number of studies have shown surprising similarities between CRP and IgM in 

cardiovascular disease. CRP has been shown to localize in ischemic myocardium and to 

enhance ischemia-reperfusion injury in the heart in a complement-dependent fashion [9,10]. 

IgM, as we show here, also localizes in ischemic myocardium and in mouse models enhances 

ischemia-reperfusion injury [12,13]. CRP and IgM both enhance foam cell formation by 

interacting with lipoprotein particles [39,40]. Furthermore, anticardiolipin IgM levels 

constitute a risk factor for atherosclerotic vascular disease [41], similarly as CRP. 

The role of natural IgM in vascular disease is not clear [42], and might be considered as two 

sides of a coin: on the one hand natural IgM antibodies against oxidized LDL protect against 

atherosclerosis, as was found in mice [29], rabbits [43] and in humans [44], supporting the 

recent view that induction of a humoral immune response to oxidized neoepitopes may be 

beneficial [45]. On the other hand, the data of this study suggest that IgM antibodies against 

epitopes in the membranes of ischemic cardiomyocytes may enhance cardiac injury during 

infarction and constitute an increased risk for cardiovascular disease. Future studies should 

reveal the relative contribution of each side of this IgM coin to cardiovascular disease in 

humans. 
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Chap 

Abstract 

Background: Natural IgM antibodies, particularly anti-phosphorylcholine IgM (anti-

PCh IgM), are suspected to be involved in cardiovascular disease as they possibly modulate 

atherosclerosis or acute myocardial infarction (AMI). 

Aim: To assess the relationship between plasma levels of anti-PCh IgM and IgM that 

binds to damaged cells, with infarct size or post-infarct inflammatory responses in patients 

with AMI. 

Methods: Plasma samples from 50 patients with AMI and 46 healthy controls were 

analysed. IgM binding to damaged cells was measured by incubating plasma samples with 

apoptotic Jurkat cells with subsequent detection of bound IgM by FACS. Anti-PCh IgM was 

measured with a specific ELISA. The post-infarct inflammatory response was quantified by 

measuring C-reactive protein (CRP), secretory phospholipase A2 (sPLA2), IL6, IL8 and 

activated complement. 

Results: On admission, patients with AMI had similar levels of IgM binding to 

apoptotic cells but lower levels of anti-PCh IgM, also when corrected for hemodilution, than 

healthy controls. These levels were constant during 48 hours. To analyse the relation of IgM 

species to apoptotic cells and inflammatory or clinical parameters, patients with levels above 

the median were compared to those with levels below the median. Patients with higher levels 

of IgM binding to apoptotic cells had similar inflammatory responses and infarct size as those 

with lower levels. Patients with higher levels of anti-PCh IgM, however, had larger infarcts as 

assessed with ECG, and a more pronounced response of the acute phase protein sPLA2. 

Conclusion: Plasma levels of natural IgM, in particular anti-PCh IgM, may modify 

inflammatory responses and infarct size in patients with acute myocardial infarction. 

Introduction 

Patients with acute myocardial infarction (AMI) frequently develop fever and have 

increased plasma levels of cytokines and acute phase proteins such as C-reactive protein 

(CRP) and secretory phospholipase A2 (sPLA2) in the first days following the onset of 

infarction. Thus, myocardial infarction induces an inflammatory response in the ischemic 

tissue which may lead to systemic symptoms. Indeed expression of cytokines and infiltration 

of polymorphonuclear granulocytes (PMN) occurs in the jeopardized myocardium during 

infarction [1-4]. Furthermore, acute phase proteins such as CRP and sPLA2 are deposited in 
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the infarcted myocardium and the complement system is activated locally [5-7]. 

Cardiomyocytes in the ischemic area may show evidence for apoptosis [8]. To what extent 

this post-infarct inflammatory response in the heart contributes to the infarct size in humans is 

unknown. Animal studies suggest that this contribution may be substantial [9]. 

Though local ischemia obviously is the primary stimulus for the inflammatory changes 

ensuing in the infarcted myocardium, the molecular mechanisms explaining the link between 

ischemia and inflammation are far from clear. Possibly, changes in membrane phospholipids 

such as oxydation, hydrolysis and membrane flip-flop due to the formation of oxygen 

radicals, the decrease of intracellular ATP and the increase of intracellular calcium, stimulate 

the binding of extracellular proteins such as sPLA2 and CRP [10;11], which in turns activate 

complement thereby triggering inflammation. Some evidence suggests that also natural IgM 

antibodies may be among proteins that bind to altered phospholipids in the membranes of 

ischemic cells, and via subsequent activation of complement contribute to the post-infarction 

inflammatory response. For example, studies in knock-out mice have convincingly shown that 

natural IgM is involved in ischemia-reperfusion injury by binding to ischemic endothelial 

cells and by triggering reperfusion-induced complement activation [12]. The specificity of 

this IgM is still unknown. In immunohistochemical studies we recently observed that IgM 

becomes deposited in the ischemic myocardium during infarction in humans who died from 

AMI. This IgM is co-localized with CRP and activated complement (P. Krijnen et al., 

manuscript submitted). Thus, in humans IgM, in addition to CRP [5;6] and possibly other 

molecules, may contribute to local complement activation in the ischemic myocardium. The 

nature of this IgM is also unknown. 

A number of studies have shown that IgM present in normal serum can bind to 

apoptotic cells [13; 14], including natural IgM against phosphorylcholine (anti-PCh IgM) [15]. 

In the present study we tested the hypothesis that IgM that binds to damaged cells and or anti-

PCh IgM may enhance the post-infarct inflammatory response in patients with AMI. To test 

this hypothesis, we developed an assay to measure plasma IgM that binds to apoptotic cells, 

and we used this assay, as well as an EL1SA for anti-PCh IgM, to measure plasma levels of 

this IgM in patients with AMI. These levels were compared to those in healthy controls and 

were also related to parameters for cardiac damage and of inflammatory mediators such as 

IL6, IL8 and activated complement. 
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Patients, material and methods 

Blood samples 

Blood samples from 50 patients with AMI were collected in 10 mM EDTA, final 

concentration, at various time points after admission to the hospital. Samples were centrifuged 

at 1300 g after which the supernatant was stored in aliquots at -70°C until tested. All patients 

fulfilled the criteria for AMI, which included typical chest pain, typical electrocardiographic 

abnormalities in combination with elevated cardiac markers such as creatine-kinase (CK) 

[16]. Infarct size was calculated from the cumulative release of lactate dehydrogenase (LDH) 

or CK [17; 18], and also from electrocardiographical infarct scores (Selvester scores) in 

patients with a first AMI before therapy [19;20]. Patients had participated in earlier studies on 

the role of complement in AMI. All patients had given informed consent. The study was 

approved by the Medical Ethical committee of the VU Medical Centre. 

Plasma samples from a group of 46 healthy donors were collected and processed in the same 

way. In addition, serial samples were obtained from 5 healthy donors weekly for a period of 6 

weeks. During this period none of the volunteers suffered from an intercurrent illness. 

Proteins and antibodies 

Anti-human IgM monoclonal antibody (mAb) MH-15 (IgGl subclass) was obtained 

from Sanquin, Business Unit Reagents (Amsterdam, The Netherlands). The mAb was 

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

the manufacturer's instructions. AnnexinV-FITC and propidium iodide (PI) were obtained 

from Bender Med System (Vienna, Austria) and streptavidin-allophycocyanin (Strep-APC) 

conjugate was obtained from BD Biosciences Pharmingen (San Diego, CA). Human serum 

albumin (HSA), purchased at Sanquin Business Reagent and p-aminophenylphosphoryl-

choline (Sigma Chemicals Co., St Louis, MO) were coupled following a protocol described 

earlier [21]. 

Assay for IgM binding to late apoptotic cells (apo-IgM). 

Jurkat cells were cultured in IMDM supplemented with 5%, v/v, heat-inactivated 

foetal calf serum (Bodinco, Alkmaar, The Netherlands), 20 ug/ml human apo-transferrin 

(Sigma), 100 U/ml penicillin and 100 ug/ml streptomycin (Life Technologies, Grand Island, 

NY) at 37°C in a humidified atmosphere (5%, v/v, CO2 / 95% air). Apoptosis was induced in 

Jurkat cells by incubation in 96 wells round-bottom plates at 2.5 xlO" cells per well in serum-
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free IMDM containing 100 uM etoposide (Sigma) for 48 hours at 37°C. After apoptosis 

induction, cells were washed with serum-free culture medium to remove etoposide and 

incubated with various amounts of plasma in veronal buffered saline, pH 7.4 (VB), containing 

10 mM CaCl2 and 2 mM MgCl2 (VB++), final volume 100 ul. Plasma samples from patients 

were tested in this system at a concentration of 5%, v/v, unless otherwise indicated. After an 

incubation for 30 minutes at 37°C, cells were washed thrice with Hepes buffer containing 

calcium (Hepes 10 mM, NaCl 150 mM, KC1 5 mM, CaCl2 1.8 mM and MgCl2 1 mM, pH 7.4) 

and incubated with biotin-labelled monoclonal anti-IgM (5 ug per ml in 50 ul of hepes buffer, 

final volume) for 30 minutes at 4°C in darkness. After a second washing procedure, cells were 

incubated with streptavidin-APC (1 to 750 diluted) or annexin-V-FITC (1 to 100 dilution) in 

100 ja 1 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, and expressed as mean 

fluorescence intensity (MFI). Data were stored in Cellquest acquisition program and analysed 

with WinMDl 2.8 program. 

E LISA for anti-phosphorylcholine IgM 

IgM antibodies directed against phosphorylcholine (PCh) were measured by specific 

ELISA as described [21]. Briefly, p-aminophenylphosphorylcholine coupled to human serum 

albumin (PCh-HSA; 2.5 ug/ml in 0.1 M carbonate/bicarbonate buffer, pH 9.6) was coated 

onto polystyrene microtiter plates (Dynatech, Plochingen, Germany) overnight at 4°C. After 

washing the plates twice with PBS, residual binding sites were blocked (1 hour at room 

temperature) with 200 ul per well of phosphate buffered saline, pH 7.4 (PBS) containing 2 %, 

w/v, HSA. Human plasma or sera were appropriately diluted in assay buffer (veronal buffer 

containing 0.1 %, w/v, HSA, 2 mM CaCl2, 0.1 %, w/v, Tween 20, pH 7.4), and incubated for 

1 hour at room temperature. Thereafter, the plates were washed with PBS containing 0.1 %, 

w/v, Tween-20. IgM bound to PCh-HSA was quantified with peroxidase-labelled anti-human 

IgM mAb diluted in assay buffer. Finally, peroxidase activity was visualized with tetra-

methyl-benzidine. Dilutions of a pool of normal plasma, obtained from 40 healthy volunteers, 

were used as standard curve in the assay. This standard was arbitrarily said to contain 100 U 

per mL of anti-PCh IgM antibodies. Results of plasma samples were related to this standard 

and expressed as U of anti-PCh IgM per mL. 
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Biochemical and inflammatory parameters 

IgM concentration was assessed with a nephelometric assay. Secretory phospholipase 

A2 (sPLA2), CRP, interleukins-6 and -8 (IL6 and IL8, respectively), and activated 

complement fragments C4b/c and C3b/c were determined with specific ELISA as described 

earlier [22-25]. Note that the ELISAs do not discriminate between C4b, C4bi or C4c, and 

C3b, C3bi and C3c, and that the activation products detected by these assays are hence 

referred to as C4b/c and C3b/c, respectively. Results were expressed as ug/L (sPLA2)[22], 

mg/L (CRP) [23], ng/L (IL6 and IL8) [24;25] and nmol/L (C3b/c and C4b/c) [26]. 

LDH and CK concentrations were determined in the routine clinical chemistry 

laboratorium of the VU Medical Centre. 
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Figure 1: IgM binding to 
apoptotic cells. Apoptosis was 
induced in Jurkat cells as 
described in material and 
methods. Cells were 
subsequently incubated with 
plasma. After selection of the 
late apoptotic population 
(encircled) by specific side and 
forward scatter (A), and 
identification of apoptotic cells 
with annexin V and propidium 
iodide positive, (encircled) (B), 
IgM bound to the cells was 
detected with biotinylated anti-
IgM mAb and streptavidin-APC 
(C). (D) Histograms showing 
IgM binding to apoptotic cells 
using 2 plasma samples from 
different healthy individuals 
(open histograms). IgM binding 
was expressed as the mean 
fluorescence intensity (MFI). 
Cells incubated without plasma 
are indicated by the filled 
histogram. 

Analysis of data 

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

with the method of Kolmogorov and Smirnov. When normally distributed, data were analysed 

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

Bonferroni. Correlation between parameters was assessed by calculating the Pearson's 

correlation coefficient. In case of non-normal distribution, Mann-Whitney's and Kruskal-
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Wallis with Dunn's multiple comparison tests were used to assess differences between 

groups. A P-value <0.05 was considered to represent a significant difference or correlation. 

Results 

Patients included 

The patients with AMI, 8 females and 42 males, included in the analysis had a median 

age of 60 years, range 34 to 76 years. Seventy % of the patients were treated with 

thrombolytic agents, 20% with acute percutaneous transluminal coronary angioplasty. 

Twenty-four patients had a first infarction; the others had suffered from a myocardial 

infarction before. None of the patients had an underlying illness, none died during the 

observation period. 

Figure 2: Variation of IgM binding to 
apoptotic cells in time. Apoptotic Jurkat 
cells were incubated with plasma samples 
taken weekly from 5 healthy donors for a 
period of 6 weeks. IgM binding to 
apoptotic population was detected as 
described in material and methods and 
expressed as mean fluorescence intensity. 

IgM binding to apoptotic cells 

IgM that binds to damaged cells was measured by incubating apoptotic Jurkat cells 

with plasma samples, and detection of bound IgM with FACS [14]. A triple staining 

procedure allowed the determination of specific IgM that bound to the late apoptotic 

population, which was identified by its characteristic side and forward scatter dot plot (figure 

1 A), and by its capacity to bind annexinV and propidium iodide (figure 1B). IgM bound to the 

cells was then assessed with the third marker, streptavidin-APC that bound to biotinylated 

anti-IgM (figure 1C). Thus, the mean fluorescence intensity (MFI) of the streptavidin-APC of 

the gated population was determined as a measure for IgM binding to apoptotic cell (anti-apo 

IgM). Cells not incubated with plasma were used as control for aspecific staining (figure ID). 

IgM binding to apoptotic cells appeared to vary among donors. For example, figure ID shows 

the results, expressed as MFI, obtained when plasma samples from 2 different healthy donors 
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were tested. To get insight into the variation in time of levels of anti-apo IgM, plasma samples 

were obtained weekly from 5 healthy lab donors during a period of 6 weeks, and measured for 

anti-apo IgM. Intra-individual levels of anti-apo IgM hardly varied during this period with a 

variation coefficient (CV) of 11 % ± 1.0, (figure 2). Previously we have observed that the 

variation of levels of anti-PCh IgM in time is also limited in healthy individuals [21]. In order 

to reduce assay variation as much as possible, all plasma samples were tested within the same 

experiment. 

Figure 3: Anti-apo IgM in patients with 
myocardial infarction and controls. Apoptotic 
Jurkat cells were used to measure levels of anti-apo 
IgM. Plasma samples from patients on admission 
(t=0; n=50) or 48 hours later (t=48; n=45), and from 
healthy controls (n=46) were tested for anti-apo IgM 
as described in material and methods. Levels are 
expressed as MFI, data were analysed with Kruskal-
Wallis and Dunn's multiple comparison test. 
*P<0.05and***P<0.001. 

Anti-apo IgM and anti-PCh IgM in the AMI patients 

Levels of anti-apo IgM were determined as described above in blood samples from 

patients with AMI or from healthy controls (figure 3). Levels were somewhat lower in the 

AMI patients as compared to those in the healthy controls (230 MFI ±34, mean ±sem, n=50, 

versus 264 MFI ±24, n=46; p<0.05). Moreover, levels of anti-apo IgM 48 hours after the 

onset of complaints had further decreased compared to those on admission (169 MFI ±15 

versus 230 MFI ±34, n=45; p<0.001). These differences in levels between patients and 

controls, however, were lost when levels were corrected for hemodilution by calculating the 

ratio of anti-apo IgM to total IgM (patients t=0: 93 ±8 and 114 ±10 at t=48, versus healthy 

controls 86 ±5, figure 4A). 

In addition to anti-apo IgM we also determined the concentration of anti-PCh IgM by ELISA 

as described in materials and methods. Similarly as for anti-apo IgM, values were corrected 

for hemodilution by estimating the ratio of anti-PCh IgM to total IgM. Although there was no 

significant difference between the ratios of the patients on admission versus those at 48 hours 

(84 ±7, mean ±sem, versus 87 ±10, respectively), the ratio at either time point was 

significantly lower than that in the control group of healthy donors (141 ±17, respectively 

pO.01 and pO.001, figure 4B). 
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Relation ofanti-apo IgM or anti-PCh IgM with infarct size 

Infarct size in the patients was estimated from the course of LDH and CK.-MB. This 

course was quantified by calculating a cumulative concentration over the first 48 hours after 

the onset of complaints [17]. To establish the relation of levels ofanti-apo IgM or anti-PCh 

IgM to infarct size, we compared the cumulative release of LDH or CK-MB in patients with 

anti-apo IgM levels lower or higher than the median value at the onset of the infarction 

(Figure 5 A, B and Table 1). 

a 

5 

Figure 4: Anti-apo IgM (A) and anti-PCH IgM (B) 
in patients with myocardial infarction. Levels 
were corrected for hemodilution by assessing the 
ratio of anti-apo IgM to total IgM (A) and of anti-
PCh IgM to total IgM (B). Levels on admission (t=0) 
and at 48 hours (t=48) are given for the patients, as 
are the ratios measured in healthy controls. Data 
were analysed with Kruskal-Wallis and Dunn's 
multiple comparison test. *P<0.05, **P<0.01 and 
***P<0.001. 

No significant difference in cumulative release of LDH or CK was observed between 

the groups. The cumulative release of these cardiac enzymes during the first 48 hours in 

patients having high anti-PCh IgM on admission was higher than that in the patients with low 

levels of anti-PCh IgM (figure 5 D, E and Table 1), although the difference between the 

groups did not reach a statistical significance. In patients without a previous infarction infarct, 

size can also be measured from the electrocardiographic criteria, as indicated by the Selvester 

score. Twenty-four patients could be evaluated in this way. There was no difference in 

Selvester score of patients on admission with high or low levels ofanti-apo IgM on admission 

(figure 5C). However, the score was significantly higher in patients with high levels of 

circulating anti-PCh IgM on admission, as compared to those with low levels (figure 5F). 

My 
t=0 1=48 healthy controls 

10 J 
t=0 t=48 healthy controls 
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\ I g M level 
Low High Low High 

M , ^ v . anti-apo IgM anti-apo IgM anti-PCh IgM anti-PCh IgM 

LDH (U/L) 
552.9 ±85.9 

(n=22) 

595.4 ±114.4 
(n=22) 

28.6 ±3.2 
(n=13) 

524.5 ±80.1 
(n=23) 

566.3 ±82.7 
(n=21) 

27.6 ±2.9 
(n=ll) 

P=0.81 

P=0.84 

P=0.81 

462.8 ±66.7 
(n=23) 

521.4 ±77.5 
(n=21) 

23.2 ±3.1 
(n=ll) 

617.4 ±94.6 
(n=22) 

638.2 ±116.4 
(n=22) 

32.3 ±2.5 
(n=13) 

P=0.19 

P=0.41 

*P=0.03 

CK (U/L) 

ECG 
(selvester 

score) 

Table 1: Relation of anti-apo IgM or anti-PCh IgM on admission to cardiac markers. Anti-apo IgM 
levels were determined with apoptotic Jurkat cells and anti-PCh IgM on admission was determined by ELISA. 
Patients with low (<median) or high (>median) levels of anti-apo IgM or anti-PCh IgM were compared 
regarding cumulative concentration over 48 hours of creatine kinase (CK), lactate dehydrogenase (LDH) and 
their electrocardiographic (ECG) score. Data are given as mean value ± sem, and the difference between groups 
was analyzed with two-tailed Student's t test when they appeared to be normally distributed. 

IgM Low .. . , 
level L o w H l g h ant iPCh H ' ë 

Marker \ ^ anti-apo IgM anti-apo IgM anti-PCh IgM 

„, . , 943.8±316.0 943.3 ±180.1 D „ , , 860.7 ±308.1 1031.0 ±175.1 , D . . . 
sPLA2('g/L) , , „ . , , , P=0.46 *P=0.03 & ' (n=22) (n=23) (n=23) (n=22) 

r-DD, „ , 87.6 ±15.5 148.5 ±35.5 _ . „ 100.7 ±21.7 145.9 ±33.5 
CRP(mg/L) ( n = 2 2 ) ( n = 2 2 ) P=0.12 ( n = 2 3 ) ( f l = 2 1 ) P-0.26 

C4b/c 101.2 ±20.6 136.5 ±33.48 117.2 ±20.6 125.3 ±35.4 
(nmol/L) (n=22) (n=23) (n=22) (n=22) 

C3b/c 156.7 ±44.5 278.9 ±225.0 152.7 ±44.5 288.4 ±224.6 p=Q 

(nmol/L) (n=22) (n=22) (n=22) (n=22) 

IL6(ng/L) »*%> - L g 7 — 'InlS9 ^ ° «*«*> ™ 

IL8(ng/L) i2(nJ\9)1 9.1 ±2.1 (n=22) P=0.30 ^Jzn 8.1 ±1.7 (n=22) P=0.09 

Table 2: Relation of anti-PCh IgM on admission to inflammatory markers. 
Anti-apo IgM levels were determined with apoptotic Jurkat cells and anti-PCh IgM on admission was 
determined by ELISA. Patients with low (<median) and high levels of anti-apo IgM or anti-PCh IgM (>median) 
were then compared regarding cumulative concentration over 48 hours of sPLA2, CRP, complement activated 
products (C4b/c and C3b/c) and cytokines IL6 and IL8. Data are given as mean value ± sem, and were analysed 
with two-tailed Student's t test as they appeared to be normally distributed. *P<0.05 was considered significant. 
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Figure 5: Relation between apo-IgM, anti-PCh IgM and infarction size. 
(A, B, C): Levels of anti-apo IgM were measured with apoptotic Jurkat cells and expressed as MFI. Patients 
were said to have low or high levels when they had levels below or above, respectively, the median of the group. 
Electrocardiographic (ECG) results evaluated by cumulative release values of cardiac enzyme over 48 hours 
LDH (A) and CK (B) expressed as units per litre (U/L) and the Selvester score (C), and A similar analysis was 
made for anti-PCh IgM (D, E, and F). Data were analysed with Student's t test. ns=non significant, *P<0.05. 

Relation of anti-apo IgM or anti-PCh IgM with post-infarct inflammatory response 

A number of parameters including the acute phase proteins CRP and sPLA2, the 

cytokines IL6 and IL8, and activated complement fragments C4b/c and C3b/c, were 

determined to assess the inflammatory response in the patients. The cumulative concentration 

of the acute phase protein, sPLA2, over 48 hours after admission was comparable between 

patient groups having low or high levels of anti-apo IgM. However, the patients with 

increased circulating anti-PCh IgM on admission had a significant increase in their sPLA2 

concentration when compared to patients with lower anti-PCh IgM (1031 ug/L ±175 versus 

860 ug/L ±308, P=0.03, respectively; Table 2). Pro-inflammatory cytokines IL6 and IL8 

concentrations 48 hours after admission were comparable in patients having anti-apo IgM 

values or anti-PCh IgM below or above the median values (Table 2). The cumulative 

concentration of CRP over the 48 hours following admission was increased in the patients 

having both anti-apo IgM and anti-PCh IgM above the median values but did not reach a 

statistical significance (88 mg/L ± 16 versus 149 mg/L ± 36, p=0.12, in patients with low or 
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high anti-apo IgM, respectively, and 101 mg/L ± 22 versus 146 mg/L ± 34, p=0.26, in patients 

with low and high anti-PCh IgM, respectively, mean ± sem). 

Similarly, the activated complement fragments, C4b/c and C3b/c 48 hours after 

admission were higher in the group of patients with the higher anti-apo IgM or anti-PCh IgM, 

but none of these differences reached statistical significance (Table 2). 

Discussion 

Recently, the role of IgM antibodies in cardiovascular disease has received 

considerable attention. It has been shown to play a role in the course of atherosclerosis 

[27;28], although their function has not been completely elucidated. Furthermore, our own 

studies show that IgM antibodies localize in infarcted human myocardium together with 

activated complement and CRP (Krijnen et al., submitted). Co-localization with CRP, which 

can bind to PCh, suggests this IgM in infarcted myocardium in part is directed against PCh. 

Interestingly, IgM against PCh can bind to apoptotic cells [15]. In the present study we 

measured IgM binding to apoptotic cells, as well as anti-PCh IgM in patients with AMI and 

found that levels of the latter antibodies on admission were related to the post-infarct response 

as well as to infarct size. 

Though anti-PCh IgM has been found to bind to apoptotic cells [15;29], competition 

experiments with fluid-phase PCh indicate that not all IgM binding to these cells is directed 

against PCh (C.Ciurana.et al., manuscript submitted). Hence, to cover other specificities of 

IgM binding to apoptotic cells, we developed an assay in which apoptotic Jurkat cells are used 

as solid phase antigen and IgM bound to the cells is detected with FACS. The variability of 

levels of the IgM binding in this assay, in time was limited in healthy individuals (see figure 

2) indicating a limited variation of levels in individuals in time. Notably, in an earlier study 

we have also observed a similar limited variation of levels of anti-PCh IgM in time [21]. 

Levels of IgM binding to apoptotic cells at first glance were lower in the patients than 

in the healthy controls. However, as patients with AMI receive (intravenous) fluid infusions, 

we decided to correct levels for hemodilution by calculating the ratio to IgM. Indeed ratios of 

anti-apo IgM and total IgM appeared to be similar in patients versus healthy controls. Hence, 

these data did not support the possiblity that binding of this IgM to the ischemic myocardium 

had resulted in lower levels in the circulation. In contrast, levels of anti-PCh IgM, even when 

corrected for total IgM, were significantly lower in the patients on admission as compared to 

levels in healthy controls. Presumably this different behaviour of anti-PCh IgM versus anti-
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apo IgM reflects that absolute levels of the former are lower than those of the latter, making 

anti-PCh IgM a more sensitive parameter in case of consumption. Preliminary experiments 

indeed indicate that anti-PCh IgM constitutes less than 1% of total IgM (N. Diaz Padilla, 

unpublished observation). Furthermore, we did not observe differences in anti-apo IgM or 

anti-PCh IgM, corrected for total IgM, on admission versus after 48 hours. In another study 

we observed in patients deceased after AMI that IgM binding to ischemic cardiomyocytes, 

appears in the infarcted myocardium approximately 24 hours after the occlusion of a coronary 

vessel as based on pathological criteria (P. Krijnen et al, submitted). Therefore, we expected 

a further decrease of anti-PCh IgM in the patients with AMI during the first 48 hours after 

admission, but this was not observed. Further studies should reveal whether increased 

production of anti-PCh IgM has masked a decrease of levels due to localization in the infarcts. 

Several studies have shown significant changes in plasma IgM and IgG levels upon 

tissue injury for examples in case of burns [30]. In contrast we found no significant change of 

anti-apo IgM or anti-PCh IgM levels in patients with AMI during the first 48 hours. Though 

these data do not exclude that also AMI may induce an immunoglobulin response, such a 

response at least does not seem to occur within the observation period. Furthermore, 

similarity in levels on admission and after 48 hours, indicate that the analysis of levels on 

admission was not blurred by ongoing responses. Therefore, we decided to analyse whether 

patients with high levels on admission had a more intense inflammatory response than 

patients with lower levels of anti-apo or anti-PCh IgM. 

Though patients with high levels of anti-apo IgM or anti-PCh IgM on admission had 

similar levels of IL6 and IL8 as patients with low levels (Table 2), their concentrations of 

CRP, sPLA2 and of complement activation products tended to increase. When the analysis 

was limited to the anti-PCh IgM specificity alone, sPLA2 concentrations were significantly 

higher in the group above median value. These data suggest that IgM with specificity for PCh 

is associated with the inflammatory response in patients with MI. 

Infarct size is determined by a number of parameters including localization of the 

occlusion, collateral circulation, treatment, and others [31;32]. Therefore, we did not expect to 

find an association between levels of anti-apo IgM or anti-PCh IgM and parameters of cardiac 

damage in this limited number of patients. Yet, patients with anti-PCh IgM on admission 

tended to have higher cumulative release of CK and LDH. Assessment of infarction size using 

electrographical score is only possible in case of a first infarction. Among patients with a first 

infarction, those who had higher anti-PCh IgM had a significantly higher Selvester score on 

admission than those with lower anti-PCh IgM. IgM is a known activator of complement and 
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has been shown to bind apoptotic surfaces, in particular to phosphorylcholine [15] and 

activate complement [14]. Taken together, these observations would suggest that IgM 

antibodies particularly anti-PCh IgM may participate in the activation or amplification of the 

inflammation after AMI via the activation of complement. 

Anti-PCh IgM can bind to apoptotic cells [15;27]. Competition experiments with 

soluble phosphorylcholine, however, indicate that not all IgM directed against apoptotic cells 

is against PCh (C.Ciurana, manuscript submitted). Our results do not point to a role of anti-

apoptotic cell IgM with other specificities in myocardial infarction. Yet it should be noted that 

a relationship between plasma levels of this IgM and inflammatory responses and infarct size 

only become clear when plasma levels are limiting. Thus, our data do not definitely rule out a 

role for IgM binding to apoptotic cells in local inflammatory reactions ensuing in the infarcted 

myocardium. 

In conclusion, levels of anti-PCh IgM in patients with AMI are associated with a 

somewhat more intense inflammatory response and a larger infarct size. These data fit with 

the hypothesis that this IgM species by enhancing inflammatory damage to the heart during 

infarction, may contribute to infarction size. 

Abbreviations 
VB: Veronal buffer saline, sPLA2: secreted Phospholipase A 2, CRP: C reactive protein, SAP: Serum amyloid p 
component, AMI: Acute myocardial infarction, MFI: Mean fluorescence intensity, LDH: Lactate dehydrogenase, 
CK: Creatine kinase, PCh: Phosphorylcholine. 
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Abstract 

OBJECTIVE: Ischemia (I) occurs in many clinical conditions including myocardial 

infarction, transplantation, vascular surgery and stroke. Reperfusion (R) is the main treatment 

of I. However, R of ischemic tissues may exacerbate inflammatory events and tissue damage, 

which is known as ischemia-reperfusion (I/R) injury. The molecular mechanisms of I/R injury 

have been studied mainly in animal models. Typically I/R is characterized by a transient fall 

of ATP levels in cells subsequently followed by multiple intra- and extra-cellular events that 

sometimes lead to apoptosis or necrosis. In this study, we evaluated the lymphocytic Jurkat 

cell line exposed to metabolic inhibitors as an in vitro model for I/R, and compared these cells 

with endothelial cells (human umbilical vein endothelial cells [HUVECS] and two endothelial 

cell lines) cultured under identical conditions. 

METHODS: Specific inhibitors targeting glycolysis and/or the mitochondrial 

respiratory chain were used. Intracellular ATP levels were measured, and viability of the cells 

was monitored. 

RESULTS: Metabolic inhibition induced a dose-dependent and reproducible ATP 

depletion in each of these cell types. A substantial decrease of intracellular ATP (<40% of the 

normal level) induced apoptosis in the endothelial and the Jurkat cell lines. Even at minimal 

ATP levels (<10% of normal) necrosis was hardly observed. Jurkat cells were comparable to 

the endothelial cell lines regarding response to metabolic inhibition, whereas HUVECs 

appeared to be more sensitive regarding intracellular ATP depletion. 

CONCLUSION: Jurkat cells exposed to metabolic inhibitors provide a convenient 

alternative to endothelial cells as an in vitro model for I/R. 

Introduction 

Ischemia (I) followed by reperfusion (R) may result in tissue injury (I/R-injury) 

mediated by an inflammatory process. This process involves cellular and humoral mediators. 

Among the cellular mediators are neutrophils, platelets and endothelial cells which upon 

activation amplify the inflammatory reactions [1-3]. 

A central event in I/R-injury is the depletion of intracellular ATP levels. In endothelial cells 

this decrease may lead to reorganisation of the cellular cytoskeleton which increases the 

permeability of these cells [4-6]. Moreover, I/R-injury can induce apoptosis in cells [7-9]. The 

relationship between intracellular ATP levels and cell death has been intensively investigated, 
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for example regarding triggering the apoptotic pathway. Intracellular ATP level indeed to 

some extent directs the pathway of cell death: apoptosis is induced in cells with moderate to 

severe ATP depletion, and necrosis in case of severe ATP decrease. This phenomenon has 

been observed in various cell types like lymphoid cell lines in which the control of 

intracellular ATP concentration oriented either towards apoptosis or necrosis [10;11]. 

Similarly, metabolic inhibition alone or combined with oxidant-injury induced apoptosis in 

mouse proximal tubular cells [12] as well as in bovine endothelial cells [13]. In this latter 

study, a decrease of intracellular ATP was induced by exposing the cells to metabolic 

inhibitors of glycolysis and/or the mitochondrial respiratory chain. 

Using the same approach with metabolic inhibitors, we wanted to set up an in vitro model 

with human endothelial cells and to compare these cells with Jurkat cells, which are among 

the easiest cells to culture, as for their sensitivity to apoptosis induction, allowing further 

studies on the molecular mechanisms of I/R injury. Therefore, primary human umbilical vein-

derived endothelial cells (HUVECs) as well as 2 endothelial cell lines and Jurkat cell line 

were incubated in culture medium containing various concentrations of metabolic inhibitors. 

Cell viability was assessed using probes for phosphatidylserine (annexin V), intracellular 

caspase-3 activity, and cell permeability (propidium iodide, MTT). 

Material and methods 

Cell culture 

ECRF24 [14] and EA.hy926 [15] cell lines were cultured in IMDM (BioWhittaker 

Europe, Verviers, Belgium) supplemented with 5%, v/v, heat-inactivated foetal calf serum 

(FCS; Bodinco, Alkmaar, The Netherlands), 20 ug human-transferrin (Sigma, St Louis, MO) 

per ml, 90 ug heparin (Leo Pharma BV, Weesp, The Netherlands) per ml, 2.5 ng human basic 

fibroblast growth factor (Sigma) per ml, 100 U penicillin per ml and 100 ug streptomycin 

(Life Technologies, Grand Island, NY) per ml. 

Jurkat cells were cultured in IMDM (Invitrogen™, life technologies) supplemented 

with FCS, human-transferrin, penicillin and streptomycin at concentrations as described 

above. 

HUVECs were harvested from umbilical cords with collagenase as described 

previously [16], 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 ug streptomycin per ml on fibronectin (Sigma) coated flasks. 
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Metabolic inhibition 

Cells were put in 24 wells plate (Nunclon ™, Life Technologies), 500 ul culture 

medium per well, grown to confluence (ECRF24/Edgell/pHUVECs). After a final overnight 

incubation at 37°C (5% C02/95% air), 2-deoxy-D-glucose (DOG), potassium cyanide (KCN) 

or antimycin A (Sigma) were added to the cell culture in an additional 500 ul culture medium, 

and incubated for 2 hours at 37°C. To imitate reperfusion, the medium was removed after 

gentle centrifugation at lOOg for 3 minutes, and replaced by 500 ul fresh culture medium. 

During this procedure, exposure of cells to air was carefully prevented. 

Nucleotide extraction 

After harvesting the cells, when necessary by trypsinization (Trypsin-EDTA, 

GibcoBRL, Life Technologies), cells were washed once with cold phosphate-buffered saline, 

pH 7.4 (PBS), and incubated with 80%, v/v, methanol (Merck, Darmstadt, Germany), 0.5 mM 

EDTA (Siegfried Handel, Zofingen, Germany), pH 7, for 30 minutes at 4°C. Thereafter, the 

samples were heated up to 70°C for 5 minutes and after centrifugation for 5 minutes at 20,000 

g, supernatant was stored at -80°C until further use. 

A TP measurement 

Cellular ATP levels were assayed with a commercial luciferase-luciferin method, 

modified from the method described by Stanley and Williams [17]. The colorimetric assay 

was used according to manufacture's instructions (Sigma). ATP (Sigma) solution ranging 

from 10"9 to 10"1 moles was used as a reference. Hundred |al of luciferase-luciferin, 10 mg per 

ml, solution (LL) were used per cell sample. After background reading of the LL solution in 

black maxisorb 96 wells-plate (NUNC, Life Technologies), 50 \A of nucleotide extract were 

added and luminescence was detected with the HTS7000 Plus Bio Assay Reader (Perkin 

Elmer instruments, Boston, MA) using the HTSoft software. Cells incubated in normal 

culture medium (CM) were taken as the reference ATP concentration. ATP in treated cells 

was expressed as the percentage relative to this reference. 

Cell viability parameters 

After incubation, cells were harvested when necessary and washed thrice with Hepes 

buffer containing calcium (Hepes lOmM, NaCl 150mM, KC1 5mM, CaCL 1.8 mM and 

MgCL 1 mM, pH 7.4). Cells were then incubated with Annexin-V-FITC (Bender 

MedSystems, Vienna, Austria) in the same buffer for 30 minutes at 4°C in darkness. After 
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washing with Hepes buffer, cells were incubated in Hepes buffer containing propidium iodide 

(PI; Bender MedSystems) at a final concentration of 500 ng per ml. Results were analysed by 

flow cytometry in Cellquest acquisition program and analysed with WinMDI 2.8 program (J. 

Trotter, The Scripps Research Institute; La Jolla, CA). 

To assess their viability, cells were harvested with trypsin/EDTA (GibcoBRL) when 

necessary, washed with PBS and resuspended in 100 ul MTT (3-(4,5-dimethylthazol-2-yl)-

2,5-diphenyl tetrazolium bromide; SA Sopar Biochem, Brussels, Belgium), at 0.5 mg per ml 

in PBS. After incubation for 2 to 4 hours at 37°C, the reaction was stopped with isopropanol 

containing 0.04 N HC1, and the absorbance at 540 nm was measured. 

Caspase assay 

Caspase activity was measured using a fluorogenic substrate, Ac-DEVD-AMC (Alexis 

Biochemicals, Zandhoven, Belgium) according to a protocol adapted from others (18). 

Shortly, cells were harvested and washed once with ice-cold PBS and further incubated with 

50 (il lysis buffer (50 mM TRIS, 150 mM NaCl, 1%, w/v, NP-40, pH 8) and stored at -70°C 

until further use. Lysates were thawed at 37°C and cell debris removed by centrifugation at 

20,000g for 10 minutes. Thereafter, 40 p.1 lysate were incubated with fluorogenic substrate in 

80 %, v/v, Hepes buffer (20 mM Hepes, 132 mM NaCl) and 20%, v/v, glycerol containing 5 

mM dithiotriethol, pH 7.5. The final concentration of the substrate Ac-DEVD-AMC in this 

buffer was 50 nM. As a negative control, lysis buffer without cells was tested for caspase 

activity. The cleavage of 7-amino-4-methylcoumarin was then monitored with the HTS7000 

plate reader after excitation at 405 nm and emission at 465 nm at 37°C and the enzymatic 

activity expressed as relative fluorescence units (RFU) after 2h, as maximum fluorescence. 

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) multiple comparison 

test with Bonferroni correction were used to assess differences between groups. Correlation 

between parameters was assessed with Pearson's correlation analysis. A P-value <0.05 was 

considered to represent a significant difference or correlation. 
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Results 

Metabolic inhibition and cellular ATP depletion 

In order to block their cellular energy supply, cell lines or primary endothelial cells 

were incubated with metabolic inhibitors. In these experiments inhibitors of glycolysis, i.e. 

DOG, and of the mitochondrial ATP synthase (KCN, AntimycinA) were used alone or in 

combination. Subsequently, intracellular ATP levels were monitored with the luciferase-

luciferin colorimetric assay. Time kinetics was performed to select the appropriated time of 

incubation. A comparable ATP depletion was observed with either Jurkat or endothelial cell 

lines upon incubation with each inhibitor (not shown). This depletion reached a plateau after 2 

hours of incubation, which was used in the further experiments. As shown figure 1A, DOG 

induced a dose-dependent ATP depletion at concentrations from 2.5 mM to 50 mM in the 

Jurkat, ECRF24, EA.hy926 cell-lines as well as in primary HUVECs. However, the primary 

cells were about twice as sensitive as the cell lines to this metabolic inhibitor. For example, 

incubation with 10 mM DOG for 2 hours reduced intracellular ATP to 75 ± 8.7%, 65 ± 10.5% 

and 56 ± 7.6% of baseline levels in the Jurkat, ECRF24 and EA.hy926 cell-lines, respectively, 

versus 28 ± 6.3% in pHUVECs. After 2 hours incubation at a high concentration of DOG (50 

mM), intracellular ATP was reduced to about 20% of control values in all cell types (22 ± 

4.6%, 27 ± 5%, 22 ± 5.8% and 14 ± 6.5% m Jurkat, ECRF24, EA.hy926 and pHUVECs, 

respectively). 

When inhibitors of glycolysis (DOG 20 mM) and mitochondrial respiratory chain 

(KCN 10 or 20 mM) or antimycin A (10 or 20 îM) were used in combination we observed a 

more profound effect on ATP depletion than with DOG alone (Figure IB), whereas the 

inhibitors of the mitochondrial respiratory chain alone had less effect on ATP than DOG (not 

shown). High concentration of hydrogen peroxide (0.03%, v/v) were used to induce necrosis 

of the cells and led to a complete depletion of intracellular ATP as compared to controls in 

Jurkat, ECRF24, EA.hy926 and pHUVEC, respectively (0.3 ± 0.1%, 0.4 ± 0.2%, 0.2 ± 0.2% 

and 0.3 ± 0.3%). This strong effect of hydrogen peroxide on intracellular ATP levels likely 

reflected the increase of permeability of the cell membrane of the cells. As another control, 

cells were also incubated with the apoptotic agent etoposide (200 jiM) for 2 hours. No effect 

on the intracellular ATP was found with this drug incubated in normal culture medium (113 ± 

32%, 101 ± 30%, 107 ± 47% and 88 ± 26% for Jurkat, ECRF24, EA.hy926 and pHUVEC 

cells, respectively). 

144 



Jurk» , model for I/R 

150 

° 100 

Jurkat 

ECRF24 

EA.hy926 (n=4) 

- pHUVECs 

50 \ 

10 20 30 40 

DOG(mM) 

150 

50 50 

• Jurkat ns 

• ECRF24 

m EA.Hy926 

D pHUVECs 

A 

# # / 

£ffi £& 

o 

Figure 1: ATP depletion by metabolic inhibition in various cell types. (A) Jurkat, ECRF24 and EA.hy926 
cells as well as primary HUVECs were cultured for 2 hours in presence of 2-deoxy-glucose (DOG) 2.5 to 50 
mM. ATP levels of the cells were then measured with luciferase-luciferin assay. (B) ATP levels in cells 
incubated with 20 mM DOG and either 10 or 20 mM potassium cyanide (KCN), or 10 or 20 »M AntimycinA. 
Cells incubated with 0.03%, v/v, hydrogen peroxide (H202) or etoposide (200 uM) were also analysed. Results 
are mean ± standard deviation, 4<n<16. Data analysis with one-way ANOVA and Bonferroni multiple 
comparison test. ***p<0.001; **p<0.01; ns is non significant. 

Metabolic inhibition and cell viability 

Viability of cells exposed to metabolic inhibition either or not followed by incubation 

with normal culture medium to imitate reperfusion, was tested with the MTT assay as 

described in material and methods. Viability of cell lines after 2 hours of metabolic inhibition 

was hardly affected (less than 20% cell death) by any of the metabolic inhibitors used. Even 

exposure to combinations of inhibitors did not result in more cell death, except for the 

ECRF24 cell line which showed a substantial increased death rate when incubated with DOG 
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20 mM and antimycinA 10 uM (65 ± 7.5% cell survival compared to control conditions 

without metabolic inhibitor, p<0.001, figure 2A). A 2-hours incubation with hydrogen 

peroxide at a concentration of 0.03%, v/v, decreased significantly (p<0.001) viability in each 

cell type, as compared to cells incubated in culture medium, to 20 ± 5.5%, 15 ± 2%, 42 ± 

10.6% and 18 ± 0.9% in Jurkat, ECRF24, EA.hy926 and pHUVECs, respectively. In contrast, 

the apoptotic agent, ctoposide, incubated for 2 hours at a final concentration of 200 uM with 

either cell type, hardly induced cell death (cell survival 105 ± 19%, 85 ± 6.8%, 108 ± 9.2% 

and 91 ± 2.2% for Jurkat, ECRF24, EA.hy926 and pHUVECs, respectively, as compared to 

cells cultured under normal conditions). 

Ö • Jurkat D ECRF24 • EA.Hy926 D pHUVEC 
-E 150 

Figure 2: Cell viability in cells exposed to metabolic inhibition (A) or metabolic inhibition followed by 
incubation in normal culture medium (B). Jurkat (black bars), ECRF24 (striated bars) or EA.hy926 cells (grey 
bars) and pHUVECs (white bars) were incubated for 2 hours with metabolic inhibitors. Results (n = 4) are 
expressed as a percentage ± standard deviation of cell survival, where vital cells are set at 100%. (B) Same 
experiment as in A), except that after metabolic inhibition, cells were incubated with normal culture medium for 
16 hours to imitate reperfusion-like conditions. Data analysis with one-way ANOVA and Bonferroni multiple 
comparison test. ***p<0.001; **p<0.01; *p<0.05. 

To imitate ischemia-reperfusion conditions, cells were incubated for 2 hours with 

various types and concentrations of metabolic inhibitors followed by a 16 hours incubation 

with normal medium. As depicted in figure 2B, "reperfusion" of Jurkat cells for 16 hours 
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induced substantial additional loss in cell viability. For example, 2 hours incubation with 20 

mM DOG alone or in combination with 10 uM antimycinA followed by reperfusion induced a 

loss of viability from 62 ± 7.9% to 12 ± 4.8%, respectively, when compared to the cells pre-

incubated and reperfused with normal culture medium. The viability of endothelial cell line 

ECRF24 and primary endothelial cells was affected to a similar degree by metabolic 

inhibitors, e.g. with DOG 20 mM, 69 ± 2.1% and 81 ± 2% cell survival, respectively, 

compared to incubation with normal culture medium alone. 
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Figure 3: Flow cytometric detection of viability of cells incubated with metabolic inhibitors. Jurkat cells (A) 
or ECRF24 cells (B) were incubated for 2 hours in either culture medium (CM) or CM containing 20 or 10 mM 
DOG, 20 mM DOG and lOuM AntimycinA, 0.03% H202, or etoposide 200uM. Cells were then labelled with 
AnnexinV-FITC (AV-FITC, FL1) and propidium iodide (PI, FL2). The data plots of 10000 cells depicted here 
are representative of all performed experiments. 
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However, the combination of DOG 20 mM and antimycinA 10 uM did not decrease 

cell viability significantly when compared to pre-incubation with DOG 20 mM alone, 65 ± 

15.6% and 67 ± 17.8% for ECRF24 and pHUVEC, respectively. The other endothelial cell 

line, EA.hy926, was hardly affected by ischemia induced by any of the metabolic inhibitors 

followed by reperfusion (e.g. 95 ± 6.4% cell viability after DOG 20 mM and antimycinA 10 

uM pre-incubation). 
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Figure 4: Flow cytometric detection of viability of cells incubated with metabolic inhibitors followed by 
incubation in normal culture medium. Same experiment as in figure 3 except that cells after incubation with 
metabolic inhibitors, were incubated for 16 hours in fresh culture medium. Cells were labelled with AnnexinV-
FITC (AV-FITC) and propidium iodide (PI). The data plots of 10000 cells depicted here are representative of all 
performed experiments. 
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Similarly, a 2 hours incubation with the apoptotic agent etoposide followed by a 16 

hours incubation with normal medium reduced cell viability of Jurkat cells (22 ± 7.9% of 

control) more than that of ECRF24 or pHUVECs (69 ± 11.3% and 71 ± 10.6% of control), 

whereas this treatment had hardly an effect on viability of EA.hy926 (102 ± 5.7% of control). 

Pre-incubation with the oxidant H2O2 0.03%, v/v, for 2 hours followed by 16 hours 

reperfusion yielded similar results with each cell type regarding cell viability as incubation for 

2 hours without reperfusion. Thus, viability upon a 2 hours incubation with this agent 

followed by a 16 hours incubation with normal medium was minimal with each cell type, i.e., 

10 ± 3.6%, 23 ± 5.5%, 9 ± 0.3% and 14 ± 0.8% cell survival for Jurkat, ECRF24, EA.hy926 

and pHUVEC, respectively). This was in line with the observed severe ATP depletion 

induced by a 2 hours incubation with H2O2 (figure IB), which indicated that most cells had 

died under these conditions. 

A qualitative analysis of cell viability was also performed using flow cytometry and 

double staining with AnnexinV-FITC (FL1) which detects membrane flip-flop, and 

propidium iodide (PI; FL2) which indicates membrane permeability. Vital cells remained 

double negative while dying cells became positive for either or both markers. Jurkat (figure 

3A) and ECRF24 cells (figure 3B) exposed for 2 hours to culture medium with or without 

metabolic inhibitors or etoposide, hardly stained positive for either of these markers. 

However, 2 hours incubation with hydrogen peroxide 0.03%, v/v, induced membrane 

permeability in about 80% and 55% of Jurkat and ECRF24 cells, respectively. 

Reperfusion in normal culture medium for 16 hours after 2 hours pre-incubation in 

various buffers increased the number of cells staining with AnnexinV-FITC alone, or with 

Annexin V-FITC as well as PI (figure 4), illustrating the increased loss of cell viability due to 

apoptosis, upon reperfusion. Cell survival measured by either quantitative (MTT assay) or 

qualitative tests (FACS) yielded similar results as the comparison gave a good correlation for 

either Jurkat (2h: r=0.99 pO.0001 and 2h incubation; 16h reperfusion: r=0.97 p=0.001) or 

ECRF24 cells (2h: r=0.90 p=0.01 and 2h incubation; 16h reperfusion: r=0.9 p=0.02). 

In order to confirm that the cell death pathway induced by metabolic inhibition was 

apoptosis rather than necrosis due to ATP depletion, we investigated whether caspases were 

activated in the cells submitted to a metabolic inhibitor either or not followed by incubation 

with normal medium. Cells incubated with the known apoptotic drug, etoposide, were used as 

a positive control. This test was performed with the Jurkat cell line only because of technical 

reasons, i.e. the need for a large quantity of non-adherent cells to prepare a lysate. A 

fluorogenic assay was performed in which caspase substrate conversion was measured and the 
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basal caspase conversion obtained when cells were incubated with normal culture medium 

was set at 100%. As depicted figure 5, after 2 hours incubation, only cells exposed to 200 *M 

etoposide, showed caspase activity (228 ± 43%, p<0.001). None of the other agents induced 

caspase activity during a 2 hours incubation. Notably, also H2O2 at 0.03%, v/v, did not induce 

caspase activity (145 ± 43%, ns), in spite of strongly reduced cell viability (20%, figure 3A). 

This result in combination with enhanced cell permeability (figure 3) and severe ATP 

depletion (figure IB), indicated that the H2O2 incubation had induced necrosis in most of the 

cells. 
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Figure 5: Induction of caspase activity in Jurkat cells upon exposure to metabolic inhibitors either or not 
followed by culture in normal medium. Jurkat cells, exposed to various conditions as indicated in the figure, 
and lysed. Caspase activity in the lysates was measured with 7-amino-4-methylcoumarin as a substrate. The 
detected fluorescence was expressed as a percentage of converted substrate in control lysate, i.e. cells incubated 
in culture medium, which was set at 100%. Results represent the mean ± standard deviation of n=4. Data 
analysis with one-way ANOVA and Bonferroni multiple comparison test. ***p<0.001; **p<0.01; *p<0.05. 

When cells were pre-incubated for 2 hours with DOG 10 or 20 mM or DOG 20 mM in 

presence of AntimycinA 10 uM, followed by 16 hours incubation in normal culture medium, 

caspase activity increased significantly when compared to control cells incubated in culture 

medium alone, 295 ± 84%, p<0.01, 324 ± 15%, p<0.05 and 556 ± 99%, pO.001, 

respectively. Moreover, while there was no caspase activity with H2O2 0.03%, v/v, etoposide 

incubation for 2 hours followed by 16 hours incubation in normal culture medium was 

sufficient to induce apoptosis in cells yielding a caspase activity of 828 ± 142%, p<0.001. 
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Discussion 

In this study, we confirm earlier results showing that metabolic inhibition can induce 

apoptosis by partial intracellular ATP depletion when followed by oxidative stress, mimicked 

in our model by incubation with normal medium [10-13; 19]. Our study adds to these reports 

that primary human endothelial cells are somewhat more sensitive to metabolic inhibition 

than endothelial cell lines, and that Jurkat cells, which are very convenient to culture because 

they do not adhere and grow fast, reacted in a similar fashion to metabolic inhibitors as the 

endothelial cell lines. 

A substantial decrease of ATP hardly led to cell death after a single incubation 

procedure with metabolic inhibitors. E.g. 80% ATP depletion with DOG 20 mM and 

AntimycinA 10 uM induced death in 20 to 40% of the cells after 2 hours incubation. 

However, when cells were reperfused after metabolic inhibition by replacement of the 

medium with normal fresh culture medium, there was a significant increase in cell death. 

Various concentrations and combinations of metabolic inhibitors depleting 40 to 80% of 

initial ATP, when combined with reperfusion, induced apoptosis, affecting the cells to a 

variable degree which in part depended on the degree of ATP depletion. This is in accordance 

with the findings from Lelli et al. [13] that metabolic inhibition itself is not sufficient to 

induce significant cell death and that oxidation by H2O2, or in our case by reperfusion, is 

required. 

Jurkat cells, which were as sensitive as ECRF24 cells regarding intracellular ATP 

depletion by metabolic inhibitors, were more inclined to apoptosis than the endothelial cell 

lines exposed to similar conditions (Figure 2B). One explanation for this difference may be 

that in general adherent cells are somewhat more resistant to hydrogen peroxide than cells in 

suspension [13]. However, one could also speculate that endothelial cells are more adapted to 

resist the oxidative stress generated from the metabolic inhibition and reperfusion than 

lymphocytes [20;21]. 

We are not aware of a study directly comparing primary endothelial cells with 

endothelial cell lines regarding sensitivity for metabolic inhibition and tendency to go into 

apoptosis upon challenge with ischemia and reperfusion-like conditions. Although the 

primary cells had less energy resources than the cell lines after incubation with similar 

concentration of metabolic inhibitors, they showed a higher resistance to ATP depletion since 

the observed viability of these cells was similar to that of the endothelial cell lines exposed to 

metabolic inhibition and reperfusion (figures 1 & 2). We have no molecular explanation for 
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these differences between primary endothelial cells and endothelial cell lines. However, these 

data should be kept in mind when results with endothelial cell lines are extrapolated to 

primary endothelial cells. 

In agreement with Lelli et al. [13] we observed that a high concentration of hydrogen 

peroxide (5 mM in the study by Lelli et al., 8.8 mM in our study) induced a complete 

depletion of intracellular ATP, and extensive cell death independent of exposure to 

reperfusion-like conditions. These phenomena reflected necrosis of the cells. Indeed, caspase 

activity was hardly generated in the cells exposed to hydrogen peroxide (figure 5). In contrast, 

cell death induced by metabolic inhibition was greatly enhanced by reperfusion and 

associated with the generation of intracellular caspase activity. Moreover, cell viability was 

inversely correlated with caspase activity in cells incubated with metabolic inhibitors (r=-0.88 

p=0.046). Thus, together these results indicated that the majority of the cells that die from 

metabolic inhibition followed by reperfusion, die from apoptosis rather then necrosis. 

Apoptosis indeed is a major cause of cell death in ischemia-reperfusion in vivo. Recent 

animal studies show beneficial effects on heart function after reperfusion in the presence of 

apoptotic inhibitors [22;23]. Clinical studies are currently underway for anti-apoptotic therapy 

transposition to human [24]. 

In conclusion, we show that Jurkat cells, primary endothelial cells and endothelial cell 

lines respond to metabolic inhibition and reperfusion-like conditions in a similar way, though 

the concentration of metabolic inhibitors needed to induce a given effect may vary somewhat 

for each cell type. Moreover, cell death as a consequence of exposure to metabolic inhibition 

and reperfusion, mainly involves apoptosis. 
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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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Jltgemene discussie 

Complement in ontsteking 

Complement is onderdeel van het aangeboren immuunsysteem en draagt bij aan de 

verdediging tegen pathogenen. Complement heeft echter ook andere eigenschappen, zoals het 

opruimen van apoptotische cellen en -cellichamen. Studies in knockout diermodellen hebben 

een cruciale rol van complement activatie aangetoond in verschillende ontstekingsziekten. Het 

is nu duidelijk dat onder pathologische condities het complement systeem bijdraagt aan de 

pathogenese van ontstekingsziekten zoals reumatoide arthritis (RA), glomerulonefritis en 

ichemie/reperfusie (I/R) schade. Complement activatie kan dus zowel voordelig als schadelijk 

zijn voor de mens. Het doorgronden van de activatiemechanismen kan helpen bij het 

voorkomen van de nadelige effecten terwijl de beschermende functie behouden blijft. 

Complement en celdood 

Het complement systeem speelt een rol bij het opruimen van apoptotische cellen door 

directe of indirecte binding van complement eiwitten aan apoptotische celoppervlakken. Op 

deze manier worden apoptotische cellen beter herkend door macrofagen die complement 

receptoren tot expressie brengen. In vivo wordt ontsteking voorkomen door snelle klaring van 

apoptotische cellen door naastliggende cellen. Een defect in deze klaringsmechanismen of 

overbelasting door hoge aantallen apoptotische cellen kunnen echter leiden tot persistentie 

van cellen in een later stadium van apoptose. Deze cellen verliezen uiteindelijk hun 

membraanintegriteit en veroorzaken zo ontsteking, net als necrotische cellen. In vitro proeven 

met apoptotische cellen in aanwezigheid van plasma hebben uitgewezen dat verscheidene 

complement adaptor moleculen en geactiveerde complement eiwitten specifiek binden aan 

laat-apoptotische cellen, terwijl ze niet binden aan vroeg-apoptotische of vitale cellen 

(hoofdstuk 3). Complement adaptor moleculen die aan apoptotische cellen binden zijn de 

immunoglobulines M en G en de pentraxines C-reactief proteine (CRP) en serum amyloid 

component P (SAP). Van deze moleculen correleerde binding van IgM antilichamen het best 

met de binding van complement eiwitten aan apoptotische cellen. Dit suggereert een 

belangrijke rol van IgM in complement activatie door laat-apoptotische cellen. Hoewel Clq 

niet werd gedetecteerd op apoptotische cellen, bleek de klassieke complement activatieroute 

de voornaamste route van activatie wanneer de cellen werden geïncubeerd met plasma. 

Complement binding aan apoptotische cellen werd namelijk compleet geremd door co-

incubatie met een blokkerend antilichaam tegen Clq. Dat Clq of Cl niet gedetecteerd 
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werden, komt waarschijnlijk door een lage affiniteit van het Cl-complex voor zijn ligand. Een 

belangrijke rol voor IgM werd verder ondersteund door de observatie dat plasma, dat 

gedepleteerd was voor dit immunoglobuline, complement activatie reduceerde tot minder dan 

20% vergeleken met activatie in de aanwezigheid van IgM. Toevoeging van gezuiverd IgM 

aan het gedepleteerde plasma herstelde complement activatie en depositie op de apoptotische 

cellen. Het verschil tussen de effecten van IgM depletie en inhibitie van Clq activiteit duidt 

aan dat naast IgM ook andere adaptor moleculen, of directe binding van Clq, bijdragen aan 

complement activatie door apoptotische cellen. Hoewel in normaal plasma IgM binding het 

voornaamste mechanisme zou kunnen zijn voor complement activatie door apoptotische 

cellen, zouden tijdens een acute fase reactie andere adaptor moleculen van belang kunnen 

zijn, met name CRP (in de mens) of SAP (in knaagdieren). 

Binding van plasma eiwitten aan apoptotische cellen kan het resultaat zijn van de 

expositie van nieuwe bindingsplaatsen op het celmembraan, maar ook van de 

toegankelijkheid van het intracellulaire milieu nadat het membraan permeabel is geworden. In 

het eerste geval worden phosphatidyl-serine of phosphatidyl-ethanolamine geëxposeerd in de 

buitenste laag van het celmembraan als gevolg van de zogenaamde membraan flip-flop 

(uitwisseling van phospholipiden tussen de binnenste en buitenste laag van het membraan, 

welke bijvoorbeeld optreedt tijdens apoptose). Dit geeft nieuwe bindingsplaatsen voor adaptor 

moleculen, zoals bijvoorbeeld SAP. Oxidatie of hydrolyse van het geflip-flopte membraan 

door intra- of extracellulaire phospholipases levert additionele bindingsplaatsen voor plasma 

eiwitten als IgM en CRP, doordat deze adaptor moleculen nu toegang hebben tot de 

phosphocholine kopgroepen van phosphatidylcholine die normaliter ontoegankelijk zijn 

vanwege een dichte hydrofobe verpakking van deze phospholipiden. Hoofdstuk 5 beschrijft 

dat de adaptor moleculen IgM, CRP en SAP inderdaad kunnen binden aan nieuw 

geëxposeerde phospholipiden op apoptotische cellen. Met verschillende affiniteiten en 

afhankelijk van hun plasma concentratie kunnen ze met elkaar competeren om deze 

bindingsplaatsen. Verder was IgM binding niet beperkt tot phospholipide kopgroepen; 

inhibitieproeven met phosphomonoesters resulteerden namelijk in incomplete inhibitie van 

IgM binding aan de cellen. De specificiteit van het andere IgM is nog onbekend en zal verder 

onderzocht worden. 

Wat betreft de binding van adaptor moleculen en complement activatieproducten aan 

de cellen, was er geen detecteerbaar verschil tussen laat-apoptotische en necrotische cellen. 

Dit impliceert dat deze cellen evenredig in staat zijn om complement activatie te induceren en 

pro-inflammatoire complement peptides (zoals de anaphylatoxines C4a, C3a en C5a) te 
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genereren. Deze conclusie werd ondersteund door de bevinding dat na incubatie met 

gerecalcificeerd plasma, beide celtypen een vergelijkbare hoeveelheid complement activatie 

producten (zoals het membraan attack complex) induceerden in de vloeibare fase. (hoofdstuk 

4). We kunnen uit deze experimenten dus concluderen dat in geval van vertraagde klaring, 

persistentie van apoptotische cellen in het weefsel zal leiden tot binding van IgM 

antilichamen en andere adaptor moleculen aan de cellen die vervolgens het complement 

systeem activeren en ontsteking veroorzaken. Wat dit betreft lijken laat-apoptotische cellen en 

necrotische cellen op elkaar, omdat ze vergelijkbare pro-inflammatoire eigenschappen 

hebben. 

Complement in ichemie-reperfusie schade 

Ischemie komt voor in veel voorkomende klinische problemen zoals bijvoorbeeld 

myocard infarct, beroerte, transplantatie en vaatchirurgie. Een logische behandeling van deze 

aandoeningen is reperfusie, maar tegen de verwachting in vergroot reperfusie de 

weefselschade in plaats van deze te verbeteren, vooral bij lange en ernstige ischemie. Dit 

ongunstige effect van reperfusie therapie wordt veroorzaakt door de ontketening van 

ontstekingsreacties. Zoals al lang gedacht, speelt complement inderdaad een belangrijke rol in 

I/R geïnduceerde ontsteking. Hoewel de rol van complement in diermodellen duidelijk is 

aangetoond, is er nog steeds discussie over het activatiemechanisme. Ook in de mens komt er 

steeds meer bewijs voor de rol van het complementsysteem in I/R schade en 

complementremmers worden momenteel onderzocht om klinische I/R schade te reduceren. In 

hoofdstuk 2 worden diverse mechanismen van complement activatie besproken zoals die 

beschreven zijn in de literatuur. Afhankelijk van het ischemie model dat bestudeerd wordt, 

worden verschillende activatie mechanismen beschreven. Van alledrie de complement 

activatie routes namelijk de klassieke, de mannaan bindend lectine en de alternatieve route 

wordt gesuggereerd dat ze een rol spelen. 

Omdat apoptose vaak geïnduceerd wordt in weefsels die hebben bloot gestaan aan I/R 

schade, suggereren de bovenstaande in vitro studies dat in ischemisch weefsel natuurlijke IgM 

antilichamen ook complement activatie kunnen mediëren via de klassieke route, dit wordt 

bevestigd door experimenten in muizen. Wij hebben deze hypothese onderzocht door te 

bestuderen of IgM betrokken is bij acute myocard infarct (hoofdstukken 7 en 8). In 

weefselmonsters van geïnfarcteerd myocardium is IgM depositie aangetoond. Deze IgM 

deposities bleven beperkt tot het geïnfarcteerde myocardium en kwamen niet voor in het niet-

ischemische weefsel. Bovendien colocaliseerde IgM met CRP en geactiveerde complement 
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eiwitten. Dit suggereert dat zowel IgM als CRP complement activeren na een infarct en op 

deze manier bijdragen aan het ontstekingsproces. Of deze activatie ook bijdraagt aan de 

grootte van het infarct is niet duidelijk, maar voorlopige resultaten in patiënten laten zien dat 

dit mogelijk is. 

De membraan localisatie van zowel de IgM anti l ichamen als CRP suggereren dat ook 

in vivo neo-epitopen geëxposeerd worden door modificatie van phospholipiden na hydrolyse 

door bijvoorbeeld PLA2. Hier kunnen adaptor moleculen aan binden en vervolgens 

complement activeren. Phosphorylcholine is een van de CRP liganden en ook IgM 

antilichamen tegen deze chemische stof zijn al eerder beschreven. We hebben een ELISA 

ontwikkeld om de rol van dit IgM (anti-PCh) in I/R schade te bestuderen (hoofdstuk 6) en 

deze test bleek specifiek te zijn. Variabele hoeveelheden anti-PCh IgM werden gevonden in 

gezonde vrijwilligers. Verder vertoonden patiënten met tumoren een significante afname in 

circulerende anti-PCh IgM gehaltes na behandeling met T N F a . Dit komt waarschijnlijk 

doordat deze behandeling apoptose induceert in de tumorcellen wat resulteert in membraan 

flip-flop. Specifieke anti-PCh IgM antilichamen waren gebonden aan het geëxposeerde 

phosphorylcholine. 

Er is IgM gevonden met onbekende specificiteit in het ischemische myocardium van 

patiënten met AMI. De hypothese kan worden aangenomen dat dit IgM tegen phospholipiden 

en/of PCh is gericht. O m deze hypothese te testen, zijn anti PCh IgM gehaltes en IgM binding 

aan apoptotische cellen gemeten in plasmamonsters van A M I patiënten. Deze waarden zijn 

gerelateerd aan ontstekingsmediatoren en myocardiale schade, gemeten met cardiale markers 

of electrocardiografie. Hoewel circulerend IgM tegen apoptotische cellen niet correleerde met 

ontstekingsmediatoren of parameters die de grootte van het myocard infarct reflecteren, 

correleerde anti-PCh IgM wel met sPLA2 gehaltes en infarct grootte, gemeten met 

electrocardiografie (hoofdstuk 8). Deze resultaten ondersteunen de hypothese dat anti-PCh 

IgM betrokken is bij de lokale ontstekingsrespons in ischemisch myocardium tijdens een 

infarct. 

Als een alternatief voor dierproeven en als onderzoeksmethode om de moleculaire 

mechanismen van I/R schade te bestuderen, hebben we een in vitro model opgezet. In dit 

model werden cellen voor een bepaalde tijd gekweekt met metabole remmers ("ischemie") 

waarna ze verder gekweekt werden in normaal medium ("reperfusie"). Hoofdstuk 9 beschrijft 

dat in dit model "I /R" leidt tot celdood door apoptosis, afhankelijk van de intensiteit van de 

ischemie. Het is beschreven dat een tekort aan cellulair ATP, gevolgd door oxidatieve stress, 

apoptose of necrose induceert afhankelijk van de A T P afname. In ons model reperfusie blijkt 
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ook belangrijk te zijn voor de inductie van apoptose. Metabole inhibitie alleen veroorzaakt 

namelijk nauwelijks deze vorm van celdood. in overeenstemming met de resultaten van 

anderen. In het in vitro model dat beschreven is in hoofdstuk 9, bleek dat endotheelcellen 

hetzelfde reageerden als Jurkat cellen. Daarom concluderen wij dat apoptotische cellen een 

alternatief model weergeven om moleculaire mechanismen te bestuderen die geïnduceerd zijn 

door veranderingen in het membraan tijdens I/R schade. Dit impliceert dat onze resultaten met 

apoptotische cellen beschreven in de voorgaande hoofdstukken tot zekere hoogte 

doorgetrokken kunnen worden naar I/R condities. 

Conclusies 

In dit proefschrift beschrijven we dat klassieke complement activatie via IgM 

antilichamen een belangrijke rol speelt in de ontwikkeling van ontsteking geïnduceerd door 

beschadigde cellen, met name apoptotische, necrotische en waarschijnlijk ook ischemische 

cellen. Geoxideerde of gehydrolyseerde phospholipiden zoals phosphatidylcholine zijn 

mogelijke kandidaten voor IgM binding. In het bijzonder speelt IgM met deze specificiteit 

waarschijnlijk ook een belangrijke rol in atherosclerose en de herkenning van geoxideerd 

LDL. Desondanks, wijzen onze experimenten ook uit dat een deel van de IgM binding aan 

beschadigde cellen tegen andere epitopen gericht is dan de chemische groepen van 

phospholipiden. Verdere studies moeten meer duidelijkheid geven over de specificiteit van dit 

IgM. Vooral phospholipiden en/of membraan eiwitten die gemodificeerd zijn door 

zuurstofradicalen kunnen apoptotische cellen zo modificeren dat deze IgM antilichamen 

geadsorbeerd worden. Deze en andere studies kunnen helpen de moleculaire mechanismen 

van I/R schade verder te ontrafelen, wat uiteindelijk zou kunnen leiden tot de ontwikkeling 

van specifieke en effectieve interventie therapie voor deze aandoening. 
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Complément et inflammation 

Le complément en tant qu'acteur du système immunitaire inné a un röle dans la 

defense contre les pathogènes. Cependant, il peut prendre part a d'autres fonctions telles que 

1'élimination des cellules et corps apoptotiques. Des études animales ont fait la preuve de 

rimportance de 1'activation du complément dans plusieurs maladies inflammatoires et il est a 

présent clair que dans certaines conditions pathologiques, le complément participe au 

développement de 1'inflammation, comme dans 1'arthrose rhumatisante, la glomérulonéphrite 

et 1'ischémie et la reperfusion. L'activation du complément peut done être a la fois 

avantageuse ou detrimental chez 1'homme. La comprehension de ses mécanismes 

d'activation pourrait aider a prévenir les effets néfastes tout en conservant ses fonctions et son 

röle de protection. 

Complément et mort cellulaire 

Le système du complément prend part a 1'élimination des cellules apoptotiques en se liant de 

facon directe ou indirecte sur les surfaces apoptotiques facilitant ainsi la reconnaissance par 

les macrophages qui arborent des récepteurs du complément a leur surface. 

In vivo, 1'élimination rapide des cellules apoptotiques par les cellules avoisinantes 

préviennent l'inflammation mais lors de défaillance ou de saturation du système, 

1'accumulation de cellules apoptotiques a un stade avance de 1'apoptose, peut induire 

l'inflammation car ces cellules, comme les nécrotiques, libèrent leur contenu. 

In vitro, les cellules apoptotiques incubées en presence de plasma ont montré que les 

molecules "adaptatrices" ainsi que les protéines activées du complément se lient 

spécifiquement aux cellules a un stade avance de 1'apoptose et non pas aux cellules vitales ou 

a un stade apoptotique primaire (chapitre 3). Parmi les molecules adaptatrices du complément, 

les immunoglobulines M et G, et les pentraxines, protéine C-réactive (CRP) et le composant P 

de 1'amylose (SAP) ont été détecté. Parmi ces dernières, la liaison des anticorps IgM aux 

cellules apoptotiques corrélait de loin le mieux avec la liaison des protéines du complément, 

suggérant le röle preponderant des anticorps IgM dans l'activation du complément par ces 

mêmes cellules apoptotiques dites tardives. Bien que Clq n'ait pas été détecté sur les cellules 

apoptotiques, l'activation classique du complément par les cellules apoptotiques ne fait aucun 

doute dès lors que la co-incubation du plasma avec un anticorps bloqueur de l'activation de 
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Clq abrogeait complètement la fixation des proteïnes du complément aux cellules 

apoptotiques. Le défaut de detection de Clq ou Cl peut être du a une faible affinité du 

complexe Cl pour son ligand. Le röle preponderant des anticorps IgM a été confirmé par la 

perte de prés de 80 % de 1'activation du complément lors de la depletion de ces anticorps dans 

le plasma, par rapport au plasma total. La complementation avec des anticorps purifies du 

plasma déficitaire en IgM a permis un rétablissement total de 1'activation et de la deposition 

du complément sur les cellules apoptotiques. La decrementation entre 1'inhibition du 

complément par blocage de Clq et la depletion des anticorps IgM sur 1'activation du 

complément indique qu'il existe tres probablement d'autres mécanismes activateurs faisant 

appel a 1'activation classique du complément. Si les anticorps IgM prédominent 1'activation 

du complément par les cellules apoptotiques dans un plasma normal, lors d'une reaction 

aigue, d'autres molecules adaptatrices, notamment CRP (chez l'Homme) ou SAP (chez les 

rongeurs) peuvent avoir une importance accrue. 

Les propriétés de liaison des protéines plasmatiques aux cellules apoptotiques peuvent 

être dües a 1'exposition de nouveaux epitopes sur la membrane cellulaire mais aussi a 

1'accessibilité du milieu intra membranaire après la perméabilisation de la membrane. Le 

phénomène appelé flip-flop, constitué d'un échange aléatoire des phospholipides entre les 2 

feuillets membranaires, apparaït par exemple lors de 1'apoptose et permet 1'exposition de 

phosphatidyl-serine ou de phosphatidyl-éthanolamine sur le feuillet extérieur de la membrane 

cellulaire exposant ainsi de nouveaux epitopes pour la liaison de molecules adaptatrices telles 

que SAP. L'oxydation ou 1'hydrolyse de certaines protéines membranaires par des 

phospholipases intra- ou extracellulaires présentent des sites additionnels pour la liaison de 

protéines plasmatiques telles que les anticorps IgM et CRP. En effet, ces dernières molecules 

ont un acces facilité au groupe phosphocholine des molecules de phosphatidylcholine qui 

sont en general inaccessibles dü a la liaison tres hydrophobe entre ces phospholipides. Le 

chapitre 5 rapporte que les molecules adaptatrices, IgM, CRP et SAP, peuvent en effet se lier 

avec des affinités différentes aux phospholipides nouvellement exposes sur les cellules 

apoptotiques et dépendamment de leur concentration plasmatique peuvent entrer en 

competition pour la liaison a ces sites. De plus, la liaison des anticorps IgM n'est pas limitée 

aux seuls phospholipides dès lors que les experiences d'inhibition réalisées avec des phospho-

monoesters ont révélé une inhibition incomplete de la liaison des anticorps IgM aux cellules. 

Les autres spécificités des IgM ne sont actuellement pas connues et devront faire Lobjet de 

nouvelles investigations. 
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Quant a la liaison des molecules adaptatrices et des produits d'activation du 

complément aux cellules, aucune difference n'a pu être détecté entre les cellules apoptotiques 

tardives et les cellules nécrotiques, suggérant une capacité egale a induire 1'activation du 

complément et la generation de peptides pro inflammatoires du complément telles que les 

anaphylatoxines C4a, C3a et C5a. Les deux types cellulaires, nécrotique et apoptotique 

tardive, induisent des quantités similaires de produits d'activation du complément en phase 

fluide, tel que Ie complexe d'attaque membranaire, en presence de plasma, ce qui renforce 

cette première conclusion (Chapitre 4). 

En conclusion, ces experiences suggèrent qu'en cas d'élimination retardée ou de 

persistance des cellules apoptotiques dans les tissus, les anticorps IgM et d'autres molecules 

adaptatrices se lieront a ces cellules, pourront activer Ie système du complément et induire une 

inflammation. Les cellules apoptotiques tardives et les cellules nécrotiques ont done des 

similitudes puisqu'elles ont toutes les deux des propriétés pro inflammatoires. 

Le complément dans les dommages de l'ischémie-reperfusion (I/R). 

L'ischémie apparaït dans de nombreuses manifestations cliniques parmi lesquelles 

1'infarctus du myocarde, 1'hémorragie cerebrale, la transplantation et les chirurgies 

vasculaires. Un traitement privilegie et logique en de pareils cas est la reperfusion mais de 

facon inattendue, dans les cas particuliers d'ischémie severe, la reperfusion augmente les 

dommages aux tissus plutöt qu'une amelioration. Cet effet adverse de la therapie de 

reperfusion est dü au déclenchement de 1'inflammation. Le complément a longtemps été 

suspecte de jouer un röle important dans 1'inflammation induite par I/R, ce qui s'est en effet 

révélé exact. Bien que le röle du complément dans les modèles animaux de I/R soit 

unanimement reconnu, le mécanisme d'activation est encore débattu. Chez 1'Homme aussi le 

röle du complément se révèle, notamment grace aux inhibiteurs du complément qui 

améliorent les résultats cliniques de 1'I/R. Au chapitre 2, les différents mécanismes de 

1'activation du complément décrits dans la littérature sont discutés. Dépendamment du modèle 

ischémique étudié, les mécanismes de 1'activation du complément différent. En effet, les trois 

voies de 1'activation i.e. la classique, la lectine et 1'alterne ont été impliquées. 

Etant donné que 1'apoptose est fréquemment induite dans les cellules des tissus 

exposes aux dommages de 1'I/R, les études in vitro décrites ci-dessus suggèrent que dans les 

tissus ischémiques, les anticorps naturels IgM pourraient aussi activer le complément via une 

activation classique. Des observations chez les souris supportent en effet cette theorie. 

L'étude de 1'implication des anticorps IgM chez des patients souffrant d'un infarctus du 
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myocarde nous a permis de tester cette hypothese (chapitres 7 et 8). La deposition des 

anticorps IgM a été observe sur des tissus cardiaques ayant subit un infarctus. La deposition 

était limitée aux seuls tissus ischémiques et n'était pas observée sur les tissus environnants. 

De plus, les anticorps IgM étaient co-localisés avec CRP et les protéines activées du 

complément, suggérant que les IgM de la même facon que CRP, activent Ie complément après 

un infarctus participant ainsi au processus d'inflammation. Il reste a determiner si cette 

activation contribue a la taille de 1'infarctus, et déja, des études préliminaires effectuées chez 

1'Homme Ie suggèrent. 

La localisation membranaire des anticorps IgM et CRP suggérait que in vivo aussi des 

modifications des phospholipides, par exemple après hydrolyse avec PLA2, pouvait révéler de 

nouveaux epitopes auxquels les molecules adaptatrices pouvaient se lier et activer Ie 

complément. La phosphorylcholine compte parmi les ligands de CRP. De plus, des anticorps 

IgM ayant une spécificité pour eet element chimique ont été décrits par Ie passé. Pour établir 

Ie role de ces IgM (anti-PCh) dans les affections de 1'I/R, nous avons développé un test 

ELISA (chapitre 6) qui s'est avéré être spécifique. Des quantités variables d'anticorps IgM 

anti-PCh ont été détectées chez des donneurs sains. De plus, les patients ayant des tumeurs 

traitées avec TNFa ont montré une diminution significative des anticorps IgM anti-PCh 

circulants. Ce traitement induit 1'apoptose des cellules tumorales et par conséquent Ie flip-flop 

de leur membrane, suivi de 1'exposition de la phosphorylcholine, permettant ainsi aux 

anticorps IgM anti-PCh de se lier. 

Tel qu'il est décrit dans Ie paragraphe precedent, des anticorps IgM de spécificité 

inconnue sont détectés dans Ie myocarde ischémique des patients souffrant d'un infarctus. On 

peut done émettre 1'hypothèse que eet IgM est dirigé contre les phospholipides et/ou PCh. 

Pour tester cette hypothese, les niveaux plasmatiques des IgM anti-PCh et les anticorps IgM 

se liant aux cellules apoptotiques ont été mesure chez des patients souffrants d'un infarctus et 

ont été compare aux niveaux plasmatiques des médiateurs de 1'inflammation et des dommages 

cardiaques (marqueurs cardiaques circulants et électrocardiographes). Bien que les IgM 

circulants dirigés contre les cellules apoptotiques ne corrélaient ni avec les médiateurs de 

rinflammation ni avec les paramètres reflétant la taille de 1'infarctus, les anticorps IgM anti-

PCh corrélaient avec les niveaux de sPLA2 et avec la taille de 1'infarctus determine par 

electrocardiographic (chapitre 8). Ces données supportent 1'hypothèse que les anticorps IgM 

anti-PCh sont impliqués dans la réponse inflammatoire locale du myocarde ischémique durant 

1'infarctus. 
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Pour fournir une alternative a 1'experimentation animale et un outil d'investigation des 

mécanismes moléculaires des dommages causes par 1'ischémie et la reperfusion, nous 

souhaitions développer un modèle in vitro. Dans ce modèle, les cellules étaient cultivées avec 

des inhibiteurs métaboliques pendant un certain temps (« ischémie ») puis cultivées a nouveau 

dans un milieu normal (« reperfusion »). Le chapitre 9 rapporte que dans ce modèle, I/R 

induit la mort cellulaire par apoptose dépendamment de 1'intensité de 1'insulte ischémique. 

D'autres ont trouvé que la deprivation de 1'ATP cellulaire suivi d'un stress oxydatif induit 

1'apoptose ou la nécrose selon le niveau d'ATP résiduel. En ligne avec ces études, notre 

modèle requiert la reperfusion pour induire 1'apoptose puisque la seule inhibition métabolique 

induisait difficilement cette forme de mort cellulaire. Dans le modèle in vitro décrit chapitre 

9, les cellules endothelials et Jurkat réagissaient de facon similaire aux insultes. Par 

conséquent, les cellules apoptotiques peuvent représenter une alternative a 1'étude des 

mécanismes moléculaires induits par les alterations membranaires au cours de PI/R, indiquant 

implicitement que nos observations précédentes pourraient être extrapolées dans une certaine 

mesure aux conditions de 1' I/R. 

Conclusion 

En résumé, nous décrivons dans cette these que 1'activation classique du complément 

via les anticorps IgM joue un róle majeur dans le développement de 1'inflammation induite 

par les cellules endommagées, notamment les cellules apoptotiques, nécrotiques et aussi selon 

toute vraisemblance les cellules ischémiques. 

Les phospholipides oxydés ou hydrolysés tels que la phosphatidylcholine ont été 

identifies comme possibles candidats pour la liaison des anticorps IgM. Des anticorps IgM de 

même spécificité ont par ailleurs été identifié pour leur róle dans 1'athérosclérose et la 

reconnaissance des LDL oxydés. Cependant, nos recherches indiquent que les IgM se liant 

aux cellules endommagées ne se limitent pas aux phospholipides et se lient probablement a 

d'autres epitopes. De nouvelles études devraient faire la lumière sur les spécificités de ces 

anticorps IgM. Les phospholipides ou les protéines membranaires modifiées par les radicaux 

oxygénés pourraient être a la source des modifications nécessaires a 1'adsorption de ces 

anticorps IgM sur les cellules apoptotiques. Celles-ci ainsi que de nouvelles études devraient 

aider a identifier plus en détail les mécanismes moléculaires des dommages causes par 

1'ischémie et la reperfusion, permettant le développement de nouvelles therapies, plus 

spécifiques a cette condition. 
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