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1. Current hemodialysis membranes still activate the complement system and are there-

fore bioincompatible. (this thesis)

2. Mannose-binding lectin may have a beneficial effect on cardiovascular outcome in 

hemodialysis patients. (this thesis) 

3. Complement inhibition is a promising approach to eliminate an inflammatory trigger 

during dialysis. (this thesis)

4. Activation of complement by modern therapeutics has important implications for 

their clinical use. (this thesis)

5. Inhibition of complement at different levels of the cascade attenuates renal injury in 

brain-dead rodents; however the optimal target for intervention is early complement 

components. (this thesis)

6. Novel pharmacological approaches for the treatment of renal ischemia-reperfusion 

injury should focus on the anaphylatoxin receptor C5aR2. (this thesis)

7. The Complotype risk score could improve the prediction of graft loss, and identify 

renal patients that might benefit from treatment with complement inhibitors. (this 

thesis)

8. Complement activation occurs in all types of renal replacement therapy, however the 

ideal treatment strategy will differ per modality. (this thesis)

9. Transplantation immunology and tumor immunology are opposite sides of the same 

coin.

10. It is as noble to aim towards balance as towards perfection. (Jean Grenier)

11. The darkest hour of the night is just before dawn. (Thomas Fuller)

12. Creativiteit heeft een incubatietijd nodig, en een aantal valse starts. (Piers Steels)

13. A wise man will make more opportunities than he finds.

14. Truth is the daughter of time, not of authority.
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A wise man will make more opportunities than he finds. (Francis Bacon)
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Introduction

The traditional view of the complement system consists of a heat-labile component of serum that is 

important for host defense. At the end of the nineteenth century, efforts from different researchers resulted 

in the discovery of a factor that “complemented” the lytic activity of serum. By the late 1920s, the first 

components of the complement system were discovered.1 Since then, new findings have broadened our 

understanding of the structural and functional properties of this system.2 Today, we know complement 

as a complex system that contributes to health and disease.3 In short, the complement system can 

become activated via three pathways: the classical pathway, lectin pathway, and alternative pathway. 

Regardless of the trigger, all pathways lead to the generation of a C3 convertase. This convertase 

cleaves C3 into C3a and C3b. The smaller fragment C3a is an anaphylatoxin. The larger fragment C3b 

binds to the C3 convertase, generating the C5 convertase. Finally, C5 is cleaved by the C5 convertase 

into C5a and C5b. The smaller fragment C5a is a powerful anaphylatoxin and chemoattractant. The 

larger fragment C5b initiates the assembly of the membrane attack complex. Newly formed C5b binds 

first to C6, then to C7 and finally to C8 forming the C5b-6-7-8 complex. Complement component C9 

binds to C5b-8 and polymerizes to form a pore in the cell membrane, known as the membrane attack 

complex. To prevent unintended self-activation, the complement system is kept under tight regulation 

by a variety of soluble and membrane-bound regulators.4,5 

 The nomenclature of the complement system can seem confusing and conflicting.  Initially, the 

complement components were assigned a number in the order of their discovery rather than the sequence 

of the activation.6 Yet, the proteins of the latter discovered alternative pathway were termed factors and 

assigned different letters, such as factor B and factor D.7 The lectin pathway was the third and last route 

to be identified and the names of these proteins are related to their structural properties. For example, 

mannose-binding lectin (MBL).8 Furthermore, as complement proteins are activated they are cleaved into 

smaller fragments. The minor fragment is assigned the letter “a”, while the major fragment is assigned 

the letter “b”.9 For example, C4 is cleaved to C4a, a smaller fragment and to the large fragment C4b. 

 The majority of complement proteins are synthesized by the liver, however, most tissues 

and inflammatory cells can also produce complement proteins.3,10 For instance, the kidney has been 

shown to synthesize almost all complement components.11 Moreover, during inflammatory conditions 

the kidney can contribute up to 15% of the circulating pool of C3.12 In addition, the kidney has a 

unique link with the complement system and for unknown reasons this organ is highly susceptible 

to complement-induced damage.13 There is a wide range of complement-mediated renal diseases.14 

The complement system can be the direct cause or the aggravating factor in the pathogenesis of renal 

diseases.2 Currently, the clinical arsenal of complement inhibitors is limited to C1 esterase inhibitor 

(C1-INH; various manufacturers) and the monoclonal antibody against C5 eculizumab (Soliris; Alexion 

Pharmaceuticals). However, more complement therapeutics are expected to follow, since several clinical 

trials are currently underway to evaluate the therapeutic potential of new complement inhibitors for the 

treatment of kidney diseases.15,16 Altogether, this is an exciting and potentially revolutionary time for 

complementologists as well as for researchers and physicians interested in the complement system.  
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Scope of the thesis

The aim of this thesis is to assess the adverse effects of complement activation during renal replacement 

therapy and to explore the benefits and challenges of therapeutic complement inhibition. The 

complement system is a defense system that in the context of renal replacement therapy becomes hostile. 

As part of the innate immune system, complement plays an important role in the balance between the 

susceptibility to infectious and inflammatory conditions. A more active complement system swings the 

balance toward inflammation and possibly autoimmunity, whereas an inactive system increases the risk 

for infection. The present thesis attempts to expand the current knowledge on the role of complement 

in dialysis and renal transplantation and furthermore aims to identify the optimal therapeutic approach 

to target this system. 

Part A of this thesis focuses on the role of the complement system in dialysis. Chapter 2 provides a 

comprehensive overview of the role of complement as a driver of inflammation in patients subjected 

to dialysis (i.e., hemodialysis and peritoneal dialysis). Furthermore, this chapter summarizes the role 

of complement activation in pathologies associated with thrombo-inflammatory responses during 

dialysis. More importantly, possible strategies to inhibit complement during dialysis and subsequently 

minimize undesired morbidity and mortality are discussed in detail. In Chapter 3 systemic complement 

activation was studied in hemodialysis patients and compared to healthy controls. We hypothesized 

that significant complement activation still occurs with modern hemodialysis membranes, despite the 

advanced nanostructured materials and enhanced biocompatibility profiles. In addition, complement 

levels may also help to identify hemodialysis patients who are at risk to develop cardiovascular 

disease. Therefore, we investigated MBL levels of hemodialysis patients in relation to cardiovascular 

outcome. In Chapter 4 the link between the complement system and outcome in hemodialysis patients 

is further explored by measuring complement activation at different time points during one dialysis 

session (pre-dialysis, intra-dialytic, and post-dialysis). In addition, inflammatory and pro-thrombotic 

markers were studied to determine if complement, inflammation, and coagulation are involved in the 

increased cardiovascular risk of hemodialysis patients. In addition to complement activation via blood-

to-membrane interaction, other factors in dialysis also modulate the complement system such as the 

underlying disease, infection and modern medicines (i.e. nanoparticles, liposomes and monoclonal 

antibodies). In Chapter 5 a fresh look is provided at hypersensitivity reactions seen to intravenous 

iron. Treatment with intravenous iron is common in patients undergoing hemodialysis. However, 

these preparations can cause hypersensitivity reactions. A new concept of the mechanism behind these 

hypersensitivity reactions to these preparations has arisen, the concept of complement activation-

related pseudo-allergy (CARPA). 

Part B of this thesis focuses on the role of the complement system in kidney transplantation. Complement 

is involved in different stages of the transplantation process: in the donor, during preservation, in 

reperfusion and at the time of rejection. The importance of the complement system in renal ischemia-
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reperfusion injury and acute rejection is widely recognized, however, its contribution to the pathogenesis 

of tissue damage in the donor remains underexposed. Chapter 6 outlines what is currently known 

about complement activation in brain-dead organ donors. The role of local and systemic complement is 

discussed and how complement activation during brain death contributes to the pathogenesis of transplant 

injury. Moreover, the therapeutic strategies that have been tested to target complement in brain-dead 

donors are examined. In Chapter 7 the inhibitory capacity of C1-inhibitor on the three complement 

pathways was tested since conflicting data exist on the effect of C1-inhibitor on the alternative pathway. 

C1-inhibitor has been used extensively for the prophylaxis and treatment of hereditary angioedema and 

clinical trials are currently under way to evaluate the beneficial effects of C1-inhibitor on renal ischemia-

reperfusion injury and renal antibody-mediated rejection. In Chapter 8 the potential of donor treatment 

with C1-inhibitor was evaluated in a rat model of brain death. C1-inhibitor treatment was administered 

after the induction of brain death, to mimic the clinical situation that would involve treating human 

brain-dead donors after the diagnosis of brain death but prior to procurement for transplantation. In 

Chapter 9 a mouse brain death model was used to examine the contribution of complement activation 

to inflammation and injury in brain dead organ donors. In addition, complement deficient mice were 

used to dissect the pathway responsible for complement activation in brain death and to determine the 

effect of inhibition of C5a in brain death. Furthermore, activation of the complement cascade is also an 

important mediator of renal ischemia-reperfusion injury. The role of C5a receptor 1 (C5aR1) in renal 

ischemia-reperfusion injury has been extensively studied and inhibition of C5a and C5aR1 protects 

kidneys from ischemia-reperfusion injury. However, the role of C5a receptor 2 (C5aR2) in this injury is 

less clear. Initial studies proposed the hypothesis that C5aR2 functions as a decoy receptor. In Chapter 

10 the contribution of C5aR2 to renal ischemia-reperfusion injury was determined by using C5aR2 

knockout mice. To further investigate the contribution of renal-expressed C5aR2 versus leukocyte-

expressed C5aR2 to renal ischemia-reperfusion injury, bone marrow chimeras were created. In addition, 

an in vivo migration assay was performed to determine the role of C5aR2 in leukocyte migration. 

In Chapter 11, the final chapter, single nucleotide polymorphisms (SNPs) in complement genes were 

studied in relation to renal graft survival in humans. Analyses of polymorphisms in complement genes 

form an elegant way to study the effect of alterations in the complement system on long-term outcome. 

In the past, complement deficiencies were thought to be rare and of little clinical importance. However, 

since then various gene variants have been identified that result in either functional or quantitative 

differences. Ideally one would want to look at the total make-up of the complement genes since multiple 

polymorphisms are not rare. The total inherited set of complement genes is called the Complotype 

and is believed to determine the individual’s ability to activate and regulate the complement system. 

Therefore, instead of looking at the effect of single SNPs, this chapter looked at the Complotype of 

donor-recipient pairs. Furthermore, the potential of the Complotype to improve risk stratification and 

prediction of renal allograft loss was determined. 
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Abstract

Significant advances have lead to a greater understanding of the role of the complement system within 

nephrology. The success of the first clinically approved complement inhibitor has created renewed 

appreciation of complement-targeting therapeutics. Several clinical trials are currently underway to 

evaluate the therapeutic potential of complement inhibition in renal diseases and kidney transplantation. 

Although, complement has been known to be activated during dialysis for over four decades, this 

area of research has been neglected in recent years. Despite significant progress in biocompatibility 

of hemodialysis (HD) membranes and peritoneal dialysis (PD) fluids, complement activation remains 

an undesired effect and relevant issue. Short-term effects of complement activation include promoting 

inflammation and coagulation. In addition, long-term complications of dialysis, such as infection, 

fibrosis and cardiovascular events, are linked to the complement system. These results suggest that 

interventions targeting the complement system in dialysis could improve biocompatibility, dialysis 

efficacy, and long-term outcome. Combined with the clinical availability to safely target complement in 

patients, the question is not if we should inhibit complement in dialysis, but when and how. The purpose 

of this review is to summarize previous findings and provide a comprehensive overview of the role of 

the complement system in both HD and PD. 
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Introduction

An estimated 2.6 million people are treated for end-stage kidney disease (ESKD) worldwide.1 The 

majority of ESKD patients are dialysis-dependent. The choice between peritoneal dialysis (PD) and 

hemodialysis (HD) involves various determinants. Nonetheless, there is no major difference in mortality 

between HD and PD patients.2 Although considerable progress has been made in survival rates of 

dialysis patients, cardiovascular morbidity and mortality remain extremely high.3 Both traditional 

risk factors (such as hypertension, dyslipidemia, and diabetes), as well as nontraditional risk factors 

(such as oxidative stress, endothelial dysfunction, and chronic inflammation) contribute to the high 

cardiovascular risk.4 In order to lower the high morbidity and mortality rates in dialysis patients, the 

chronic inflammation seen in these patients must be tackled. The systemic inflammation in dialysis 

patients can be attributed to the (remaining) uremia, the underlying renal disease, comorbidities and 

dialysis-related factors.5 The latter represents an issue that has been present in dialysis throughout 

history, and still remains unresolved, namely bio-incompatibility.    

2. Biocompatibility

The term ‘biocompatible’ refers to the “capacity of a material/solution to exist in contact with the human 

body without causing a (inappropriate) host response”.6 The biocompatibility of the materials used 

in dialysis remains an important clinical challenge. In HD, the membrane provokes an inflammatory 

response, as it is the site where blood has direct contact with a foreign surface.7 Additionally, PD fluids 

containing high glucose levels, hyperosmolarity and acidic pH are considered biologically ‘unfriendly’ 

and this lack of compatibility causes peritoneal membrane damage.8 Improving biocompatibility in HD 

and PD is a critical factor to ensure dialysis adequacy and enable long-term treatment.7–9 The challenge 

of biocompatibility is not confined to dialysis but equally important for other medical devices in contact 

with either tissue or blood.10 The incompatibility reaction is complex and poorly understood, however 

platelets, leukocytes, the complement and the coagulation system have been shown to be involved.11,12 

In general, incompatibility will lead to inflammation, thrombosis and fibrosis.11–13 These events will 

negatively impact the clinical performance and lead to adverse events. The complement system is 

an important mediator of incompatibility because it can discriminate between self and non-self.14 

In accordance, complement has been shown to be activated during cardiopulmonary bypass,15 LDL 

apheresis,16 plasmapheresis 17 and immunoadsorption.18 Additionally, the complement system is also 

involved in biomaterial-induced complications of medical devices that are not in direct contact with 

the circulation, such as surgical meshes and prostheses.19,20 Yet, it should be emphasized that the trigger 

by which complement is activated is different and depends on the properties of the biomaterial used.20 

Proposed mechanisms of indirect complement activation include: [1] IgG binding to the biomaterial 

initiating the classical pathway (CP); [2] lectin pathway (LP) activation by carbohydrate structures or 

acetylated compounds; or [3] activation of the alternative pathway (AP) by altered surfaces e.g. plasma 

protein-coated biomaterials. In addition, complement initiators can also directly bind to the biomaterial, 
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leading to complement activation.20 Irrespective of the pathway, complement activation always leads to 

the cleavage of C3, forming C3a and C3b (Figure 1). Increased levels of C3b result in the generation of 

the C5-convertase, cleaving C5 in C5a, a powerful anaphylatoxin and chemoattractant, and C5b. Next, 

C5b binds to the surface and interacts with C6–C9, forming the membrane attack complex (MAC/

C5b-9).14

Figure 1 
The complement system.

A schematic view of activation of the complement system and its regulation. The classical pathway (CP) is initiated by C1q binding 
to immune complexes or other molecules (e.g. CRP), thereby activating C1r and C1s resulting in the cleavage of C2 and C4 thereby 
forming the C3-convertase (C4b2b). The lectin pathway (LP) is initiated by MBL, ficolins or collectin-11 binding to carbohydrates 
or other molecules (e.g. IgA), thereby activating MASP-1 and MASP-2, forming the same C3-convertase as the CP. Subsequently, the 
C3-convertase cleavages C3 into C3a and C3b. Activation of the alternative pathway (AP) occurs via properdin binding to certain 
cell surfaces (e.g. LPS) or by spontaneous hydrolysis of C3 into C3(H2O). Next, binding of factor B creates the AP C3-convertase 
(C3bBb). Increased levels of C3b results in the formation of the C5-convertases, which cleaves C5 in C5a, a powerful anaphylatoxin, 
and C5b. Next, C5b binds to the surface and interactions with C6–C9, generating the membrane attack complexes (MAC/C5b-9). 
Several complement regulators (either soluble and membrane-bound) prevent or restrain complement activation. C1-Inhibitor (C1-
INH) inhibits the activation of early pathway activation of all three pathways, while C4b-binding protein (C4BP) control activation 
at the C4 level of the CP and LP. Factor I and factor H regulate the C3 and C5-convertase. Furthermore, the membrane-bound 
inhibitors include complement receptor 1 (CR1), membrane cofactor protein (MCP) that acts as an co-factors for factor I and decay 
accelerating factor (DAF) which accelerates the decay of C3-convertases. The membrane-bound regulator Clusterin and CD59 
prevents the generation of the C5b-9.
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3. Hemodialysis

HD is a general term including several techniques such as low or high-flux HD (diffusion-based dialysis) 

and online haemodiafiltration (combined convective and diffusive therapy). Overall, HD remains the 

most-used form of renal replacement in adult ESKD patients.1 The dialysis membrane can be divided into 

two main groups, cellulose-based and synthetic membranes.7,21 In the past, HD membranes were based 

on cuprophane (a copper-substituted cellulose) because these were inexpensive and thin-walled. The 

disadvantage of cellulose-based membranes was the immunoreactivity due to the many free hydroxyl-

groups. Subsequently, modified cellulosic membranes were developed to improve biocompatibility 

by replacing the free hydroxyl-groups with different substitutions (especially acetate). The following 

step was the development of ‘synthetic’ membranes, such as polyacrylonitrile, acrylonitrile-sodium 

methallyl sulfonate, polysulfone, polycarbonate, polyamide, and polymethylmethacrylate membranes. 

Nowadays, synthetic membranes are the most commonly used in clinical practice.21 The benefits of 

these membranes are the varying pore size and reduced immunoreactivity. The complement system 

is critical in the bioincompatibility of extracorporeal circulation procedures, because complement 

is abundantly present in blood. Moreover, innate immune activation during HD is a neglected but 

potentially vital mechanism that contributes to the high morbidity and mortality in these patients.4

3.1. Complement activation in hemodialysis 

In the 1970s, HD was already known to affect the complement system.22 Several studies have since 

then looked at complement activation during HD, the complement pathway responsible and additional 

mechanisms contributing to complement activation. In the past an important adverse event in dialysis was 

the “first-use syndrome”, named after the fact that these reactions were most severe with new dialyzers. 

This incompatibility reaction was the result of complement activation by the membrane and closely 

resembles the pseudo-anaphylactic clinical picture that is nowadays known as complement activation-

related pseudoallergy (CARPA).23,24 Furthermore, these early studies provided important information 

on the kinetics of complement activation. During HD, C3 activation, resulting in the generation of C3a, 

peaks during the first 10 to 15 minutes, whereas terminal pathway activation, resulting in C5a and C5b-

9 formation occurs at a later stage of dialysis.25 Over the past decades membranes have been developed 

with improved biocompatibility. Nonetheless, even with modern ‘bio-compatible’ HD membranes 

significant complement activation still occurs.23,26,27 During a single HD session sC5b-9 levels and C3d/

C3-ratios in the plasma increase up to 70%.23,26 Yet, this is most likely an underestimation of the amount 

of complement activation, since these values represent fluid phase activation. Complement activation 

takes place in the plasma (the fluid phase), but also on surfaces (the solid phase).14 Fittingly, in addition 

to fluid phase activation, complement depositions have also been shown on the surface of the HD 

membranes.28 
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Figure 2
Proposed model for complement activation in hemodialysis.

The principal mechanism leading to complement activation in hemodialysis (HD) is the binding of ficolin-2 to the membrane, 
resulting in LP activation. Simultaneously, properdin and/or C3b bind to the membrane resulting in AP activation. Complement 
activation will result in the formation of anaphylatoxins (C3a, C5a), opsonins (C3b, iC3b) and the membrane attack complex 
(C5b-9). Firstly, complement activation leads to the upregulation of complement receptor 3 (CR3) allowing leukocytes to bind C3 
fragments deposited on the membrane, leading to leukopenia. Secondly, CR3 on neutrophils is also important for the formation of 
platelet-neutrophil complexes, which contributes to thrombotic processes. Furthermore, C5a generation during HD leads to the 
expression of tissue factor and granulocyte colony-stimulating factor in neutrophils, shifting HD patients to a procoagulant state. 
Thirdly, complement activation also promotes recruitment and activation of leukocytes resulting in the oxidative burst and the release 
of pro-inflammatory cytokines and chemokine’s. More specifically, the activation of neutrophils by C5a leads to the release of granule 
enzymes, e.g. myeloperoxidase (MPO).

Different studies have tried to dissect the pathway responsible for complement activation in HD. 

Early evidence emerged from a study by Cheung et al., demonstrating AP activation by cellulose 

membranes.29 Initially, the involvement of the CP or LP was excluded, since it was reported that 

plasma C4d concentrations remained unaffected during HD.30 However, others were able to show 

C4 activation by cellulose membranes.31,32 The increase in C4d levels correlated with the rise in C3d 

levels, implying that the CP or LP is (at least partly) responsible for the complement activation seen 

in HD.32 More recently, a role for the LP was demonstrated in complement activation by polysulfone 

membranes.33,34 An elegant study by Mares et al., using mass spectrometry, showed a 26-fold change 

in eluate-to-plasma ratio for ficolin-2 (previously called L-ficolin), suggesting preferential adsorption 

by the membrane.33 A follow-up study using proteomics analysis of dialyzer eluates revealed that C3c, 

ficolin-2, MBL and properdin were most enriched.28 In addition, plasma ficolin-2 levels decreased 

by 41% during one HD session, corresponding with the excessive adsorption to the membrane. The 
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decrease in plasma ficolin-2 levels was associated with C5a production and leukopenia during HD.28 

The adsorption of properdin to the dialyzer, confirms earlier studies regarding AP activation by HD.28,29 

To summarize, the principal mechanism of complement activation in HD is the binding of MBL and 

ficolin-2 to the membrane, resulting in LP activation; while, simultaneously, properdin and/or C3b 

bind to the membrane resulting in AP activation (Figure 2). The latter is supported by the evidence that 

in C4-deficient patients, systemic complement activation and C3b deposition on the HD membrane 

are reduced during dialysis but not abolished.31 These results show the importance of the LP, while 

demonstrating the crucial contribution of the AP.

A second mechanism that could modulate complement activation during HD is the loss of complement 

inhibitors via absorption to the membrane. In HD, polysulfone membranes were shown to absorb factor 

H and clusterin.28,33 Factor H is an important inhibitor of C3, while clusterin prevent terminal pathway 

activation thereby stopping the formation of C5a and C5b-9 (Figure 1).14 The loss of these inhibitors 

would cause dysregulation of the AP, leading to further complement activation in the fluid phase (i.e., 

in the circulation) in HD patients. 

3.2. Effector functions and clinical implications of complement activation

Complement activation will lead to the generation of effector molecules, which can result in a variety 

of biological responses.14 In HD, the most important effector functions of complement activation are 

the induction of inflammation, promoting coagulation and impaired host defense due to accelerated 

consumption of complement proteins.20,35,36 

The generation of C3a and C5a during HD promotes recruitment and activation of leukocytes.37,38 

Leukocyte activation results in the oxidative burst and the release of pro-inflammatory cytokines 

and chemokine’s such as IL-1β, IL-6, IL-8, TNF-α, MCP-1 and Interferon-γ. More specifically, the 

activation of PMNs by C5a leads to the release of granule enzymes such as MPO and elastase.39–41 

Furthermore, complement activation in HD patients results in the upregulation of adhesion molecules 

on leukocytes, especially complement receptor 3 (CR3). The C5a-activated leukocytes will then bind 

C3 fragments (iC3b) deposited on the membrane via CR3, leading to leukopenia.20,28,39 Likewise, CR3 

on PMNs is also important for the formation of platelet-PMN complexes, which can contribute to 

both inflammatory and thrombotic processes.42 The crosstalk between activation of the complement 

and coagulation system has correspondingly been described in HD. It has been demonstrated that C5a 

generation during HD leads to the expression of tissue factor and granulocyte colony-stimulating factor 

in PMNs, shifting HD patients to a procoagulative state.35 In conformity, plasma C3 levels have been 

shown to positively correlated with a denser clot structure in HD patients.43 On the other hand, the 

coagulation system has also been shown to impact complement activation.44

Inflammation and coagulation are principally involved in the pathogenesis of cardiovascular disease. 

Accordingly, complement has been associated to the susceptibility to cardiovascular disease in HD 

patients.26,27,45–47 Plasma C3 levels, prior to a HD session, were found to be higher in patients who 

develop a cardiovascular event (CV-event) than HD patients who remained event-free. Moreover, an 

association was found between C3 levels and the development of CV-events.27 A similar trend of higher 

C3 levels in HD patients who develop a CV-event was seen in our study.26 A possible explanation 
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would be that higher C3 levels prior to HD might reflect the potential for HD-evoked complement 

activation. Additionally, another association was found for baseline sC5b-9 levels with the occurrence 

of CV-events as well as mortality. This association was complex and showed an U-shaped relationship, 

indicating that both high and low sC5b-9 levels led to a higher risk, whereas HD patients with mid-

range values were protected.27 Furthermore, a common factor H gene polymorphism was found to be 

an independent predictor of cardiovascular disease in HD patients.47 Homozygous HD patients for 

the Y402H polymorphism had an odds ratio of 7.28 for the development of CV-events compared to 

controls. This polymorphism affects the binding sites for heparin and C-reactive protein and it has 

therefore been hypothesized that the reduced binding of factor H to the patient’s endothelial cells would 

increase their risk of a CV-event. Alternatively, the link between the factor H polymorphism and the 

cardiovascular risk in HD patients could be mediated through C-reactive protein (CRP), since factor 

H binds CRP and thereby undermines its pro-inflammatory activity.48,49 The Y402H polymorphism 

of factor H results in inadequate binding to CRP and thus leaves the pro-inflammatory activity of 

CRP unchecked. Furthermore, several studies have demonstrated that CRP levels in HD patients are 

associated to cardiovascular mortality.50–52 Buraczynska et al. revealed that in HD patients the CR1 gene 

polymorphism C5507G is independently associated with the susceptibility for cardiovascular disease.46 

Whether this effect is mediated via the complement inhibitory capacity of CR1 or via the recently 

discovered function of CR1 in the binding and clearance of native LDL remains to be elucidated.53 

Another study showed that low serum C1q-adiponectin/C1q ratios were linked to cardiovascular disease 

in HD patients.45 The mechanism behind this connection is not understood but it has been demonstrated 

that adiponectin protects against activation of C1q-induced inflammation.54 Thus, in HD patients 

increased complement activation, as well as increased complement activity and the loss of complement 

inhibitors have all been linked to a higher risk of cardiovascular disease (Table 1). Recently, our group 

showed that low MBL levels are also associated with the occurrence of cardiovascular disease in HD 

patients.26,55 The higher risk in these patients was attributed to CV-events linked to atherosclerosis. In 

support of this, low MBL levels have been linked to enhanced arterial stiffness in HD patients.56 

Accordingly, Satomura et al. demonstrated that low MBL levels were an independent predictor of all-

cause mortality in HD patients.57 We therefore postulate that in HD patients, low MBL levels promote 

cardiovascular disease by enhancing atherosclerosis due to the inadequate removal of atherogenic 

particles. 

In HD patients little is known about the changes in complement components over time. The plasma 

levels of C3 have been shown to decrease after 12 months compared to baseline.27 In this study, the C3 

levels also negatively correlated with the dialysis vintage. In addition, the ability to activate complement 

has also been shown to be decreased in HD patients compared to healthy controls.23 In theory, these 

acquired deficiencies of complement proteins could explain the higher infection and sepsis risk seen in 

HD patients. Conversely, there was no association between low MBL levels and the risk of infection in 

HD patients.58 However, the authors concluded that this might be due to a compensation mechanism of 

higher ficolin-2 and MASP-2 levels in MBL-deficient individuals. Furthermore, another study found 

that long-term HD patients have decreased levels of clusterin, factor B and factor H compared to 

short-term HD patients.59 Thus far, no study has analyzed the link between HD-acquired complement 
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deficiencies and infection risk. The clinical consequences of the HD-induced ficolin-2 reduction would 

be the most interesting to examine.28,33 It is highly likely that this reduction would have a tremendous 

impact on HD patients’ health and outcome. A genetic deficiency in ficolin-2 has not been reported to 

date, highlighting the essential function of this component within host defense. In conformity, ficolin-2 

has been shown to be involved in the elimination of numerous pathogens.60

Table 1
The association between complement proteins and morbidity and mortality in hemodialysis patients. 

Study Complement 
protein

Outcome Association * Possible mechanism

Poppelaars F 
et al., 2016

MBL levels Cardiovascular 
events

Low MBL levels 
OR = 3.98 [1.88 – 8.24]

Low MBL levels promote 
atherosclerosis due to the 
inadequate removal of 
atherogenic particles.

Satomura A 
et al., 2006

MBL levels All-cause mortality Low MBL levels 
OR = 7.63 [2.24 – 
25.96]

Low MBL levels promote 
atherosclerosis due to the 
inadequate removal of 
atherogenic particles.

Kishida H 
et al., 2013

C1q-adiponectin 
levels

Cardiovascular 
events

Low C1q-adiponectin 
levels

Adiponectin protects against 
activation of C1q-induced 
inflammation.

Lines SW 
et al., 2015

C3 levels Cardiovascular 
events

Higher C3 levels (per 
0.1 mg/ml)
HR = 1.20 [1.01 – 1.42]

Increased complement 
activity.

Lines SW 
et al., 2015

sC5b-9 levels Cardiovascular 
events

Low and high sC5b-
9 levels U-shaped 
relationship

(1) Increased complement 
activation.
(2) Complement depletion 
by local complement 
activation on the HD-
membrane.

All-cause mortality Low and high sC5b-
9 levels U-shaped 
relationship

Buraczynska 
M et al., 2009

Factor H gene 
polymorphism
(Y402H)

Cardiovascular events The CC genotype 
OR = 7.28 [5.32 – 9.95]

(1) The loss of complement 
inhibition, leading to 
complement activation.
(2) Reduced binding of 
factor H to endothelial cells.

Buraczynska 
M et al., 2010

CR1 gene 
polymorphism 
(C5507G)

Cardiovascular events The GG genotype 
OR = 3.44 [2.23 – 5.3]

(1) The loss of complement 
inhibition, leading to 
complement activation.
(2) Reduced binding and 
clearance of native LDL 
by CR1.

* Data are presented as hazard or odds ratio plus 95 % confidence interval. 
Abbreviations: OR, odds ratio; HR, hazard ratio; HD, hemodialysis; MBL, mannose-binding lectin; CR1, complement receptor 1.



Chapter 2

26

3.3 Therapeutic options

Several types of interventions have been proposed or tested in HD patients to decrease inflammation 

or target cardiovascular risk factors with mixed success. Hence, the clinical need for better therapeutic 

options that limit the inflammation and decrease cardiovascular risk in HD patients is on-going. The 

complement system is considered to be a promising target during HD to limit the inflammation and 

decrease cardiovascular risk.61 Therapies modulating HD-induced complement activation have focused 

on three treatment strategies; reduction in the complement activating-capacity of the HD membrane; 

[2] the use of non-specific complement inhibitors (e.g. anticoagulants with a complement inhibitory 

property); and [3] specific complement-directed therapies.

Prevention is better than cure; therefore creating a truly biocompatible membrane would therefore 

be ideal to prevent complement activation during HD. Much progress has been made with the 

development of more biologically compatible membranes by surface modifications and reducing 

protein retention. Today, the most common HD membranes contains sulfonyl-groups.7 To further 

improve biocompatibility, it’s vital to understand the structures that initiate complement activation as it 

has the potential to develop HD membranes with enhanced biocompatibility. In modern HD membranes 

ficolin-2 seems to be an important mediator in HD-induced complement activation.28,33 Ficolin-2 is 

unfortunately a highly promiscuous molecule with numerous binding partners, several of which are 

acetylated compounds.60 

Anticoagulants have been used extensively to render biomaterial-blood incompatibility, through 

inhibition of the coagulation, contact and complement system. The effect of citrate anticoagulation on 

complement activation has widely been studied in HD. Citrate has calcium chelating properties and 

thereby reduces complement activation.62,63 During the initial phase of HD with cellulose membranes, 

citrate anticoagulation reduced C3a levels by almost 50% compared to heparin.64 However, no 

complement inhibition was seen by citrate anticoagulation during HD in other studies with cellulose or 

synthetic membranes.65–67 Heparinoids are also known to prevent complement activation, although this 

inhibition is strictly concentration dependent.68 Although heparin has been tested extensively in HD, 

sadly none of these studies determined the effect on complement activation.

In the past decade, numerous complement inhibitors have been developed; two are currently used in the 

clinics and others are now undergoing clinical trials. Purified C1-inhibitor (C1-INH) is a protease that 

is clinically used to treat hereditary angioedema. Eculizumab, a C5 antibody is used for the treatment 

of paroxysmal nocturnal hemoglobinuria and atypical hemolytic uremic syndrome.14,69 In HD, specific 

complement-directed therapies have predominantly been evaluated in experimental settings, still 

valuable information has been uncovered and shown that the use of complement inhibitors are a 

promising tool to reduce the inflammatory response and subsequent consequences in these patients.61 

The potential of complement inhibition in HD is further underlined by the successful use of complement 

inhibitors for biomaterial-induced complement activation in cardiopulmonary bypass systems.19 In 

patients undergoing cardiopulmonary bypass surgery, treatment with soluble CR1 (sCR1/TP30), an 

inhibitor of C3, lead to a decrease in mortality and morbidity as well as a reduced need for intra-aortic 

balloon pump support.70 Consequently, soluble complement inhibitors may be equally effective in HD, 

since there is the recurrent need of complement inhibition for short periods. Specifically, the short half-
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life of sCR1 matches the need for restricted complement inhibition in HD, which is only needed during 

dialysis, after which complement activity should be reestablished between sessions. This approach 

would also prevent complications of long-term immunosuppression. In a pre-clinical monkey model 

of HD, another C3-inhibitor (compstatin) was used to attenuate HD-induced complement activation.71 

Despite the use of HD membranes with high biocompatibility and standard heparin treatment in their 

study, severe complement activation still occurred in monkeys. In this study, animals received a 

bolus injection prior to the HD and a continuous infusion of compstatin during the 4h HD procedure. 

Treatment completely blocked complement activation and C3 activation products stayed at basal levels 

throughout the HD session. Strikingly, a second treatment regimen with only a bolus injection of 

compstatin at the start of the session was also sufficient to abolished complement activation throughout 

the procedure. Furthermore, complement inhibition lead to the increase of IL-10, an anti-inflammatory 

cytokine. Unfortunately, the effect of complement inhibition on other inflammatory markers could not 

be assessed, since one HD session was insufficient to induce substantial levels of pro-inflammatory 

cytokines. Next to inhibition of the central component C3, blockage of early complement components 

may be equally successful. C1-INH forms a therapeutic option, since HD leads to LP activation and C1-

INH could attenuate this.68 Additionally, C1-INH also affects the coagulation and contact system, which 

could add to the success of this therapeutic approach. Given the strong involvement of complement 

activation effector molecules in HD, more specifically C5a, another attractive option would be the 

inhibition of C5 or C5a-receptor antagonists (C5aRA).35 This could be either done by the anti-C5 

antibody or by C5a-receptor (C5aR) antagonists. Eculizmab blocks the generation of C5a and C5b-9 and 

could thus be more effective than C5aRA. However, the long half-life and the high costs form important 

disadvantages. In contrast, C5aRA tends to be more cost-effective.72 These drugs could significantly 

reduce activation of leukocytes and thereby inflammation in HD. Currently, the most likely candidate 

to be used in HD is PMX-53, a C5aRA, since this compound is currently tested in different clinical 

trials.73 Another promising approach is coating biomaterials with complement inhibitors.20 One of these 

molecules, the 5C6 peptide is a molecule that has strong binding affinity towards factor H without 

modifying its inhibitory activity. More importantly, polystyrene surfaces coated with 5C6 were shown 

to bind factor H and thereby prevent complement activation when exposed to human plasma, thus 

enhancing biocompatibility.74 However, it is unknown whether the reduction of systemic factor H levels 

by 5C6 during HD could have undesirable consequences, such as seen in factor H-deficient individuals. 

Finally, the cost of the different complement inhibitors should be taken into account, considering the 

high frequency of treatments required in HD patients. 

4. Peritoneal Dialysis

PD is the most common used dialysis technique at home and is equally effective as HD for the treatment 

of CKD.75 Nevertheless, the advantages of PD include; better preservation of residual renal function, 

lower infectious risk and higher satisfaction rates. Despite the good results seen with PD, this dialysis 

technique remains underused.1 In PD, unlike in HD, no synthetic membrane is used. In contrast, the 

peritoneum in the abdominal cavity of the patients acts as a semi-permeable membrane allowing 
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diffusion between the dialysis fluid and the circulation. The osmotic gradient during PD is based on 

high glucose levels in the dialysate. However, glucose acts as a double edge sword, since it serves as 

an osmotic agent but it is also responsible for the incompatibility reaction. The peritoneal membrane is 

made up of an inner mesothelial layer and these cells are therefore directly in contact with the dialysis 

fluid. Long-term exposure to dialysate leads to tissue remodeling of this layer resulting in peritoneal 

fibrosis.76 This progressive fibrosis forms a major limitation for chronic PD treatment. Another common 

complication in PD is peritonitis.77 Patients who develop peritonitis can have irreversible peritoneum 

damage, PD failure and significant morbidity or even mortality. For this reason, avoiding PD failure due 

to peritonitis or fibrosis remains a challenge for nephrologists.78

4.1. Complement activation in peritoneal dialysis

The link between the complement system and PD seems less obvious, because there is no direct contact 

with blood. However, mesothelial cells produce and secrete different complement factors, including 

C4, C3 and C5 till C9.79,80 In accordance, different studies have found the presence of complement in 

the peritoneal dialysate. Additionally, the amount of C3 in the PD fluid does not depend on the serum 

concentration, suggesting that the C3 originates from local production.81 The study by Oliveira et al. 

found strong protein abundance of Factor D in six adult PD patients.82 Whereas a similar approach 

in 76 PD patients by Wen et al. found significant protein expression of C4 and C3 only.83 Altogether, 

proteomic analyses of the dialysate of healthy PD patients has revealed the presence of C4, C3, Factor 

B, Factor D, Factor H, Factor I and C9. 82–86 Proteomic profiling in the peritoneal fluid of children 

identified a total number of 189 proteins, of which 18 complement components.85 The discrepancies 

between the various proteomic studies could be explained by differences in the underlying cause of 

renal failure, since diabetic patients on PD have been shown to have lower levels of C4 in the dialysate 

compared to controls.84 Obviously, other patient’s characteristics such as ethnicity and differences in the 

accuracy and sensitive of the analysis have to be taken into account as well. Complement production 

by mesothelial cells has been shown to be increased in uremic patients and it can be further stimulated 

upon exposure to PD solutions containing glucose.79,80 Next to complement production; mesothelial 

cells also express important complement regulators; e.g. CD46, CD55 and CD59.80,81

Systemically, PD patients have lower MBL levels compared to HD patients and healthy controls, 

even after adjusting for the effect of mutations.87 This could indicate loss of systemic MBL via the 

peritoneal route, independent of the reduced renal function. However, MBL has so far not been assessed 

in peritoneal dialysates. Furthermore, serum levels of C1q, C4, C3d, factor D, and properdin were 

shown to be higher in pediatric PD patients compared to healthy controls, however not in comparison 

to patients with ESKD.88 Overall, the higher plasma levels of the complement components are likely 

caused by increased synthesis by the liver due to the pro-inflammatory state in ESKD patients. 

Moreover, the increased levels of C3d in PD patients are believed to be the consequence of reduced 

elimination of factor D by the kidney, creating enhanced AP activation. However, while systemic 

complement activation (the fluid phase) is similar between PD patients and patients with ESKD, higher 

intravascular complement depositions (solid phase) have been shown in children with PD compared to 

non-PD children with ESKD. Omental and parietal arterioles from PD patients demonstrated a higher 
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presence of C1q, C3d and C5b-9.89

Evidence has also been provided for complement activation in the peritoneal cavity in PD patients.81,90 

Previously, it was demonstrated that the dialysate/serum-ratios of factor D and C3d were elevated in 

PD, whereas the dialysate/serum ratios of C3, C4, and properdin were decreased.90 The high dialysate 

levels of C3d demonstrate local complement activation, while the comparatively low dialysate/serum 

ratios of complement components are likely caused by intraperitoneal complement consumption. In 

accordance, the presence of sC5b-9 in the peritoneal dialysate has also been shown. In the dialysate of 

PD patients, sC5b-9 levels up to 200pg per μg of total protein level have been reported.81 Considering 

the high molecular weight of sC5b-9 (>1000 kDa), it is very likely that the sC5b-9 in the dialysate is 

produced in the peritoneal cavity and does not originate from the circulation. 

Figure 3
Proposed model for complement activation in peritoneal dialysis.

In peritoneal dialysis (PD) patients, mesothelial cells produce and secrete different complement factors. One of the proposed 
mechanisms of complement activation in PD patients is that PD therapy decreases the expression of complement regulators such 
as CD55 and CD59 on the peritoneal mesothelium, leading to local complement activation. In addition, cellular debris as a result 
of direct peritoneal damage by bioincompatible PD fluids as well as antibodies against microorganisms could contribute to local 
complement activation during PD. Complement activation will result in the formation of anaphylatoxins (C3a, C5a), opsonins (C3b, 
iC3b) and the membrane attack complex (C5b-9). Firstly, complement activation leads to the influx of leukocytes, predominantly 
neutrophils. Secondly, complement activation increased the production of thrombin anti-thrombin complexes and fibrin exudation on 
the surface of the injured peritoneum. Altogether these events indicate the activation of the coagulation system. Thirdly, complement 
activation during PD leads to direct damage of the peritoneum. Moreover, recent evidence suggests that complement activation 
promotes the progression to fibrosis after tissue injury. In PD, complement activation could stimulate mesothelial cells to undergo 
epithelial-to-mesenchymal transition, resulting in the accumulation of myofibroblasts and consequently peritoneal fibrosis.
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One of the proposed mechanisms of complement activation in PD patients is that PD therapy modifies 

the expression of complement regulators on the peritoneal mesothelium, leading to local complement 

activation (Figure 3). In accordance, CD55 expression is lower on mesothelial cells from PD patients 

than non-CKD patients and the reduced expression of CD55 is accompanied by higher peritoneal levels 

of sC5b-9.81 Likewise, complement regulators were also shown to be downregulated in arterioles of 

PD patients. Furthermore, the C5b-9 deposition seen in the arterioles of PD patients correlated with 

the level of dialytic glucose exposure.89 However, this is probably not the only mechanism responsible 

for complement activation in PD patients. Hypothetically, cellular debris as a result of direct peritoneal 

damage by bioincompatible PD fluids as well as antibodies against microorganisms could contribute to 

local complement activation during PD. Unfortunately, most of the reviewed studies are relatively old 

and there is therefore a need for novel studies to assess the effect of newer PD solutions on complement 

production and activation. 

4.2. Effector functions and clinical implications of complement activation

During PD, complement activation occurs locally within the peritoneal cavity and leads to the generation 

of opsonins, anaphylatoxins and the membrane attack complex. The effects of complement activation 

during PD include the induction of tissue injury, inflammation, coagulation and fibrosis. However, 

complement activation in PD patients has also been linked to long-term effects such as cardiovascular 

risk.89 In different experimental models, complement activation during PD leads to direct damage of 

the peritoneum. The complement-induced peritoneal damage seems to be mediated via activation of 

the terminal pathway, specifically C5a and C5b-9.91–93 Additionally, complement activation leads to 

inflammation. In a rat model of peritoneal fluid infusion, the numbers of neutrophils increased significantly 

over time and this process was largely dependent on C5 activation. In conformity, intraperitoneal 

injections with C3a and C5a in mice leads to the influx of leukocytes, predominantly neutrophils.94 The 

effect of C5a is mediated via C5aR1, while the effect of C3a is presumably mediated via the C3aR. 

The crosstalk between activation of the complement and coagulation system has also been described 

in PD. Thrombin anti-thrombin (TAT) complexes increased significantly in experimental models of 

PD and this process was partly dependent on C5 activation.93 Mizuno et al. showed that intraperitoneal 

complement activation leads to fibrin exudation on the surface of the injured peritoneum.95 Altogether 

these findings indicate that activation of the coagulation system by the PD therapy is at least (partly) 

complement dependent. The fibrin exudate can also be a sign of PD-associated fibrosis.

The link between fibrosis and complement is relatively new, nevertheless recent evidence suggests that 

complement activation promotes the progression to fibrosis after tissue injury.96 In PD, high peritoneal 

transport is associated with progression of peritoneal fibrosis.97 Proteomics analysis of PD fluid showed 

enhanced expression of C3 in patients with high transporter status, while expression of C4 is lower 

in low transporters.83,98 Furthermore, in PD mesothelial cells undergo epithelial-to-mesenchymal 

transition, resulting in the accumulation of myofibroblasts and consequently peritoneal fibrosis.99 In 

other disease models, complement has been shown to induce epithelial-to-mesenchymal transition.100 

This effect is mediated via the C5aR1, since in rodent models of infection–induced peritoneal fibrosis 

C5aR1-/- mice were protected against fibrosis.101 The C5aR1 is also involved in the production of pro-
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fibrotic and inflammatory mediators by peritoneal leukocytes.101 In addition, Bartosova et al. reported 

that in the peritoneal arterioles of PD patient’s, high abundance of complement deposition was found to 

correlate with TGF-b signaling.89 More specifically, C1q and C5b-9 deposition were associated with an 

increased phosphorylation of SMAD2/3, and enhanced vasculopathy. Interestingly, the TGF-b–SMAD 

pathway has also been recently linked to cardiovascular disease.102 Encapsulating peritoneal sclerosis 

is another long-term complication of PD, which is the result of abnormal thickening and fibrosis of the 

peritoneum, leading to a fibrous cocoon thereby encapsulating the intestines causing obstruction.103 

The exact cause of this rare complication is unknown, but it is linked to the bioincompatibility of 

the glucose-based PD solutions.104 The bioincompatibility of these solutions presumably promotes the 

expression TGF-b thereby stimulating the transition of mesothelial cells to myofibroblasts. Recently, 

a prospective proteomics study identified complement components as a possible biomarker of 

encapsulating peritoneal sclerosis.86 Factors B and factor I were elevated in the PD fluid of patients up 

to five years prior to developing encapsulating peritoneal sclerosis. In patients with stable membrane 

function, factor I was present in the PD fluid in lower amounts and decreased over time, while factor 

B was barely detectable in the PD fluid of controls. However, whether the elevated levels of these 

complement factors are merely an acute phase response or involved in the pathogenesis remains to be 

investigated. Yet, based on the current literature, complement activation is likely to play a role in the 

mechanisms of peritoneal fibrosis. Nevertheless, additional studies are needed to further elucidate the 

specific role of the complement system in this process. 

 Peritonitis is another common complication with significant morbidity and mortality. 

Complement has been proposed to be involved in the risk of PD patients for peritonitis. Firstly, a variation 

in the FCN2 gene was shown to be more prevalent in PD patients with a history of peritonitis.105 In 

addition, local activation will lead to a further decline of already low levels of complement components 

in PD fluid and may thereby additionally impair host defense. Complement activation products have also 

been suggested as a biomarker during peritonitis. Mizuno et al. showed that C4, C3 and sC5b-9 levels 

in the peritoneal fluid are significantly higher in PD patients with poor prognosis after peritonitis.106 

Complement markers in peritoneal fluid have therefore the potential to serve as a biomarker for the 

prediction of the prognosis of PD-related peritonitis. Finally, the risk of peritonitis could form a major 

Achilles heel for complement inhibition in PD.

4.3 Therapeutic options

Treatment aimed at attenuating or blocking complement activation in PD has mostly focused on the 

terminal pathway. The advantage of this approach is the elimination effector functions of C5a and/or 

C5b-9, while proximal complement functions stay intact. In vitro, inhibition of the C5aR1 on peritoneal 

leukocytes, isolated from PD fluid, reduced bacteria-induced profibrotic (TGF-β) and inflammatory 

(IL-6 and IL-8) mediator production.101 In addition, the systemic administration of a C5aR1 antagonist 

in a rat model of PD prevented influx of inflammatory cells and reduced tissue damage of the peritoneal 

cavity 92. Furthermore, blockage of C5 in PD improved ultrafiltration and additionally reduced activation 

of the blood clotting system.93 Other studies have confirmed these results; showing that C5 blockade 

significantly increased the ultrafiltration volume via reduced peritoneal glucose transport, most likely 
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by preventing C5a-induced vasodilatation.107 In contrast, C3 inhibition through complement depletion 

by cobra venom factor, also led to diminished chemo-attractant release, neutrophil recruitment and 

enhanced ultrafiltration.107 Anticoagulants have also been tested for the treatment of the inflammatory 

reaction to PD fluids.107,108 The addition of low-molecular-weight heparin to the PD fluid not only 

prevented thrombin formation but also inhibited the complement activation, neutrophil recruitment, 

and improved ultrafiltration.108 In brief, results about complement inhibition in PD look promising, but 

many hurdles remain to be solved. 

5. Conclusion 

In conclusion, biocompatibility remains an important clinical challenge within dialysis. Due to 

bioincompatibility, complement is systemically activated during HD, while PD leads to local 

complement activation. Moreover, important effector functions of complement activation include 

promoting inflammation and coagulation. In addition, long-term complications of dialysis such 

as infection, fibrosis and cardiovascular events are linked to the complement system. These results 

indicate the possibility for complement interventions in dialysis to improve biocompatibility, dialysis 

efficacy and long-term outcome.
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Abstract

Background 

Hemodialysis patients have higher rates of cardiovascular morbidity and mortality compared to the 

general population. Mannose-binding lectin (MBL) plays an important role in the development of 

cardiovascular disease. In addition, hemodialysis alters MBL concentration and functional activity. 

The present study determines the predictive value of MBL levels for future cardiac events (C-event), 

cardiovascular events (CV-event) and all-cause mortality in HD patients.

Methods

We conducted a prospective study of 107 patients on maintenance hemodialysis. Plasma MBL, 

properdin, C3d and sC5b-9 were measured before and after one dialysis session. The association with 

future C-events, CV-events, and all-cause mortality was evaluated using Cox regression models.

Results

During median follow-up of 27 months, 36 participants developed 21 C-events and 36 CV-events, 

whereas 37 patients died. The incidence of C-events and CV-events was significantly higher in patients 

with low MBL levels (<319 ng/mL, lower quartile). In fully adjusted models, low MBL level was 

independently associated with increased CV-events (hazard ratio 3.98; 95 % CI 1.88-8.24; P < 0.001) 

and C-events (hazard ratio 3.96; 95 % CI 1.49-10.54; P = 0.006). No association was found between 

low MBL levels and all-cause mortality. Furthermore, MBL substantially improved risk prediction for 

CV-events beyond currently used clinical markers.

Conclusions

Low MBL levels are associated with a higher risk for future C-events and CV-events. Therefore, MBL 

levels may help to identify hemodialysis patients who are at risk to develop cardiovascular disease.
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Introduction

Hemodialysis (HD) is a life-saving therapy for patients with end-stage renal disease. Despite modern 

technology and medicine, dialysis patients still have a poor prognosis.1 Cardiovascular disease is the 

leading cause of both morbidity and mortality in patients receiving HD.2 However, the mechanism 

behind cardiovascular disease in these patients might not be similar to those operating in the general 

population.3 The clinical need for better predictors of cardiovascular disease in dialysis patients is 

on-going, since traditional risk factors are insufficient to explain their extensive cardiovascular risk. 

Dialysis patients have accelerated atherosclerosis. The chronic inflammatory state triggered by HD is 

thought to be partly responsible for the accelerated atherosclerosis in HD patients.4 

The complement system is an essential part of the innate immune system, but also plays a pivotal 

role in the pathogenesis of a variety of diseases. It consists of three activation pathways; the classical 

pathway, the lectin pathway (LP) and the alternative pathway.5 The main initiator of the LP is mannose-

binding lectin (MBL), which can interact with different carbohydrate ligands found on pathogens, and 

on stressed or apoptotic cells.6,7 In the general population, there is a wide variation in plasma MBL 

levels, caused by genetic polymorphisms of the mbl2 gene.8 MBL is also an acute phase protein and, 

therefore, levels can increase by 2-to 3-fold during inflammation.9

Considering the important role of innate immunity and its potent component MBL in 

inflammation, much attention has been paid to its role in the development of cardiovascular disease.10 

In clinical studies, MBL has been associated with cardiovascular risk.11 Low MBL levels, as well as 

MBL deficiency-associated genotypes, have been reported to increase cardiovascular risk in healthy 

individuals, independently of traditional risk factors.12,13 Furthermore, higher MBL markedly decreased 

the risk of cardiac events in individuals with diabetes, hypercholesterolemia, or chronic inflammation. 

Remarkably, there was no difference in the cardiovascular risk between diabetic and nondiabetic 

patients with MBL titers above 1000 ng/mL.12 Moreover, experimental studies have shown that MBL 

is involved in the pathophysiology of atherosclerosis.14–16 However, the relationship between MBL 

and disease is complex and MBL can be detrimental or beneficial depending on different genetic and 

environmental factors. 

In HD patients, concentration and functional activity of MBL are altered compared to healthy 

controls.17 MBL has also been shown to bind to the dialysis membrane during HD.18 In addition, 

dialysis patients have significantly reduced levels of functional (high order oligomers) MBL, while 

non-functional (low-order oligomers) MBL levels are increased.19 The basic structural unit of MBL 

can oligomerize to form dimers up to hexamers. Functional MBL consists of higher order multimers 

(tetramers, pentamers, and hexamers).8,20,21 Only high order oligomers have the ability to bind 

carbohydrates and activate the LP. In contrast, monomers and low order oligomers (dimers and trimers) 

cannot efficiently bind carbohydrates and can therefore not activate the complement system. How 

dialysis impacts the oligomerisation of MBL remains unknown. Nevertheless, reports about the effects 

of MBL levels in HD patients on clinical outcome, such as cardiovascular events, are lacking. 

 We hypothesized that MBL levels adversely affect cardiovascular risk in HD patients. Therefore, 
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this study aimed to determine the predictive value of MBL levels for cardiovascular events and all-

cause mortality in HD patients. 

Methods

Study population and design 

A prospective study of 45 months was conducted in a cohort of 109 hemodialyses (HD) patients, 

recruited at the Dialysis Center Groningen and the University Medical Center Groningen. The protocol 

has been described previously.22 In brief, patients were eligible for entry when they had been on HD 

therapy for more than 3 months. Patients with severe heart failure (NYHA class IV) were excluded. In 

addition, two patients were excluded due to lack of plasma samples.

Dialysis settings

Patients were on a three-times weekly dialysis schedule using a low-flux polysulfone hollow-fiber 

dialyzer (F8; Fresenius Care, Bad Homburg, Germany). The temperature of the dialysate was 36.0 or 

36.5°C. Ultrafiltration rate was constant and blood and dialysate flows were 250–350 and 500 mL/min, 

respectively. Blood samples were obtained at the start and end of a regular 4-hour HD session.

Clinical and laboratory measurements

Relevant patient characteristics were extracted from patient records. More details of the cohort have 

been published previously.22 Clinical parameters were measured before and after dialysis. Ultrafiltration 

rate was calculated as described previously.23

 Laboratory measurements at baseline included hematocrit, HbA1c, albumin, pH, calcium, 

and phosphate, which were measured by routine laboratory procedures. High-sensitivity C-reactive 

protein (hsCRP) was measured with the CRP monoassay (Siemens Healthcare Diagnostics). 

Plasma mannose-binding lectin levels

Plasma mannose-binding lectin (MBL) levels were assessed by ELISA as described previously.24,25 In 

short, 96-well ELISA plates were coated overnight with the anti-MBL 3E7 antibody (Hycult, Uden, 

The Netherlands). After blocking with 1% BSA/PBS for 60 min, plasma EDTA samples were incubated 

in the coated wells. Next, wells were incubated with Dig-conjugated 3E7. Detection of binding of 

Dig-conjugated antibodies was performed using HRP-conjugated sheep anti-Dig Abs (Fab fragments, 

Roche, Mannheim, Germany). The plate was washed in PBS Tween-20 (0.05%) between each step. 

For visualization 3,3’,5,5’-Tetramethylbenzidine (TMB) was added and the colorimetric reaction was 

stopped with H
2
SO

4
. Absorption was measured at 450 nm. Plasma from 50 healthy volunteers served 

as controls.

Quantification of the antigenic levels of C3d, C3, Properdin, and C5b-9

Complement activation product C3d and C5b-9 were determined. Additionally, properdin and C3 plasma 
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concentrations were measured. Properdin, C3d, and sC5b-9 were measured as described earlier.24,26,27 

Quantitative antigenic assay for C3 was performed by the radial immunodiffusion technique with 

monospecific anti-sera.28 Plasma from 35 healthy volunteers served as controls.

Definition of endpoint

The primary end-point was the time to the first C-event and CV-event. The secondary outcome was 

all-cause mortality. C-event was defined as the occurrence of ischemic heart disease (unstable angina 

pectoris, myocardial infarction, Coronary Artery Bypass Grafting (CABG) and/or Percutaneous 

Coronary Intervention (PCI)), sudden cardiac death and congestive heart failure. Acute myocardial 

infarction was diagnosed if at least two of the three following criteria were met: clinical status, elevated 

heart enzymes, and EKG changes. CV-events were defined as cardiac, cerebrovascular or peripheral 

vascular events. Cerebrovascular events were defined as stroke, ischemic insult, or newly diagnosed 

>70% stenosis of the extracranial carotid artery. Strokes and ischemic insults had to be verified by CT or 

MRI. Peripheral vascular disease was defined as having intermittent claudication with angiographically 

or sonographically proven stenosis >50% of the major arteries of the lower limbs or ulcers caused by 

atherosclerotic stenosis or surgery for this disorder. Transplantation was a censoring event and the 

transplantation date was considered as the final follow-up date.

Statistics 

Statistical analysis was performed using SPSS version 22.0 (IBM Corporation, Chicago, IL, USA) and 

STATA version 14 (Statacorp., College Station, TX: StataCorp LP). Results are presented as mean ± 

standard deviation for normally distributed data, median [IQR] for non-normally distributed data and 

total number of patients with percentage [n (%)] for nominal data. Differences between groups were 

assessed with the student t-test or the Mann-Whitney-U test for normally and not-normally distributed 

variables, respectively, and χ2 test for categorical variables. The Wilcoxon signed-rank test was used to 

compare values before and after HD. Correlations were assessed by using Spearman’s correlation. Log-

rank tests were performed between groups to assess the difference in the incidence of C-events, CV-

events and all-cause mortality and associations were assessed by Cox proportional hazard regression. 

The Harrell’s C statistic was used to assess how well a model distinguishes between patients who 

develop a CV-event and those who do not while taking follow-up time into account. When the outcome 

is binary, the Harrell’s C statistic is the equivalent of the area under the ROC curve.29 A value of “1” 

indicated perfect discrimination whereas the value “0.5” indicated a performance comparable to chance. 

The additional value of MBL levels, post-dialysis, was determined by the integrated discrimination 

improvement (IDI), The IDI indicates the difference between model-based probabilities for events and 

non-events for the models with and without MBL.30,31 All statistical tests were 2-tailed with P<0.05 

regarded as significant.
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Results

Patients characteristics 

This study included a total of 107 subjects on maintenance hemodialysis (HD). There were 71 males 

and 36 females and their age was 62.5 ± 15.6 years. At baseline, the duration of HD therapy was 25.5 

months (IQR 8.5-52.3 months). Hypertension was seen in 80% of the subjects and diabetes in 23%. 

Previous cardiovascular event (CV-event) was documented in 40% of patients, specifically myocardial 

infarction (14%), previous PCI/CABG (19%), unstable angina pectoris (3%), cerebrovascular events 

(14%), or peripheral vascular disease (5%). During median follow-up of 27 months, 36 participants 

developed 21 C-events and 36 CV-events, whereas 37 patients died. The maximum follow-up period 

was 45 months.

MBL, properdin, C3d and C5b-9 levels in hemodialysis patients

Mannose-binding lectin (MBL) levels were determined before starting and at the end of the HD session. 

Paired analysis of MBL levels revealed a modest, but significant increase in plasma concentration after 

HD (Fig. 1A). This is also shown by the post/pre-HD ratio of the MBL levels (Fig. 1B). However, MBL 

levels were not significantly higher in HD patients compared to healthy controls (Table 1). 

 To determine the contribution of the alternative pathway and complement activation, 

properdin, C3d, and C5b-9 were analyzed. Properdin (Fig. 1C-D), C3d (Fig. 1E-F) and C5b-9 (Fig. 

G-H) levels were significantly higher at the end of the HD session compared to the start, demonstrating 

hemodialysis-induced complement activation. In accordance, spearman’s correlation revealed that 

C5b-9 levels correlated significantly with C3d levels (C5b-9/C3d, r=0.367, P<0.001), indicating 

that central complement activation is correlated with terminal complement activation. Furthermore, 

properdin, C3d, and C5b-9 levels were significantly higher in HD patients than healthy controls (Table 

1). However, properdin, C3d and C5b-9 levels were not correlated with MBL levels in HD patients 

(Properdin/MBL, r=0.049, P=0.6; C3d/MBL, r=-0.031, P=0.7; C5b-9/MBL, r=-0.051, P=0.6). 

Hemodialysis patients with versus hemodialysis patients without cardiovascular events

To assess the effect of the complement system on cardiovascular risk, post-HD levels of patients 

who developed a CV-event during follow-up were compared to patients who did not. MBL levels 

were significantly lower in HD patients who developed a CV-event compared to HD patients without 

a CV-event (Table 1). Although not significant, subjects with CV-events tended to have lower 

levels of properdin and higher C3d/C3-ratio’s and C5b-9 levels than those without. We also found 

significant differences in ultrafiltration volume, diabetes (incidence, as primary renal disease and in 

HbA1c), cardiovascular history, hsCRP and medication between subjects with and without CV-events 

(Supplemental Table 1).
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Figure 1. 
Patient plasma levels of mannose-binding lectin, properdin, C3d and C5b-9 before, after and relative change during hemodialysis. 

The distribution of plasma mannose-binding lectin (MBL) (A), properdin (C), C3d (E) and sC5b-9 (G) levels in healthy controls 
and hemodialysis (HD) patients at the start and end of the HD session. Horizontal lines indicate the median. The ratio for MBL (B), 
properdin (D), C3d (F) and sC5b-9 (H) was calculated per patient by dividing the pre-HD level by the post-HD level. Horizontal 
lines indicate the mean. A post/pre-HD ratio higher than 1, indicates an increase in concentration during HD. Differences between 
healthy controls and HD patients were assessed with the Mann-Whitney-U test. The Wilcoxon signed-rank test was used to compare 
values before and after HD. (*P<0.05, **P<0.01, ***P<0.001)
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Figure 2. 
Kaplan-Meier curves for cardiovascular events, cardiac-events and all-cause mortality of hemodialysis patients with low or high 
mannose-binding lectin plasma levels. 

Cumulative event-free survival for cardiovascular events (A), cardiac-events (B), all-cause mortality (C) and correct mortality 
(D) among hemodialysis patient (HD) with low and high mannose-binding lectin (MBL) levels. Corrected mortality included 
cardiovascular, infectious and unknown mortality, while mortality for other reasons and discontinuation of dialysis therapy were 
excluded, Log-rank test was used to compare the incidence of cardiovascular events, cardiac-events and all-cause mortality between 
the groups.

 For further analysis, we divided our study population into groups of low complement levels 

and high complement levels (Table 1). Since MBL levels were significantly lower in subjects with 

a CV-event, the 25th percentile was used as cut-off. This was also done for properdin levels. Since 

C3d, C3, and C5b-9 levels were higher in subjects with a CV-event, the 75th percentile was used as 

cut-off. Univariate regression analysis showed a significant association between lower MBL levels 

and cardiovascular events. Of subjects with MBL levels below the 25th percentile, 57.7% developed a 

CV-event compared to 25.9% of the subjects with MBL levels above the 25th percentile. Kaplan-Meier 

analysis revealed an increased incidence of both CV-events and C-event in HD patients with low MBL 

levels, but not all-cause mortality (Figure 2). However, after exclusion of death by discontinuation of 

dialysis therapy (n=7) and other causes (n=2), a trend was seen for an increased mortality rate in HD 

patients with low MBL levels. Conversely, properdin, C3d, C3, C3d/C3-ratio and C5b-9 levels were not 

associated with C-events, CV-events and all-cause mortality in HD patients.
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Table 1. Univariate analysis of MBL, properdin, C3, C3d and C5b-9.

Plasma
concentration:

At start 
hemodialysis At end hemodialysis P-value a Controls P-value b

MBL 879  (255-1572) 821  (319-1477) 0.005 784  (277-1449) 0.9

Properdin 16.8  (13.6-22.4) 18.0  (14.2-23.8) 0.01 13.0  (10.8-14.7) <0.0001

C3d 7.3  (5.6-10.1) 10.3  (7.4- 16.9) < 0.0001 2.7  (2.3-3.4) <0.0001

C5b-9 214  (166-419) 253  (187-487) < 0.0001 141  (107-262) <0.0001

Plasma
concentration: No CV-event CV-event P-value c

MBL 1074  (428-1722) 464  (111-1102) 0.006

Properdin 18.6  (14.0-24.0) 17.3  (15.1-23.4) 0.8

C3d 10.3  (7.3-16.7) 10.8  (7.4-17.2) 0.8

C3d/C3 8.2  (6.3-13.7) 8.6  (6.0-15.6) 0.5

C3 1.28  (1.08-1.53) 1.32  (1.14-1.55) 0.6

C5b-9 249  (182-513) 266  (194-473) 0.8

% CV event-
free survival: Low level High level P-value d

MBL e 42.3% 74.1% 0.003 

MBL f 48.5% 74.3% 0.02

Properdin e 65.4% 74.1% 0.6

C3d g 67.5% 66.7% 0.8

C3d/C3  g 67.5% 66.7% 0.9

C3 g 68.8% 63.0% 0.7

C5b-9 g 67.5% 69.2% 0.4

Values are expressed as median (interquartile range). Increased levels of MBL, properdin, C3d and C5b-9 were found at the end of 
hemodialysis compared with at the start of hemodialysis and controls. MBL was significantly lower in hemodialysis patients suffering 
from a cardiovascular event. An association was found between MBL and the cumulative incidence of a cardiovascular event. CV-
event, cardiovascular event; MBL, mannose-binding lectin.
a Wilcoxon signed-rank test, at start hemodialysis vs. at end hemodialysis. All P-values are two-sided.
b Mann-Whitney test, at end hemodialysis vs. controls. All P-values are two-sided.
c Mann-Whitney test. All P-values are two-sided.
d Log-rank test
e Split by lowest 25%
f Split by 400 ng/mL
g Split by highest 25%

 For additional analysis, patients were divided into two groups according to MBL levels using 

the cut-off of 400 ng/ml. This has earlier been shown to be closely related to MBL variant alleles, 

whereas MBL levels above 400 ng/ml were related to MBL wild type 32. A similar significant difference 

in the incidence of CV-events was observed using this cutoff. In our HD population, 30.8% had MBL 

levels below 400 ng/ml and 69.2% above, which is comparable to the frequency of variant alleles 

determined by others 33. 

Cardiovascular risk according to MBL levels

We set out to further investigate the predictive value of plasma MBL levels for cardiovascular risk of HD 

patients. There was no significant difference in baseline characteristics between the groups, according 

to MBL levels (Table 2). Furthermore, MBL levels correlated weakly with age (r=-0.26, P=0.007), 

post-dialysis systolic blood pressure (r=-0.24, P=0.02) but not with high-sensitivity C-reactive protein 

(hsCRP), body mass index (BMI), HbA1c and albumin (Table 2).
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Table 2. Baseline characteristics of hemodialysis patients presented as groups according to MBL levels.

Patients

All
(n=107)

MBL low 
319 < ng/mL

(n=26)

MBL high 
319 ≥ ng/mL

(n=81)
P *

R P #

MBL range (ng/mL) 821
[319-1477] 98[33-146] 1290[671-1848] <0.001

Demographics

Age, years 62.5±15.6 65.3±12.1 61.56±16.6 0.3 –0.26 0.007

Male gender, n (%) 71 (66) 17 (65) 54 (67) 1.0

Current diabetes, n (%) 25 (24) 9 (35) 16 (20) 0.2

Hypertension, n (%) 85 (84) 22 (88) 63 (83) 0.8

Cardiovascular history, 
n (%) 26 (25) 9 (35) 15 (19) 0.1

BMI, kg/m2 25.8±4.4 27.0±4.5 25.4±4.4 0.1 –0.03 0.8

Hemodialysis

Dialysis vintage, months 25.5 
[8.5-52.3] 18.2 [7.0-47.7] 32.8 [9.1-53.3] 0.2 –0.01 0.9

Primary renal disease, n (%)

 Hypertension 18 (17) 4 (15) 14 (17) 1.0

 Diabetes 14 (13) 5 (19) 9 (11) 0.3

 ADPKD 13 (12) 3 (12) 10 (12) 1.0

 FSGS 9 (8) 4 (15) 5 (6) 0.2

 IgA            
  nephropathy 4 (4) 0 (0) 4 (5) 0.6

 Chronic      
  pyelonephritis 3 (3) 0 (0) 3 (4) 1.0

 
Glomerulonephritis 13 (12) 2 (8) 11 (14) 0.7

 Other diagnoses 16 (16) 6 (23) 10 (12) 0.2

 Unknown 17 (16) 2 (8) 15 (19) 0.2

Ultrafiltration volume, L 2.55±0.78 2.54±0.82 2.56±0.78 0.9 –0.01 0.9

Ultrafiltration rate, ml/kg/h 8.56±2.63 7.81±2.39 8.80±2.67 0.1 0.04 0.7

Systolic blood pressure

 Predialysis,   
 mmHg 140.4±25.1 144.7±26.4 139.1±24.7 0.3 –0.17 0.08

 Predialysis,   
 mmHg 131.8±25.6 136±24.3 130.4±26.0 0.4 –0.24 0.02

Heart rate

 Predialysis,   
 bpm 73 [63-82] 71 [62-82] 74 [64-82] 0.3 0.11 0.3

 Predialysis,   
 bpm 79 [69-87] 75 [65-86] 79 [69-88] 0.4 0.13 0.2

Kidney transplant, n (%) 21 (20) 4 (15) 17 (21) 0.8

Laboratory measurements

Hematocrit, % 34.9±3.8 34.5±4.1 35.0±3.7 0.6 0.04 0.7

HbA1c, mmol/mol 5.68±0.98 5.80±0.97 5.63±0.98 0.5 –0.15 0.2

Albumin, g/L 39 [37-42] 39[37-42] 39[37-42] 0.9 0.01 0.9
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pH 7.37 
[7.34-7.39] 7.37 [7.32-7.39] 7.37 [7.34-7.39] 0.7 0.05 0.6

Calcium, mmol/L 2.31±0.16 2.31±0.15 2.32±0.16 0.9 0.03 0.7

Phosphate, mmol/L 1.67±0.53 1.82±0.47 1.65±0.54 0.2 –0.00 0.9

hsCRP, mg/L 6.7 
[2.8-10.9] 6.1 [1.4-12.0] 6.7 [3.0-10.9] 0.7 0.10 0.3

Medication

Aspirin, n (%) 57 (54) 11 (42) 46 (64) 0.3

Calcium channel blockers, 
n (%) 14 (13) 3 (12) 11 (14) 1.0

β-Blocker, n (%) 61 (57) 18 (69) 43 (53) 0.2

ACE inhibitor, n (%) 10 (10) 3 (12) 7 (9) 0.7

AT2-receptor antagonists, 
n (%) 14 (13) 2 (8) 12 (15) 0.5

Statin, n (%) 20 (19) 5 (19) 15 (19) 1.0

Diuretics, n (%) 8 (8) 3 (12) 5 (6) 0.4

P * indicates P-value for the difference in baseline characteristics between the MBL groups, tested by Student’s t-Test or Mann–
Whitney U test for continuous variables and with χ2 test for categorical variables; R indicates Spearman correlation coefficient 
between MBL levels and the baseline characteristic; P # indicates the corresponding P-value. Data are presented as mean ± SD or 
median [IQR]. 
Abbreviations: BMI, body mass index; ADPKD, Autosomal dominant polycystic kidney disease; FSGS, Focal segmental 
glomerulosclerosis; HbA1c, Hemoglobin A1c; pH, potential hydrogen; hsCRP, high sensitive C-reactive protein; ACE inhibitor, 
angiotensin-converting-enzyme inhibitor; AT2-receptor antagonists, Angiotensin II receptor antagonists.

 Multivariate analysis was performed to adjustment for potential confounders, including 

age and gender, characteristics of HD (ultrafiltration volume and dialysis vintage), risk factors 

(cardiovascular history, diabetes, and systolic blood pressure) and inflammation (hsCRP) (Table 3). 

In the crude model, Low MBL levels were associated with a hazard ratio of 2.64 (95%CI, 1.36–5.13; 

P=0.004) for a CV-event and 2.60 (95%CI, 1.10–6.18; P=0.03) for a C-event. After adjustment, the 

hazard ratio for future CV-event was 3.98 (95%CI, 1.88–8.24; P<0.001) or 3.96 (95%CI, 1.49–10.54; 

P=0.006) for C-event in HD patients with low MBL levels. In the unadjusted and adjusted models, 

these associations were also significant for plasma MBL levels as a continuous variable. Subsequently, 

analysis of the type of CV-events revealed that HD patients with low MBL levels are more prone to 

develop CV-events related to atherosclerosis, but not congestive heart failure (Table 4). In addition, the 

percentage of cardiovascular deaths was 15% in the low MBL group compared to 9% in the high MBL 

group (Table 4). 
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Table 3. Associations of MBL levels with cardiovascular events and cardiac events in 107 chronic hemodialysis patients.

Cardiovascular events

Low MBL Log MBL continuous

HR 95% CI P HR (per SD) 95% CI P

Model 1 2.64 1.36 – 5.13 0.004 0.64 0.46 – 0.90 0.01

Model 2 2.75 1.39 – 5.44 0.004 0.61 0.43 – 0.88 0.008

Model 3 2.94 1.45 – 5.94 0.003 0.61 0.42 – 0.89 0.01

Model 4 3.55 1.70 – 7.40 0.001 0.58 0.40 – 0.84 0.004

Model 5 3.98 1.88 – 8.42 <0.001 0.56 0.38 – 0.81 0.002

Cardiac events

Model 1 2.60 1.10 – 6.18 0.03 0.71 0.46 – 1.10 0.1

Model 2 2.49 1.04 – 5.96 0.04 0.73 0.46 – 1.16 0.2

Model 3 2.65 1.08 – 6.55 0.03 0.74 0.47 – 1.18 0.2

Model 4 3.82 1.48 – 9.87 0.006 0.62 0.38 – 1.01 0.06

Model 5 3.96 1.49 – 10.54 0.006 0.59 0.35 – 0.98 0.04

Model 1: crude. Model 2: adjusted for age and gender. Model 3: adjusted for model 2 plus ultrafiltration volume and dialysis vintage. 
Model 4: adjusted for model 3 plus cardiovascular history, diabetes and post-HD systolic blood pressure. Model 5: adjusted for 
model 4 plus hsCRP. 
Data are presented as hazard ratio (HR) plus 95% confidence interval (CI) according to the cut-off of MBL and per standard 
deviation (SD) MBL decrease. Abbreviations: MBL, mannose-binding lectin; HD, Hemodialysis; hsCRP, high sensitive C-reactive 
protein.

Table 4  Type of cardiovascular events and cause of death in hemodialysis patients.

Cardiovascular events

Acute coronary 
syndrome CABG/PCI Congestive heart 

failure
Sudden 
death CVA Peripheral 

vascular disease

Low MBL levels 4 (15%) 5 (19%) 0 (0%) 2 (8%) 2 (8%) 4 (15%)

High MBL levels 4 (5%) 5 (6%) 3 (4%) 3 (4%) 2 (2%) 8 (10%)

Mortality

Cardiovascular Infection Stopping dialysis 
therapy Others Unknown

Low MBL levels 4 (15%) 1 (4%) 0 (0%) 0 (0%) 6 (23%)

High MBL levels 7 (9%) 1 (1%) 7 (9%) 2 (2%) 9 (11%)

Data are given as an absolute number of cardiovascular events or cause of death and as a percentage (%) of the total number of 
HD patients in each MBL group. 
Abbreviations: CABG, Coronary artery bypass graft; PCI, Percutaneous coronary intervention; CVA, Cerebrovascular accident.

Table 5  Additive value of plasma MBL for the prediction of cardiovascular events in hemodialysis patients.

Harrell’s C (95% CI)
Change (95% CI)* IDI (%) P

 without MBL with MBL

Model 1 0.56 (0.46–0.66) 0.64 (0.53–0.76) 0.085 (0.072–0.098) 5.93 0.01

Model 2 0.64 (0.55–0.73) 0.67 (0.57–0.77) 0.033 (0.028–0.038) 5.35 0.01

Model 3 0.71 (0.63–0.80) 0.74 (0.65–0.83) 0.027 (0.026–0.028) 6.05 0.01

Model 4 0.73 (0.64–0.82) 0.76 (0.68–0.85) 0.033 (0.033–0.033) 6.92 0.01

Data are presented as Harrell’s concordance statistic (Harrell’s C) with 95% confidence interval (CI) and integrated discrimination 
improvement (IDI) with P-value (P). *Change in C-statistics compared to model without post-hemodialysis MBL levels. 
Abbreviations: MBL, mannose-binding lectin; CVD, cardiovascular diseases; DM, Diabetes Mellitus; HD, hemodialysis; hsCRP,  
high sensitive C-reactive protein.
Model 1: Age and gender.
Model 2: Age, gender, ultrafiltration volume and dialysis vintage. 
Model 3: Age, gender, ultrafiltration volume and dialysis vintage, history of CVD, DM and post-HD systolic blood pressure. 
Model 4:  Age, gender, ultrafiltration volume and dialysis vintage, history of CVD, DM and post-HD systolic blood pressure and 
hsCRP.
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Predictive Value of MBL

The additional value of MBL for risk prediction of cardiovascular events was assessed (Table 5). The 

Harrell’s C statistic was used to investigate the capability of each model to predict cardiovascular 

events and to compare the additional value of MBL levels in the different models. Plasma MBL alone 

had a Harrell’s C of 0.64 (0.54–0.75). Furthermore, Harrell’s C in Table 5 show that the more variables 

we adjusted for, the better the model predicted cardiovascular events. The models containing MBL 

improved significantly according to the integrated discrimination improvement index (IDI). Even in 

the fully adjusted models, the IDI value was >2%, indicating that MBL substantially improved risk 

prediction for cardiovascular events beyond currently used clinical markers. 

Discussion

We found that lower plasma mannose-binding lectin (MBL) levels are associated with a higher 

incidence of cardiac (C-event) and cardiovascular events (CV-event) in hemodialysis (HD) patients. 

In both unadjusted and adjusted models, these associations were observed after a maximum follow-up 

of 45 months and were independent of established risk factors. Extending these findings, the higher 

cardiovascular risk for HD patients with low MBL levels seems to be attributed to CV-events linked to 

atherosclerosis. No significant association was found between MBL levels and all-cause mortality, but 

a trend was visible for corrected mortality. For the first time, evidence is provided that MBL levels are 

a potent predictor of cardiovascular risk in patients on maintenance HD. Even in fully adjusted models, 

MBL substantially improved risk prediction for cardiovascular events beyond currently used clinical 

markers. These results suggest that MBL has a considerable influence on the pathophysiology of CV-

events in HD patients and that low levels of MBL are unfavorable for these patients.

 Cardiovascular morbidity and mortality in HD patients are excessively high, with rates 

that are 10- to 20-fold greater than in the general population.2 In HD patients, traditional risk factors 

for cardiovascular disease are often found to be related to outcome in an opposite direction, which has 

been referred to as “reverse epidemiology”.3 To improve risk stratification and our understanding of 

the causes of cardiovascular disease in these patients, the emphasis has been placed on finding better 

predictors of cardiovascular morbidity and mortality. The association between MBL and CV-events 

has previously been reported in both the healthy population12 and in diseases such as diabetes34 and 

rheumatoid arthritis.35 Both mbl2 genotype and MBL levels have been associated with increased risk for 

CV-event. However, the role of MBL in cardiovascular disease cannot be unequivocally defined, since 

MBL can be either detrimental or beneficial.10 In our study, low MBL levels were associated with future 

CV-events, suggesting a beneficial role for MBL in HD.

 Circulating MBL levels are largely determined by the mbl2 gene and levels vary greatly 

from person to person due to frequently occurring polymorphisms.8 The incidence of MBL deficiency 

varies among populations.21 Additionally, MBL levels are influenced by other factors such as age, sex, 

and lifestyle. In mice, MBL levels and functionality are different between genders, however, these 
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findings have not been confirmed in humans.36,37 Others have shown that MBL levels decline with 

age.37,38 Moreover, lifestyle factors can also impact MBL. Fasting and dietary restrictions reduce 

circulating levels of MBL as well as mRNA expression in liver39, However, after adjustment MBL 

for these confounders levels remained associated with cardiovascular events, indicating a direct and 

independent effect of MBL on cardiovascular risk. This study revealed that MBL levels are the same 

in HD patients and healthy controls. The mean MBL levels of 955 ng/mL in our healthy controls are 

comparable to the levels described previously.10 There have been several reports about MBL levels 

in HD patients. Similar to us, Ishii et al. and found no difference in plasma concentration of MBL 

between HD patients and healthy controls40, while other studies have provided opposite findings.17,41 

These paradoxical results about MBL levels in HD patients are explained by differences in genetic 

background, race, primary renal disease, and percentage of diabetic subjects of the HD population. 

Lastly, ELISA techniques used to determine MBL have to be taken into account.19 Satomura et al. 

revealed that patients undergoing HD have significantly reduced levels of high order oligomers 

(functional) MBL, while the same patients have significantly increased levels of low-order oligomers 

(non-functional) MBL.41 In a Dutch cohort of renal transplant recipients, MBL levels similar to our 

study were found in samples obtained prior to transplantation.25 Using the same MBL ELISA setup, 

they also concluded that MBL levels in HD patients are identical to healthy controls. In addition, we 

revealed that during HD, plasma MBL levels increase significantly. Although we are the first to show 

changes in MBL levels during an HD session, it has previously been shown that MBL levels of HD 

patients were significantly higher after 6 and 12 months than at the start of HD therapy.17 The increase 

in MBL concentration is, therefore, unlikely to be a cause of the ultrafiltration during dialysis.

 Few studies evaluated the effect of MBL levels in HD patient on clinical outcome. Satomura 

et al. showed that HD patients with low MBL levels had a significantly higher all-cause mortality than 

patients with high MBL levels.42 In contrast, we found no differences in all-cause mortality. A possible 

explanation could be the difference in the percentage of cardiovascular mortality. In their study, the 

majority of deaths (67%) were cardiovascular; whereas, in our study, the percentage of cardiovascular 

mortality was much lower (30%). Non-cardiovascular mortality accounted for another 30 percent in 

our study and the cause of death for the remaining 40 percent was unknown. However, the results of 

Satomura et al. are in line with our finding that low MBL levels are detrimental in HD patients. In 

addition, in our study, the percentage of cardiovascular deaths was higher in low MBL group. Recently, 

it was demonstrated that higher levels of C3 at baseline are associated with an increased risk of CV-

events.43 In accordance, we found higher levels of C3 in HD patients who developed a CV-event 

compared to HD patients without a CV-event. However, this was not significant, but this is most likely 

due to the smaller sample size of our study. 

 It has become clear that MBL is associated with cardiovascular disease. However, the 

relationship between MBL and disease is rather complex. Data obtained from clinical studies have been 

contradictory, MBL was sometimes protective and, at other times harmful. A possible explanation for 

this ambiguous role can be found in the different effector functions of MBL.44 Whether these effector 

functions exhibit positive or negative effects in cardiovascular diseases depends on various elements, 

such as accompanying pathology, other risk factors, age, and sex. For instance, complement activation 



55

The strong predictive value of mannose-binding lectin levels for cardiovascular risk of hemodialysis patients.

3

and thrombus formation via MBL45 could be detrimental whereas opsonization and recognition of 

altered self/apoptosis by MBL would be beneficial. We postulate that in HD patients, low MBL levels 

increase cardiovascular risk by promoting atherosclerosis due to the defective removal of atherogenic 

particles. This hypothesis is supported by evidence from previous studies showing that MBL deficient 

subjects have worse and accelerated atherosclerosis.46,47 Furthermore, MBL is locally expressed during 

atherogenesis and negatively regulated the development of these lesions.14 MBL is also involved 

in the removal of atherogenic particles and deficiency subsequently leads to accumulation of these 

particles.15,16 In patients with end-stage renal failure, low MBL levels have been linked to higher arterial 

stiffness.48 

 Our study has limitations and strengths. Although causality of the associations found is 

likely, it cannot be proven since our study is prospective but observational in nature. We are aware 

that the proposed mechanisms described here are only speculative. Furthermore, in our HD patients 

genotyping of the mbl2 gene was not performed due to the lack of DNA. MBL is an acute phase protein, 

so the plasma concentration increases substantially during inflammation.9 We cannot determine if the 

low MBL level in HD patients was due to genetic background or an insufficient inflammatory response. 

However, the lack of correlation with CRP is an argument against this. Finally, the population size is 

relatively small, limiting our power to detect all but the strongest associations between complement 

and cardiovascular risk. Negative findings should be interpreted with caution due to the risk of false 

negative associations. On the other hand, strengths include the long follow-up and uniform single-

center handling of samples along with the hard and clinically relevant endpoints (C-events and CV-

events).

Conclusion

In summary, measurement of plasma MBL level may proof to be a novel diagnostic tool and functional 

biomarker of cardiac and cardiovascular risk in HD patients, which may substantially improve 

prognostication. Intervention studies based on plasma MBL concentrations are required to clarify 

whether therapeutic targeting improves the cardiovascular risk of patients on maintenance HD.

Acknowledgements

None.



Chapter 3

56

References

1. Yoshino M, Kuhlmann MK, Kotanko P, Greenwood RN, Pisoni RL, Port FK, Jager KJ, Homel P, Augustijn 

H, de Charro FT, Collart F, Erek E, Finne P, Garcia-Garcia G, Grönhagen-Riska C, Ioannidis GA, Ivis F, 

Leivestad T, Løkkegaard H, Lopot F, Jin D-C, Kramar R, Nakao T, Nandakumar M, Ramirez S, van der 

Sande FM, Schön S, Simpson K, Walker RG, Zaluska W, Levin NW: International differences in dialysis 

mortality reflect background general population atherosclerotic cardiovascular mortality. J. Am. Soc. Nephrol. 

17: 3510–9, 2006

2. Weiner DE, Tighiouart H, Amin MG, Stark PC, MacLeod B, Griffith JL, Salem DN, Levey AS, Sarnak MJ: 

Chronic kidney disease as a risk factor for cardiovascular disease and all-cause mortality: a pooled analysis of 

community-based studies. J. Am. Soc. Nephrol. 15: 1307–15, 2004

3. Chien C-C, Yen C-S, Wang J-J, Chen H-A, Chou M-T, Chu C-C, Chio C-C, Hwang J-C, Wang H-Y, Lu Y-H, 

Kan W-C: Reverse epidemiology of hypertension-mortality associations in hemodialysis patients: a long-term 

population-based study. Am. J. Hypertens. 25: 900–6, 2012

4. Swaminathan S, Shah S V: Novel inflammatory mechanisms of accelerated atherosclerosis in kidney disease. 

Kidney Int. 80: 453–63, 2011

5. Walport MJ: Complement. First of two parts. N. Engl. J. Med. 344: 1058–66, 2001

6. Takahashi K, Ip WE, Michelow IC, Ezekowitz RAB: The mannose-binding lectin: a prototypic pattern 

recognition molecule. Curr. Opin. Immunol. 18: 16–23, 2006

7. Petersen S V, Thiel S, Jensenius JC: The mannan-binding lectin pathway of complement activation: biology 

and disease association. Mol. Immunol. 38: 133–49, 2001

8. Garred P, Honoré C, Ma YJ, Munthe-Fog L, Hummelshøj T: MBL2, FCN1, FCN2 and FCN3-The genes 

behind the initiation of the lectin pathway of complement. Mol. Immunol. 46: 2737–2744, 2009

9. Dean MM, Minchinton RM, Heatley S, Eisen DP: Mannose binding lectin acute phase activity in patients with 

severe infection. J. Clin. Immunol. 25: 346–52, 2005

10. Pągowska-Klimek I, Cedzyąski M: Mannan-binding lectin in cardiovascular disease. Biomed Res. Int. 2014: 

616817, 2014

11. Keller TT: Serum Levels of Mannose-Binding Lectin and the Risk of Future Coronary Artery Disease in 

Apparently Healthy Men and Women. Arterioscler. Thromb. Vasc. Biol. 26: 2345–2350, 2006

12. Saevarsdottir S, Oskarsson OO, Aspelund T, Eiriksdottir G, Vikingsdottir T, Gudnason V, Valdimarsson H: 

Mannan binding lectin as an adjunct to risk assessment for myocardial infarction in individuals with enhanced 

risk. J. Exp. Med. 201: 117–25, 2005

13. Vengen IT, Madsen HO, Garred P, Platou C, Vatten L, Videm V: Mannose-binding lectin deficiency is 

associated with myocardial infarction: the HUNT2 study in Norway. PLoS One 7: e42113, 2012

14. Matthijsen RA, de Winther MPJ, Kuipers D, van der Made I, Weber C, Herias MV, Gijbels MJJ, Buurman WA: 

Macrophage-specific expression of mannose-binding lectin controls atherosclerosis in low-density lipoprotein 

receptor-deficient mice. Circulation 119: 2188–95, 2009

15. Alipour A, van Oostrom AJHHM, Van Wijk JPH, Verseyden C, Plokker HWM, Jukema JW, Rabelink AJ, 

Castro Cabezas M: Mannose binding lectin deficiency and triglyceride-rich lipoprotein metabolism in 

normolipidemic subjects. Atherosclerosis 206: 444–50, 2009

16. Fraser DA, Tenner AJ: Innate immune proteins C1q and mannan-binding lectin enhance clearance of 

atherogenic lipoproteins by human monocytes and macrophages. J. Immunol. 185: 3932–9, 2010

17. Satomura A, Fujita T, Yanai M, Kumasaka K, Uehara Y, Okada K, Fuke Y, Nakayama T: Functional mannose-

binding lectin levels in patients with end-stage renal disease on maintenance hemodialysis. J. Innate Immun. 

4: 293–300, 2012

18. Mares J, Richtrova P, Hricinova A, Tuma Z, Moravec J, Lysak D, Matejovic M: Proteomic profiling of 



57

The strong predictive value of mannose-binding lectin levels for cardiovascular risk of hemodialysis patients.

3

blood-dialyzer interactome reveals involvement of lectin complement pathway in hemodialysis-induced 

inflammatory response. Proteomics. Clin. Appl. 4: 829–38, 2010

19. Damman J, Seelen M a: Mannan binding lectin: a two-faced regulator of renal allograft injury? Kidney Int. 

83: 191–3, 2013

20. Garred P, Larsen F, Madsen HO, Koch C: Mannose-binding lectin deficiency - Revisited. Mol. Immunol. 40: 

73–84, 2003

21. Garred P, Larsen F, Seyfarth J, Fujita R, Madsen HO: Mannose-binding lectin and its genetic variants. Genes 

Immun. 7: 85–94, 2006

22. Assa S, Hummel YM, Voors AA, Kuipers J, Westerhuis R, de Jong PE, Franssen CFM: Hemodialysis-induced 

regional left ventricular systolic dysfunction: prevalence, patient and dialysis treatment-related factors, and 

prognostic significance. Clin. J. Am. Soc. Nephrol. 7: 1615–23, 2012

23. Flythe JE, Kimmel SE, Brunelli SM: Rapid fluid removal during dialysis is associated with cardiovascular 

morbidity and mortality. Kidney Int. 79: 250–7, 2011

24. Damman J, Seelen M a, Moers C, Daha MR, Rahmel A, Leuvenink HG, Paul A, Pirenne J, Ploeg RJ: Systemic 

complement activation in deceased donors is associated with acute rejection after renal transplantation in the 

recipient. Transplantation 92: 163–169, 2011

25. Berger SP, Roos A, Mallat MJK, Fujita T, De Fijter JW, Daha MR: Association between mannose-binding 

lectin levels and graft survival in kidney transplantation. Am. J. Transplant. 5: 1361–1366, 2005

26. Fijen CA, van den Bogaard R, Daha MR, Dankert J, Mannens M, Kuijper EJ: Carrier detection by microsatellite 

haplotyping in 10 properdin type 1-deficient families. Eur. J. Clin. Invest. 26: 902–6, 1996

27. Peakman M, Lobo-Yeo A, Senaldi G, Nilsson M, Tee DEH, Vergani D: Quantification of C3d in biological 

fluids by an enzyme-linked immunosorbent assay. J. Immunol. Methods 104: 51–56, 1987

28. Fijen CA, Kuijper EJ, Te Bulte M, van de Heuvel MM, Holdrinet AC, Sim RB, Daha MR, Dankert J: 

Heterozygous and homozygous factor H deficiency states in a Dutch family. Clin. Exp. Immunol. 105: 511–6, 

1996

29. Austin PC, Steyerberg EW, Steyerberg E, Steyerberg E, Vickers A, Cook N, Gerds T, Gonen M, Obuchowski 

N, Harrell F, Hanley J, McNeil B, Bamber D, Demler O, Pencina M, D’Agostino R, Royston P, Altman D, 

Royston P, Thompson S, Deeks J, Macaskill P, Irwig L, Zhou X, Obuchowski N, McClish D, Cohen J, Flury 

B, Riedwyl H, Austin P, Normand S, Landrum M, Guadagnoli E, Ayanian J, Ryan T, Cleary P, Hosmer D, 

Lemeshow S, Tu J, Donovan L, Lee D, Wang J, Austin P, Alter D, Tu J, Donovan L, Lee D, Austin P, Ko 

D, Wang J, Janssens A, Moonesinghe R, Yang Q, Steyerberg E, Duijn C van, Khoury M, Pepe M, Janes H, 

Longton G, Leisenring W, Newcomb P, Vergouwe Y, Moons K, Steyerberg E: Interpreting the concordance 

statistic of a logistic regression model: relation to the variance and odds ratio of a continuous explanatory 

variable. BMC Med. Res. Methodol. 12: 82, 2012

30. Steyerberg EW, Vickers AJ, Cook NR, Gerds T, Gonen M, Obuchowski N, Pencina MJ, Kattan MW: Assessing 

the performance of prediction models: a framework for traditional and novel measures. Epidemiology 21: 

128–38, 2010

31. Pencina MJ, D’Agostino RB, D’Agostino RB, Vasan RS: Evaluating the added predictive ability of a new 

marker: from area under the ROC curve to reclassification and beyond. Stat. Med. 27: 157-72–12, 2008

32. Berger SP, Roos A, Mallat MJK, Schaapherder AFM, Doxiadis II, van Kooten C, Dekker FW, Daha MR, de 

Fijter JW: Low pretransplantation mannose-binding lectin levels predict superior patient and graft survival 

after simultaneous pancreas-kidney transplantation. J. Am. Soc. Nephrol. 18: 2416–22, 2007

33. Roos A, Garred P, Wildenberg M, Lynch N, Munoz J, Zuiverloon T, Bouwman L, Schlagwein N, Fallaux van 

den Houten F, Faber-Krol M, Madsen H, Schwaeble W, Matsushita M, Fujita T, Daha M: Antibody-mediated 

activation of the classical pathway of complement may compensate for mannose-binding lectin deficiency. Eur 

J Immunol. 9: 2589–98., 2004



Chapter 3

58

34. Siezenga M a, Chandie Shaw PK, Daha MR, Rabelink TJ, Berger SP: Low mannose-binding lectin (MBL) 

genotype is associated with future cardiovascular events in type 2 diabetic south asians. a prospective cohort 

study. Cardiovasc. Diabetol. 10: 60, 2011

35. Troelsen LN, Garred P, Jacobsen S: Mortality and predictors of mortality in rheumatoid arthritis--a role for 

mannose-binding lectin? J. Rheumatol. 37: 536–43, 2010

36. Kotimaa J, Klar-Mohamad N, Schilders G, Rutjes H, Daha MR, van Kooten C: Sex matters: Systemic 

complement activity of female C57bl/6 mice is limited by serum terminal pathway components. Mol. Immunol. 

Manuscr Pr: 13–21, 2015

37. Kildey K, Rooks K, Weier S, Flower RL, Dean MM: Effect of age, gender and mannose-binding lectin (MBL) 

status on the inflammatory profile in peripheral blood plasma of Australian blood donors. Hum. Immunol. 75: 

973–979, 2014

38. Ip WK, To YF, Cheng SK, Lau YL: Serum Mannose-Binding Lectin Levels and mbl2 Gene Polymorphisms in 

Different Age and Gender Groups of Southern Chinese Adults. Scand. J. Immunol. 59: 310–314, 2004

39. Shushimita S, Van Der Pol P, De Bruin RWF, Ijzermans JNM, Van Kooten C, Dor FJMF: Mannan-binding 

lectin is involved in the protection against renal ischemia/ reperfusion injury by dietary restriction. PLoS One 

10: 1–14, 2015

40. Ishii M, Ohsawa I, Inoshita H, Kusaba G, Onda K, Wakabayashi M, Ohi H, Horikoshi S, Matsushita M, 

Tomino Y: Serum concentration of complement components of the lectin pathway in maintenance hemodialysis 

patients, and relatively higher levels of L-Ficolin and MASP-2 in Mannose-binding lectin deficiency. Ther. 

Apher. Dial. 15: 441–7, 2011

41. Satomura A, Fujita T, Fuke Y, Yanai M, Kumasaka K, Takayama E, Hamada H, Maruyama T, Nakayama T: 

Relationship between oligomer and functional serum mannose-binding lectin in chronic renal failure. Eur. J. 

Clin. Invest. 40: 865–73, 2010

42. Satomura A, Endo M, Fujita T, Ohi H, Ohsawa I, Fuke Y, Matsumoto K, Sudo S, Matsushita M, Fujita T: 

Serum mannose-binding lectin levels in maintenance hemodialysis patients: impact on all-cause mortality. 

Nephron. Clin. Pract. 102: c93-9, 2006

43. Lines SW, Richardson VR, Thomas B, Dunn EJ, Wright MJ, Carter AM: Complement and Cardiovascular 

Disease - The Missing Link in Haemodialysis Patients. Nephron 132: 5–14, 2015

44. Genster N, Takahashi M, Sekine H, Endo Y, Garred P, Fujita T: Lessons learned from mice deficient in lectin 

complement pathway molecules. Mol. Immunol. 61: 59–68, 2014

45. Pavlov VI, Tan YS, McClure EE, La Bonte LR, Zou C, Gorsuch WB, Stahl GL: Human mannose-binding 

lectin inhibitor prevents myocardial injury and arterial thrombogenesis in a novel animal model. Am. J. Pathol. 

185: 347–55, 2015

46. Madsen HO, Videm V, Svejgaard A, Svennevig JL, Garred P: Association of mannose-binding-lectin deficiency 

with severe atherosclerosis. Lancet (London, England) 352: 959–60, 1998

47. Hegele RA, Ban MR, Anderson CM, Spence JD: Infection-susceptibility alleles of mannose-binding lectin are 

associated with increased carotid plaque area. J. Investig. Med. 48: 198–202, 2000

48. Hornum M, Bay JT, Clausen P, Melchior Hansen J, Mathiesen ER, Feldt-Rasmussen B, Garred P: High levels 

of mannose-binding lectin are associated with lower pulse wave velocity in uraemic patients. BMC Nephrol. 
15: 162, 2014





Chapter 4
Intradialytic complement activation 

precedes the development of cardiovascular 
events in hemodialysis patients.

Felix Poppelaars 
Mariana Gaya da Costa

Bernardo Faria
Stefan P. Berger

Solmaz Assa
Anita H. Meter-Arkema

Mohamed R. Daha
Willem J. van Son

Casper F.M. Franssen  
Marc A.J. Seelen 

Submitted



Chapter 4
Intradialytic complement activation 

precedes the development of cardiovascular 
events in hemodialysis patients.

Felix Poppelaars 
Mariana Gaya da Costa

Bernardo Faria
Stefan P. Berger

Solmaz Assa
Anita H. Meter-Arkema

Mohamed R. Daha
Willem J. van Son

Casper F.M. Franssen  
Marc A.J. Seelen 

Submitted



Chapter 4

62

Abstract
 

Background

Hemodialysis (HD) is a life-saving treatment for patients with end stage renal disease. However, HD 

patients have increased rates of cardiovascular morbidity and mortality. Previously, a link between 

the complement system and cardiovascular events (CV-events) has been reported. In HD, systemic 

complement activation occurs due to blood-to-membrane interaction. We hypothesize that complement 

activation together with inflammation and thrombosis are involved in the development of CV-events 

in HD patients.

Methods

Plasma samples were collected from 55 patients at different time points during one HD session. Plasma 

levels of MBL, properdin and C3d/C3 (as a measure of complement activation) were assessed by 

ELISA. In addition, levels of vWF, TNF-α, and IL-6/IL-10 ratios were determined. HD patients were 

followed for the occurrences of CV-event during a maximum follow-up of 45 months. 

Results

During median follow-up of 32 months, 17 participants developed CV-events. In the CV-event group, 

the C3d/C3-ratio peaked 30 minutes after the start of a HD session, while in the event-free group the 

ratio increased only mildly. In accordance, HD patients that develop a CV-event also had a sustained 

higher IL-6/IL-10-ratio at the start of the HD session, followed by a rise in TNF-α levels and vWF at 

the end of the session. 

Conclusions

In conclusion, these findings suggest that HD-induced complement activation is predominantly evident 

in the patients that will develop a CV-event. In addition, in these patients complement activation is 

accompanied by a pro-inflammatory and pro-thrombotic response. Therefore, our data suggest that 

complement, inflammation, and coagulation are involved in the increased CV risk of HD patients. 
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Introduction

Renal replacement therapy (RRT) represents a cornerstone in the treatment of patients with end stage 

renal disease (ESRD). Hemodialysis (HD) remains the most common form of RRT.1 Despite being 

lifesaving, HD comes with a risk.2 The life expectancy and quality of life of patients on dialysis is 

inferior to the general population. Overall, HD has been associated with increased cardiovascular 

morbidity and mortality.3 Previous studies have suggested that the innate immune system plays a key 

role in the development of cardiovascular disease in HD patients.4  

The complement system is a major component of innate immunity and activation of this 

system induces an inflammatory response.5 Complement activation can occur via three pathways: the 

classical pathway (CP), lectin pathway (LP) and alternative pathway (AP). Regardless of the trigger, all 

pathways lead to the cleavage of C3. In the end, complement activation leads to the generation of C5a, a 

powerful anaphylatoxin and C5b-9 also known as the membrane attack complex. Initially, the functions 

of the complement system were thought to be limited to opsonization and elimination of pathogens. 

However, nowadays this system is known to have numerous functions and complement has been shown 

to be involved in the pathogenesis of various diseases.6

For decades, HD has been known to be associated with complement activation.7 In dialysis, 

complement activation is mainly caused by the interaction of blood with the HD membrane.4 Regardless 

of the efforts to improve biocompatibility, complement activation still occurs in HD, even with modern 

membranes.8–10 It has been hypothesized that complement activation leads to HD-induced inflammation 

and thereby increases the subsequent cardiovascular risk.4 In accordance, several studies have shown 

an association between complement and cardiovascular events (CV-event).8,11–14 However, the link 

between complement activation products and CV-events remains poorly characterized.15 Only Lines et 

al. reported an association in HD patients between soluble C5b-9 and cardiovascular risk. Furthermore, 

previous experimental studies proposed a link between HD-induced complement activation, pro-

inflammatory cytokines, and the coagulation system.10,16  

We hypothesize that an unfavorable complement profile is seen in HD patients who will 

develop a CV-event. To investigate the mechanism of increased cardiovascular risk in HD, we measured 

complement activation, pro-inflammatory cytokines, and a pro-thrombotic factor during one HD 

session in patients that developed a CV-event during follow-up and compared this to patients without 

a CV-event during follow-up.

Materials and methods

Study population and design 

A cohort of 55 hemodialysis patients from Dialysis Center Groningen and the University Medical 

Center Groningen were followed for a maximum of 45 months. The original cohort was composed out 

of 109 patients; however, due to a lack of samples, only 55 could be included in this study. The protocol 
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has been previously described.2 In short, patients were included if the duration of HD therapy was 

longer than 3 months. Patients with severe heart failure (NYHA class IV) were excluded. 

Dialysis settings

Patients were on maintenance HD treatment for three times a week with a low-flux polysulfone hollow-

fiber dialyzer (F8; Fresenius Care, Bad Homburg, Germany). The dialysate temperature was kept on 

36.0 or 36.5°C. The ultrafiltration rate was constantly 500 mL/min and the blood and dialysate flow 

rate was 250–350. Blood samples were taken just before the start of the session, and after 30, 60, 180 

and 240 minutes. 

 

Inflammatory markers

Patient characteristics were extracted from patient records. TNF-α was measured by Quantikine 

HS Human Immunoassay. IL-6 and IL-10 were determined using a quantitative sandwich enzyme 

immunoassay technique (R&D System Inc). Von Willebrand Factor was measured by enzyme-linked 

immunosorbent assay (Dakopatts).                                                                                                                                                         

 

Quantification of complement proteins

C3d was measured by sandwich enzyme immunoassay as previously described.17 Quantitative antigenic 

assay for C3 was performed by the radial immunodiffusion technique with monospecific anti-sera.17 As 

a measure of complement activation C3d/C3 ratio was determined by dividing the C3d values by the C3 

concentration.  Additionally, Properdin and MBL concentrations were measured as described earlier.17,18 

Definition of endpoint

The end-point of the study was defined as the time to the first CV-event. CV-event included cardiac, 

cerebrovascular or peripheral vascular events. The occurrence of a cardiac event was defined as an 

ischemic heart disease (unstable angina pectoris, myocardial infarction, Coronary Artery Bypass 

Grafting (CABG) and/or Percutaneous Coronary Intervention (PCI), sudden cardiac death and 

congestive heart failure. In order to classify as acute myocardial infarction, we used two out of three 

criteria: clinical status, elevated heart enzymes, and EKG changes. Cerebrovascular events were 

defined as stroke, ischemic insult, or newly diagnosed >70% stenosis of the extracranial carotid artery. 

Strokes and ischemic insults had to be verified by CT or MRI. Peripheral vascular disease was defined 

as having intermittent claudication with angiographically or sonographically proven stenosis >50% 

of the major arteries of the lower limbs or ulcers caused by atherosclerotic stenosis or surgery for this 

disorder. Transplantation was a censoring event and the transplantation date was considered as the final 

follow-up date.

Statistics 

Statistical analysis was performed using IBM SPSS 22.0 (IBM Corporation, Chicago, IL, USA). 

Normally distributed data are presented as mean ± standard deviation, whereas non-normally distributed 

data are shown as median with interquartile range [IQR]. Nominal data are displayed as total number 
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of patients with percentage [n (%)]. Differences between groups were assessed with the student t-test 

and the paired t-test was used to compare values of a single variable during different time points within 

the HD session.

Ethics 

This study was in accordance with the Declaration of Helsinki and approved by the Medical Ethical 

Committee.

Results

Patients characteristics 

Blood samples from 55 patients on maintenance HD were available, of which 35 were male and 20 

female. The mean age was 62 ± 15 years and baseline dialysis vintage was 1.2 years [IQR: 0.6 – 3.9 

years]. The median follow-up of the study was 32 months and during this time 17 patients (31%) 

developed a CV-event, whereas 16 patients died (29%). Among the patients that developed CV-events, 

35% had acute coronary syndrome, 17% needed coronary artery bypass surgery, 11% developed 

congestive heart failure, 17% had a cerebro-vasculair accident and 17% developed peripheral vascular 

disease. Next, we created two different groups; the patients that developed a CV-event during follow-up 

(CV-event group) and the patients that remained event-free (event-free group). 

Complement activation 

To assess complement activation we determined the C3d/C3-ratio of the HD patients during one HD 

session prior to the follow-up. The C3d/C3-ratio at the start of the HD session was not statistically 

different between the patients that would develop a CV-event (7.0 ± 6.2) compared to the patients 

that would not (9.0 ± 7.4). Surprisingly, at the end of the HD session, the C3d/C3-ratio was also not 

statistically different between the two groups (CV-events: 11.8 ± 8.5, event-free: 12.9 ± 10.0). However, 

when the intradialytic C3d/C3-ratios were compared between the two groups, clear differences were 

seen (Figure 1). At 30 minutes intradialysis, there was a significant increase in the C3d/C3-ratio in the 

CV-event group compared to the patients who remained event free. During these initial 30 minutes, 

the C3d/C3-ratio increased by 3.29 fold in the CV-event group and by only 1.26 fold in the event-free 

group (P<0.01).

 We next set out to assess the contribution of the AP and LP to HD-induced complement 

activation. Properdin and MBL levels were measured in a subgroup of 30 patients (Figure 2). MBL 

and properdin levels were comparable between the two groups at the start and end of the HD session. 

Conversely, at 30 minutes intradialysis MBL levels decreased significantly in the event-free group 

but not in the CV-event group (P<0.05). Furthermore, properdin levels were significantly lower at 30 

minutes in the CV-event group, compared to the event-free group. To summarize, MBL consumption 

was seen in the event-free group implying there is binding of MBL to the HD membrane. In contrast, 

the lower properdin levels in the CV-event group suggest  binding of properdin to the HD membrane. 
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Figure 1 
C3d/C3-ratios during hemodialysis

Two different groups were created, the patients that developed a cardiovascular event during follow-up (CV-event) and the patients 
that remained event-free (no CV-event). The data are presented as mean ± SEM and C3d/C3-ratio was calculated by dividing the 
C3d values (at μg/mL) by the C3 levels (in mg/mL). The C3d/C3-ratio was determined at the start of hemodialysis session and 30, 
60, 180 and 240 minutes after. Differences between the two groups were assessed by the student t-test and the paired t-test was 
used to compare C3d/C3-ratio at different time points within one group (*P<0.05, **P<0.01, ***P<0.001). The hashtag above the 
bars denotes a significant difference between the two groups, whereas the asterisk above the bars denotes a significant difference 
compared to baseline within the group. The number of subjects is 17 in the ‘CV-event group’ and 38 in the ‘No CV-event group’.

Figure 2 Intradialytic levels of properin en MBL

Two different groups were created, the patients that developed a cardiovascular event during follow-up (CV-event) and the patients 
that remained event-free (no CV-event). The data are presented as mean ± SEM. (A) The levels of MBL were determined at the start 
of hemodialysis session and 30 and 240 minutes after. (B) The levels of properdin were determined at the start of hemodialysis session 
and 30 and 240 minutes after. Differences between the two groups were assessed by the student t-test and the paired t-test was used 
to compare levels at different time points within one group (*P<0.05, **P<0.01, ***P<0.001). The hashtag above the bars denotes 
a significant difference between the two groups, whereas the asterisk above the bars denotes a significant difference compared to 
baseline within the group. The number of subjects is 17 in the ‘CV-event group’ and 38 in the ‘No CV-event group’.
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Inflammatory and pro-thrombotic factors

Finally, we determined cytokines and Von Willebrand factor (vWF) to investigate if complement 

activation during HD is accompanied by a pro-inflammatory response and a pro-thrombotic state. 

During HD distinct time-courses were observed between the two groups for levels of vWF (Figure 3). 

In the CV-event group, vWF levels increased steadily during the session, however, they did not reach 

statistical significance. Nevertheless, compared to patients without a CV-event, the CV-event group had 

significantly higher levels of vWF after 180 and 240 minutes (P<0.05). 

Cytokines such as tumor necrosis factor-α (TNF-α) may initiate inflammation and are therefore 

believed to play a role in dialysis-related cardiovascular risk. Levels of TNF-α rose significantly during 

the HD session in both groups (Figure 4A). In the CV-event group, levels peaked at 180 minutes after 

the start of the HD session (P<0.01) and were significantly higher than the event-free group (P<0.05). 

Furthermore, in the event-free group, the maximum TNF-α levels were reached at the end of the session 

(P<0.001). 

Figure 3
Levels of von Willebrand factor during hemodialysis

Two different groups were created, the patients that developed a cardiovascular event during follow-up (CV-event) and the patients 
that remained event-free (no CV-event). The data are presented as mean ± SEM. (A) Von Willebrand factor (vWF) was determined 
at the start of hemodialysis session and 60, 180 and 240 minutes after the start of the session. Differences between the two groups 
were assessed by the student t-test and the paired t-test was used to compare C3d/C3-ratio at different time points within one group 
((*P<0.05, **P<0.01, ***P<0.001). The hashtag above the bars denotes a significant difference between the two groups, whereas 
the asterisk above the bars denotes a significant difference compared to baseline within the group. The number of subjects is 17 in 
the ‘CV-event group’ and 38 in the ‘No CV-event group’.

To evaluate the relation between anti-inflammatory cytokines and pro-inflammatory cytokines, 

we determined the IL-6/IL-10 ratio (Figure 4B). Interestingly, IL-6/IL-10 ratios were the highest in 

both groups at the start of the HD session and a decreasing trend was seen during the session, although 

not significant. Moreover, at 60 minutes intradialysis an important decrease in the IL-6/IL-10 ratio 

occurred in the event-free group, indicating a shift towards a less inflammatory profile. However, IL-6/

IL-10 ratios remained elevated in the HD patients that will develop a CV-event, revealing a significant 

difference between the groups at this time point (P<0.05). Overall, enhanced levels of pro-inflammatory 

and pro-thrombotic mediators seem to prelude the development of CV-events in HD patients. 
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Figure 4
Levels of TNF-α and the IL-6/IL- 10-ratio during hemodialysis

Two different groups were created, the patients that developed a cardiovascular event during follow-up (CV-event) and the patients 
that remained event-free (no CV-event). The data are presented as mean ± SEM. (A) The levels of TNF-α were determined at the start 
of hemodialysis session and 60, 180 and 240 minutes after the start of the session. (B) Levels IL-6 and IL-10 were determined at the 
start of hemodialysis session and 60, 180 and 240 minutes after. The IL-6/IL- 10 ratio was calculated by dividing the IL-6 (in pg/mL) 
values by the IL-10 levels (in pg/mL). Differences between the two groups were assessed by the student t-test and the paired t-test 
was used to compare C3d/C3-ratio at different time points within one group (*P<0.05, **P<0.01, ***P<0.001. The hashtag above 
the bars denotes a significant difference between the two groups, whereas the asterisk above the bars denotes a significant difference 
compared to baseline within the group. The number of subjects is 17 in the ‘CV-event group’ and 38 in the ‘No CV-event group’.

Discussion

Hemodialysis treatment balances between the dangers of advanced uremia and the inherent risks related 

to this form of RTT.19,20 The higher cardiovascular risk seen in this population is not only related to 

ESRD but it is also associated with the HD procedure itself.2 Innate immunity has been proposed to 

be the missing link in the mechanism of CV-events in HD patients.4 We observed distinct differences 

in molecular profiles during HD of patients that will later develop CV-events compared to those who 

remained event-free during follow-up. At the start of dialysis, a unique peak in complement activation 

was only seen in patients of the CV-event group. Furthermore, enhanced inflammation and coagulation 

accompanied the complement activation seen in HD patient that will develop CV-events. Altogether 

these three elements showed different dynamics, with complement activation possibly initiating these 

processes. Moreover, these processes arose long before the actual development of the CV-event. 

Despite significant advances in the biocompatibility of HD membranes, complement 

activation remains an undesired but relevant issue.8,15 Higher levels of complement components, as well 

as loss of complement inhibitors, have been associated with a higher risk for cardiovascular disease 

in HD patients.8,11–14 Recently it was reported that complement activation prior to an HD session was 

associated with the occurrence of CV-events in HD patients.15 Here, we showed that patients that will 

develop a CV-event exhibit a intradialytic peak in C3 activation, possibility suggesting that intradialytic 

complement activation results in CV-events. Our study is the first, to our knowledge, to assess the 

relationship between intradialytic complement activation and subsequent outcome. In accordance, 

previous studies have shown that activation of the complement system peaks during the first 15 to 30 
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minutes of the HD session.21 However, the mechanism by which complement activation increases the 

risk for cardiovascular disease remains largely unknown. 

 The LP and AP initiate complement activation during HD.22,23 In our study, we only found MBL 

consumption in the event-free group, implying that this decrease is actually beneficial. In accordance, 

MBL has been proposed to be involved in the removal of atherogenic particles, thereby decreasing 

atherosclerosis. Our previous data showed that higher MBL levels in HD patients were associated 

with protection against cardiovascular disease.9 We also found a rise in properdin levels in the event-

free group. Properdin, unlike other complement factors, is produced by leukocytes, predominately 

neutrophils.24 Therefore, the increase in properdin is presumably the result of leukocyte activation by 

the HD membrane leading to degranulation.25 Since, this rise was not seen in the CV-event group, we 

speculate that this was due to properdin consumption by AP activation in these patients. 

  We found higher TNF-a levels and IL-6/IL-10 ratios in patients that would develop a CV-

event. TNF-α and IL-6 are potent cytokines that can initiate a powerful pro-inflammatory reaction.26,27 

If this response is not contained, it can lead to hypotension, organ dysfunction, and eventually result 

in death. Elevated levels of these cytokines have also been related to an increased risk for CV-events 

in the general population and in HD patient.28–31  In contrast, IL-10 is a major anti-inflammatory 

cytokine with the ability to suppress the production and secretion of pro-inflammatory mediators in 

leukocytes, thereby effectively controlling the inflammation.32 The IL-6/IL-10 ratio has previously 

been linked to outcome after inflammatory disorders and to the development of HD-induced left 

ventricular dysfunction.33–35 In ex-vivo models, the induction of IL-6 during the bio-incompatibility 

reaction was shown to be completely complement-dependent, while the induction of TNF-α was only 

partially complement-dependent.36 In addition, in a primate model of HD, complement inhibition leads 

to enhanced levels of IL-10, demonstrating the relationship between the two systems.37 

 Thrombosis is a key element in the development of cardiovascular disease. Previously, 

Péquériaux et al. reported that vWF is a good predictor of CV-events in patients undergoing RRT.38 Von 

Willebrand factor is a glycoprotein involved in hemostasis but vWF is also a marker of endothelial cell 

activation.39 We found significantly higher levels of vWF in the group of patents who developed CV-

events, which could be evidence of a prothrombotic state. The link between the complement system and 

thrombosis is not new in HD.40 Complement receptors on leukocytes are important for the formation of 

platelet-leukocytes complexes, which contributes to thrombotic processes.41 In addition, complement 

activation during HD induces the production of pro-coagulation factors.42 Moreover, plasma levels of 

C3 correlated with a denser clot structure in HD patients.43 

 There is a growing body of data supporting a role for the complement system in the 

development of cardiovascular disease. Ekdahl et al. proposed that complement activation initiates an 

inflammatory cascade and amplifies pro-thrombic processes.4 For the first time, to our knowledge, we 

demonstrated intradialytic differences in complement activation, inflammation and a pro-thrombotic 

factor in HD patients that will develop a CV-event compared to HD patients that will not. Future studies 

have to determine whether these three processes are collinear or parallel in the mechanism of CV-events 

in HD patients.
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Abstract

Background 

Intravenous (IV) iron preparations are widely used in the treatment of anemia in patients undergoing 

hemodialysis (HD). All IV iron preparations carry a risk of causing hypersensitivity reactions. However, 

the pathophysiological mechanism is poorly understood. We hypothesize that a relevant number of 

these reactions are mediated by complement activation, resulting in a pseudo-anaphylactic clinical 

picture known as complement activation-related pseudo allergy (CARPA).

Methods

First, the in-vitro complement-activating capacity was determined for 5 commonly used IV iron 

preparations using functional complement assays for the 3 pathways. Additionally, the preparations 

were tested in an ex-vivo model using the whole blood of healthy volunteers and HD patients. Lastly, 

in-vivo complement activation was tested for one preparation in HD patients.

Results

In the in-vitro assays, iron dextran, and ferric carboxymaltose caused complement activation, which 

was only possible under alternative pathway conditions. Iron sucrose may interact with complement 

proteins, but did not activate complement in-vitro. In the ex-vivo assay, iron dextran significantly 

induced complement activation in the blood of healthy volunteers and HD patients. Furthermore, in the 

ex-vivo assay, ferric carboxymaltose and iron sucrose only caused significant complement activation in 

the blood of HD patients. No in-vitro or ex-vivo complement activation was found for ferumoxytol and 

iron isomaltoside. IV iron therapy with ferric carboxymaltose in HD patients did not lead to significant 

in-vivo complement activation.

Conclusions

This study provides evidence that iron dextran and ferric carboxymaltose have complement-activating 

capacities in-vitro, and hypersensitivity reactions to these drugs could be CARPA-mediated.
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Introduction

A majority of patients with chronic kidney disease (CKD) receive intravenous (IV) iron for the 

treatment of anemia.1 However, controversy exists regarding the safety of IV iron preparations since 

hypersensitivity reactions have been reported for all iron drugs.2 Although these reactions appear 

sporadic, they can be acute and life-threatening. The exact frequency of the hypersensitivity reactions 

is unknown. This is attributed to a lack of data, due to underreporting and differential reporting.3 

The underlying mechanism of hypersensitivity reactions by IV iron remains unclear. However, 

elucidating the pathophysiology is critical to improve prediction, prevention, and management of these 

adverse events. In contrast to the IgE-mediated anaphylaxis seen with the older IV iron compounds, 

hypersensitivity reaction by new IV iron preparations are thought to result from complement activation-

related pseudo-allergy (CARPA).4,5 Nonetheless, this has not been tested systematically. CARPA is an 

adverse event seen after administration of monoclonal antibodies, intravenously administered drugs, 

and nanoparticle-containing drugs.5,6 CARPA was postulated since all available preparations consist of 

iron-carbohydrate nanoparticles.7 

Activation of the complement system occurs via three pathways: the Classical Pathway (CP), 

the Lectin Pathway (LP) and the Alternative Pathway (AP). The CP is activated by antibody–antigen 

complexes, the LP by carbohydrates and the AP by microbial surfaces. This results in the formation of 

the C3- and C5-convertases and the generation of anaphylatoxins. Subsequently, the terminal pathway 

activation leads to the formation of the membrane attack complex (C5b-9).8 In CARPA, such a cascade 

is initiated firstly by the generation of complement activation products; leading to the stimulation of 

mast cells and basophil granulocytes resulting in secretion products; which cause various responses in 

effector cells such as platelets, endothelial cells, and smooth muscle cells. Clinically, these processes 

may give rise to bronchospasm, laryngeal edema, tachycardia, hypo- or hypertension, and hypoxia.6

The aim of this study was to determine the effect of five currently available IV iron preparations 

on the complement system. By evaluating different IV iron drugs in an in-vitro and ex-vivo model for 

complement activation we intended to test for the probability of CARPA by IV iron drugs. Lastly, in-

vivo complement activation was tested for one IV iron preparation in hemodialysis patients.

Materials and Methods

Subjects

We recruited two groups:

1. Control subjects (5 to 10 per experiment, as indicated below).

2. Patients on maintenance hemodialysis (n = 8). During one dialysis session, blood samples were 

taken at times 0, 120, and 240 minutes during dialysis. Patients received 100 mg/2 mL ferric 

carboxymaltose (Ferinject©) intravenous over 1h at 120 minutes into the dialysis session.
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Reagents

Iron sucrose (Venofer©) and ferric carboxymaltose (Ferinject©) were purchased from Vifor Nederland, 

Breda, The Netherlands. Ferumoxytol (Rienso©) from Takeda Nederland, Hoofddorp, The Netherlands. 

Low molecular weight iron dextran (CosmoFer©) and iron isomaltoside 1000 (Monofer©) from Cablon 

Medical, Leusden, The Netherlands. 

For the whole blood experiments, lepirudin (Refludan©, Hoechst, Frankfurt am Main, Germany) was 

used as anti-coagulant.

Normal human serum 

Blood was taken from 10 healthy volunteers and directly stored on ice. Samples were centrifuged, then 

pooled and stored at -80°C until further analysis. 

Complement pathway activity in human serum

Functional assays were used to allow quantification of complement activation via the CP, the LP and 

AP in human serum. These assays were previously described.9 In brief, 96-well plates were coated 

overnight with human IgM for the CP, mannan for the LP or LPS for the AP. Plates were washed three 

times after each step with PBS containing 0.05% Tween-20. Plates were blocked with 1% BSA in PBS 

for 1h at 37◦C. Serum was diluted in gelatin veronal buffer (GVB) buffer adapted specifically for 

each pathway. For the CP and LP, serum was diluted in GVB with Ca2+–Mg2+. For the AP, serum was 

diluted in GVB with magnesium only. After 1h at 37°C, deposition the of properdin, C4, C3, or C5b-9 

was detected using rabbit anti-human properdin (obtained from the lab. of Nephrology, Leiden, The 

Netherlands), mouse anti-human C4 (obtained from the lab. of Nephrology, Leiden, The Netherlands), 

RFK22 (anti-human C3, obtained from the lab. of Nephrology, Leiden, The Netherlands) and AE11 

(anti-human C5b-9, DAKO, Glostrup, Denmark), respectively. Binding of antibodies was detected 

using the appropriate primary and secondary antibody. For visualization TMB and H2SO4 were added 

before the absorption was measured at 450 nm. Prior to incubation on the ELISA plate, all serum 

samples were pre-incubated at 37°C for 30 min with iron in a dose ranging from 0.0625 to 0.5 mg/ml. 

Next, samples were further diluted to the final concentration with the appropriate buffer. 

Complement activation assays by IV iron

For the complement activation assay, iron preparations or BSA were coated overnight on a 96-well 

plate followed by blocking with 1% BSA/PBS at 37°C for 1h. The wells were exposed to pooled 

human serum diluted in adapted GVB (see 2.3) or with EDTA (20 mM) for 1h at 37°C. The plate was 

then incubated with antibodies against properdin, C3 or C5b-9 (see 2.3). Detection was completed 

using appropriate primary and secondary antibody. The plate was washed with PBS Tween-20 (0.05%) 

between each step. Visualization was similar as described in 2.3.   

Complement pathway activity in human whole blood

The experimental set-up has previously been described.10 In short, blood was drawn in LPS-free tube 

with 50 ug/ml lepirudin. Whole blood was then incubated for 0 min or 90 min at 37°C with IV iron (0.5 
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mg/ml ferrous iron) while continuously rotated. PBS was added to the negative controls. The reaction 

was stopped with EDTA (final concentration of 20mM). Samples were then centrifuged and plasma was 

stored at -80°C until further analysis.

Quantification of the antigenic levels of C1q, C3d, C3 MBL, properdin and C5b-9

The ELISA for C1q, C3d, C3 MBL, properdin, and C5b-9 were performed as described 

previously.11–13   

Statistics 

Statistical analyzes were performed using BM SPSS Statistics Version 22 and P values <0.05 were 

considered statistically significant. The Kruskal-Wallis test and Mann-Whitney U test were used to 

assess differences between groups of non-parametric data and one-way ANOVA and t-test for normally 

distributed data. If needed, data were ln-transformed for normality. 

 

Ethics 

All participants gave informed consent. The Medical Ethical Committee of the University Medical 

Center Groningen has reviewed the study design and it was confirmed that an official approval of this 

study by the committee is not required since the Medical Research Involving Human Subjects Act 

(WMO) does not apply. 

Results

In-vitro effect of IV iron preparations on complement activity

The interaction of the different IV iron drugs with complement was determined using functional 

complement assays for each pathway. Normal human serum (NHS) was pre-incubated with different 

IV iron drugs prior to the assay; subsequently, residual complement activity was measured. In this 

assay decreased residual activity reflects either activation or inhibition of complement by the IV iron 

compound during the pre-incubation period. 

Decreased residual activity of the Classical Pathway by iron sucrose 

First, residual complement activity was tested for the CP after incubation with the IV iron drugs (Table 

1). Iron sucrose was the only preparation that significantly reduced residual complement activity. 

Furthermore, the effect of iron sucrose on CP activity (p = 0,016) was dose-dependent (Figure 1). At a 

concentration of 0.5 mg/mL, iron sucrose reduced C4, C3 and C5b-9 deposition by 92%, 88% and 96%, 

respectively (p < 0.001). For iron dextran, ferric carboxymaltose, iron isomaltoside and ferumoxytol, 

there was no change in residual complement activity, indicating low to no effect on the CP. 
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Table 1
Activation of complement components of the Classical, Lectin and Alternative 
Pathway by IV iron drugs. 

1.) Pooled serum was pre-incubated with 0.5 mg/mL ferrous iron for 30 minutes 
at 37°C. PBS was used for the controls. The serum was then used in the functional 
assay for the classical, lectin or alternative pathway to measure residual activity. 
Deposition of C5b-9 was used as readout and the amount obtained in the control 
was set at 100% (y-axis). 
2.) Iron preparations were coated overnight on a 96-well plate. The wells were 
exposed to pooled human serum diluted in a buffer adapted specifically for each 
pathway. Deposition of C5b-9 was used as readout and the amount obtained in the 
positive control was set at 100% (y-axis). Data are shown as mean ± SEM of three 
experiments (*P < 0.05, **P < 0.01, ***P < 0.001).

Deposition of C5b-9 was used as readout and the amount obtained in the control 

pathway. Deposition of C5b-9 was used as readout and the amount obtained in the 
positive control was set at 100% (y-axis). Data are shown as mean ± SEM of three 
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Decreased residual activity of the Lectin Pathway by iron sucrose

Next, residual complement activity for the LP was assessed (Table 1). Once again, iron sucrose 

significantly reduced residual complement activity in a dose dependent manner (psignificantly reduced residual complement activity in a dose dependent manner (psignificantly reduced residual complement activity in a dose dependent manner (  < 0.001) indicating 

prominent activation of the LP during the pre-incubation (Figure 1). Deposition of C4, C3 and C5b-9 

were lowered by 88%, 95%, and 95% at 0.5 mg/mL for iron sucrose (p < 0.001). For iron dextran, 

ferric carboxymaltose, iron isomaltoside and ferumoxytol, there was no change in residual complement 

activity for the LP. 

Figure 1
The dose-dependent decrease of residual activity of the Classical, Lectin and Alternative Pathway by iron sucrose, iron dextran, and 
ferric carboxymaltose.

Pooled serum was pre-incubated with increasing concentrations of iron sucrose (x-axis, log
2

Pooled serum was pre-incubated with increasing concentrations of iron sucrose (x-axis, log
2

Pooled serum was pre-incubated with increasing concentrations of iron sucrose (x-axis, log scale) for 30 minutes at 37 °C. PBS was 
used for the controls. The serum was then used in the functional assay for the Classical Pathway, Lectin Pathway, and Alternative 
Pathway to measure residual activity. Deposition of C4, Properdin, C3, and C5b-9 were used as readout and the amount obtained in 
the control was set at 100% (y-axis). Data are shown as mean ± SEM of three experiments (*P < 0.05, **P < 0.01, ***P < 0.001). 

Decreased residual activity of the Alternative Pathway by iron dextran and ferric carboxymaltose

Lastly, residual activity of the AP was analyzed (Table 1). The addition of iron dextran and ferric 

carboxymaltose caused a significant reduction in residual complement activity at the level of C5b-

9 generation (Figure 1). In accordance, pre-incubation with iron dextran and ferric carboxymaltose 

resulted in a significant dose-dependent reduction of residual complement activity at the level of 

properdin and C3 deposition (pproperdin and C3 deposition (pproperdin and C3 deposition (  < 0.01). For iron dextran, deposition of properdin, C3 and C5b-9 were 

lowered by 71%, 85% and 94% at 0.5 mg/mL (plowered by 71%, 85% and 94% at 0.5 mg/mL (plowered by 71%, 85% and 94% at 0.5 mg/mL (  < 0.01) and lowered by 34%, 24% and 30% at 0.5 mg/

mL (p < 0.01) for ferric carboxymaltose. Ferumoxytol, iron sucrose and iron isomaltoside did not affect 

complement activity of the AP. 
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In-vitro testing of complement activation by IV iron drugsIn-vitro testing of complement activation by IV iron drugs

Next, we investigated next whether IV iron preparations can directly activate the complement system. 

In an ELISA-based set-up, we immobilized the IV iron drugs on the plate and added NHS diluted 

in buffers that allow the specific activation of CP, LP or AP. Under these conditions, iron dextran 

and ferric carboxymaltose had the capacity to activate the AP. Ferumoxytol and iron isomaltoside 

showed no complement activation for all pathways (Table 1). In this set-up, iron sucrose failed to show 

complement activation for the LP or the CP.

Figure 2
Alternative Pathway mediated complement activation on iron dextran and ferric carboxymaltose. 

(A) ELISA wells were coated with iron dextran, ferric carboxymaltose at 50 μg and 1% BSA as a negative control. Wells were blocked 
by incubating with 1% BSA/PBS for 60 min at 37 °C. A fixed concentration of 15% pooled human serum diluted in GVB++ MgEGTA 
or EDTA was added to the wells with detection by mouse anti-human C5b-9 antibody. Data are shown as mean ± SEM of three 
experiments. (B) Iron dextran and ferric carboxymaltose at various concentrations or 1% BSA were coated to the wells. All coated 
wells had 1% BSA/PBS added for 60 min at 37 °C as a blocking agent. 15% pooled human serum diluted in GVB++ MgEGTA was 
added followed by detection using mouse anti-human C5b-9 antibody. (C - E) Iron dextran and ferric carboxymaltose were coated at 
50 μg and 1% BSA as a negative control to ELISA wells. The plate was blocked using 1% BSA/PBS at 37 °C for 60 min. Increasing 
concentrations of pooled human serum diluted in GVB++ MgEGTA were added to the wells followed by measuring deposition for 
C5b-9, C3 or Properdin.

Alternative Pathway activation by iron dextran and ferric carboxymaltose

We further determined conditions required for iron dextran and ferric carboxymaltose mediated 
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complement activation. An ELISA plate was coated with iron dextran, ferric carboxymaltose or BSA 

and then exposed to 15% pooled human serum diluted in either MgEGTA or EDTA. Subsequently, 

C5b-9 deposition was assessed. Iron dextran and ferric carboxymaltose coating caused strong C5b-

9 depositions compared to BSA controls (Figure 2A). The addition of EDTA completely inhibited 

complement deposition. Hence, complement deposition was the result of calcium and magnesium-

dependent complement activation. The degree of complement activation was dependent on the 

concentration of iron dextran and ferric carboxymaltose immobilized on the plate (Figure 2B). 

Furthermore, we titrated NHS in MgEGTA and showed that C5b-9 depositions were dose dependent 

when compared to the negative control, BSA (Figure 2C). Lastly, we tested whether AP activation 

also involves deposition of other complement components of the AP. We found that similar to C5b-9 

deposition, C3 (Figure 2D) and properdin deposition (Figure 2E) occurred in a dose-dependent manner, 

while no C4 deposition was seen (data not shown). Altogether, these results show that dextran and ferric 

carboxymaltose-mediated complement activation is only possible under AP conditions.

Ex vivo analysis of the effect of IV iron drugs on complement activation in healthy volunteers 

The effect of IV iron drugs on fluid-phase complement activation was determined by incubating IV iron 

preparation (0.5 mg/mL ferrous iron) for 90 min in human whole blood.  Subsequently, complement 

activation in the samples was determined by measuring sC5b-9 levels. Increased sC5b-9 levels 

demonstrate complement activation. Additionally, properdin, MBL, and C1q levels were measured to 

determine which pathway was involved. 

Ex vivo terminal pathway complement activation by iron dextran 

The addition of iron dextran to whole blood samples of healthy volunteers led to vast terminal pathway 

activation (Figure 3a). Levels of sC5-b9 were 13-fold higher than in the controls (p < 0.001). Incubation 

with iron sucrose, ferric carboxymaltose, iron isomaltoside or ferumoxytol did not lead to significant 

complement activation. 

Ex vivo complement activation by iron dextran is mediated via the Alternative Pathway

In order to determine which complement pathway was activated, C1q, MBL, and properdin were 

measured at 0 min and 90 min (supplementary data). For iron dextran, a significant decrease in properdin 

concentration of 42% was found compared to control (p = 0.032).  The concentration of C1q and MBL 

remained largely unchanged (Figure 3b). No significant alterations of in C1q, MBL, and properdin 

concentration were found for iron sucrose, ferric carboxymaltose, iron isomaltoside and ferumoxytol. 

Effect of IV iron drugs on complement in whole blood from hemodialysis patients 

We next analyzed whether the observed effects of iron dextran can be extrapolated from control subjects 

without CKD to HD patients with severe CKD and whether other iron preparations induce complement 

activation similar to iron dextran.
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Ex vivo terminal pathway complement activation by iron dextran

Similar to healthy controls, iron dextran led to significant complement activation in whole blood from 

HD patients (p < 0.001), indicated by the marked sC5b-9 generation (Figure 3c). Surprisingly, Ferric 

carboxymaltose and iron sucrose also led to significant complement activation in HD whole blood but 

not in healthy controls. However, the complement activation by ferric carboxymaltose and iron sucrose 

was 2- to 3-fold lower than iron dextran.  Iron isomaltoside or ferumoxytol did not lead to significant 

complement activation. 

Figure 3
The ex-vivo effect of iron preparations and in-vivo effect of ferric carboxymaltose on complement activation. 

Whole blood was incubated with 0.5 mg/mL of iron dextran, Iron 
sucrose, ferric carboxymaltose, iron isomaltoside  and ferumoxytol 
(x-axis) for 90 minutes at 37 °C. PBS was used for the controls. (A) 
The concentration of soluble C5b-9 (sC5b-9) was determined in 
plasma from healthy controls and used as a read-out for complement 
activation (y-axis). Data are mean and SEM of five experiments 
using different donors each time. (B) The concentration of C1q, MBL 
and Properdin was determined in samples from healthy controls 
with 0.5 mg/mL of iron dextran at 0 and 90 minutes. The difference 
in concentration was calculated by dividing the concentration 
at 90 minutes, by the concentration at 0 minutes and then minus 
100% (y-axis). (C) Concentration of soluble C5b-9 (sC5b-9) was 
determined in plasma from hemodialysis (HD) patients (y-axis). 
Data are mean and SEM of eight experiments using different donors 
each time. (D) sC5-9 levels and (E) C3d/C3-ratio were determined in 
HD patients during one dialysis session, in which they received 100 
mg of ferric carboxymaltose at 120 minutes into the dialysis session. 
Data are mean and SEM of eight subjects (*P < 0.05, **P < 0.01, 
***P < 0.001).
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No in vivo complement activation by current IV iron treatment in hemodialysis patients 

Lastly, we checked if the current intravenous iron therapy, used in our dialysis unit, leads to in-vivo 

complement activation in HD patients (Figure 3d – e). Prior to iron therapy, all patients already 

displayed strong complement activation within the first 120 minutes. The sC5b-9 levels (Figure 3d) 

increased from 109 ng/mL (IQR: 85 - 122) to 247 ng/mL (IQR: 211 – 274), while the C3d/C3-ratio 

(Figure 3e) almost doubled from 7.68 (IQR: 5.52 – 9.92) to 13.04 (IQR: 6.55 – 16.32). Patients then 

received 100 mg of Ferric carboxymaltose intravenously throughout 1 hour at 120 minutes into the 

dialysis session. At the end of the dialysis, complement levels remained higher than baseline but did 

not increase significantly compared to levels at 120 minutes. Median sC5b-9 levels at 240 minutes were 

252 ng/mL (IQR: 188 - 264), while C3d/C3-ratio were 15.22 (IQR: 11.40 – 16.29).

Discussion

Current EMA-approved intravenous (IV) iron drugs have markedly better safety profiles 

than the traditional IV iron compounds. However, hypersensitivity reactions still occur and have led 

to controversy regarding the safety and the risk-benefit ratio of these preparations.2 Unlike the IgE-

mediated reactions by older IV iron compounds, the majority of hypersensitivity reactions by the new 

IV iron preparations are thought to be caused by CARPA.5-7 The results of our study are the first, to our 

knowledge, to support this hypothesis by demonstrating the capacity of several IV iron preparations 

to activate complement in in-vitro and ex-vivo models using blood samples of healthy volunteers and 

HD patients.

Initially, an in-vitro assay was used to investigate a possible interaction between IV iron 

and complement in serum. In this set-up, interaction (binding) and complement activation cannot be 

distinguished. During pre-incubation, the IV iron drug reacts with the complement system. If the IV iron 

preparation activates complement, this consequently leads to decreased residual complement activity 

and therefore deposition on the ELISA plate will be reduced. However, if IV iron binds complement 

proteins than this effect will also reduce complement deposition as the drug is diluted but not removed 

after the pre-incubation step. 

In order to distinguish between true IV iron-mediated activation and other forms of 

interaction, ELISA plates were coated with different concentrations of IV iron preparations and fixed 

concentrations of NHS were added. Complement activation was increased in a dose-dependent manner 

by iron dextran and ferric carboxymaltose under AP-specific conditions. Combining these results we 

can conclude that the reduced complement deposition after incubation with iron dextran and ferric 

carboxymaltose in NHS in the functional assays was indeed due to complement activation. However, 

for iron sucrose, we have to consider an alternative explanation such as a direct effect of iron sucrose 

on C2, C4 or the serine proteases. 

We next tested the capacity of each drug to activate complement in an ex-vivo model. By 

incubating whole blood with iron, the preparations were not only exposed to serum components but 
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also blood cells and membrane-bound complement regulatory factors. In line with the previous in-

vitro experiments, iron dextran induced significant complement activation, while, surprisingly, ferric 

carboxymaltose did not. This might be because the functional assays measure complement deposition 

on a plate and thereby test solid phase activation while the whole blood model tests fluid phase activation 

by measuring soluble complement activation products. A similar discrepancy has been found for LPS 

and IgA.14 Furthermore, the whole blood model and the functional assays differ in sensitivity. While 

coating with the iron preparation and exposing it to NHS serum is a very sensitive test, the whole blood 

model does not involve dilution of the blood sample and is, therefore, a more physiological approach.   

Subsequently, we analyzed the effect of IV iron in a group of hemodialysis (HD) patients 

who are regularly receiving IV iron. In the ex-vivo experiments, whole blood from HD patients showed 

similar activation trends as whole blood from healthy volunteers. In both groups, iron dextran caused 

a significant increase in sC5b-9 generation. However, the overall complement activation was lower 

compared to healthy volunteers. This can be considered a sign of pre-existing chronic complement 

activation, which is well described in HD patients.15 Concordantly, in our in-vivo experiments elevated 

C3d/C3-ratio and C5b-9 serum levels were measured in blood samples taken from these patients prior 

to dialysis. 

The IV infusion of ferric carboxymaltose did not lead to significant additional complement 

activation in HD patients. Both, sC5b-9 levels as well as the C3d/C3 ratio rose during the first half of 

the dialysis session and then remained consistently elevated from the start of the IV iron administration 

till the end of the HD session. While these measurements were performed in a small patient group, the 

results are in line with the ex-vivo findings, which did not indicate strong complement activation capacity 

for ferric carboxymaltose. Moreover, the slow administration as a continuous infusion over 1h reduces 

the risk of massive complement activation.6,16 Lastly, vast complement activation and subsequently 

relative depletion of complement factors has taken place during the first half of the HD session. We 

would, therefore, expect to see more complement activation in non-dialysis CKD patients after IV iron. 

In addition, we would hypothesize that bolus injection would lead to more complement activation than 

slow administration. This is supported by previous studies, showing that the rate of infusion is crucial 

for both the risk of hypersensitivity reactions and complement activation.17 As none of our patients are 

currently treated with iron dextran we were unfortunately not able to test the complement activating 

properties of this iron preparation in-vivo. To further unravel the effects of different iron preparations 

in vivo, a trial comparing the ex vivo and in vivo effects of different IV iron drugs in various patient 

populations would be needed. Nonetheless, since these trials will not be able to observe and compare 

the very rare clinical severe adverse events, data of observational cohorts including adequate sampling 

need to be gathered. In addition, further in vitro studies may help to better understand the mechanism 

behind hypersensitivity reactions by IV iron preparations.

Clear guidelines exist regarding the maximum dose and minimal duration of administration 

per IV iron drug.1 For iron dextran and iron sucrose, the recommended dose is 100-200 mg administered 

intravenously over 2 – 5 minutes for 5 – 10 consecutive HD sessions. Considering an average post-

dialysis blood volume of 3755 +/- 941 ml, final blood concentrations would vary between 42 – 71 

μg/ml.18 Other IV iron drugs are given in higher doses or administrated more rapidly, resulting in 
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much higher local concentrations at the site of injection than concentrations measured in the peripheral 

blood.19 In addition to that, Geisser and Burckhardt found higher IV iron blood concentrations after 

repetitive dosing.20 Thus, concentrations chosen for the experiments are considered physiologically 

reasonable.

A limitation of our study is the extrapolating of our findings into the clinical setting. 

Hypersensitivity reactions to intravenous iron are rare and not in line with the complement activation 

seen in the in-vitro and ex-vivo results. Thus, an extremely important question that remains to be 

answered is what explains the difference in frequency of clinically observed adverse events and the 

frequency and magnitude of complement activation in our in vitro experiments. Factors such as route 

and rate of administration and patient characteristic (conditions of pre-existent complement activation) 

determine the magnitude of complement activation. However, mere activation of the complement 

system is not sufficient to cause CARPA, but it is a crucial first step in this reaction. In addition, beyond 

the acute effects, it has been hypothesized that repetitive complement activation, inflammation, and 

oxidative stress may cause endothelial dysfunction and vascular remodeling. Indeed in an observational 

study, Bailie et al. report an 18% increase in mortality in HD patients receiving high doses of IV iron. 

However, due to the observational study design, no conclusion could be drawn regarding the causal 

relation between IV iron and mortality.21

Previous studies defined a 5 to 10-fold increase of complement activation as a realistic 

predictor for clinical reactions.17 Given this information, it can be assumed that iron dextran carries 

a risk of causing CARPA mediated hypersensitivity reactions. In accordance with our findings, it has 

been shown that dextran-coated magnetic iron nanoparticles activate the complement system via the AP. 

These agents are used as an MRI contrast agent and are able to cause severe hypersensitivity reactions 

in patients. The chemical structure of the iron dextran preparation is similar to this contrast agent.27 

We hypothesize that the iron-carbohydrate nanoparticles are complement-activating and not the iron 

itself, since ferric chloride didn’t cause significant complement activation (data not shown). In addition, 

there are several clinical studies stating the higher risk of serious adverse events after administration of 

iron dextran formulations.25,26 Recently, Wang et al. investigated the risk of adverse events among the 

different IV iron drugs. A three times higher rate of adverse events was found for iron dextran compared 

to other IV iron. Also, more anaphylactic reactions were seen after the first administration of IV iron 

compared to repeated administration.23 This phenomenon is in line with our results and the description 

of CARPA.24 Ferric carboxymaltose also showed complement activating capacity and could shift the 

regulatory balance in predisposed individuals towards unregulated complement activation. 

In conclusion, the present study shows that different IV iron formulations have the in-vitro 

capacity to activate complement in healthy individuals as well as in HD patients undergoing long-term 

IV iron treatment. The major finding of this study is that iron dextran significantly activates complement 

via the AP in-vitro and ex-vivo. In addition, ferric carboxymaltose also activated complement in-vitro 

via the AP. Furthermore, iron sucrose may interact with complement proteins of the LP and CP but did 

not activate complement. Notably, slow infusion of ferric carboxymaltose during HD did not lead to 

additional complement activation. Our results indicate that current guidelines are efficient at avoiding 

CARPA by IV iron and explain why these routinely administered drugs show a limited number of 
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adverse events. Our results are the first to our knowledge, to provide proof of concept of complement 

activation by IV iron and therefore provide new insights into the pathophysiological mechanism for a 

well-described adverse reaction to IV iron. Mere activation of the complement system is not sufficient 

to cause CARPA, but it is a crucial first step in this reaction. Furthermore, long-term complement 

activation is known to cause free radical generation and accelerate arteriosclerosis. These findings 

warrant further translational studies in HD and iron naïve patients in order to gain new insights into the 

pathophysiological mechanism of these clinical adverse events and to develop a safer treatment.   
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Abstract

The importance of the complement system in renal ischemia-reperfusion injury and acute rejection is 

widely recognized, however, its contribution to the pathogenesis of tissue damage in the donor remains 

underexposed. Brain-dead (BD) organ donors are still the primary source of organs for transplantation. 

Brain death is characterized by hemodynamic changes, hormonal dysregulation, and immunological 

activation. Recently, the complement system has been shown to be involved. In BD organ donors, 

complement is activated systemically and locally and is an important mediator of inflammation and 

graft injury. Furthermore, complement activation can be used as a clinical marker for the prediction 

of graft function after transplantation. Experimental models of BD have shown that inhibition of the 

complement cascade is a successful method to reduce inflammation and injury of donor grafts, thereby 

improving graft function and survival after transplantation. Consequently, complement-targeted 

therapeutics in BD organ donors form a new opportunity to improve organ quality for transplantation. 

Future studies should further elucidate the mechanism responsible for complement activation in BD 

organ donors.
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Introduction
Organ transplantation is the optimal treatment for the majority of patients with end-stage organ failure. 

Since the first successful transplantation more than a half-century ago, considerable progress has been 

made in surgical techniques, availability of donors, alloimmunity, organ preservation and patient 

and graft survival. However, the demand for donor organs remains to exceed the number of grafts 

available for transplantation.1 This disparity has forced many transplant centers to use suboptimal 

donors with decreased organ quality.2 Therefore, current research focuses on strategies to improve 

organ quality and thereby graft function before and after transplantation. Potential therapeutic options 

include pharmacological interventions in the donor prior to organ retrieval.3 For kidney, liver and lung 

transplantation, grafts are retrieved from living, deceased brain dead (BD) and deceased cardiac death 

(DCD) organ donors. The majority of donor hearts are retrieved from BD organ donors, however, 

DCD organ donors might form a significant contribution to transplant numbers in the near future.4 This 

review will focus on the effect of the complement system on organ quality in BD donors, with particular 

emphasis on the kidney.

Brain death and organ donation

Brain death, a term created in 1959 by two French doctors, consists of an irreversible coma without 

reflexes but with intact systemic circulation.5 Later, a committee at Harvard Medical School proposed 

to add this irreversible coma to the death criterion.6 This act created the legal basis for the procedure 

to obtain organs for transplantation from deceased patients who are BD. Nowadays, BD organ donors 

continue to form the main source of organs for transplantation. However, organs retrieved from BD organ 

donors give inferior results compared organs retrieved from living donors.7 This is the consequence of 

a cascade of events occurring in BD organ donors as a result of the cerebral injury and herniation of 

the brain stem. The pathophysiology of BD is complex and characterized by hemodynamic changes, 

hormonal dysregulation, and immunological activation.8 First, the rise in intracranial pressure triggers 

the Cushing reflex, leading to a catecholamine storm followed by a stabilization period.9 Ultimately, 

a state of hypoperfusion is reached, leading to ischemic damage of potential grafts.10 Next to the 

catecholamine’s, other hormonal deregulations take place such as decreased secretion of insulin, anti-

diuretic hormone (ADH), triiodothyronine (T
3
) and adrenocorticotropic hormone (ACTH).11 Lastly, 

BD causes a systemic and local inflammatory response consisting of complement and endothelial 

activation, cytokines, and chemokines release and the influx of leucocytes into the organs.8,12–14 BD 

therefore closely resembles systemic inflammatory response syndrome (SIRS). However, the cause of 

this immune activation is not well understood.

Brain death induced complement activation

The traditional view of the complement system has profoundly changed over time: the simple view 

of a heat-labile component of serum that is important for host defense has shifted to the current view 

of a complex system that contributes substantially to homeostasis.15 In short, the complement system 

can be activated via three pathways: the Lectin Pathway (LP), the Classical Pathway (CP), and the 
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Alternative Pathway (AP). Carbohydrates activate the LP, antibody–antigen complexes the CP and 

microbial surfaces the AP (Figure 1). This results in the formation of the C3- and C5-convertases and 

the generation of anaphylatoxins such as C3a and C5a. Subsequently, terminal pathway activation leads 

to the formation of the membrane attack complex (C5b-9 or MAC). The role of complement in diseases 

is complex; complement activation has the potential to be tremendously damaging to host tissues, 

whereas complement deficiencies promote the development of autoimmunity. Nonetheless, there is 

increasing evidence that the complement system plays an important role in tissue damage associated 

with BD. 

Figure 1. Activation and regulation of the complement system.

Schematic view of complement activation and regulation. In the classical pathway (CP), C1q recognizes immune complexes as well 
as other molecules (e.g. CRP), inducing the formation of the classical pathway C3 convertase (C4b2b) through cleavage of C2 and 
C4 by C1r and C1s. In the lectin pathway (LP), MBL, ficolins or collectin-11 recognizecarbohydrates as well as other molecules 
(e.g. IgA), binding actives the MASP-1 and MASP-2, forming the same C3 convertase as the CP. The C3-convertase of the LP or 
CP activates C3, thereby generating its active fragments C3a and C3b. In the alternative pathway, the activation of plasma protein 
C3 occurs via the spontaneous hydrolysis of C3 in C3(H2O) or via surface interactions of properdin with certain cell surfaces 
(e.g. LPS). Subsequently, binding of factor B creates the AP C3 convertase (C3bBb), which cleaves more C3 into C3b and thereby 
amplifies the complement response. Increased levels of C3b results in the generation of C5 convertases, which cleaves C5 in C5a, 
a powerful anaphylatoxin, and C5b. Next, C5b binds to the surface and interactions with C6–C9, forming the membrane attack 
complexes (MAC/C5b-9). Soluble and membrane-boundcomplement inhibitors regulate complement activation. C1-Inhibitor (C1-
INH) regulates the activity of recognition complexes, while C4b-binding protein (C4BP) controlactivation at the C4 level of the CP 
and LP. Factor H and factor I act on the C3 and C5 convertase. In addition, the membrane-bound inhibitors complement receptor 1 
(CR1) and membrane cofactor protein (MCP) act as co-factors for factor I, whereas decay accelerating factor (DAF) accelerates the 
decay of C3 convertases. The membrane-bound regulator CD59 can prevent the formation of the MAC on surfaces.
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Complement Component C3

A pathogenic role for the complement system in BD was first demonstrated in rodents. Early evidence 

emerged from a study by Kusaka et al., demonstrating the presence of complement deposition in 

kidneys of BD rats.16 At the time of transplantation, no complement deposition was seen in kidneys of 

either BD organ donors or controls. However, as early as 1-hour post-transplantation, C3 was detected 

on vascular endothelial cells and glomeruli of BD kidneys but not in the grafts of controls. The C3 

deposition remained visible up to 5 days post transplantation. Studies in other organs, such as the 

heart, confirm complement activation in BD organ donors.17,18 In mice, C3d deposition was present on 

endothelial cells and in areas of myocyte damage of BD donor hearts after transplantation. Moreover, 

the C3d expression in these donor hearts correlated with the histological injury scores, suggesting 

complement-mediated graft injury. These studies demonstrate that organs from BD organ donors 

can exacerbate complement-dependent ischemia/reperfusion injury. Alternatively, several pieces 

of evidence have shown that complement can already be induced in the BD organ donors prior to 

transplantation. In the kidney, local synthesis of complement component C3 is induced as a direct 

result of BD.19 The significant induction of C3 by BD is seen in both human and rat kidneys with no 

further significant increase after transplantation. Moreover, the renal C3 gene expression in human BD 

organ donors is associated with worse short-term renal function after transplantation. Further evidence 

of the importance of local synthesis of C3 came from a study of 662 pairs of adult kidney donors 

and recipients, which showed that C3 allotype in deceased organ donors effects long-term survival of 

kidney grafts.20 In contrast, other reports using much larger patient cohorts failed to reproduce these 

results.21,22 However, it is difficult to compare these studies since the analysis carried out by Damman 

et al. was the only one to differentiate between the role of the C3 allotype in BD and DCD kidneys. 

Nonetheless, a study comparing living donor kidneys with pristine deceased donor kidneys by whole 

genome expression found significant overexpression of complement components in BD kidneys.23 In 

addition, renal complement gene expression of BD organ donors correlates directly with the length of 

cold ischemia time and negatively with both early and late graft function. Using a similar approach, 

Damman et al. analyzed 544 kidney biopsies, confirming that in BD organ donors metabolic pathways 

related to hypoxia and the complement cascades are most prominently enhanced.24 In fact, our group 

was able to demonstrate a dramatic activation of complement in renal allografts from BD organ donors 

prior to reperfusion (Figure 2).
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Figure 2. 
Immunohistochemical analysis of complement activation in human brain dead renal tissue. 

Confocal microscopy of a human kidney removed from a brain-dead (BD) organ donor prior to reperfusion. Immunofluorescent 
staining was performed using a polyclonal antibody against C3d (A0063, Dako, Carpinteria, CA) and a monoclonal antibody 
specific for the membrane attack complex (Cb5-9), recognizing a neo-epitope in C9 (aE11 clone, Dako, Carpinteria, CA). Staining 
was further visualized for C3d with a FITC-labeled anti-rabbit IgG (green) and a TRITC-labeled anti-mouse IgG (red) for C5b-9, 
respectively. Nuclei were counterstained with DAPI (blue). Negative controls, no primary antibodies, revealed no positive staining for 
TRITC or FITC (data not shown). Merged images were obtained with the Leica Confocal Software (Leica Microsystems Heidelberg 
GmbH, Mannheim, Germany). (A) Representative photograph of the renal cortex, demonstrating staining for C3d and C5b-9 on 
frozen tissue. Co-localization for C3d and C5b-9 was seen in the renal interstitium (especially peritubular) (B), in the glomeruli 
(mesangial staining) (C) and in the wall of an interlobular artery (D). Magnifications A 50x and B, C, and D 200x. 

Activation of C5 and the Terminal Pathway

Most studies about complement in BD focused on C3, but there is emerging evidence that downstream 

activation products such as C5a and C5b-9 are equally important. Significantly higher plasma levels of 

both C5b-9 and C5a have been reported in BD organ donors compared with living organ donors and/

or controls.25,26 Furthermore, plasma sC5b-9 levels in BD organ donors are associated with a higher 
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chance of acute rejection after renal transplantation.26 The C5a release in the circulation is paralleled 

by an increased renal tubular expression of the C5a receptor. As a result, the systemic inflammation 

initiated by BD induces renal C5a-C5aR axis activation leading to a local inflammatory response.25 In 

lung transplantation, plasma C5a levels measured preoperatively (before transplantation) are associated 

with an increased risk of acute lung injury and death.27 Furthermore, expression and functionality of 

CD59, a natural membrane-bound inhibitor of C5b-9, is suggested to be crucial in lung grafts.28 Thus 

it seems that C5a and the MAC are both involved in the pathogenesis of BD-induced organ injury. As 

a result, the systemic inflammation initiated by BD induces more local organ inflammation, priming 

the organs and leading to an influx of inflammatory cells. Organs from brain-dead rats show increased 

expression of pro-inflammatory molecules and influx of neutrophils, macrophages and T cells.16,29,30 

Recently, Błogowski et al. suggested that donor sC5b-9 levels could be used as a clinical marker in 

the prediction of delayed graft function. In this study, increased levels of sC5b-9 of BD kidneys prior 

to reperfusion were strongly correlated with post-transplant renal function. In addition, significant 

differences in concentrations of sC5b-9 were detected between recipients with delayed and early graft 

function.31 Further evidence for the importance of MAC in BD was found in a similar study detecting 

a transient venous release of sC5b-9 shortly after reperfusion in kidney grafts from BD organ donors 

but not from living organ donors.32 Conversely, the release of sC5b-9 was not accompanied by C5b-9 

deposition in kidney grafts analyzed 45 minutes after reperfusion. Altogether, these studies suggest that 

systemic and local complement activation contributes to graft injury and can, therefore, be used as a 

clinical marker for the prediction of graft function. 

Recognition and initiation of complement pathways in brain death

It is important to understand the signals that initiate complement activation and mediate BD-induced 

organ injury as it has the potential to guide the development of preventive therapies. So far, little 

attention has been paid to dissecting the complement pathway involved in experimental models of 

BD. However, in a mouse model of BD IgM deposition was seen on endothelial cells of capillaries 

and arterioles of heart tissue.18 The pattern and distribution of IgM staining were similar to that seen 

for complement activation, thus supporting the concept of complement activation of the CP in BD 

organ donors. Furthermore, the majority human biopsies of BD hearts were positive for C4d, while all 

biopsies were positive for C3d, indicating CP- and AP-dependent complement activity.17 Whole genome 

expression analysis using renal tissue from deceased organ donors revealed significant up-regulation 

of complement-related genes of the CP (C1q, C1s, C1r, C2, and C4) and the AP (Complement Factor 

B).23,24 In line with these findings, both plasma C4d and Bb are significantly higher in deceased organ 

donors as compared with living organ donors and controls.26 In addition, both C4d and Bb correlate 

with sC5b-9 levels in BD organ donors and for C4d; the association with C5b-9 is independent of MBL, 

indicating CP involvement. In accordance, the MBL2 genotype of BD organ donors was not associated 

with outcome after renal or liver transplantation, making LP activation unlikely to be involved in 

BD-induced organ injury.33,34 On the other hand, MBL is just one initiator of the LP. Ficolin-3 might 

still play a role in complement activation by BD since it is upregulated in BD kidneys and has been 

associated with poor transplant outcome.24,35–37 
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One of the proposed mechanisms of complement activation in BD organ donors is the initiation by 

pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) 

(Figure 3). These would be released and locally upregulated in the organ donor upon BD.38 It has 

already been shown that BD leads to an increased intestinal permeability with subsequently elevated 

levels of circulating LPS,39 which is a powerful PAMP that activates the AP. Also, DAMPs such as 

injury-induced neo-antigens can contribute to CP activation via pre-existing natural IgM antibodies.40 

In addition, the pathophysiological changes caused by BD result in apoptosis in the different organs,41–44 

subsequent binding of C1q and properdin to these cells could lead to further complement activation.45,46

Figure 3. 
Proposed model for complement activation in brain dead organ donors. 

During brain death, various events contribute to the generation and influx of damage-associated molecular patterns (DAMPs) and 
pathogen-associated molecular patterns (PAMPs) into the systemic circulation as well as in the local environment. Systemically, 
PAMPs and DAMPs trigger an inflammatory response by the induction of complement activation, leading to the generation of potent 
anaphylatoxins (C5a) and the membrane attack complex (C5b-9). Additionally, DAMPs and PAMPs are recognized by pattern 
recognition receptors on neutrophils, monocytes, and other immune cells, leading to leucocyte activation. Altogether these reactions 
lead to endothelial and tissue damage, resulting in reduced organ viability. In parallel, DAMPs and PAMPs induce local complement 
activation via different pathways, leading to the generation of C5a and C5b-9. Local complement synthesis within the organ further 
increases complement activation. The generation of complement effectors leads to the recruitment and activation of neutrophils 
and monocytes/macrophages, the release of pro-inflammatory cytokines, and injury/apoptosis. The resulting cell damage further 
stimulates complement activation and starts a vicious circle of complement activation, inflammation, and tissue damage. 
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Complement Inhibition in brain death

In the past decades, modulation of the complement system has been recognized as a promising 

approach for the treatment of various pathological conditions. The success of the first complement-

specific drug created renewed interest in the development of complement-targeted therapeutics.47 To 

date, several complement inhibitors are tested in clinical trials.48 In organ transplantation, complement 

inhibition is currently tested in ischemia-reperfusion injury of donor organs49 and for the treatment of 

graft rejection.50 Although no clinical trials have been initiated in BD, there is pre-clinical evidence that 

complement inhibition during BD is successful in improving organ quality.12 Initially, Inflammation 

and injury of BD hearts were shown to be dampened in complement-deficient mice.18 Serum cardiac 

troponin I was significantly elevated in BD wildtype mice, while C3 −/− mice had similar levels as 

sham-operated animals. This protective effect appeared to be mediated via a reduction in the expression 

of adhesion molecules and gene transcription of cytokines. Subsequently, the number of infiltrating 

neutrophils in hearts from C3−/− BD mice was significantly lower than BD controls. Later studies 

confirmed this result in a murine transplantation model of BD hearts.17 As was observed in the C3 

knockouts, pharmacologic inhibition of C3 was an effective therapy to improve organ quality. In this 

study, a recombinant fusion protein was used consisting of Complement Receptor 2 and a region of 

Crry (CR2-Crry), which targets complement regulation to C3b deposits. Both histological damage and 

cardiac troponin I levels were restored by CR2-Crry treatment to levels at or below that seen in living 

and sham BD transplanted hearts without inhibitor treatment. Furthermore, complement inhibition led to 

significant reductions in mRNA expression of pro-inflammatory cytokines and chemokines, and tissue 

infiltration by inflammatory cells. As a result, C3 inhibition in the BD organ donor led to significant 

better allograft survival after transplantation. Comparatively, modulation of complement activation in 

BD organ donors has also been shown to be beneficial for renal grafts.51 Systemic administration of 

soluble Complement Receptor 1 (sCR1) in BD organ donors, led to an improved renal function after 

transplantation as well as a lower gene expression of IL-6, IL-1beta, and TGF-beta. Additionally, pre-

treatment (1 hour prior to BD) was compared with after-treatment (1 hour after BD) to evaluate the 

impact of timing. Unexpectedly, after-treatment of the organ donor was as effective as pre-treatment, 

since both led to improved renal function after transplantation. From a clinical point of view, this 

important finding creates a new ‘window of opportunity’ for complement inhibition after the diagnosis 

of BD. Recently, our group observed comparable results in BD rats after the administration of C1 

esterase inhibitor (C1-INH). Briefly, BD was induced in rats and 30 minutes after the diagnosis of BD, 

C1-INH was given. Despite its name, C1-INH is a serine protease inhibitor that prevents activation of all 

three complement pathways.52–54 After four hours of BD, C1-INH treatment was able to improve renal 

function and reduce gene expression of IL-6 and KIM-1 in the organ donor (data not published). These 

data suggest that next to blockage of the central component C3, inhibition of early components of the 

complement system may be similarly successful. Treatment strategies aimed at attenuating complement 

activation during BD have so far been directed against systemic complement activation. However, the 

importance of local complement C3 synthesis in the pathogenesis of renal injury has previously been 

shown, indicating that success in organ transplantation could come from therapeutic manipulation of 

local synthesis.55,56 Recently, prednisolone treatment of BD organ donors was shown to decrease renal 
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C3 expression, thereby providing an alternative for costly fusion proteins and monoclonal antibodies.30 

C3 expression in the liver was unfortunately increased by prednisolone treatment of BD organ donors, 

showing the complexity of donor therapies on different organ systems. Currently, a large portion of BD 

organ donors receives thyroid hormone treatment to increase the number of transplantable organs per 

donor.57 Thyroid hormone management is believed to suppress inflammation and have anti-apoptotic 

properties.58,59 Although limited, there is some evidence about the crosstalk between thyroid hormones 

and the complement system. In rodents, decreased levels of T3 by either pharmacological blockade 

of thyroidectomy led to increased activity of the AP.60 Subsequently reduced functional activity of the 

AP was observed in rats treated with increasing concentrations of T3.61 Whether this effect also occurs 

in BD organ donors remains to be studied. In conclusion, these data demonstrate that complement-

triggered pathways orchestrate inflammation and injury in organs of BD donors. Consequently, the 

complement cascade forms an attractive target to improve organ quality for transplantation.

Future perspectives

Our understanding of the role of complement activation in BD has improved remarkably, yet important 

questions remain unanswered. Future studies should further elucidate the mechanism responsible 

for complement activation in BD, in order to finally identify the specific molecules that trigger the 

complement system. The use of knockout mice could help in dissecting the complement pathway(s) 

responsible for activation in BD. So far, systemic complement inhibition directed against C3 has 

demonstrated promising results. However, it is unknown what the effect is of local complement 

inhibition. Additionally, investigations related to clarifying the best target for intervention in the 

complement system are essential as well. Complement inhibition at an early point could decrease or 

even prevent organ injury, whereas blockage at the terminal pathway level (e.g. anti-C5 treatment) 

can eliminate effector functions. Equally important and relevant are the choice of administration and 

treatment duration. Furthermore, large animal models such as porcine will be necessary to further assess 

pharmacological interventions in BD before moving to clinical studies. Data from the swine genome 

confirms that the genetic status of swines is closer to humans than rodent species.62 Most importantly, 

the immune system of swine’s is similar to that of humans. Up to now, all studies on the effect of 

complement inhibition in BD have focused on only one organ. This “one-size-fits-all” approach forms 

a potential limitation for donor treatment since it is unknown whether all organs benefit from (the 

same) complement inhibition. Until now, the kidney and the heart have been positively affected by 

C3 inhibition, whereas the effect on the liver and lung are unknown. Especially the liver could form a 

potential Achilles heel since complement plays an important role in its regenerative capacity.63 Finally, 

the ethical aspects of donor treatment need to be tackled before complement inhibition could reach the 

clinic.64 
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Conclusion

In conclusion, complement is already activated by BD in the organ donor. Furthermore, a substantial 

part of the inflammatory response seen in BD can be ascribed to activation of the complement system. 

In addition, complement activation plays an important role in the pathogenesis of graft injury. These 

results open a new window of opportunity for complement interventions in BD organ donors to improve 

organ quality for transplantation. 
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Abstract

Complement activation is of major importance in numerous pathological conditions. Therefore, 

targeted complement inhibition is a promising therapeutic strategy. C1-esterase inhibitor (C1-INH) 

controls activation of the classical pathway (CP) and the lectin pathway (LP). However, conflicting 

data exist on inhibition of the alternative pathway (AP) by C1-INH. The inhibitory capacity of C1-

INH for the CP is potentiated by heparin and other glycosaminoglycans, but no data exist for the LP 

and AP. The current study investigates the effects of C1-INH in the presence or absence of different 

clinically used heparinoids on the CP, LP, and AP. Furthermore, the combined effects of heparinoids 

and C1-INH on coagulation were investigated. C1-INH, heparinoids or combinations were analyzed 

in a dose-dependent fashion in the presence of pooled serum. Functional complement activities were 

measured simultaneously using the Wielisa(®) -kit. The activated partial thrombin time was determined 

using an automated coagulation analyzer. The results showed that all three complement pathways were 

inhibited significantly by C1-INH or heparinoids. Next to their individual effects on complement 

activation, heparinoids also enhanced the inhibitory capacity of C1-INH significantly on the CP and LP. 

For the AP, significant potentiation of C1-INH by heparinoids was found; however, this was restricted 

to certain concentration ranges. At low concentrations the effect on blood coagulation by combining 

heparinoids with C1-INH was minimal. In conclusion, our study shows significant potentiating effects 

of heparinoids on the inhibition of all complement pathways by C1-INH. Therefore, their combined 

use is a promising and a potentially cost-effective treatment option for complement-mediated diseases.
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Introduction

The complement system is a major component of innate immunity. Excessive activation or insufficient 

regulation of the complement cascade causes clinical manifestations of many diseases such as 

paroxysmal nocturnal hemoglobinuria1, atypical hemolytic uremic syndrome2 or ischemia-reperfusion 

injury in transplantation.3–7 Therefore, inhibition of complement activation has been recognized as a 

promising therapeutic strategy. 

 In renal disease, terminal complement inhibitors such as eculizumab are approved for the 

treatment of atypical hemolytic uremic syndrome.1,2 In transplantation, mounting evidence from 

animal studies suggests that intervention in complement pathway activation is a promising method for 

improving allograft outcome.8,9 

Human C1-inhibitor (C1-INH) is a naturally occurring serine protease inhibitor that inhibits 

activation of the Classical pathway (CP) and the Lectin pathway (LP). However, conflicting data exist 

on inhibition of the Alternative pathway (AP) by C1-INH.10–12 In the CP, activation of the C1-complex 

results in cleavage of respectively C4 and C2, leading to the formation of the C4b2b convertase thereby 

activating C3. CP activation is tightly regulated by C1-INH through binding of activated C1r and C1s 

and subsequent dissociation from C1q. The LP is activated when mannose-binding lectin (MBL) and/or 

Ficolins, interact with carbohydrate moieties on microbes and altered self-surfaces. Activation of MBL-

associated serine proteases 1 (MASP-1) and MBL-associated serine proteases 2 (MASP-2) results in 

cleavage of C4, C2, and formation of the C4b2b-complex, thereby activating C3. MASPs are also 

inhibited by C1-INH thereby interfering in the LP activation.13,14 Recently, it was demonstrated that C1-

INH could also inhibit complement activation of the AP. Although the exact mechanism is not exactly 

clear, it is postulated that C1-INH binds C3b and inhibits the binding of factor B thereby blocking the 

AP convertase.12 

Besides regulation of complement activation, C1-INH is also involved in the contact system, 

coagulation, and fibrinolysis. C1-INH has been shown to inhibit activated Factor XII15,16, kallikrein17, 

thrombin18 platelets19 and plasmin.20 Treatment using C1-INH has been approved for hereditary 

angioedema.21,22 It is well known that glycosaminoglycans potentiate the inhibitory capacity of C1-

INH. Glycosaminoglycans are naturally occurring compounds in the human body, such as heparin. 

Heparin has been proposed to be one of the most potent enhancers of C1-INH function.23 In addition, 

heparin and related compounds possess anti-inflammatory effect.24,25 Low molecular weight heparins, 

also called heparinoids, are synthetic glycosaminoglycans with similar properties compared to heparin. 

At the moment, the potentiating effect of heparinoids via C1-INH has only been demonstrated for the 

CP. Moreover, the effects of clinical heparinoids on complement activation have not been investigated 

yet. Combined treatment with heparinoids and C1-INH are considered for clinical use, for example in 

the reduction of ischemia-reperfusion injury during transplantation or other diseases with excessive 

activation or inappropriate complement regulation. Therefore, the parallel and or combined effects of 

heparinoids on C1-INH via the LP and AP should be investigated. 

The aim of this study is to investigate the effects of purified plasma C1-INH in the presence 
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or absence of clinically employed heparinoids on the inhibition of the Classical, Lectin and Alternative 

pathway in vitro. 

Materials and Methods

Drugs

Heparin (5000 IU/ml) was purchased from Leo Pharma, Amsterdam, The Netherlands, dalteparin 

(Fragmin©, 10000 IU/ml) from Pfizer, New York, USA, enoxaparin (Clexane©, 10000 IU/ml) from 

Sanofi-Aventis, Paris, France, and nadroparin (Fraxiparin©, 9500 IU/ml) from GlaxoSmithKline, 

Brentford, UK. Plasma derived C1-inhibitor (CinryzeÒ) was a gift from Viropharma, Exton, USA. 

Blood samples

Blood samples were taken from 10 healthy volunteers and directly stored on ice to prevent in vitro 

complement activation. Serum samples were centrifuged, pooled and stored in aliquots at -80°C until 

further analysis. For plasma samples, blood was drawn into 3.2% sodium citrate, after which the plasma 

samples were pooled and stored in aliquots at −80 °C until use.

Complement pathway activity in human serum

The Wieslab Complement System Screen COMPL300 kit (Euro-Diagnostica AB, Malmö, Sweden) 

was used for the assessment of serum complement functional activity in classical, alternative, and 

Lectin pathways.26 In this kit, wells are pre-coated with IgM (CP), LPS (AP) and mannan (LP) to 

assess activity of each complement pathway specifically. Pooled human sera from healthy volunteers 

were diluted in specific buffers according to each complement pathway. For CP activity, serum was 

diluted 1:100 in Veronal buffer containing both free calcium and magnesium. For LP activity, serum 

was diluted 1:100 in Veronal buffer containing free calcium, magnesium, and monoclonal anti-C1q 

antibodies. For AP activity, serum was diluted in 1:18 in Mg-EGTA buffer containing free magnesium 

without calcium. Sera in pathway specific buffers were incubated in the presence or absence of C1-

INH (range 0 – 6 U/ml), heparin, dalteparin, enoxaparin and/or nadroparin (range 0 – 1 IU /ml). 

These mixtures were incubated for 1 hour at 37ºC. After 3 times washing, plates were incubated with 

phosphatase-conjugated anti-human C5b-9 (aE11) for 30 minutes at room temperature. After 3 times 

washing, plates were incubated with substrate solution for 30 minutes. After the reaction was stopped 

with 0.5 M H2SO4, the amount of reacted substrate was measured at OD 450 nm. Data are expressed 

as the percentage inhibition compared to the positive control (normal human serum) for each pathway. 

Blood coagulation time

The activated partial thrombin time (APTT) was determined in plasma samples using an automated 

coagulation analyzer (Behring Coagulation System, BCS) with reagents and protocols from the 

manufacturer (Siemens Healthcare Diagnostics, Marburg, Germany).
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Statistics 

Data are displayed as mean and ± SEM. Statistical analyses were performed using BM SPSS Statistics 

Version 22 and P values less than 0.05 were assigned statistically significant. Dose-response data 

of C1-INH and heparinoids alone were analyzed by linear regression. For linear regression, normal 

distribution of the residuals was tested and confirmed using normal probability plots. If needed, data 

were ln-transformed for normality. The area under the curve (AUC) was used to compare the combined 

effect of C1-INH and heparinoids with the individual effect. AUC was calculated using the Trapezoidal 

Rule and compared by Student’s t-test. 

Ethics 

The study was approved by the Regional Ethical Committee.

Results

Complement pathway activity in the presence of C1-INH (Figure 1).

To investigate the direct effect of C1-INH on the complement system, the activity of each pathway was 

studied. Analysis of the data by linear regression showed significant dose-dependent inhibition of the 

CP (P < 0.001), LP (P = 0.009) and AP (P < 0.001) by C1-INH. Complement activities of the CP, LP, 

and AP were reduced by 96%, 100% and 85% respectively, using 6 U/mL of C1-INH.

Figure 1
The dose-dependent inhibitory effect of C1-INH on the three complement pathways. 

Increasing concentrations of C1-INH were added to pooled human serum (x-axis, log
2
 scale). The inhibition of C5b-9 deposition 

was calculated by dividing the OD of the sample with added C1-INH by the control, which had no extra C1-INH (y-axis). Data are 
mean and S.E.M. of n = 3 experiments.
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Complement pathway activity in the presence of heparinoids (Figure 2).

Prior to the potentiating effect of heparinoids on C1-INH, the direct effects of heparinoids on 

complement were analyzed. Once again, analysis by linear regression showed that all three pathways 

were significantly inhibited by increasing concentrations of heparin (P < 0.01), dalteparin (P < 0.05), 

nadroparin (P < 0.05) and enoxaparin (P < 0.001). Interestingly, the different heparinoids vary in their 

ability to inhibit the different complement pathways. Heparin was the strongest inhibitor of the CP with 

54% inhibition at the lowest concentrations (0.0625 IU/ml). For the LP the most powerful inhibitor was 

dalteparin with 62% inhibition at the lowest concentrations (0.0625 IU/ml). However, for the AP the 

most potent inhibitor was strictly concentration-dependent. 

Figure 2
The inhibitory effect of heparin dalteparin, nadroparin and enoxaparin on the three complement pathways.

 

Increasing concentrations were added to pooled human serum samples (x-axis, log
2
 scale). The inhibition of C5b-9 deposition 

was calculated by dividing the OD of the sample with heparinoid by the control, the sample without heparinoid (y-axis). Data are 
expressed in the mean and S.E.M. of n = 3 experiments.

Complement pathway activity in the presence of C1-INH combined with heparinoids (Figure 3 - 6). 

Next, the combined effect of C1-INH and heparinoids on complement activity was evaluated. Different 

concentrations of heparinoids were incubated with increasing concentrations of C1-INH and vice versa 
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(supplementary data). The addition of heparinoids potentiated the inhibitory effect of C1-INH. To 

determine the concentration per heparinoid at which the maximal potentiation was reached, the AUC 

was compared. This was done separately for each heparinoid. The maximal potentiation was achieved 

at 0.5 IU/ml for heparin (Figure 3), 0.25 IU/ml for dalteparin (Figure 4), 0.0625 IU/ml for enoxaparin 

(Figure 5), 0.125 IU/ml for nadroparin (Figure 6). The AUC was significantly greater (P < 0.05) for 

the CP, LP, and AP when C1-INH was maximally potentiated with heparin, dalteparin, enoxaparin or 

nadroparin than C1-INH alone as shown in Figures 3 – 6 (A, C, E). This demonstrates that inhibition by 

C1-INH is significantly potentiated for all three pathways when combined with heparinoids. However, 

for the AP, potentiation was restricted to certain concentration ranges and in certain cases, the addition 

of higher concentrations of heparinoids to C1-INH lead to less potentiation or even loss of inhibition 

(supplementary data). 

Figure 3 Inhibition of C1-INH in combination with dalteparin on the classical pathway (A, B), lectin pathway (C, D) and the 
alternative pathway (E, F). 

Increasing concentrations of C1-INH were co-incubated with 0.25 IU/mL dalteparin (A, C and E) or increasing concentrations 
dalteparin were co-incubated with a 0.375 U/mL C1-INH (B, D, and F) in pooled human serum (x-axis, log

2
 scale). The inhibition 

of C5b-9 deposition was calculated by dividing the OD of the sample with heparinoid by the control, the sample without heparinoid 
(y-axis). Data are expressed in the mean and S.E.M. of n = 3 experiments.
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Figure 4
Inhibition of C1-INH in combination with enoxaparin on the classical pathway (A, B), lectin pathway (C, D) and the alternative 
pathway (E, F). 

Increasing concentrations of C1-INH were co-incubated with 0.125 IU/mL enoxaparin (A, C and E) or increasing concentrations 
enoxaparin were co-incubated with 0.375 U/mL C1-INH (B, D, and F) in pooled human serum (x-axis, log

2
 scale). The inhibition 

of C5b-9 deposition was calculated by dividing the OD of the sample with heparinoid by the control, the sample without heparinoid 
(y-axis). Data are expressed in the mean and S.E.M. of n = 3 experiments.
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Figure 5
Inhibition of C1-INH in combination with heparin on the classical pathway (A, B), lectin pathway (C, D) and the alternative pathway 
(E, F).

 

Increasing concentrations of C1-INH were co-incubated with 0.5 IU/mL heparin (A, C, and E) or increasing concentrations heparin 
were co-incubated with 0.375 U/mL C1-INH (B, D, and F) in pooled human serum (x-axis, log

2
 scale). The inhibition of C5b-9 

deposition was calculated by dividing the OD of the sample with heparinoid by the control, the sample without heparinoid (y-axis). 
Data are expressed in the mean and S.E.M. of n = 3 experiments.
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Figure 6
Inhibition of C1-INH in combination with nadroparin on the classical pathway (A, B), lectin pathway (C, D) and the alternative 
pathway (E, F). 

Increasing concentrations of C1-INH were co-incubated with 0.0625 nadroparin (A, C, and E) or increasing concentrations 
nadroparin were co-incubated with 0.375 U/mL C1-INH (B, D, and F) in pooled human serum (x-axis, log

2
 scale). The inhibition 

of C5b-9 deposition was calculated by dividing the OD of the sample with heparinoid by the control, the sample without heparinoid 
(y-axis). Data are expressed in the mean and S.E.M. of n = 3 experiments.
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Blood coagulation time in the presence of C1-INH, heparinoids or both (Figure 7 & 8)

The effects of C1-inhibitor alone and in combination with heparinoids on the blood coagulation times 

were analyzed. C1-INH and heparinoids both prolong the APTT in a dose-dependent manner (Figures 

7 & 8). The APTT was only found to be above the normal reference values (23 – 33 seconds) at the 

highest concentrations of C1-INH. The APTT was prolonged when C1-INH was co-incubated with 

heparinoids. However, at lower concentrations the combined effect of C1-INH and heparinoids on the 

APTT is minimal. Heparin combined with C1-INH prolonged the APTT the most. 

Figure 7
The effect of C1-INH on the APTT. 

Increasing concentrations of C1-INH were added to pooled human plasma samples (x-axis). The dashed line represents the upper 
limit of normal (y-axis). Data are expressed in the mean and S.E.M. of n = 3 experiments.
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Figure 8
The effect of C1-INH in combination with nadroparin, enoxaparin, dalteparin, and heparin on the APTT.

  

Increasing concentrations of C1-INH combined with heparinoids were added to pooled human plasma samples (x-axis). The dashed 
line represents the upper limit of normal (y-axis). Data are expressed in the mean and S.E.M. of n = 3 experiments.

  Discussion

Therapeutic inhibition of the complement system is considered a promising approach for the treatment 

of numerous pathological conditions.1,2,8,9 The current study demonstrates that C1-INH might be a 

potential therapeutic candidate because it inhibits activation of all three pathways of the complement 

system. Furthermore, treatment with C1-INH in combination with heparinoids could potentially 

significantly enhanced the inhibitory capacity of C1-INH considering the in vitro data of our study. For 

the CP and LP, the potentiating effect was minor due to the already profound effect of C1-INH alone. 

However, optimal potentiating effects of heparinoids on the CP and LP are found at low concentrations 

of C1-INH. There is a strong potentiating effect of heparinoids and C1-INH on the inhibition of the 

AP but this was found to be strictly dose-dependent. The effect on blood coagulation by the combined 

use of heparinoids and C1-INH is minimal as long as both agents are used at low concentrations. This 

study, therefore, shows a potentiating effect of heparinoids and C1-INH to inhibit all three complement 

pathways in vitro. The combined use of these agents is a promising and cost-effective therapeutic 

approach for clinical intervention in complement-mediated diseases. 

C1-INH is already approved for treatment of patients with hereditary angioedema.21,22 Our 

study demonstrates inhibition of all complement pathways by C1-INH which is supported by previous 

studies.10–12 Although most reports have focused on only one pathway, Nielsen et al. investigated the 
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effects of C1-INH on all three pathways using the same functional assay. In contrast to Nielsen et 

al, our study demonstrated stronger inhibitory effects of C1-INH on all complement pathways. The 

discrepancy could be explained by the use of different C1-INHs, suggesting that the purified C1-INH 

used in this study is more potent at inhibiting complement in vitro. 

The heparinoids used in this study are used clinically and known for a wide variety of 

biological effects. For years, it has been known that heparin inhibits all pathways of complement by 

blocking MASPs, C1q and by the potentiation of factor H.13,27,28 However, to our knowledge this is 

the first report that in addition to heparin, shows that low molecular weight heparins, that are widely 

used clinically, significantly inhibit all three complement pathways. Remarkably, although the different 

heparinoids are vastly similar in structure and molecular weight, clear differences are found in their 

ability to inhibit different pathways. Lastly, the pooled human serum used in this study to test the 

effect of heparinoids on the complement system already contains naturally-occurring C1-INH. One can 

therefore not exclude the possibility that part of the complement inhibition by heparinoids alone found 

in our experiment is through potentiation of C1-INH, naturally present in serum.

The present study also investigated the effect of heparinoids in the presence of C1-INH on 

complement activation. In 1920, Gross and Erch reported that heparin could potentiate C1-INH activity 

for the CP. The mechanisms by which heparin can potentiate C1-INH activity includes enhanced 

binding of C1-INH with C1s and interference with the binding of C1q to an activator. Therefore, it 

has been suggested that glycosaminoglycans might be clinically used as complement-inhibiting 

agents combined with C1-INH. Wuillemin et al. extensively studied the potentiating effects of several 

glycosaminoglycans on C1-INH to inhibit complement activation. Heparin was concluded to be one 

of the most potent enhancers of C1-INH function.23 In addition to previous studies, our study also 

investigated the potentiating effects of clinical heparinoids on C1-INH to inhibit complement activation 

for all three pathways. 

For the CP and LP, significant potentiation of C1-INH by heparinoids was found. In contrast, 

AP potentiation was found to be strictly heparinoid and dose dependent. Certain combinations of 

heparinoids and C1-INH were less effective in inhibiting the AP than C1-INH or the heparinoid alone. 

This might be explained by the known biphasic response of complement to heparin; at low concentration, 

heparin can activate the alternative pathway of complement through potentiation of the amplification 

loop; at a high heparin concentration, the alternative pathway is inhibited through potentiation of factor 

H, thereby preventing C3bBb-convertase formation.23,29–31 Interestingly, we found no biphasic effect for 

heparin or low molecular weight heparin alone, yet in certain combinations with C1-INH this biphasic 

effect occurred for the AP (supplementary data). It is suggested that, since inhibition of the AP by 

heparin is known to occur mainly through factor H potentiation, C1-INH either interferes with this 

binding, directly binds to heparin or it competes with the C3b-factor H complex. 

The effect on coagulation of heparinoids combined with C1-INH was also studied. In low 

concentrations the combined effect on the APTT was minimal. Nonetheless, at higher concentrations 

(0.5 and 1 IU/ml) the combined effect of C1-INH is more profound. The Prothrombin time (PT) was not 

significantly influenced by C1-INH, heparinoids or the combination (data not shown).

In conclusion, this study shows that plasma derived C1-INH inhibits complement activation 
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of all three pathways in a dose-dependent fashion. Furthermore, clinical used heparinoids potentiate 

the inhibitory capacity of C1-INH on all three pathways. For the AP, we demonstrated that within a 

range of different concentrations a biphasic effect occurs of both amplifying and reducing complement 

inhibition by C1-INH. These results shed new lights on the potential use of with C1-INH in order to 

target complement activation in the clinical setting. Potentially, heparinoids and C1-INH could be used 

combined as a cost-effective therapeutic option for the treatment of complement-mediated diseases. 

However, further, in vivo studies are needed to confirm the potentiating effect of combining heparinoids 

with C1-INH. 
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Abstract

Background

Kidneys derived from brain-dead (BD) donors have lower graft survival rates compared to kidneys 

from living donors. Complement activation plays an important role in brain death. The aim of our study 

was therefore to investigate the effect of C1-inhibitor (C1-INH) on BD-induced renal injury.

Methods

Brain death was induced in rats by inflating a subdurally placed balloon catheter. Thirty minutes 

after BD, rats were treated with saline, low-dose or high-dose C1-INH. Sham-operated rats served as 

controls. After 4 hours of brain death, renal function, injury, inflammation and complement activation 

was assessed.

Results

High-dose C1-INH treatment of BD donors resulted in significantly lower renal gene expression 

and serum levels of IL-6. Treatment with C1-INH also improved renal function and reduced renal 

injury, reflected by the significantly lower KIM-1 gene expression and lower serum levels of LDH 

and creatinine. Furthermore, C1-INH effectively reduced complement activation by brain death and 

significantly increased functional levels. However, C1-INH treatment did not prevent renal cellular 

influx.

Conclusions

Targeting complement activation after the induction of brain death reduced renal inflammation and 

improved renal function, before transplantation. Therefore, strategies targeting complement activation 

in human BD donors might clinically improve donor organ viability and renal allograft survival.
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Introduction

Today, brain-dead (BD) donors still comprise the majority of deceased organ donors. It is well known 

that fully mismatched living donors have better early graft function and improved long-term outcome 

compared to kidneys from fully matched deceased donors.1 This illustrates that donor origin is an 

important cause of allograft injury. Donor brain death is characterized by hemodynamic and hormonal 

instabilities resulting in immune activation and eventually decreased organ viability before and after 

transplantation.2,3 Therefore, attenuating BD-induced renal injury in the donor seems to be a promising 

therapeutic strategy to improve outcome after renal transplantation.3,4

 The harmful effect of donor brain death on renal allograft survival is in part explained 

by immunological changes.5,6 BD donors have increased levels of cytokines (IL-1β, IL-6, IL-8), 

chemokine’s (MCP-1) and adhesion molecules (ICAM-1, VCAM-1, E- and P-selectin).7 Subsequently, 

increased numbers of infiltrating macrophages (MФ) and polymorphonuclear (PMN) cells are found in 

renal tissue of BD donors.8,9 Ultimately, this leads to tissue damage and repair as reflected by increased 

expression of KIM-1, a marker of BD-induced renal injury.10 Consequently, recipients of renal allografts 

from BD donors have a higher chance to develop delayed graft function (DGF, defined as the need for 

dialysis within the first 7 days post-transplant) and a lower long-term renal graft survival.1,11

There is circumstantial evidence for a prominent role of complement activation in the 

pathogenesis of renal injury in deceased donors.12 In previous studies, we demonstrated that circulating 

complement components are activated in deceased donors and are associated with acute rejection 

after renal transplantation.13 Furthermore, in kidneys from BD donors, complement component 3 

(C3) was upregulated and activated before kidney retrieval without additional expression after cold 

ischemia or reperfusion.14 Moreover, microarray analysis of 554 kidney biopsies showed enrichment of 

complement pathways in BD donors prior to organ retrieval.15 In addition, genetic variation of donor 

C3 was associated with allograft outcome of deceased donors.16,17 Altogether, these data demonstrate 

that complement activation plays a pivotal role in BD-associated renal injury and may impact long term 

allograft survival rates. In accordance with this, inhibition of the complement system in rat BD donors 

was shown to improve renal allograft function in the recipient after transplantation.18 

  C1 esterase inhibitor (C1-INH) is one of the central regulators of the complement system, 

as it interacts with different complement factors and additionally plays a key role in the kinin- and 

coagulation system.19 Previously, it has been shown that C1-INH is able to inhibit complement 

activation in vitro of the classical pathway (CP), the lectin pathway (LP) and the alternative pathway 

(AP).20–22 The clinical value of C1-INH has been well established since it has been used extensively 

for the prophylaxis and treatment of hereditary angioedema (HAE).23 Preliminary clinical studies in 

transplantation show the therapeutic potential of C1-INH in the treatment of renal ischemia-reperfusion 

injury and antibody-mediated rejection.24

 The aim of our study was to investigate the effect of C1-INH on BD-induced renal injury. Rats 

were treated after the induction of brain death since it is analogous to a potential clinical intervention 

strategy that would involve treating human BD donors prior to procurement for transplantation.
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Materials and Methods

Animals

Adult male Fisher F344 rats (260–300 g) were used. Animals received care in compliance with the 

guidelines of the local animal ethics committee according to Experiments on Animals Act (1996) issued 

by the Dutch Ministry of Public Health, Welfare and Sports. 

Experimental protocol

Nanofiltered plasma derived C1-inhibitor (Cinryze®) was provided by ViroPharma, Exton, USA. 

Brain death was induced as described previously.25 In short: animals were anesthetized, intubated 

and ventilated. A baseline blood sample (100 μl) was drawn. Temperature and blood pressure were 

continuously monitored and regulated. Through a frontolateral borehole in the skull, a catheter was 

placed subdural and inflated slowly. The induction was completed after 30 minutes and the rats were 

brain dead. After another 30 minutes, a blood sample (100 μl) was taken (before treatment). During brain 

death, animals received no anesthesia. If blood pressure fell below 80 mm Hg, it was restored by the 

administration of 500 μl of 10% hydroxyethyl starch solution (HAES) or 0.01 mg/ml of noradrenaline 

(Supplementary data). After four hours of brain death, blood was collected from the aorta and organs 

were flushed with cold saline and retrieved. Retrieved organs were paraffin embedded or snap frozen 

in liquid nitrogen stored at −80°C together with collected serum. In the sham-operated group, a hole 

was drilled in the skull without insertion of the balloon catheter and animals were ventilated for half 

an hour under anesthesia before animals were sacrificed (Figure 1). Rats were randomly divided into 

six groups:

Group 1: sham-operated rats (n=4) treated with saline.

Group 2: sham-operated rats (n=4) treated with a 100 U/kg of C1-INH (=low-dose).

Group 3: sham-operated rats (n=4) treated with a 400 U/kg of C1-INH (=high-dose).

Group 4: BD rats (n=10) treated with saline.

Group 5: BD rats (n=10) treated with a 100 U/kg of C1-INH (=low-dose), 0.5 hour after BD.

Group 6: BD rats (n=10) treated with a 400 U/kg of C1-INH (=high-dose), 0.5 hour after BD.

All treatments were administered via the femoral vein and the volume of the treatment (500 μl) was 

equal between the different groups. After the confirmation of BD, the mean arterial pressure was kept 

above 80 mmHg in all animals throughout the experiment (supplementary data).
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Figure 1
Schematic presentation of the protocol in brain-dead rats and sham-operated rats.

In the brain-dead (BD) group, a catheter was placed subdural through a frontolateral borehole in the skull and inflated slowly. After 
30 minutes rats were brain death another 30 minutes later BD rats were treated with saline, a low-dose of C1-INH (100 U/kg) or a 
high-dose of C1-INH (400 U/kg). After four hours of brain death, animals were sacrificed and organs were collected. Blood samples 
were collected at baseline, 30 min after BD (before intervention) and after 4 hours of BD. In the sham group, a hole was drilled in 
the skull without insertion of the balloon catheter and animals were ventilated for half an hour under anesthesia before animals were 
sacrificed. Directly after sham surgery rats were treated with saline, low-dose or high-dose of C1-INH. Blood samples were collected 
at baseline (before intervention) and 30 min after sham surgery.
 

RNA isolation and qPCR

Total RNA was extracted from rat kidneys using the TrIzol reagent method (Invitrogen, Breda, the 

Netherlands). The isolated RNA was then treated with DNAse I to remove any contamination with 

genomic DNA (Invitrogen, Breda, the Netherlands). The integrity of isolated RNA was analyzed by 

using gel electrophoresis. Complementary DNA (cDNA) was synthesized from 1-μg total RNA using 

the M-MLV (Moloney murine leukemia virus) Reverse Transcriptase enzyme kit (Invitrogen), oligo 

dT primers and RNase inhibitor (Invitrogen, Breda, The Netherlands) according to the manufacturer’s 

protocol. Primer sequences (Table 1) were designed based on Primer Express 2.0 software (Applied 

Biosystems, Foster City, CA). Amplification and detection were performed with the ABI Prism 7900-

HT Sequence Detection System (Applied Biosystems) using emission from SYBR green master mix 
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(Applied Biosystems). All samples for RT-PCR were done in triplicate. The expression of genes was 

normalized to β-actin. The data are presented as fold increase compared to the housekeeping gene. Fold 

increase of the sham-operated rats treated with saline was set at 1; the other groups were calculated 

accordingly.

Table 1 Gene-specific qPCR primers and their respective PCR fragment lengths.

Primers: Primer sequences Amplicon length (bp): 

β-actin 5’-GGAAATCGTGCGTGACATTAAA-3’
5’-GCGGCAGTGGCCATCTC-3’ 74

BAX 5’-GCGTGGTTGCCCTCTTCTAC-3’ 
5’-TGATCAGCTCGGGCACTTTAGT-3’ 74

BCL2 5’-CTGGGATGCCTTTGTGGAA-3’ 
5’-TCAGAGACAGCCAGGAGAAATCA-3’ 70

IL-6 5’-CCAACTTCCAATGCTCTCCTAATG-3’
5’-TTCAAGTGCTTTCAAGAGTTGGAT-3’ 89

P-selectin 5’-TCTCTGGGTCTTCGTGTTTCTTATCT-3’,
5’-GTGTCCCCCTAGTACCATCTGAA-3’ 80

VCAM-1 5’-TGTGGAAGTGTGCCCGAAA-3’
5’-ACGAGCCATTAACAGACTTTAGCA-3’ 84

MCP-1 5’-CTTTGAATGTGAACTTGACCCATAA-3’
5’-ACAGAAGTGCTTGAGGTGGTTGT-3’ 78

KIM-1 5’-AGAGAGAGCAGGACACAGGCTT-3’
5’-ACCCGTGGTAGTCCCAAACA-3’ 75

Immunohistochemistry

Frozen sections were fixed with acetone, followed by endogenous peroxidase blocking. Paraffin 

embedded tissue sections were deparaffinized and antigen retrieval was performed, followed by 

endogenous peroxidase blocking. Sections were incubated with a primary antibody for 1h at RT (Table 

2). After washing, sections were incubated with appropriate secondary and tertiary antibodies (Dako, 

Glostrup, Denmark). The reaction was developed by the addition of 3-amino-9-ethylcarbazole (AEC) 

and counterstained with hematoxylin solution (Merck, Darmstadt, Germany).

For HIS48 and ED-1 (for granulocytes and macrophages respectively), in each section the number of 

glomerular and interstitial positive cells was assessed as the average count from 20 different microscopic 

fields, randomly divided throughout the renal cortex, using a light microscope (objective 200x). 

Table 2 Primary antibodies used for Immunohistochemistry.

Specifity Sections Antibody Supplier Sec/Tert antibodies

HIS 48 Frozen Mouse monoclonal anti-rat granulocytes IQProducts, Groningen, 
The Netherlands RbαMPO/GαRbPO

ED-1 Paraffin Mouse monoclonal anti-rat macrophages/ 
monocytes (ab31630) Abcam, Oxford, UK RbαMPO/GαRbPO
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Biochemical determinations

Creatinine and lactate dehydrogenase (LDH) were determined in serum samples in a routine fashion 

(Mega, Merck, Amsterdam, The Netherlands). 

Complement activation and functional levels

Rat complement pathway activity was assessed by functional complement ELISAs for the CP, LP, and 

AP. The sC5b-9 ELISA was used for the detection of complement activation.26 Per rat the baseline 

values were set at a 100% or 1 AU/mL and consecutive samples were calculated accordingly.

IL-6 ELISA

IL-6 production in serum was determined using Rat IL-6 Quantikine ELISA Kit (R&D Systems, 

Abingdon, UK) according to the supplied protocol.

Statistics

Statistical analysis was performed with StatsDirect (v 3.0.133, Cheshire, UK). The Kruskal–Wallis 

test and Mann–Whitney U test were used to assess differences between groups of non-parametric data 

and one-way analysis of variance and t test for normally distributed data. The Dwass-Steel-Critchlow-

Fligner test was then used to determine where the differences lay. All statistical tests were 2-tailed 

with P<0.05 regarded as significant. Results are presented as a median and interquartile range for non-

parametric data and mean and SEM for parametric data. 
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Results 

Treatment with C1-INH protects kidneys from brain death-induced injury

In BD rats creatinine levels were significantly higher after 4h compared to sham-operated animals, 

indicating reduced renal function (Figure 2A, P<0.001). In accordance with these observations, renal 

mRNA expression of KIM-1 was also significantly upregulated in kidneys from BD rats compared to 

controls (Figure 2B, P<0.001). Since complement is known to play a role in BD-induced renal injury, 

we investigated the effect of C1-INH treatment on kidneys of BD donors. High-dose C1-INH treatment 

significantly reduced creatinine levels (Figure 2A). Median creatinine levels in BD rats treated with 

high-dose C1-INH were 64 μM, compared to 96 μM in saline treated BD rats (P<0.01). Sham-operated 

rats had a median creatinine of 34 μM. In accordance, high-dose C1-INH treatment reduced renal injury 

in BD rats as seen by the lower mRNA expression of KIM-1 (Figure 2B). KIM-1 expression in BD 

kidneys was 47% lower in the C1-INH treated rats compared to untreated rats (P<0.01). Low-dose C1-

INH treatment was unable to improve renal function or injury. 

Figure 2
C1-inhibitor treatment in brain-dead rats reduced renal injury. 

(A) Plasma creatinine levels of brain-dead (BD) or sham-operated rats treated with saline, 100 U/kg (low) C1-INH or 400 U/
kg (high) C1-INH. (B) KIM-1 gene expression in kidneys of rats after BD or sham operation. Quantitative real-time RT-PCR was 
performed. The mRNA expression of KIM-1 relative to β-actin was set at 1 in sham-operated rats treated with saline and the other 
values are calculated accordingly. Data are shown as median and interquartile range and were analyzed by Kruskall Wallis test with 
an option for multiple comparisons (**P<0.01, ***P<0.001). Asterisks above the bars denote significant differences between BD 
and sham animals of the same treatment, while asterisks above the capped line indicate significant differences between BD groups 
from the different treatments. The number of rats used is 10 per BD group and 4 per sham-operated group. 

Furthermore, BD rats had significantly higher levels of LDH compared to the sham group 

(P<0.001). High-dose C1-INH treatment led to significant lower LDH levels compared to the untreated 

BD rats (Figure 3A, P<0.05). On the other hand, BD-induced renal apoptosis was not altered by C1-

INH treatment since the Bcl2/BAX-ratio was not significantly different between the groups (Figure 

3B). 
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Figure 3
C1-inhibitor treatment reduces tissue damage in brain-dead rats but not renal apoptosis. 

(A) Plasma LDH levels of brain-dead (BD) or sham-operated rats treated with saline, 100 U/kg (low) C1-INH or 400 U/kg (high) 
C1-INH. (B) BAX/BCl-2 gene expression ratio in kidneys of rats after brain death. Quantitative real-time RT-PCR was performed. 
The ratio was calculated by dividing BAX mRNA expression by Bcl-2 mRNA expression. Data are shown as median and interquartile 
range and were analyzed by Kruskall Wallis test with an option for multiple comparisons (*P<0.05, **P<0.01, ***P<0.001). 
Asterisks above the bars denote significant differences between BD and sham animals of the same treatment, while asterisks above 
the capped line indicate significant differences between BD groups from the different treatments. N is 10 for BD groups and N is 4 
for sham groups. 

Brain death leads to local and systemic complement activation, resulting in complement consumption.

Next, we investigated complement activation and functional levels during brain death. The sC5b-9 

levels increased significantly during brain death from 1.00 AU/mL at baseline to 1.95 AU/mL after 4 

hours (Figure 4A, P<0.001). Between 0.5 and 4 hours after BD induction the sC5b-9 levels rose as well 

although not statically significant (0.5h: 1.42 AU/mL, 4h: 1,95 AU/mL). In sham-operated animals, 

there was no significant increase in sC5b-9 levels (supplementary data). Subsequently, we assessed 

whether treatment with C1-INH was able to prevent systemic complement activation in rats when 

administered 0.5 hour after BD. High-dose C1-INH treatment prevented further increase between 0.5 

and 4 hours in BD rats (0.5h: 1.47 AU/mL, 4h; 1.53 AU/mL). However, after 4 hours sC5b-9 levels 

were still significantly higher than baseline samples in the C1-INH treated BD rats.

 We next determined whether the systemic complement activation was accompanied by 

complement depletion by measuring functional complement levels. In BD rats functional levels were 

significantly lower after 4 hours compared to baseline levels for all three pathways (P<0.05). After 

4 hours, functional levels were 72%, 74% 74% for the CP, LP, and AP, respectively (Figure 4B-D). 

There was a drop in functional levels for all pathways between 0.5 and 4 hours as well, however, this 

was not significant. In the control group, functional levels of the LP and AP were not significantly 

altered by the sham-operation (supplementary data). Nonetheless, there was a significant decrease in 

the functional levels of the CP in the sham-operated animals (15% reduction compared to baseline, 

P<0.05). Next, we determined whether treatment with C1-INH prevented complement consumption 

in rats when administered 0.5 hour after BD induction. For the CP, functional levels rose between 0.5 

and 4 hours after both low-dose and high-dose C1-INH treatment (Figure 4B). After 4 hours functional 

levels were no longer significantly lower compared to baseline. In the sham-operated rats, high-dose 



Chapter 8

138

C1-INH significantly increased CP functional complement levels as well (supplementary data). For the 

AP a similar protection was seen after both low-dose and high-dose C1-INH treatment (Figure 4D). 

Strikingly, high-dose C1-INH treatment even significantly increased functional AP levels compared 

to baseline (P<0.05), indicating prevention of complement consumption of the AP. For the LP, the 

significant decrease in functional levels by BD could not be prevented by C1-INH (Figure 4C).  

Figure 4
C1-inhibitor treatment prevented further complement activation and consumption of the classical and alternative pathway, but not 
the lectin pathway. 

Plasma soluble C5b-9 (sC5b-9) levels (A) and functional complement levels for the classical pathway (B), lectin pathway (C) and 
alternative pathway (D) of brain-dead (BD) rats. Levels were determined at baseline (t=0 hour), prior to treatment (t=0.5 hour) 
and prior to sacrifice (t=4 hours). Values at baseline are set at 1.0 or 100% per rat, and other consecutive levels are calculated 
accordingly. Data are expressed as mean percentage ± SEM and analyzed by ANOVA with a Bonferroni posthoc test. Significant 
differences are indicated (*P<0.05; **P<0.01 and ***P<0.001). N is 10 for BD groups; except for the saline treated BD rats (N 
= 9). 

 

C1-INH treatment reduces both renal IL-6 expression and systemic IL-6 levels.

Subsequently, we assessed the gene expression of pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α), 

chemokine’s (MCP-1), and adhesion molecules (VCAM-1, ICAM-1, E-selectin and P-selectin). In BD 

rats, renal expression levels of IL-6, MCP-1, VCAM-1, and P-selectin were significantly increased 

compared to sham operated rats (Figure 5). No significant increase was found for renal expression 

of IL-1β, TNF-alpha, E-selectin and ICAM-1 in BD rats (data not shown). Next, we evaluated the 

effect of C1-INH treatment on the expression of IL-6, MCP-1, VCAM-1, and P-selectin. Treatment 

with both high-dose and low-dose C1-INH significantly reduced VCAM-1 expression (Figure 5A). A 

clear downward trend was visible for IL-6 expression in the BD rats treated with C1-INH compared to 

untreated animals (Figure 5B). In BD rats with high-dose C1-INH renal expression of IL-6 was reduced 
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by 55% (P<0.001). Serum levels of IL-6 were also determined to assess whether systemic levels of 

IL-6 were also lower in C1-INH treated animals (Figure 6). Levels of IL-6 were not determined in the 

sham groups. The median IL-6 serum concentration was 107 pg/mL in high-dose C1-INH treated rats 

compared to 206 pg/mL in BD controls (P<0.05).  

 To further characterize local renal inflammation upon brain death, infiltrating neutrophils 

(PMN) and macrophages (MΦ) were quantified by immunohistochemistry. There was a significant 

increase in the number of infiltrating PMN but not in MΦ in the renal cortex of BD rats compared 

to the sham-operated group (P<0.01). Treatment with C1-INH, low or high-dose, did not attenuate 

the increase in infiltrating PMN in the renal cortex (Figure 7A). However, treatment with C1-INH in 

the BD rats appears to lead to increased number of MΦ compared to BD controls and C1-INH sham-

operated rats (Figure 7B).

Figure 5
Reduction in renal gene expression of inflammatory mediators in brain-dead rats after C1-inhibitor treatment. 

Gene expression of inflammatory markers in kidneys of brain-dead (BD) or sham operated rats, determined by quantitative real-
time RT-PCR. mRNA expression of (A) IL-6, (B) VCAM-1, (C) MCP-1, (D) P-selectin. Data are shown as expression relative to 
β-actin, were sham-operated rats treated with saline are set at 1 and the rest is calculated accordingly. Data are shown as median 
and interquartile range and were analyzed by Kruskall Wallis test with an option for multiple comparisons (*P<0.05, **P<0.01, 
***P<0.001). Asterisks above the bars denote significant differences between BD and sham animals of the same treatment, while 
asterisks above the capped line indicate significant differences between BD groups from the different treatments. N is 10 for BD 
groups and N is 4 for sham groups. 
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Figure 6 
C1-inhibitor treatment led to reduced systemic IL-6 in brain-dead rats.

Serum levels of Interleukin-6 (IL-6) in brain-dead (BD) rats, treated with saline or C1-INH. Data are shown as median and 
interquartile range and were analyzed by Mann–Whitney U test (*P<0.05). N is 10 per groups.

Figure 7
C1-inhibitor did not decrease the number of infiltrating granulocytes or macrophages in the renal cortex of brain-dead rats. 

Renal influx of polymorphonuclear leukocytes (PMN) and macrophages (Mφ) was evaluated by immunohistochemistry. The HIS48 
monoclonal antibody reacts with a molecule expressed on the surface of all rat granulocytes. The monoclonal antibody ED1 is a 
marker for rat macrophages. In each section the number of interstitial positive cells was assessed by the average count from 10 
different microscopic fields, randomly divided throughout the renal cortex, using a light microscope (objective 200x). Data are shown 
as median and interquartile range and were analyzed by Kruskall Wallis test with an option for multiple comparisons (*P<0.05, 
**P<0.01, ***P<0.001). Asterisks above the bars denote significant differences between BD and sham animals of the same 
treatment, while asterisks above the capped line indicate significant differences between BD groups from the different treatments. N 
is 10 for BD groups and N is 4 for sham groups. 

Discussion

In this study, we demonstrated that complement inhibition in BD donors attenuates renal injury before 

organ retrieval. In our model, animals were treated after the induction of brain death, since this closely 

resembles the potential clinical situation that would involve treating donors after the diagnosis of brain 

death. We found that high-dose C1-INH treatment after brain death induction decreased local renal and 
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systemic inflammation and renal injury and improved renal function in the donor. Therefore, strategies 

targeting complement activation in human BD donors might improve donor organ viability and renal 

allograft survival. The ideal timing to target complement activation would be in the intensive care unit, 

shortly after confirmation of brain death. Potentially, complement inhibition in the donor could be 

more effective than in the recipient prior to reperfusion injury, since complement is already activated 

in the donor. In humans, randomized clinical trials have to explore whether complement inhibition in 

brain-dead donors alone or in combination with treatment of the recipient would improve renal allograft 

outcome after kidney transplantation.

 Donor organ injury induced by brain death is considered to be an important risk factor for 

DGF, renal allograft graft rejection and allograft survival after transplantation.1,11,27–29 The complement 

system has been shown to play an important role in BD-induced renal injury. 13,14,30 In addition, 

treatment with complement inhibiting drugs has proven to be beneficial in preclinical models of 

DGF, 18 emphasizing that strategies targeting complement activation are potentially beneficial in the 

transplantation setting. C1-INH is a complement inhibitor of all three pathways,20–22 and this already-

available therapeutic agent is currently used for the treatment of HAE. C1-INH treatment has already 

been shown to improve outcome in a number of disease models, including ischemia-reperfusion 

injury, antibody-mediated transplant rejection, and xenotransplantation models.43 The use of C1-INH 

may have greater benefits for BD donors than other complement inhibitors. Plasma-derived C1-INH 

appears to be extremely safe since it has been used for over three decades.31 C1-INH also regulates 

the coagulation system and can inhibit leukocyte adhesion to the endothelium, which also contributes 

to BD-induced renal injury.15,32,33 It has been suggested that C1-INH has additional anti-inflammatory 

functions and anti-apoptotic effects independent of protease inhibition.40–42 C1-INH also regulates the 

coagulation and the kallikrein-kinin systems, which also contributes to BD-induced organ injury.15,32,34 

A vital consideration for any intervention in BD donors is that it should not impact the successful 

utilization of other organs. This is a potential limitation of complement inhibition in the donor since 

it is not known if all donor organs would benefit from such therapy. Nevertheless, C1-INH treatment 

has already shown promising results in lung transplantation.35 In addition to the trials for the treatment 

of renal ischemia-reperfusion injury and renal antibody-mediated rejection,36–40 C1-INH treatment is 

also being tested in liver transplantation (NCT 01886443 and 02251041).24 In accordance, in our study 

C1-INH did not negatively impact the liver since specific injury markers, AST and ALT were unaltered 

(supplementary data). Lastly, C1-INH inhibits at an early point and could thereby decrease organ injury, 

whereas later blockage can only eliminate effector functions of complement activation. 

The cause of the immune activation in BD donors is not well understood but it is thought to 

be initiated by damage-associated molecular patterns (DAMPs) and pathogen-associated molecular 

patterns (PAMPs) in the systemic circulation as well as in the local environment (41). Studies 

on the contribution of complement in brain death have mostly focused on local C3 expression and 

synthesis.32,42,43 However, we show that brain death induces systemic complement activation already 

after 0.5 hour. Between 0.5 and 4 hours of BD, there was a further stepwise increase of sC5b-9. 

Furthermore, induction of brain death led to significant lower functional levels of all three pathways, 

which reflects significant systemic complement activation. This is in line with findings in human BD 
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donors that showed increased plasma levels of sC5b-9, C4d and Bb.13 In our animal model, significant 

complement consumption of the CP and AP in BD rats was prevented by treatment with high-dose 

C1-INH, thereby increasing functional levels of these pathways. No effect of C1-INH treatment could 

be seen on the LP. However, human C1-INH was used to inhibit complement in rats and the biggest 

discrepancies among the complement pathways between rodents and humans are found in the LP.44 

Altogether, these data show that high-dose C1-INH prevented the further increase of sC5b-9 by BD 

and thereby increased functional levels of the CP and AP. This excludes the possibility that the in-vivo 

administered C1INH is interfering with the in-vitro activity assay. Furthermore, the concentration of 

C1-INH used here is comparable to previous studies in pigs and human.36,40

Our study shows that renal inflammation is significantly reduced after treatment of BD rats 

with C1-INH. High-dose C1-INH treatment partly prevented the BD-induced gene expression of IL-6 

and VCAM-1. Furthermore, also systemic IL-6 was significantly reduced by C1-INH treatment. These 

findings suggest that complement inhibition by C1-INH protects allografts from the development of 

inflammation. However, we did not assess systemic levels of TNF-α and IL-1β, since previous studies 

of this model have shown that IL-6 is the cytokine that is significantly elevated, opposed to other 

prominent pro-inflammatory markers such as IL-1β and TNF-α.8 Additionally, IL-6 has been shown 

to be an important mediator in the pro-inflammatory reaction of BD.45–48 Recently it was demonstrated 

that higher levels of IL-6 in the donor are associated with a worse outcome in the recipient.49 Thus, 

C1-INH treatment leads to a better renal function in BD donors, which could be ascribed to a 

consequence of improved organ allograft quality by reducing inflammatory cytokines IL-6. C1-INH 

significantly reduced creatinine levels in our BD model before organ retrieval. Yet, creatinine levels 

remained significantly higher than sham-operated animals. Hemodynamic and hormonal instabilities 

should also be considered in brain death since these changes additionally affect renal function. KIM-1 

expression was also significantly lower by C1-INH treatment. KIM-1 has been shown to be a specific 

marker of BD-induced kidney damage. In human BD donors, urinary KIM-1 has been shown to be 

associated with renal function after transplantation.10 In addition, levels of LDH significantly increased 

during brain death compared to the sham group, indicating progressive cell damage. C1-INH reduced 

LDH levels, although this could not be explained by changes in renal apoptotic in the mitochondria-

mediated (intrinsic) pathway. However, the extrinsic pathway of apoptosis and necrosis was not 

assessed. Treatment with C1-INH did not prevent the increase in infiltrating PMN in the renal cortex. 

However, information on the dynamics and time frame of the influx of inflammatory cells is absent, 

since the influx was only determined 4 hours after BD. Previously, significant PMN infiltration has 

already observed in rat kidneys, 30 minutes after BD.9 Since, C1-INH treatment was administered 30 

minutes after BD, this could explain the ineffectiveness on the influx of PMNs. Unexpectedly, C1-INH 

treatment led to a significant increase in the influx of MΦ. However, this increase could be was caused 

by macrophages that decrease inflammation and encourage tissue repair (called M2 macrophages) 

rather than macrophages that encourage inflammation (called M1 macrophages).

We acknowledge that the present study has limitations. Firstly, despite the significant 

protection demonstrated by C1-INH in preserving the kidney in our model, further investigations 

are necessary to evaluate the effect of C1-INH on BD-induced renal injury in larger animals and/
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or humans. Secondly, only male rats were used for our experiments. This was due to lack of data 

on the effect of gender on brain death, as well the reduced ability to activate complement in female 

rodents.50,51 In addition, in this study human plasma-derived C1-INH, was used for the treatment of 

rodents. Furthermore, it is unlikely that monotherapy with C1-INH in the donor would fully abolish 

the issue of DGF. We hypothesize that the ideal treatment regime in BD would be the combination 

of hormone replacement therapy, improvement of hemodynamic and immunomodulators. C1-INH 

treatment could be a key component in this triple combination therapy for BD-induced kidney injury. 

Lastly, the primary outcome measured was renal injury after BD. The effect of donor treatment with 

C1-INH on the post-transplantation outcome, therefore, remains to be determined. However, donor 

treatment is expected to positively impact the post-transplant outcome.

In conclusion, an important finding of this study is that treatment of the donor with a single 

dose of C1-INH after the induction of BD protects against BD-induced renal injury. These findings 

open a new window of opportunity for complement inhibition in BD donors to potentially improve 

kidney grafts for transplantation. 
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Abstract

Brain dead (BD) organ donors are a major source of donor kidneys for renal transplantation. Brain death 
is characterized by hemodynamic instability, hormonal dysregulation, and a systemic inflammatory 
response. Together these processes lead to reduced organ quality and subsequent worse post-transplant 
outcome. The complement system has been shown to play an essential role in BD-induced renal injury. 
We examined the complement components associated with renal injury in a mouse model of brain death 
in wild type (WT), C4-, Properdin-, C3-, C5aR1-, and C5aR2-deficient mice. Brain death was induced 
by inflation of a balloon catheter in the cranial cavity. Sham surgery was performed in WT mice as 
controls. Renal function, histological injury as well as inflammation were assessed in all the groups. 
Renal function was significantly worse in WT mice after BD compared to sham-operated controls. 
C4 deficient mice were protected against loss of renal function and tubule injury. In addition, brain 
death led to significant renal mRNA expression of cytokines, chemokines and adhesion molecules. 
Further analysis revealed that the renal expressions of these inflammatory mediators in BD are mostly 
C3-dependent and C5a-dependent. BD-induced renal influx of inflammatory cells was diminished by 
complement deficiencies. Surprisingly, neutrophils infiltration seemed to be predominantly mediated 
via the C5aR2. Given these results, we conclude that proximal components of the complement system, 
especially C4, are essential in the inflammation and injury in renal grafts from BD organ donors. 
Accordingly, complement inhibition during brain death forms a potential therapeutic approach to 
improve organ quality for kidney transplantation. 
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Introduction

Brain death is caused by irreversible cerebral injury and defined as the total loss of brain function, 

including the brainstem.1 Organ donation after brain death remains a primary source for kidneys suitable 

for transplantation.2 However, brain death induces hemodynamic instability, hormonal dysregulation and 

a systemic inflammatory response resulting in reduced organ viability.3,4 On a cellular level, brain death 

leads to excessive inflammation and apoptosis initiating tissue damage.5 Accordingly, donor brain death 

is an independent risk factor for renal allograft loss after transplantation.6 Therapeutic interventions 

during brain death form an attractive opportunity to improve the quality of these suboptimal renal grafts 

and thereby prolong graft survival after transplantation.7 Complement inhibition in brain-dead (BD) 

organ donors has been suggested as a promising therapeutic approach.8 

 Donor brain death initiates local and systemic complement activation.8 The complement 

system can be activated via three pathways: the classical pathway (CP), lectin pathway (LP) and 

alternative pathway (AP).9 The CP is activated by antibody–antigen complexes, while carbohydrates 

activate the LP. Next, serine proteases of the LP and CP cleave C4, forming the C3-convertase. Microbial 

and molecular surfaces can activate the AP. Properdin is an essential component of the AP by stabilizing 

the C3-convertase, yet recent data have also shown that properdin is a pattern-recognition molecule 

that can initiate AP activation.10,11 Activation of all pathways, leads to the cleavage of C3 and thereafter 

terminal pathway activation. Final end products of the terminal pathway include C5a, an anaphylatoxin, 

and C5b-9 also known as the membrane attack complex.9 There are two receptors for C5a, namely the 

C5aR1 and C5aR2. Both receptors are expressed on renal epithelial cells in addition to leukocytes.12,13

Complement activation is a key mediator of BD-induced renal injury.8,14 Previous studies have 

shown that BD donors have increased levels of C4d and soluble C5b-9 (sC5b-9).15 Furthermore, C3 is 

locally upregulated and activated in the kidneys of BD donors prior to organ retrieval.16 In accordance, 

microarray analysis revealed significant enrichment of complement proteins in kidney biopsies of BD 

donors before cold storage and transplantation.17 Recently, C5a has been suggested to participate in BD-

induced renal injury. The generation of C5a during brain death leads to tubular C5a-C5aR interaction 

resulting in renal inflammation.18 Moreover, local and systemic complement have been linked to post-

transplant outcome. In deceased donors, C3 gene variants were shown to be associated with allograft 

survival after transplantation.19,20 Additionally, systemic complement activation in deceased donors has 

been shown to be associated with the occurrence of acute rejection in the recipient.15 In experimental 

models of brain death, complement inhibition has been demonstrated to ameliorate kidney viability in 

the donor as well as improve renal function after transplantation.21,22

In the present study, we examined the contribution of complement activation to BD-induced 

renal injury in a mouse model of brain death. Secondly, we set out to dissect the pathways responsible 

for complement activation in brain death by using C4-deficient and properdin-deficient mice. Finally, 

we determined the effect of inhibition of C5a in BD by making use of C5aR1-deficient and C5aR2-

deficient mice. 
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Materials and Methods

Animals

Wild type (WT), C4–/– 23, Properdin–/– 24, C3–/– 23, C5aR1–/– 25 and C5aR2–/– 25 mice were used for the 

experiments with all C57Bl/6 backgrounds (Figure 1). Mice were provided by C. Stover (University of 

Leicester, Leicester, UK), by J.S. Verbeek (University of Leiden, Leiden, the Netherlands) and by B. 

Lu (Harvard Medical School, Boston, USA). Animals received food ad libitum. Male mice aged 8 to 15 

weeks were used. The Institutional Animal Care Committee approved the study.

Figure 1 
Overview of the complement proteins targeted in our experimental model

Figure Legends 
 
Figure 1  
Overview of the complement proteins targeted in our experimental model 
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Brain death model

The brain death procedure was performed as described previously.26,27 In this study mice were 

anesthetized using a mixture of 5% isoflurane / 100% O
2
. A midline incision was made in the neck of the 

mice, from caudal of the mandibula to manubrium. The right carotid artery and left jugular vein were 

cannulated to measure blood pressure and administer saline respectively. Lepirudin (Celgene Summit, 

NJ, USA) was used as anti-coagulant, since heparin can affect complement activity.28 Intubation was 

performed by tracheostomy using a 22G intravenous catheter. The animals were ventilated on a mouse 

ventilator minivent type 845 (Harvard apparatus, Holliston, MA, USA), with breathing frequency of 

200 breaths/min, tidal volume of 225 μl/stroke and PEEP of 1cm. Before and at the time of brain death 

induction, anesthesia was maintained with 2.5% isoflurane/O
2
. Body temperature was monitored via 

a rectal probe (RET-3, Physitemp Instruments, Cliften, NJ, USA) and maintained at 37˚C by using a 

heating pad and lamp.

 Under anesthesia and after local administration of bupivacaine, a hole was drilled in the 

frontomedial part of the skull. A 2F balloon catheter was inserted into the epidural space. Brain death 

was induced by increasing the intracranial pressure through inflation of the balloon with 14 μl saline per 

minute until a total of 70 μl was reached, and isoflurane was switched off. Brain death was confirmed by 

an apnea test. The balloon remained inflated throughout the experiment. During the first 30 minutes of 

brain death, the mice were ventilated with 100% O
2.
 30 minutes after brain death induction the ventilator 

was switched to O
2
/medical air (1:1). The mean arterial pressure (MAP) was continuously monitored 

and kept above 60 mmHg and saline combined with 12.5 μg/ml lepidurin was administered every 15 

minutes with a maximum of 1200 μl saline in total. Brain death was maintained for a maximum period 

of three hours, due to difficulties in the maintenance of the blood pressure in the BD mice after this 

timespan. After three hours of brain death, animals were sacrificed and blood and organs were collected 

for analysis. 

 In the sham-operated animals, a hole was drilled in the frontomedial part of the skull without 

insertion of a catheter. The animals were ventilated for half an hour under anesthesia with a mixture of 

2.5% isoflurane / 100% O
2
 before the mice were sacrificed and blood and organs were harvested.

Renal function

Blood urea nitrogen (BUN) and creatinine were measured at the time of sacrifice, using a Roche 

Modular P system.

Renal morphology

Paraffin sections (4 μm) were stained with Periodic Acid-Schiff (PAS). The severity of renal injury at 

the corticomedullary junction was determined in a blinded fashion by two individuals who used the 

following scoring system for acute tubules necrosis (ATN): 0 = 0% ATN, 1= <10% ATN, 2 = 10-25% 

ATN, 3 = 25-50% ATN and 4 = >50% ATN.



Chapter 9

154

Immunohistochemistry

Paraffin sections (4 μm) were stained for neutrophils and macrophages infiltration. Sections were 

deparaffinized and antigen retrieval was performed using 0.4% pepsin or 0.1% protease. PBS with 

0.3% H
2
O

2
 was used to block endogenous peroxidases. Primary antibodies Ly-6G (eBioscience, San 

Diego, CA, USA) for neutrophils and F4/80 (Serotec, Oxford, UK) for macrophages were incubated for 

1 hour at room temperature. Subsequently, sections were incubated with appropriate peroxidase labeled 

secondary and tertiary antibodies (Dako, Glostrup, Denmark). Antibodies were diluted in PBS with 1% 

bovine serum albumin (Sanquin, Amsterdam, the Netherlands) and, if appropriate, 1% normal mouse 

serum. The peroxidase activity was visualized using 3-amino-9-ethylcarbazole (AEC) and 0.03% H
2
O

2
.
 

Sections were embedded in Aquatex mounting agent (Merck, Darmstadt, Germany). The numbers of 

infiltrating cells were calculated per field using Aperio ImageScope (Leico Biosystems) and ImageJ 

software (National Institutes of Health). 

RNA isolation and cDNA synthesis

Total RNA was isolated from snap frozen kidneys using the TRIzol (Invitrogen, Waltham, US) method 

and DNase Amplification Grade (Sigma-Aldrich) according to manufacturer’s instructions. The 

absence of DNA contamination was verified by performing RT-PCR reaction, in which addition of 

reverse transcriptase was omitted, using beta-actin primers. cDNA synthesis was done by the addition 

of 0.5 μl sterile water, 4 μl 5x first strand buffer (Invitrogen), 2 μl DTT (Invitrogen) and 1 μl M-MLV 

Reverse Transcriptase (Invitrogen). The mixture was then incubated for 50 min at 37˚C, thereafter the 

reverse transcriptase was inactivated by incubating the mixture at 70˚C for 15 min. 

Real-Time PCR

mRNA transcripts were amplified with the primer sets shown in table 1. Amplification and detection of 

the PCR products were performed on the TaqMan Applied Biosystems 7900HT real-time PCR system 

(Biosystems, Carlsbad, USA) using SYBR Green (Applied Biosystems, Foster City, USA). Thermal 

cycling consisted of an activation step for 2 min at 50˚C and a hot start at 95˚C for 10 min. The second 

stage began with 15 sec at 95˚C and 60 sec at 60˚C, which was repeated 40 times. The last stage, to 

detect formation of primer dimers, began with 15 sec at 95˚C, followed by 60 sec at 60˚C and 15 sec at 

95˚C. CT values were corrected for beta-actin and expressed as relative increase compared to the mean 

CT value of WT animals.

Complement activation

C3 activation was assessed in EDTA plasma by a mouse C3b/C3c/iC3b ELISA, as recently described.29 

Statistical analysis

Statistical analysis was performed with StatsDirect (v3.0.133, Cheshire, UK). The Mann-Whitney-U 

test was used to test the differences between the WT BD mice and sham-operated WT animals, while the 

Kruskall Wallis test with an option for multiple comparisons was used to test the differences between 

the BD groups. All statistical tests were 2-tailed and P-value less than 0.05 was considered significant.
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Table 1. qPCR primer sequences.

Gene Primer sequences Amplification size (bp)

Β-actin
5’-ACACCCTTTCTTTGACAAAACCTAA-3’
5’-GCCATGCCAATGTTGTCTCTTAT-3’ 67

BAX 5’-CCAAGAAGCTGAGCGAGTGTCT-3’
5’-CGTCAGCAATCATCCTCTGCA-3’ 80

Bcl-2 5’-CCAGGGAATTATTCAATCCGCTAT-3’
5’-TCTGCCCTCTACCTGGTTTTCTTC-3’ 80

IL-1β 5’-GGACCCATATGAGCTGAAAGCT-3’
5’-TGGTTGATATTCTGTCCATTGAGGT-3’ 51

IL-6 5’-ACATAAAATAGTCCTTCCTACCCCAATT-3’
5’-TTAGCCACTCCTTCTGTGACTCC-3’ 76

IL-8 5’-GTGTCTAGTTGGTAGGGCATAATGC-3’
5’-TGTCCCGAGCGAGACGAG-3’ 76

MCP-1 5’-TTCAACACTTTCAATGTATGAGAGATGA-3’
5’-AACAATACCTTGGAATCTCAAACACA-3’ 81

MIP-1α 5’-AACTGAATGCCTGAGAGTCTTGGA-3’
5’-AAGCCCCTGCTCTACACGG-3’ 75

MIP-1β 5’-CAGCTTCACAGAAGCTTTGTGATG-3’
5’-GTCAGGAATACCACAGCTGGCT-3’ 76

P-selectin 5’-CCTCACAGCCACCTAGGAACA-3’
5’-GTTGGGTCATATGCAGCGTTAG-3’ 55

VCAM 5’-CCCGAACTCCTTGCACTCTACT-3’
5’-CCCGATGGCAGGTATTACCA-3’ 54

Results 

Experimental mouse brain death model

The induction of brain death resulted in a short moment of hypertension followed by a hypotensive 

period in the first 30 minutes, after which the mean arterial pressure (MAP) of the BD mice restored 

to a normotensive state. There was no difference in MAP between BD WT mice and BD mice with 

complement deficiencies (Supplementary data). Furthermore, brain death resulted in reduced renal 

function compared to sham-operated animals, as seen by the significant increase in serum creatinine 

and BUN levels (Figure 2, P<0.001). In accordance, kidneys from BD mice had significant tubule 

necrosis (P=0.004). In conclusion, the mouse model demonstrated significant BD-induced renal injury, 

similar to the human situation. Next, we analyzed C3 activation in blood, to assess whether the mouse 

brain death model also resulted in complement activation. Activated C3 fragments were increased in 

BD mice (median: 2.3 AU/mL, IQR: 1.98 – 2.78) compared sham-operated controls (median: 1.0 AU/

mL, IQR: 0.93 – 1.07), demonstrating significant complement activation during brain death (P<0.001). 

C4 deficiency ameliorates renal function and attenuates renal damage after brain death

We next compared BD-induced renal injury in complement deficient mice and WT mice to determine 

the role of the complement system in this injury. We found that C4 deficiency during brain death 

leads to substantial preservation of renal function, as indicated by the significant lower BUN levels in 

C4–/– mice compared with WT mice (Figure 2). Creatinine levels, another measure of renal function, 

showed comparable results for the different BD groups (Table 2). Additionally, we noted that kidneys of 
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complement deficient BD mice all had significantly reduced tubule necrosis compared to WT BD mice 

(Figure 2). Furthermore, renal apoptosis, measured by renal mRNA expression of BAX/Bcl-2, was 

much lower in C4–/–, P–/–, C3/– and C5aR2/– and C5aR2/– –/– BD mice than observed in WT BD mice (Figure 2). Thus, 

complement activation partially mediates BD-induced renal injury. Moreover, C4 deficiency decreased 

renal injury almost to the extent of sham-operated mice, demonstrating a key role for C4 activation. 

Figure 2
Deficiency of C4 protects mice from BD-induced renal injury.

Brain death was induced in six groups of mice: wildtype (WT), C4−/−, Properdin−/−, C3−/−, C5aR1−/−, and C5aR2−/−. Animals were 
sacrificed 3 hours after confirmation of brain death. Turkey box-plots of plasma blood urea nitrogen (BUN) levels 3 hours after brain 
death in WT, C4−/−, Properdin−/−, C3−/−, C5aR1−/− and C5aR2−/− mice (Left graph). Histopathologic scoring of tubular damage. 
Tubular damage was scored as percentage of necrotic tubuli (acute tubular necrosis, ATN) in the cortical area using a semi-
quantitative method (0 = 0% ATN, 1 = <10% ATN, 2 = 10-25% ATN, 3 = 25-50% ATN and 4 = >50% ATN). Data are shown as 
median and interquartile range (Middle graph). Turkey box-plots of BAX/Bcl2 gene expression in kidneys after BD (Right graph). 
Quantitative real-time RT-PCR was performed. Relative fold increase in sham WT mice of BAX/Bcl-2 expression relative to β-actin 
was set at 1. Data were analyzed by Kruskall Wallis test with an option for multiple comparisons (*P<0.05, **P<0.01, ***P<0.001). 
The dashed line represents the median of the sham-operated WT animals. Asterisks above the bars denote significant differences 
between BD groups from different mouse strains. N is 8 per BD group.

Table 2. Plasma creatinine levels 3 hours after brain death or in sham-operated mice.

Group Intervention Creatinine levels

Median Interquartile range

WT mice Sham-operated 16 16.0 – 25.0

WT mice Brain death 42 33.0 – 51.0

C4−/− mice Brain death 28 21.0 – 44.0

Properdin−/− mice Brain death 36 28.0 – 49.0

C3−/− mice Brain death 44 28.0 – 88.0

C5aR1−/− mice Brain death 58 42.0 – 71.0

C5aR2−/− mice Brain death 34 28.5 – 48.0

Deficiency of early complement components attenuates pro-inflammatory gene expression 

To further investigate whether complement activation influences the ‘pro-inflammatory’ state of brain 

death, we quantified renal mRNA levels of pro-inflammatory genes. Brain death significantly increased 

the mRNA expression of cytokines (IL-1beta, L-6, IL-8), chemokine’s (MCP-1, MIP-1alfa, MIP-1beta) 

and adhesion molecules (P-selectin, ICAM-1, and VCAM-1) compared to sham-operated animals 

(P<0.05).

Deficiency of early complement components namely C4, properdin and C3 resulted in a 
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significant reduction of the expression of IL-1beta, L-6, and IL-8 (Figure 3). In addition, C5aR2–/– mice –/– mice –/–

also showed partial protection from BD-induced expression of pro-inflammatory cytokines, namely IL-

1beta and IL-8. Furthermore, C3–/– BD mice had significantly reduced gene expression levels of MCP-–/– BD mice had significantly reduced gene expression levels of MCP-–/–

1 and MIP-1α compared to WT BD mice (Figure 4). Deficiency of C4, properdin, and C5aR2 only 

decreased BD-induced expression of the chemokine MCP-1. The upregulated expression of MIP-1β
during brain death was complement independent. In addition, the expression of adhesion molecules was 

also reduced by complement deficiencies during brain death but less dramatic than seen for cytokines 

and chemokine’s (Figure 5). Intriguingly, C5aR2–/– BD mice had the lowest levels of P-selectin and 

VCAM-1. C4–/– and P–/– and P–/– –/– BD mice also had significantly lower levels of P-selectin. Complement –/– BD mice also had significantly lower levels of P-selectin. Complement –/–

deficiencies did not affect the BD-induced expression of ICAM-1. Overall, in brain death complement 

activation seems to amplify the local inflammatory response in the kidney.

Figure 3
Gene expression of pro-inflammatory cytokines in BD kidneys is largely C4-dependent 

T urkey box-plots of gene expression of inflammatory cytokines in kidneys 3 hours after brain death in wildtype (WT), C4−/−, 
Properdin−/−, C3−/−, C5aR1−/− and C5aR2−/− mice, determined by quantitative real-time RT-PCR of IL-1β (left graph), IL-6 (middle 
graph) and IL-8 (right graph). Data are shown as expression relative to β-actin, were sham-operated WT are set at 1 (presented as 
the dashed line) and the rest is calculated accordingly. Kruskall Wallis test with an option for multiple comparison was used to test 
for statically differences (*P<0.05, **P<0.01, ***P<0.001). Asterisks above the bars denote significant differences between BD 
groups from different mouse strains. N is 8 per BD group.

Figure 4 Gene expression of chemokine’s in BD kidneys is partially mediated via C3

Turkey box-plots of gene expression of chemokine’s in kidneys 3 hours after brain death in wildtype (WT), C4−/−, Properdin−/−, C3−/−, 
C5aR1−/− and C5aR2−/− mice, determined by quantitative real-time RT-PCR of MCP-1 (left graph), MIP-1α (middle graph) and MIP-
1β (right graph). Data are shown as expression relative to β-actin, were sham-operated WT are set at 1 (presented as the dashed line) 
and the rest is calculated accordingly. Kruskall Wallis test with an option for multiple comparison was used to test for statically 
differences (*P<0.05, **P<0.01, ***P<0.001). Asterisks above the bars denote significant differences between BD groups from 
different mouse strains. N is 8 per BD group.
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Figure 5
Gene expression of P-selectin in BD kidneys is complement-dependent

Turkey box-plots of gene expression of adhesion molecules in kidneys 3 hours after brain death in wildtype (WT), C4−/−, Properdin−/−, 
C3−/−, C5aR1-/- and C5aR2-/- mice, determined by quantitative real-time RT-PCR of P-selectin (left graph), VCAM-1 (middle graph) 
and ICAM-1 (right graph). Data are shown as expression relative to β-actin, were sham-operated WT are set at 1 (presented as the 
dashed line) and the rest is calculated accordingly. Kruskall Wallis test with an option for multiple comparison was used to test for 
statically differences (*P<0.05, **P<0.01, ***P<0.001). Asterisks above the bars denote significant differences between BD groups 
from different mouse strains. N is 8 per BD group.

Figure 6
Complement activation exacerbates inflammatory cell influx in brain-dead kidneys. 

Quantification of the influx of Ly-6G+ cells in renal tissue, three hours after brain death was confirmed (left graph). Furthermore, 
quantification of the influx of F4/80+ cells (macrophages) in renal tissue, three hours after brain death was confirmed (right graph). 
Data are shown as the number of neutrophils or macrophages per field and displayed as Turkey box-plots and were analyzed by 
Kruskall Wallis test with an option for multiple comparison (*P<0.05). Asterisks above the bars denote significant differences 
between BD groups from different mouse strains. The dashed line represents the median of the sham-operated WT animals. N is 8 per 
BD group.

Complement activation exacerbates renal influx of inflammatory cells during brain death

We next investigated whether the kidneys of BD donors had exacerbated infiltration of 

inflammatory cells. After 3 hours of BD, increased numbers of macrophages (anti-F4/80) and neutrophils 

(anti-Ly.6G) were found in the kidneys of WT mice compared to sham-operated animals (P<0.01). 

Complement activation leads to the formation of anaphylatoxins, which leads to the recruitment of 

inflammatory cells. Therefore, we investigated the impact of complement inhibition on the influx of 

neutrophils and macrophages (Figure 6). In BD mice, complement deficiencies significantly decreased 

neutrophil recruitment in the kidney. The lowest numbers of neutrophils were found in the kidneys of 
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C5aR2–/– BD mice, almost comparable to the amount seen in kidneys of sham-operated mice (dashed 

line). Similar to neutrophils, the influx of macrophages was also significantly lower in BD mice with 

complement deficiencies. However, the reduction seen in the numbers of macrophages was less dramatic 

than observed for neutrophils. Furthermore, properdin seemed to be involved in the recruitment of 

macrophages, but not of neutrophils.   

Discussion 

The importance of complement activation in BD donors has become apparent in the last decade.8,14,30 

However, the precise nature of complement-induced tissue injury and the related components that 

initiate these responses is still unknown. Here, we describe that brain death elicits complement activation 

resulting in the renal expression of pro-inflammatory mediators and influx of pro-inflammatory cells. 

Altogether these events lead to apoptosis and ATN causing permanent kidney damage and loss of renal 

function in the donor. Furthermore, we demonstrate that deficiency of C4 and properdin and to lesser 

extent, C3 and C5aR2 protect the kidney against injury in a mouse model of brain death. Our results, 

therefore, identify proximal complement components as a therapeutic strategy to inhibit complement 

activation together with the inflammatory responses relevant to BD-induced kidney injury.

Brain death is associated with a local inflammatory reaction in the kidney.5,31 Deficiency of 

complement components significantly reduced BD-induced gene expression of cytokines, chemokines 

and adhesion molecules. Furthermore, our findings suggest that complement activation of C3 is 

responsible for the development of renal inflammation during brain death. The most prominent 

effects were seen for inflammatory cytokines, namely IL-1beta, IL-6 and IL-8 but also for P-selectin. 

Previous studies have shown that cytokines are important mediators of the pro-inflammatory reaction 

seen in brain death and that higher levels are negatively associated with post-transplant outcome.32,33 

Furthermore, inhibition of P-selectin during brain death prevented BD-induced inflammation and 

reduced the subsequent damage in rat renal allografts.34 Complement inhibition also diminished 

influx of inflammatory cells, with the most prominent effect seen on the recruitment of neutrophils. 

Macrophages influx was also decreased, but other triggers seem to be involved in this process. In line 

with the previous finding, we found a key role for the AP in tissue infiltration of macrophages.35 The 

diminished influx of inflammatory cells by complement inhibition will almost certainly have a positive 

impact on outcome after renal transplantation.7,31

 Little attention has so far been given to dissecting the pathways responsible for complement 

activation during brain death. Our study shows an important role for the activation of C4 in brain 

death since C4 deficiency resulted in the greatest preservation of renal function. However, based on 

our findings we cannot determine whether the protection seen in C4–/– mice can be attributed to the LP, 

CP or both.  Furthermore, properdin–/– mice also showed less inflammation and injury, implicating the 

involvement of the AP as an amplifier of complement activation in brain death. In accordance, Damman 

et al. showed that deceased donors have increased serum levels of C4d and Bb and both correlated with 



Chapter 9

160

the levels of sC5b-9.15 Furthermore, we have previously demonstrated C4d depositions in kidneys from 

BD human donors.8 Kidneys from deceased donors also have enhanced expression of complement-

related genes of predominantly the CP and AP and to a lesser extent the LP.17,36 In a rodent model, 

significant consumption was seen during brain death for all three complement pathways.21 Overall, 

we speculate that all three activation pathways are engaged in BD-induced complement activation as 

seen in renal ischemia-reperfusion injury.37 However, we propose a major role for the CP and/or LP in 

complement activation in brain death.

 In human BD donors, complement activation has been shown to lead to the formation of the 

C5b-9 and the release of C5a.15,18 There are two receptors for C5a, namely C5aR1 and C5aR2 (also 

known as C5L2) and both receptors are expressed in the kidney.12 BD kidneys show higher tubular 

expression of the C5aR1 than kidneys from living donors.12,18 Consequently, brain death leads to renal 

C5a-C5aR interaction, thereby promoting the local inflammatory response.18 Significant systemic 

complement activation was shown to take place in this mouse brain death model, implying that C5a is 

also generated. Deficiency of both receptors resulted in reduced influx of inflammatory cells. However, 

C5aR1–/– mice were not protected from BD-induced injury and possibly even aggravated BD-induced 

renal inflammation. Nevertheless, we observed that C5aR2 deficiency confers partial protection 

against kidney injury. Recently, a key role was seen for C5aR2 in renal ischemia-reperfusion injury 

and sepsis.25,38 Accumulating evidence indicates that the enigmatic C5aR2 is a functional receptor, 

rather than mere decoy receptor for C5a.39 Surprisingly, C5aR2–/– mice had the lowest number of 

infiltrating cells among the BD groups, implying a prominent role for C5aR2 in the recruitment of 

inflammatory cells. Still, whether this is mediated via a direct C5a-C5aR2 interaction or if it’s the result 

of the increased expression of adhesion molecules by C5aR2 remains to be investigated. In our study, 

deficiency of early complement components leads to greater protection than seen in C5aR2–/– mice. 

These findings suggest an accompanying role of C5b-9 in brain death. Future studies should, therefore, 

determine the effect of C5 and C6 deficiency on BD-induced renal injury.

 Irrespective of the increase in living donors during the past 15 years, the number of kidneys 

derived from BD donors remains substantial.40,41 However, previous studies have shown that the 

pathophysiological effects of brain death reduce organ viability and impact renal transplant outcome 

negatively.31 Hormone supplementation and improved hemodynamics during donor management have 

been shown to amend outcome after renal transplantation.42 Targeting complement activation in BD 

donors forms a promising additional strategy to improve organ viability and renal transplant outcome.8 

Previous studies in animal models of brain death have demonstrated that complement inhibition 

effectively enhances organ quality in the donor and improves graft function after kidney and heart 

transplantation.21,22,26,27 Our group previously showed that treatment with a C3-inhibitor in BD donors 

resulted in lower inflammation and enhanced renal function after transplantation in the recipient. 

Moreover, treatment of the donor one hour after the induction of brain death was equally effective as 

administration prior to the induction of brain death.22 Recently, treatment with C1-inhibitor (C1-INH) 

was also shown to have beneficial effects on kidneys of BD donors.21 C1-INH treatment during brain 

death led to less renal inflammation and better renal function prior to transplantation. C1-INH is a 

complement inhibitor of all three pathways and acts early in the complement cascade.28 Fittingly, we 
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found that proximal components of the complement cascade are the optimal target for intervention, 

preferably C4. Currently, there are no ongoing or completed clinical trials with a complement therapeutic 

specifically targeting C4.43 An anti-C2 antibody could form an attractive alternative, since this would 

also inhibit the LP and CP pathway and serum concentrations of C2 are 20x times lower than those of 

C4.44 Lastly, C2 deficiency leads to less detrimental effects than C4 deficiency.45

 In conclusion, we uncovered a key role for complement as a mediator of inflammation and 

injury in brain death. We propose a main role model for activation of C4 in BD donors. Furthermore, 

irrespective of previous data on C5a in BD, the C5a–C5aR1 axis is a not the ideal target to improve 

outcome in renal transplantation from BD donors. In addition, the promising effects of inhibition of 

early complement components in BD donors needs further exploration and exploitation.
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Abstract

The complement system, and specifically C5a, is involved in renal ischemia-reperfusion (IR) injury. 

The 2 receptors for complement anaphylatoxin C5a (C5aR1 and C5aR2) are expressed on leukocytes 

as well as on renal epithelium. Extensive evidence shows that C5aR1 inhibition protects kidneys from 

IR injury; however, the role of C5aR2 in IR injury is less clear as initial studies proposed the hypothesis 

that C5aR2 functions as a decoy receptor. By using wild-type, C5aR1–/–, and C5aR2–/– mice in a model 

of renal IR injury, we found that a deficiency of either of these receptors protected mice from renal IR 

injury. Surprisingly, C5aR2–/– mice were most protected and had lower creatinine levels and reduced 

acute tubular necrosis. Next, an in vivo migration study demonstrated that leukocyte chemotaxis was 

unaffected in C5aR2–/– mice, whereas neutrophil activation was reduced by C5aR2 deficiency. To 

further investigate the contribution of renal cell-expressed C5aR2 vs leukocyte-expressed C5aR2 to 

renal IR injury, bone marrow chimeras were created. Our data show that both renal cell-expressed 

C5aR2 and leukocyte-expressed C5aR2 mediate IR-induced renal dysfunction. These studies reveal the 

importance of C5aR2 in renal IR injury. They further show that C5aR2 is a functional receptor, rather 

than a decoy receptor, and may provide a new target for intervention
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Introduction

Renal ischemia-reperfusion (IR) injury occurs in different clinical conditions and leads to the 

development of acute kidney injury.1,2 The pathophysiology of IR injury is complex and characterized 

by three components: infiltration of neutrophils, reactive oxygen species formation, and innate immune 

activation.3–6 Regarding innate immune activation in renal IR injury, a critical role has been established 

for complement activation.7,8 Currently, there are no approved therapies for renal IR injury, although 

complement inhibition is recognized as a potential therapeutic strategy.9

 Complement activation leads to the generation of anaphylatoxins, opsonins and the membrane 

attack complex (MAC).10,11 Yet, C5a is the most potent chemotactic and proinflammatory peptide.12 C5a 

and degradation product C5adesArg interacts with two receptors; the C5a receptor (C5aR/C5aR1) and 

C5a-like receptor 2 (C5L2/C5aR2).13,14 Both receptors are expressed on a wide variety of cells.12,15,16 In 

human kidney biopsies, we have demonstrated the expression of both receptors on renal cells.17 Although 

these receptors share characteristics, clear differences exist. Binding affinity for C5a is similar for 

both receptors, while only C5aR2 is capable of binding C5adesArg with high affinity.18,19 Furthermore, 

unlike C5aR1, C5aR2 is uncoupled from G proteins and lacks receptor internalization.14,18–20 These 

differences have led to the assumption that C5aR2 is a decoy receptor.

 Earlier studies, using mice deficient in complement components, have shown that complement 

activation contributes to the pathogenesis of renal IR injury.5 A central role was put forward for the 

formation of MAC.21 More recently, studies have suggested that C5a-C5aR1 axis is crucial in the 

pathogenesis of this type of injury. In mice inhibition of C5 or C5aR1 resulted in improved renal 

outcome after renal IR.22–25 It has been suggested that the protective effect of blocking C5aR1 occurs 

independent of neutrophil influx, indicating a direct effect of C5a-C5aR1 signaling in the kidney.26 In 

accordance, we have shown that stimulation of renal tissue with C5a induces a potent local inflammatory 

response.27 However, the role of C5aR2 in renal IR injury is less clear. 

 Given the importance of C5a-C5aR1 signaling during renal IR injury, it is essential to explore 

the function of C5aR2 in this type of injury. To address this question, we used an in vivo model of renal 

IR injury, using C5aR2–/– mice. Subsequently, we performed an in vivo migration study to investigate 

the role of C5aR2 in leukocyte migration and neutrophil activation. Finally, bone marrow chimeras 

were used to study the contribution in renal IR injury of the C5aR2 receptor expressed on renal cells 

and leukocytes. Here, we report an important pro-inflammatory role for C5aR2 in IR-induced kidney 

injury.

Methods

Animals

Wild type (WT), C5aR1–/–28 and C5aR2–/–29 mice all had C57Bl/6 backgrounds. Knockout mice were 

provided by B. Lu, Harvard Medical School, Boston, USA. Animals received food ad libitum. Male 
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mice aged 8 to 15 weeks were used. The Institutional Animal Care Committee approved the study. 

Renal ischemia/reperfusion model

Mice were anesthetized using 5% isoflurane/O
2
 and maintained by 2% isoflurane/O

2 
after induction. 

During the procedure, mice were placed on a heating pad to maintain body temperature. Under aseptic 

conditions, through an abdominal midline incision, bilateral renal ischemia was induced by 2 non-

traumatic vascular clamps for 40 min. After removal of the clamps, the kidneys were inspected for 

the restoration of blood flow. The abdomen was closed in two layers and buprenorphine (0.1 mg/kg) 

was applied. The animals were sacrificed at 1, 3 or 7 days after surgery. Sham-operated animals were 

anesthetized and operated according to the protocol described above, but no vascular clamps were 

placed. Blood and kidneys were collected for analysis. The number of animals per group was 8.

In vivo migration model

Mice were intraperitoneally injected with PBS or 2μM of mouse C5a (Hycult Biotechnology) 

C5adesArg (Hycult Biotechnology), or C3a (MyBioSource). Peritoneal lavage (PL) was performed 

6 hours later under general anesthesia. For PL, PBS was injected into the peritoneal cavity, after 

which the peritoneal fluid was collected via a small midline abdominal incision. Thereafter, blood was 

collected via heart puncture. Different subsets of leukocytes in blood and PL were determined using 

Sysmex XN-10 and XN-20 cell counters in combination with SP-10 slide maker and stainer (Sysmex). 

Additionally, cytospins were made from a representative sample of the peritoneal lavage fluid. The 

number of animals per group and per injection was 5.

Bone marrow donors

Bone marrow donors were sacrificed under aseptic conditions. Femurs, tibiae, pelvic bones, sternum, 

and spine were harvested and crushed in Dulbecco’s PBS (DPBS) and 0.2% BSA Fraction V. The 

suspension was filtered using EASYstrainer filters 100μm (Greiner Bio-One). Red blood cells were 

lysed and centrifuged. Bone marrow cells were suspended in DPBS / 0.2% BSA and filtered using cell 

restrainer caps (Falcon). Cells were counted using Medonic CA620 cell counter (Boule Medical). The 

number of donor animals used per group was 8. 

Bone marrow recipients

Ciprofloxacin (100mg/L) was added to the drinking water as antibiotic prophylaxis starting at one day 

before irradiation until 2 weeks after the bone marrow transplantation (BMT). Total body irradiation 

(9 Gy) was given using the X-RAD320. One day after irradiation, BMT was performed, with each 

recipient receiving between 8.5 - 10 x 106 cells in 200 μl DPBS, via retro-orbital injection under general 

anesthesia with 3.5% isoflurane/O
2
. 

Nine weeks after BMT, the percentage of chimerism was determined using a blood sample acquired 

by retro-orbital puncture. Erythrocytes were lysed and centrifuged. The remaining leukocytes were 

washed using DPBS / 0.2% BSA. Leukocytes were stained using Pacific Blue-labeled anti-mouse 

CD45.1 (BioLegend) and PE-labeled anti-mouse CD45.2 (BioLegend) for 30 min at 4°C in the dark. 
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Cells were washed using DPBS / 0.2% BSA. Dead cells were stained by propidium iodide (1 mg/

ml, Sigma-Aldrich). Cells were analyzed by FACS Verse flow cytometer (BD). A minimum of 92% 

chimerism was observed by FACS analysis in all animals (supplemental data). The number of animals 

per group was 8.

Renal function

Creatinine was measured in EDTA-plasma obtained at the time of sacrifice, using a Roche Modular P 

system. 

Renal morphology

Sections (4 μm) of formalin-fixed paraffin embedded left kidneys were stained with Periodic Acid 

Schiff. Renal damage was scored as a percentage of ATN in the cortical area, by 2 individual observers. 

A scoring system ranging from 0 to 4 was applied (0 = 0% ATN, 1 = <10% ATN, 2 = 10-25% ATN, 3 

= 25-50% ATN and 4 = >50% ATN).   

Complement activity

Mouse complement pathway activity was assessed with functional complement ELISAs for each 

pathway, i.e. classical (CP), lectin (LP) and alternative (AP) pathway, as recently described.30

Immunohistochemistry

Sections (4 μm) from formalin fixed paraffin embedded kidneys were deparaffinized and antigen retrieval 

was performed. Endogenous peroxidases were blocked and sections were incubated with primary 

antibodies directed against Ly-6G (eBioscience) for neutrophils, F4/80 (Serotec) for macrophages or 

CD3 (Dako) for T cells. Sections were incubated with appropriate secondary and tertiary antibodies 

(Dako). The reaction was developed by addition of 3-amino-9-ethylcarbazole (AEC) and sections 

were embedded. Quantification of infiltrating cells was scored as percentages of the total area was and 

performed using Aperio ImageScope (Leico Biosystems) and ImageJ software (National Institutes of 

Health).  

Cytology

Cytospins were fixed in acetone and permeabilized with 0.1% Tween-20 in PBS. Cytology was 

performed using primary antibodies directed against myeloperoxidase (MPO) (Hycult) and Ly-

6G (eBioscience) for neutrophils. Primary antibody controls for double stainings were performed 

using PBS controls. Sections were incubated with appropriate horseradish peroxidase-conjugated 

and FITC-conjugated secondary antibodies. Binding of primary antibodies detected by horseradish 

peroxidase-conjugated secondary antibodies was visualized using TSA Tetramethylrhodamine System 

(PerkinElmer LAS). Sections were counterstained and embedded using Vectashield with DAPI (Vector 

Laboratories). Positive control cryosections of mouse spleen (known to express Ly6G and MPO) were 

stained at the same time as the cytospins. Quantification of MPO positive neutrophils was done by 

manual counting and scored as the percentages of the total amount of neutrophils.
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RNA isolation and cDNA synthesis

Cryosections were lysed in TRIzol Reagent (Invitrogen). Chloroform was added to separate the RNA 

from DNA and protein content. Subsequently, isopropanol was added to precipitate the RNA and next, 

the pellet was washed 3x with 75% ethanol. RNA pellet was dried and dissolved in sterile water. RNA 

samples were treated with DNase Amplification Grade (Sigma-Aldrich) following the manufacturer’s 

instructions. The absence of contamination with genomic DNA was verified by RT-PCR reaction 

using β-actin primers. For cDNA synthesis, oligo-dT (0.5 μg, Invitrogen) and mRNA (1 μg) were 

incubated for 10 min at 70◦C and cooled directly after that. cDNA was synthesized by adding a mixture 

containing sterile water, 5x First strand buffer (Invitrogen), DTT (Invitrogen), dNTP’s (Invitrogen), 

RNaseOut Ribonuclease inhibitor (Invitrogen) and M-MLV Reverse Transcriptase (Invitrogen). The 

mixture was incubated for 50 min at 37ąC. Subsequently, reverse transcriptase was inactivated by 

incubating the mixture for 15 min at 70◦C. 

Real-Time PCR

mRNA transcripts were amplified with the primer sets outlined in the supplemental data (S1). For 

Real-Time PCR, SYBR Green mastermix (Applied biosystems), primer (50 μM stock concentration), 

nuclease free water and 10 ng cDNA were mixed. Thermal cycling was performed on the TaqMan 

Applied Biosystems 7900HT real-time PCR System. Samples were corrected for β-actin (DCT) and a 

plate calibrator (DCT). Results were expressed as 2-ΔΔCT (CT: Threshold Cycle). 

Statistical analysis

Statistical analysis was performed with StatsDirect (v 3.0.133, Cheshire, UK). The Mann-Whitney-U 

test or Kruskall Wallis test with an option for multiple comparisons was performed. All statistical tests 

were 2-tailed with P<0.05 regarded as significant. Results are presented as a median and interquartile 

range.
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Results

C5aR2-/- mice are protected from renal ischemia–reperfusion injury

In WT mice renal IR markedly increased creatinine, while the renal function was protected in C5aR1–

/– mice (Fig. 1A). C5aR2/– mice (Fig. 1A). C5aR2/– –/– mice showed significantly lower creatinine levels after renal IR injury –/– mice showed significantly lower creatinine levels after renal IR injury –/–

compared to WT mice. Three days after reperfusion, C5aR2–/– mice had even lower creatinine levels –/– mice had even lower creatinine levels –/–

than C5aR1–/– IR mice. Renal function in both knockouts was reduced to values observed in sham-–/– IR mice. Renal function in both knockouts was reduced to values observed in sham-–/–

operated animals 7 days after reperfusion, while WT mice still showed mild renal impairment. Similar 

results were found with BUN levels (data not shown).

Figure 1 Deficiency of C5aR2 protects mice from renal ischemia-reperfusion injury.	

I/R - WT 

I/R - C5aR2-/- 

D 

B

A

C 

Sham - WT 

200 
µM 

I/R - C5aR1-/- 

Renal ischemia-reperfusion (IR) was induced 
bilaterally for 40 minutes in three groups 
of mice: WT, C5aR1−/−/−/ , and C5aR2−/−/−/ . 
Animals were sacrificed at 1, 3 and 7 days after 
reperfusion. (A) Plasma creatinine levels at 1, 
3 and 7 days after renal ischemia-reperfusion 
injury in wildtype (WT), C5aR1-/- and C5aR2-

/- mice. (B) Representative light microscopic 
images of periodic acid-Schiff (PAS) staining 
of the kidney, at 1 day after reperfusion, 
magnification 100x. (C) Histopathologic 
scoring of tubular damage. Tubular damage 
was scored as percentage of necrotic tubuli 
(acute tubular necrosis, ATN) in the cortical 
area using a semi-quantitative method (0 = 0% 
ATN, 1 = <10% ATN, 2 = 10-25% ATN, 3 = 
25-50% ATN and 4 = >50% ATN). (D) KIM-
1 gene expression in kidneys 3 days after IR. 
Quantitative real-time RT-PCR was performed. 
Relative fold increase in sham WT mice of KIM-
1 expression relative to β-actin was set at 1. 
Data are shown as median and interquartile 
range and were analyzed by Kruskall Wallis 
test with an option for multiple comparisons 
(*P<0.05, **P<0.01, ***P<0.001). Asterisks 
above the bars denote significant differences 
between IR and sham animals of the same strain, 
while asterisks above the capped line indicate 
significant differences between IR groups from 
different mouse strains. N is 8 per group, except 
for one animal in the C5aR1-/- IR group, which 
was excluded due to a technical error.
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 To determine renal tubular damage, histologic analysis was performed (Fig. 1B). Acute 

tubular necrosis (ATN) was significantly reduced in C5aR2–/– mice compared to WT and C5aR1–/– mice 

after reperfusion (Fig. 1C). In line with histology, renal expression of KIM-1 was significantly lower 

in C5aR2–/– mice than the WT (Fig. 1D). Hence, altogether these results demonstrate that the lack of 

C5aR2 receptor provides both functional and structural protection against renal IR injury. In addition, 

protective effects of C5aR2 deficiency on renal IR injury were greater than C5aR1 deficiency.

Systemic complement activation after renal ischemia-reperfusion

Next, we investigated complement pathway activity after renal IR. Complement activity was found to 

be similar in all mouse strains (Figure S1). One day after reperfusion decreased complement activity 

was found in WT mice for all 3 pathways compared with sham-operated mice (Figure 2). The decreased 

complement activity in vitro shows tremendous consumption of complement components during IR 

in vivo. Most profound decrease by renal IR injury was found for the Alternative pathway with an 

83% decrease in functional activity, compared to 47% and 51% for the Classical pathway and Lectin 

pathway. Complement activity was fully restored to baseline 7 days after IR.

Figure 2 
Systemic complement consumption of the classical, lectin and 
alternative pathway in wildtype mice after renal ischemia-reperfusion.  

Consumption of systemic complement components was analyzed for 
each of the three individual pathways (i.e. classical (CP), lectin (LP) 
and alternative (AP)) by functional ELISA’s. Results for day 1, 3 and 
7 after ischemia-reperfusion are shown as a median and interquartile 
range (n=8 per group). The complement activity was measured 
by C9 deposition and the optical density (OD) of wildtype sham-
operated animals was set at 100% (y-axis) and the rest was calculated 
accordingly. Significant differences of IR group compared to the sham 
group is indicated as *P<0.05, **P<0.01, ***P<0.001. Data were 
analyzed by Mann-Whitney-U test. 
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C5aR2 deficiency leads to reduced renal inflammatory gene expression after ischemia-reperfusion

Subsequently, we assessed the gene expression of pro-inflammatory cytokines (IL-6, TNF-α, IL-

1β), chemokine’s (IL-8, MCP-1), and adhesion molecules (P-selectin). One day after reperfusion, a 

significant induction of IL-6, IL-1β, TNF-α, MCP-1, IL-8, and P-selectin was observed in WT mice 

(Figure 3). After renal IR, C5aR1–/– and C5aR2–/– and C5aR2–/– –/– mice showed significantly lower expression of IL-6 –/– mice showed significantly lower expression of IL-6 –/–

and IL-1β compared to WT (Fig. 3A-B). In addition, C5aR1–/– mice displayed decreased MCP-1 –/– mice displayed decreased MCP-1 –/–

expression compared to WT mice 1 day after reperfusion (Fig. 3D). At 3 days after reperfusion, IL-8 

expression was significantly lower in C5aR2-–/– IR injury kidneys compared to WT (Table 1). Taken –/– IR injury kidneys compared to WT (Table 1). Taken –/–

together, our results show that C5aR1 and C5aR2 are partially required for the production of pro-

inflammatory mediators by renal tissue in IR. 

Figure 3
Renal gene expression of inflammatory mediators one day after renal ischemia-reperfusion injury.

Gene expression of inflammatory markers in kidneys one day after renal ischemia-reperfusion (IR) injury in wildtype (WT), C5aR1-
/- and C5aR2-/- mice, determined by quantitative real-time RT-PCR. (A) IL-6, (B) IL-1β, (C) IL-8, (D) TNFa, (E) MCP-1, (F) 
P-selectin expression. Data are shown as expression relative to β-actin, were sham WT are set at 1 and the rest is calculated 
accordingly. Median and interquartile range are displayed and were analyzed by Kruskall Wallis test with an option for multiple 
comparison (*P<0.05, **P<0.01, ***P<0.001). N is 8 per group, except for one animal in the C5aR1-/- IR group, which was 
excluded due to a technical error.
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Table 1
Renal gene expression of inflammatory mediators 3 days after renal ischemia/reperfusion injury.

Gene Group
Relative fold induction

Sham IR

IL-1β
WT
C5aR1-/-
C5aR2-/-

1.00 [0.92-1.23]
0.90 [0.65-1.30]
1.17 [1.07-1.31]

1.09 [0.86-1.17]
0.88 [0.79-1.00]
1.07 [1.00-1.30]

IL-6
WT
C5aR1-/-
C5aR2-/-

1.00 [0.47-1.15]
1.05 [0.78-1.92]
1.01 [0.73-1.35]

16.55 [10.14-26.81] *
11.84 [7.40-22.07] *
  9.60 [6.17-14.97] *

TNF-a
WT
C5aR1-/-
C5aR2-/-

1.00 [0.74-1.29]
0.88 [0.85-1.24]
0.91 [0.83-1.16]

2.54 [2.27-2.86] *
2.60 [1.72-3.43] *
2.65 [1.92-3.24] *

IL-8
WT
C5aR1-/-
C5aR2-/-

1.00 [0.84-1.30]
1.03 [0.80-1.92]
1.17 [0.66-1.77]

10.89 [9.33-11.60] *
  8.03 [4.48-11.55] *
  6.09 [3.31-9.76] * #

MCP-1
WT
C5aR1-/-
C5aR2-/-

1.00 [0.89-1.15]
1.26 [0.93-1.72]
1.34 [1.16-1.82]

7.24 [6.26-8.91] *
5.21 [3.54-10.96] *
5.31 [3.86-7.30] *

P-selectin
WT
C5aR1-/-
C5aR2-/-

1.00 [0.62-1.26]
1.39 [1. 01-1.83]
1.46 [1.07-1.71]

4.57 [3.01-5.61] *
4.04 [2.70-4.65] *
3.24 [2.83-4.26] *

Data are shown as relative fold induction compared to housekeeping gene β-actin and expressed as median [interquartile range] 
and are analyzed by Kruskal–Wallis test with an option for multiple comparisons. The median of the sham WT group is set at 1 
and the other groups are calculated accordingly. * Significant difference compared to sham-operated animals of the same strain. # 
Significant difference compared to WT IR injury. 

Reduced neutrophil influx by C5aR2 deficiency in renal ischemia–reperfusion injury

Cellular infiltration was determined to characterize the role of C5aR2 in postischemic leukocyte 

infiltration (Figure 4 – 6). After IR, increased numbers of neutrophils in renal tissue of WT animals 

were found compared to sham-operated WT mice, although statistical significance was not reached due 

to variation (Fig. 4B). C5aR2–/– and C5aR1–/– mice tended towards lower mean neutrophil infiltration 

at 1 day after reperfusion compared to WT mice, however, no statistical significance was reached. A 

significant increase of infiltrating macrophages and T-cells was observed 7 days after reperfusion for 

WT mice (Figure 5, 6). No reduction was seen in either macrophage or T-cell influx for mice deficient 

in C5aR2. However, a trend was observed towards lower T-cell influx in C5aR2–/– mice as well as a 

higher trend for macrophage influx. As expected, C5aR1 deficiency prevented both macrophage and 

T-cell influx. Thus, it appears that C5aR2 might be involved in post-ischemic infiltration of neutrophils 

in kidneys. 

No involvement for C5aR2 in neutrophil migration in vivo by C5a and C5adesArg

We further investigated the contribution of C5aR2 in leukocyte migration to clarify whether the lower 

leukocyte infiltration number was due to the reduced inflammatory gene expression or because of a 

direct effect of the C5aR2 on leukocytes, using an in vivo migration study (Figure 7). PBS-injected WT, 

C5aR1–/– and C5aR2–/– mice showed similar numbers of leukocytes in the peritoneal cavity (Fig. 7A-

C). Injections of C3a, C5a or C5adesArg in WT mice increased the total amount of white blood cells 

(WBC) in the peritoneal fluid, reaching statistical significance for C3a and C5adesArg. This increase 
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in total WBC was absent for C5a or C5adesArg in C5aR1–/– mice. However, C5aR2–/– mice. However, C5aR2–/– –/– mice had similar –/– mice had similar –/–

WBC migration compared to WT mice. The percentage of neutrophils from total WBC present in 

the peritoneal cavity increased from 3% in PBS WT injected mice, to 64% in C3a, 55% in C5a and 

48% in C5adesArg injected WT mice respectively (Fig. 7D-F). C3a, C5a or C5adesArg, all resulted 

in significantly increased number of neutrophils in WT mice, which was inhibited in C5aR1-/- mice 

in response to C5a and C5adesArg. C5aR2–/– mice had similar neutrophil migration as WT mice. No –/– mice had similar neutrophil migration as WT mice. No –/–

effect was seen on lymphocyte migration in response to C3a, C5a or C5adesArg in WT mice, although 

C5aR2–/– mice showed a significant increase in numbers of lymphocytes in the peritoneal cavity (Fig. –/– mice showed a significant increase in numbers of lymphocytes in the peritoneal cavity (Fig. –/–

7G-I). Lastly, monocytes influx was determined but no migration was seen in all three strains for all 

injections (data not shown). These data show that deficiency of C5aR2 did not impair overall migration, 

except for a minor effect on lymphocytes.

	

Sham – WT I/R – WT 

I/R – C5aR1-/- I/R – C5aR2-/- 

A 

B 

Figure 4 
Infiltrated neutrophils after renal 
ischemia-reperfusion injury in WT, 
C5aR1-/- and C5aR2-/- mice. 

(A) Immunohistochemical staining of 
Ly-6G (a marker of neutrophils) in 
kidney sections at 1 day after ischemia-
reperfusion (IR). Representative light 
microscopic images are shown at an 
original magnification of × 200 from 
each group. (B) Quantification of the 
influx of Ly-6G+ cells, one day after 
IR. Data are shown as percentages of 
total area staining and displayed as 
median plus interquartile range and 
were analyzed by Kruskall Wallis test 
with an option for multiple comparison 
(*P<0.05). Asterisks above the bars 
denote significant differences between 
IR and sham animals of the same strain. 
There was no significant difference 
between the IR groups from the different 
mouse strains. N is 8 per group, expect 
for the C5aR1-/- IR group where one 
animal was excluded due to a technical 
error.
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Figure 5 Infiltrated macrophages after renal ischemia-reperfusion injury in WT, C5aR1-/- and C5aR2-/- mice. 
 

 

	

Sham – WT I/R – WT 

I/R – C5aR1-/- I/R – C5aR2-/- 
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(A) Immunohistochemical staining of F4/80 (a marker of macrophages) in kidney sections at 7 days after ischemia-reperfusion (IR). 
Representative light microscopic images are shown at an original magnification of × 200 from each group. (B, C) Quantification 
of the influx of F4/80+ cells, 3 and 7 days after IR. Data are shown as percentages of total area staining and displayed as median 
plus interquartile range and were analyzed by Kruskall Wallis test with an option for multiple comparison (*P<0.05, **P<0.01). 
Asterisks above the bars denote significant differences between IR and sham animals of the same strain. There was no significant 
difference between the IR groups from the different mouse strains. N is 8 per group.

Figure 6 Infiltrated T cells after renal ischemia-reperfusion injury in WT, C5aR1-/- and C5aR2-/- mice. 

 
 

	

Sham – WT I/R – WT 

I/R – C5aR1-/- I/R – C5aR2-/- 

A B 

C 

(A) Immunohistochemical staining of CD3 (a marker of T cells) in kidney sections at 7 days after ischemia-reperfusion (IR). 
Representative light microscopic images are shown at an original magnification of × 200 from each group. (B, C) Quantification 
of the influx of CD3+ cells, 3 and 7 days after IR. Data are shown as percentages of total area staining and displayed as median 
plus interquartile range and were analyzed by Kruskall Wallis test with an option for multiple comparison (*P<0.05, **P<0.01). 
Asterisks above the bars denote significant differences between IR and sham animals of the same strain. There was no significant 
difference between the IR groups from the different mouse strains. N is 8 per group.
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Figure 7
Total white blood cells, neutrophils and T-cells in the intraperitoneal cavity after complement ligand injection. 

 

PBS, C3a, C5a or C5a
desArg

 were injected intraperitoneally in wildtype (A,D,G), C5aR1-/- (B,E,H) and C5aR2-/- (C,F,I) mice. 
Leukocytes were harvested 6 hours post injection by peritoneal lavage (PL). The total amount of (A-C) white blood cells and (D-F) 
neutrophils and (G-I) T-cells were determined. Data are shown as individual values and their median and were analyzed by Kruskall 
Wallis test with an option for multiple comparison (*P<0.05, **P<0.01, ***P<0.001). N is 5 per group per injection, expect for WT 
injected with C5adesArg and C5aR2-/- mice injected with C5a. In both cases, one animal was excluded due to a technical error.

C5aR2 deficiency attenuates in vivo neutrophil activation by C5a and C5adesArg

To determine the role of the C5aR2 in neutrophil activation, the percentage of MPO-positive PMNs was 

determined in the peritoneal cavity after injections with PBS, C5a or C5adesArg (Figure 8). No MPO-

positive neutrophils were seen in the peritoneal cavity of PBS-injected WT and C5aR2–/– mice (Fig. 

8A). However, in C5a or C5adesArg injected WT mice the majority of neutrophils was MPO-positive 

(Fig. 8B). There was no difference between C5a and C5adesArg injected WT mice (data not shown). 

In C5aR1-/- mice, the percentage of MPO-positive neutrophils was not determined, since the influx of 

PMNs was absent after injection with C5a or C5adesArg. MPO-positive neutrophils were observed in 

the peritoneal cavity of C5aR2-/- mice injected with C5a or C5adesArg (Fig. 8D), with no significant 
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difference between the two ligands (data not shown). Moreover, the percentage of MPO-positive 

neutrophils was significantly lower in C5aR2-/- mice compared to WT mice (Fig. 8E). In WT mice 

86.4% of the neutrophils was MPO-positive, whereas in the C5aR2–/– mice 55.1% of the neutrophils 

was MPO-positive. These findings suggest that the C5aR2 has a functional role on neutrophils and that 

C5aR2 deficiency limits their activation in response to C5a or C5adesArg.

Figure 8
The percentage myeloperoxidase positive neutrophils in the intraperitoneal cavity after complement ligand injection.

 
 
	

A B 

C 

D 

E 

PBS, C5a or C5adesArg were injected intraperitoneally in wildtype and C5aR2-/- mice. Leukocytes were harvested 6 hours post 
injection by peritoneal lavage and cytospins were made from a representative sample of the peritoneal lavage fluid. The percentage 
of myeloperoxidase (MPO) positive neutrophils was determined by immunofluorescence cytology with MPO (TRITC, red) and Ly6G 
(FITC, green). Sections were counterstained using Vectashield (DAPI, blue). Quantification of MPO positive neutrophils was done 
by manual counting and scored as the percentages of the total amount of neutrophils. (A) No MPO-positive neutrophils were seen in 
the peritoneal cavity of PBS-injected WT mice. A representative image is shown at an original magnification of × 200 of a WT mouse 
injected with PBS. (B) C5a and C5adesArg injection in WT mice resulted in the influx of predominant MPO positive neutrophils. 
A representative image is shown at an original magnification of × 200 of a WT mouse injected with C5adesArg. Additionally, a 
representative image is shown of a WT mouse (C) and C5aR2-/- mice (D) injected with C5a at an original magnification of × 600. 
(E) The percentage of MPO positive neutrophils was significantly lower after injection with C5a or C5adesArg in the C5aR2-/- 
mice compared to the WT mice. Data are shown as the percentage MPO positive neutrophils of total neutrophils and displayed as 
individual values and their median. Statistical analysis was done by Mann-Whitney-U test (**P<0.01). N is 7 per group per injection.
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Contribution of both C5aR2 on renal cells and circulating leukocytes to renal ischemia–reperfusion 

injury

 To further investigate the contribution of renal-expressed C5aR2 versus leukocyte-expressed 

C5aR2 in renal IR injury, we generated mice lacking C5aR2 on renal cells and mice lacking C5aR2 on 

bone marrow (BM) derived cells (Figure 9). Renal IR was induced and mice were sacrificed 3 days after 

reperfusion.

Figure 9
Renal function three days after renal ischemia/reperfusion injury in bone marrow chimeras. 

(A) Plasma creatinine levels at three days after bilateral renal ischemia/reperfusion injury in WT bone marrow chimeras with WT, 
C5aR1-/- or C5aR2-/- bone marrow (CD45.2) as indicated in the graph. The kidney was always of WT origin (CD45.1). (B) Plasma 
creatinine levels at 3 days after bilateral renal ischemia/reperfusion injury in WT, C5aR1-/- or C5aR2-/- bone marrow chimeras 
with WT CD45.1 bone marrow. The kidney was WT, C5aR1-/- or C5aR2-/- as indicated in the graph (CD45.2). Data are shown 
as median and interquartile range and were analyzed by Kruskall Wallis test with an option for multiple comparison (*P<0.05, 
**P<0.01, ***P<0.001). Asterisks above the bars denote significant differences between IR and sham animals of the same strain, 
while asterisks above the capped line indicate significant differences between IR groups from different mouse strains. N is 8 per 
group, expect for graph A, where one animal in the WT sham group was excluded due to a technical error.

 First, the role of leukocyte-expressed C5aR2 in renal IR injury was determined by using 

WT mice (CD45.1) with WT, C5aR1–/– or C5aR2–/– BM (CD45.2) (Fig. 9A). WT mice with either WT 
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or C5aR1–/– BM showed no protection against renal IR injury reflected by the significant increase in 

creatinine. In contrast, WT mice with C5aR2–/– BM displayed significantly lower creatinine compared 

to WT mice with WT or C5aR1–/– BM. Furthermore; creatinine levels in WT mice with C5aR2–/– BM 

were reduced to values observed in sham-operated animals. 

 Secondly, the contribution of renal C5aR2 expression was assessed in renal IR by using WT, 

C5aR1–/– or C5aR2–/– mice (CD45.2) with WT BM (CD45.1) (Fig. 9B). All groups showed a significant 

increase in creatinine levels between sham-operated and renal IR groups. However, despite the presence 

of WT leukocytes, renal C5aR2 deficiency resulted in significantly lower levels of creatinine and BUN 

compared to WT mice suffering from IR injury. Similar results were found for renal C5aR1 deficiency 

in renal IR injury. Noteworthy, WT CD45.1 mice with BM from WT CD45.2 showed similar creatinine 

levels 3 days after IR as WT mice without BM (Fig. 1A, Fig. 9A), 27 and 22 μM, respectively. While 

3 days after IR WT CD45.2 mice with BM from WT CD45.1 had creatinine levels of 94 μM (Fig. 9B). 

No significant differences were observed in tubular damage score between the different bone marrow 

chimeras (Figure S2). Collectively, these observations show that the lack of C5aR2 on renal cells and 

circulating bone marrow-derived cells, both protect against to renal IR injury. 

Discussion

Our results document a critical role for the complement receptor C5aR2 during renal ischemia-

reperfusion (IR) injury. Previous studies demonstrated that renal IR gives rise to complement activation 

in humans,31,32 as well as animal models.7,33 Regarding complement activation, it has been shown that 

C5a and MAC are both involved in the pathogenesis of renal IR injury.22,23,25,26,34–36 Although much 

progress has been made in understanding the role of C5a-C5aR1 interaction, the role of C5aR2 in the 

pathogenesis of renal IR injury is less clear. Here, we report that C5aR2 contributes to renal injury after 

bilateral IR and that this effect is most likely achieved through its pro-inflammatory properties. C5aR2 

deficiency led to better renal function accompanied by reduced tubular damage and reduced renal 

inflammatory gene expression. Additionally, an in vivo migration study showed that C5aR2 stimulation 

with C3a, C5adesArg or C5a is not required for leukocyte migration but C5aR2 deficiency decreases 

neutrophil activation. We also demonstrated that both renal-expressed, as well as leukocyte-expressed 

C5aR2, mediate IR injury-induced renal dysfunction. The present study provides clear evidence that 

C5aR2 has a functional detrimental role in the pathogenesis of renal IR injury.

 The observations made in this study strongly oppose the hypothesis that C5aR2 is a non-

signaling decoy receptor. C5aR2 remains a controversial receptor within the complement system 

and is poorly understood within health and disease. Currently, two separate functions for the C5aR2 

receptor have been reported; namely anti- and pro-inflammatory. C5aR2 has been demonstrated to be 

a recycling decoy receptor as well as an inhibitor of C5aR1-mediated response to C5a.20,37 In contrast, 

C5aR2 has also been shown to work together with the C5aR1 or C3aR and C5aR2 stimulation can 

cause HMGB1 release, confirming a pro-inflammatory role.38 For the anti-inflammatory hypotheses 
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of C5aR2, co-localization of C5aR1 and C5aR2 on the same cell seems vital. However, in the kidney, 

both receptors are not expressed on the same individual cell.17 Thus the distinct renal expression pattern 

makes it illogical for C5aR2 to act as an anti-inflammatory receptor in the kidney. C5aR2 presumably 

has different roles and functions in different systems. However, in renal IR C5aR2 seems to have a 

profound pro-inflammatory effect. 

 Since both renal-expressed and leukocyte-expressed C5aR2 can protect against renal IR 

injury, the question arises through which mechanism C5aR2 mediates renal IR injury. Considering 

the functional activity of C5a and the expression of C5aR2, a direct effect of C5a and C5aR2 in the 

pathogenesis of renal IR injury seems reasonable. C5a-C5aR2 interaction could lead to induction of 

inflammation, making it a promising target for therapeutic intervention in renal IR injury. In line with 

this, we found reduced functional complement levels indicating vast complement activation and thereby 

generation of C5a. All pathways were significantly activated by renal IR, but the AP is predominantly 

involved.39,40

 Consistent with the above results, renal expression of inflammatory mediators was 

significantly reduced after renal IR in C5aR2–/– mice. In WT mice, gene upregulation of cytokines, 

chemokine’s, and adhesion molecule P-selectin occurred which is likely to contribute to cell damage 

in the kidney. In C5aR2–/– mice, induction of IL-6 and IL-1β expression by IR was significantly lower 

compared to WT. IL-1β is a promoter of inflammation and has been shown to contribute to renal 

IR injury.41–43 In addition, IL-6 exacerbates the degree of renal injury, dysfunction, and inflammation 

caused by IR, making IL-6 a prominent pro-inflammatory cytokine in renal dysfunction by IR injury.44,45 

In the present study we observed differential expression profiles of inflammatory genes in kidneys 

from C5aR1–/– and C5aR2–/– mice. Where C5aR1–/– mice showed reduced MCP-1 expression after IR, 

C5aR2-/- mice showed reduced IL-8 expression. These results implicate, at least in part, that renal 

C5aR1 and C5aR2 initiate a different intracellular response. 

 Cellular infiltration is a pathologic change in renal IR injury. C5a is crucial in this process as 

a potent chemoattractant for leukocytes.12 C5a-C5aR1 interaction leads to chemotaxis of neutrophils, 

macrophages/monocytes, and T-cells (46-48). In accordance with this, IR in C5aR1–/– mice prevented 

cellular infiltration after reperfusion. Less is known about the role of C5a-C5aR2 interaction on 

chemotaxis. Interestingly, C5aR2–/– mice showed lower absolute numbers of neutrophil infiltration 

compared to WT mice after IR. We studied the role of C5aR2 in leukocyte migration further by an 

in vivo migration assay. Migration induced by C5adesArg was mediated via C5aR1, since C5aR1–/– 

mice showed no response in total WBC in contrast to C5aR2–/– mice. This is surprising since C5aR2 

is known to have a much higher binding affinity to C5adesArg than C5aR1.19 However, Lee et al. 

described similar results when C5aR1 and C5aR2 were independently blocked.49 In addition, C3a, C5a, 

and C5adesArg induced neutrophil migration. Once again, C5a and C5adesARg neutrophil migration 

was completely dependent on C5aR1. Therefore, involvement for C5aR2 in neutrophil migration is 

unlikely and the reduction seen in neutrophil influx after IR is most likely secondary to the decreased 

renal expression of inflammatory mediators. 

 Recent data have provided evidence for a functional role of the C5aR2 in the inflammatory 

response of neutrophils.50 Increased levels of MPO are a hallmark of systemic inflammation and MPO 
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is viewed as a neutrophil activation marker.50–52 Our results show that although C5aR2 deficiency did 

not affect neutrophil migration, lack of the C5aR2 resulted in a lower percentage of MPO+ neutrophils. 

This is line with previous findings that blocking the C5aR2 reduces MPO production of C5a-primed 

neutrophils.53 Furthermore, blocking the C5aR2 decreased the respiratory burst and degranulation 

of C5a-primed neutrophils.53 In addition, several studies have shown that the cytokine expression of 

C5aR2–/– neutrophils differs from WT neutrophils. Firstly, Chen et al. described diminished TNF-α and 

IL-6 production by C5aR2–/– neutrophils in response to C5a and LPS.54 In sepsis, the C5aR2 has been 

postulated to be essential for the release of cytokines from circulating leukocytes.38 In conclusion, the 

current finding demonstrates that the C5aR2 is involved in the activation of neutrophils by C5a and 

C5adesAeg.

 The absence of C5aR2 expression on renal cells as well as circulating bone marrow-derived 

cells, both resulted in protection against renal IR injury. These results indicate an important role for 

C5aR2 in renal IR injury. C5aR2 expression on circulating bone marrow-derived cells could contribute 

via different mechanisms. Predominantly, C5aR2 contributes to mediator release in the inflammatory 

response, thereby being crucial in the functionality of leukocytes. Lack of C5aR2 would thereby not 

affect migration but instead, dampen the immune responses of infiltrating leukocytes. However, we 

cannot exclude an additional mechanism via platelet as platelets are known to express C5aR255 and they 

are also involved in the pathogenesis of renal IR injury.56,57 Unlike C5aR2, deficiency of C5aR1 on bone 

marrow-derived cells did not protect against renal IR injury, which was also reported earlier. 26 Lastly, 

it has to be taken into account that worsening in renal function was seen in WT CD45.2 mice with WT 

CD45.1 BM compared to WT CD45.1 mice with WT CD45.2 BM. Differences in sensitivity of CD45.1 

and CD45.2 mice to renal IR injury has not been studied. However, previous studies have shown that 

CD45.1 BM has an inherent disadvantage over CD45.2 BM with reported defects in homing efficiency, 

reduction in transplantable long-term hematopoietic stem cells, and a cell-intrinsic engraftment defect.58

 In conclusion, our data provide new insights into the molecular mechanisms of renal injury 

in IR by identifying complement receptor C5aR2 as an essential receptor on leukocytes as well as in 

the kidney. In addition, we propose that C5aR2–/– mice mediate protection against renal IR injury via 

mechanisms independent of C5aR1. C5aR2 could, therefore, be an effective target for intervention 

during IR injury, and possibly more favorable than C5aR1. Future studies should focus on the 

functional role of the C5aR2 receptor in the pathogenesis of renal IR injury and the most effective way 

of inhibition.
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Abstract

Background

There is a need for accurate prediction of graft loss after renal transplantation. Activation of the 

complement cascade during transplantation is involved in renal allograft injury. The inherited set of 

complement genes is called the Complotype and determines the ability to activate and regulate the 

complement system. We investigated whether the Complotype of donor-recipient pairs can improve 

prediction and thus risk stratification of renal allograft loss.

Methods 

We enrolled patients who underwent a kidney transplantation in Groningen between March 1993 and 

February 2008. We designed a Complotype genetic risk score with a maximal area under the receiver-

operating characteristic curve (AUC) by selecting risk-increasing and risk-decreasing alleles from 60 

complement single nucleotide polymorphisms (SNPs) in the donor and recipient.

Results 

The primary analysis included 1265 donor-recipient pairs. The Complotype risk score resulted in 

a dose-response relationship between this genetic score and the risk of graft loss. In fully adjusted 

models, higher Complotype risk scores were independently associated with increased allograft loss 

(hazard ratio, 1.75; 95% confidence interval, 1.48 to 2.08; P=0.001 per SD increase). In addition to 

donor, recipient and transplant characteristics, the Complotype risk score independently improved risk 

stratification and prediction for graft loss. 

Conclusions

This is the first report showing that combined effects of complement polymorphisms significantly impact 

graft loss of renal transplant patients. Assessment of the Complotype in donor-recipient pairs forms a 

potential tool for may help to identify patients at high risk for graft loss. Additionally, future studies 

should determine if the Complotype could help to determine the ideal recipient for donor kidneys. 
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Introduction

Despite significant advances in renal transplantation, allograft loss remains a challenging issue.1 

Patients with graft failure are readmitted to dialysis treatment and relisted for a new transplant, leading 

to reduced quality of life, increased organ shortage, and high medical costs.2,3 Preemptive therapeutic 

interventions in transplant recipients at high risk of graft loss are crucial to improve graft survival and 

achieve optimal results.4 Risk prediction models have the potential to inform physicians and guide 

donor allocation, decision-making, and clinical care.5 The demand for additional predictors of long-

term outcome is ongoing since current risk factors are insufficient to explain the likelihood of graft 

failure.6 

 Activation of the complement cascade has been considered to be a major component of renal 

allograft injury.7 The complement system is activated during different phases in renal transplantation; 

in deceased donors, during organ perfusion, at the time of reperfusion and in rejection.8,9 In general, 

activation of the complement system occurs via the Classical-, Lectin-, or Alternative pathway. 

Activation of each pathway leads to cleavage of C3 and formation of C5b-9.10 In experimental studies, 

complement inhibition in renal transplantation is a promising strategy to improve renal allograft 

outcome.8,11,12 Furthermore, clinical trials with complement-targeting therapeutics are currently 

underway to test the effect of complement inhibition in renal transplantation.8

 Complement polymorphisms have been shown to impact long-term allograft survival after 

kidney transplantation.13–17 In the past, complement deficiencies were thought to be rare and of little 

clinical importance. However, recently various gene variants have been identified that result in either 

functional or quantitative differences.18 Additionally, increasing numbers of clinical entities are now 

thought to arise from (partial) complement deficiencies or even certain polymorphisms.18,19 However, 

the complement system is a complex network consisting of more than 40 proteins.10 Ideally, one would, 

therefore, want to look at the total makeup of the complement genes. Moreover, the combination 

of complement polymorphisms is likely to have a larger impact on the long-term outcome than one 

particular SNP.20 

 The total makeup of the inherited set of complement genes is called the Complotype and 

is believed to determine one’s individual ability to activate and regulate the complement system.21,22 

A Complotype leading to amplified complement activity will make an individual susceptible to 

inflammation, while a Complotype that dampens complement activity will increase the individual 

risks to infection.22,23 We hypothesize that the Complotype impacts long-term outcome, forming a 

major determinant of late renal allograft loss and thereby providing valuable prognostic information. 

We conducted a study to explore the effect of multiple complement polymorphisms in the donor 

and recipient on long-term renal allograft survival in a large population-based study. Furthermore, 

we wanted to determine whether assessment of the multiple complement polymorphisms in donor-

recipient pairs improves risk stratification and the prediction of renal allograft loss. 
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Materials and Methods

Subjects

We enrolled patients who underwent single kidney transplantation at the University Medical Center 

Groningen in the Netherlands between March 1993 until February 2008. From the 1430 renal 

transplantations, 1271 recipient and donor pairs were included in the cohort as previously described.17,24 

Subjects were excluded due to technical complications during surgery, lack of DNA, re-transplantation 

or loss of follow-up. This study is in accordance with the declaration of Helsinki and all patients 

provided written informed consent. The medical ethics committee of the University Medical Center 

Groningen approved the study under file n° METc 2014/077.

DNA isolation and genotyping

Peripheral blood mononuclear cells were isolated from blood or splenocytes collected from the donors 

and recipients. DNA was extracted with a commercial kit as instructed by the manufacturer and stored 

at -80°C. Genotyping of 60 complement single nucleotide polymorphisms (SNP) were determined 

via the Illumina VeraCode GoldenGate Assay kit (Illumina, San Diego, CA, USA), according to the 

manufacturer’s instructions (Supplementary Table S1). Genotype clustering and calling were performed 

using BeadStudio Software (Illumina). The overall genotype success rate was 99.5% and 6 samples 

with a high missing call rate were excluded from subsequent analyses. 

Genetic risk score

We created a Complotype risk score that assigns points for the presence of a risk-decreasing or a risk-

increasing allele in the donor and recipient. However, to take into account the strength of the association 

of the SNPs with graft loss, the point for the presence of a complement SNP is multiplied by the 

regression coefficient (= logarithm of the hazard ratio) creating a weighted risk score.25 A regression 

coefficient is negative when an SNP is protective and the regression coefficient is positive when an 

SNP is hazardous. The total sum of the protective and hazardous SNPs in both the donor and recipient 

creates the Complotype risk score. To determine which complement polymorphisms should be included 

in this model; SNPs were added via a step-forward approach, starting with the SNP with the highest 

hazard ratios to generate the genetic risk score. Next, we determined the area under the curve (AUC) 

after the addition of each SNP to assess whether adding the SNP improved to the risk score. SNPs were 

added to the genetic risk score until the highest value was reached for the AUC.26

Statistical analysis

Statistical analyses were performed using SPSS version 22.0 and STATA version 13.1. Data are 

displayed as median [IQR] for non-parametric variables; mean ± standard deviation for parametric 

variables and total number of patients with percentage [n (%)] for nominal data. Differences between 

groups were examined with the Mann-Whitney-U test or the student t-test for not-normally and 

normally distributed variables, respectively, and categorical variables with the χ2 test. Log-rank tests 
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were performed between groups to assess the difference in allograft survival.

 In additional sensitivity analyses, associations of the Complotype risk score with graft loss 

were tested by Cox proportional hazards regression analysis in subgroups. Univariate analysis was 

performed to determine the association of genetic, donor, recipient and transplant characteristics with 

long-term outcome. The factors identified in these analyses were thereafter tested in a multivariable cox 

regression. Additionally, multivariable cox regression with a stepwise forward selection was performed. 

The Harrell’s C statistic was used to assess the predictive value of the Complotype risk score when 

added to the reference model.27 We also determined the integrated discrimination improvement (IDI) 

and the net reclassification improvement (NRI) for the addition of the Complotype risk score to the 

reference model.28 Tests were 2-tailed and regarded as statistically significant when P<0.05.

Results

Determinants of renal allograft loss

A total of 1265 kidney transplant donor-recipient pairs were included. The donor and recipient 

characteristics are described in Table 1. The mean follow-up after transplantation was 5.6 ± 3.3 years with 

a maximum follow-up period of 10 years. During median follow-up, 4.7% of the recipients developed 

primary non-function (PNF). In total, 16.1% of the recipients lost their renal graft during follow-up, 

whereas 15.0% of the recipients dieds with a functioning graft. Of all the tested characteristics, the 

following were significantly associated with renal allograft survival (Table 1); donor and recipient age, 

donor type, cold and warm ischemia time, dialysis vintage of the recipient prior to transplantation, the 

use of corticosteroids or cyclosporine after transplantation, the occurrence of rejection and delayed 

graft function (DGF). 

Complement polymorphisms

Next, we examined 60 SNPs (in 19 complement genes) that were previously reported to be associated 

with pathology. Four SNPs were excluded due to low call rates (minor allele frequency of less than 

0.1%). We first investigated the frequency of complement polymorphisms and counted the number of 

minor alleles for each complement SNPs present in the donors and recipient (Figure 1). Among the 

donors, the numbers minor alleles of complement SNPs ranged from 18 to 44 with a median of 30. 

Similar results were seen in the recipients; there the number minor alleles of complement SNPs ranged 

from 17 to 42 with a median of 30. These results confirm the hypothesis that multiple complement 

SNPs are common. 
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Table 1
Baseline characteristics of the donors and recipients 

All Patients
(n = 1271)

Patients without 
graft loss
(n = 1066)

Patients with 
graft loss
(n = 205)

P-value* HR P-value#

Donor

Age, years 44.4 ± 14.4 44.0 ± 14.7 46.7 ± 12.9 0.008 1.02 <0.001

Male gender, n (%) 645 (50.7) 541 (50.8)  101 (49.3) 0.5 0.9

Blood group

Type O, n (%) 642 (50.5) 546 (51.2) 96 (46.8)

0.02 0.1
Type A, n (%) 502 (39.5) 418 (39.2) 84 (41.0)

Type B, n (%) 97 (7.6) 83 (7.8) 14 (6.8)

Type AB, n (%) 27 (2.1) 17 (1.6) 10 (4.9)

Donor type

Living, n (%) 282 (22.2) 258 (24.2) 24 (11.7)

<0.001

1.00

<0.001Brain death, n (%) 787 (61.9) 650 (61.0) 137 (66.8) 1.78

Non-heart beating, n (%) 202 (15.9) 158 (14.8) 44 (21.5) 2.92

Cause of death

Trauma, n (%) 305 (30.8) 266 (32.9) 39 (21.5)

0.01 0.2CVA, n (%) 549 (55.5) 436 (54.0) 113 (62.4)

Other, n (%) 135 (13.7) 106 (13.1) 29 (16.0)

Recipient

Age, years 47.9 ± 13.5 48.4 ± 13.4 45.3 ± 13.3 <0.001 0.99 0.048

Male gender, n (%) 739 (58.1) 453 (42.5) 80 (39.0) 0.3 0.2

Blood group

Type A, n (%) 536 (42.2) 452 (42.4) 84 (41.0)

0.002  0.1
Type B, n (%) 113 (8.9) 99 (9.3) 14 (6.8)

Type O, n (%) 567 (44.6) 479 (44.9) 88 (42.9)

Type AB, n (%) 55 (4.3) 36 (3.4) 19 (9.3)

Dialysis vintage, weeks 189 ± 136 186 ± 135 205 ± 135 0.1 1.00 0.046

PRA level >5%, n (%)

Transplantation 

CIT, in hours 16.7 ± 9.4 16.1 ± 9.5 19.7 ± 8.6 <0.001 1.03 <0.001

WIT, in minutes 39.0 ± 11.3 38.72 ± 10.9 40.7 ± 13.2 0.03 1.02 0.005

Total HLA mismatches 2 [1 – 3] 2 [1 – 3] 2 [1 – 3] 0.4 0.1

Immunosuppression

Anti-CD3 Moab, n (%) 19 (1.5) 14 (1.3) 5 (2.4) 0.2 0.4

Azathioprine, n (%) 72 (5.7) 55 (5.2) 17 (8.3) 0.1 0.3

ATG, n (%) 103 (8.1) 80 (7.5) 23 (11.2) 0.1 0.2

Corticosteroids, n (%) 1201 (94.5) 1012 (94.9) 189 (92.2) 0.1 0.50 0.009

Cyclosporin, n (%) 1085 (85.4) 919 (86.2) 166 (81.0) 0.1 0.68 0.03

Interleukin-2 RA, n (%) 199 (15.7) 163 (15.3) 36 (17.6) 0.4 0.1

Mycophenolic acid, n (%) 907 (71.4) 778 (73.0) 129 (62.9) 0.004 0.1

Sirolimus, n (%) 38 (3.0) 33 (3.1) 5 (2.4) 0.8 0.5

Tacromilus, n (%) 97 (7.6) 78 (7.3) 19 (9.3) 0.3 0.5

Transplant outcome

DGF, n (%) 415 (32.7) 293 (27.5) 122 (54.6) <0.001 3.85 <0.001

Acute rejection, n (%) 392 (30.8) 299 (28.0) 93 (45.4) <0.001 1.80 <0.001

Data are presented as mean ± SD or median [IQR]. P-value* indicates P-value for the difference in baseline characteristics between 
the patients with and without graft loss, tested by Student’s t-Test or Mann–Whitney U test for continuous variables and with χ2 test 
for categorical variables. The hazard ratios (HR) plus 95 % confidence interval (CI) are shown if the univariate analysis for graft 
loss was significant. P-value# shows the corresponding P-value.
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Figure 1
The frequency and distribution of complement polymorphisms in the donor and recipient.

The number of risk alleles of complement polymorphisms was counted for each donor and recipient. 

Complotype risk score

To explore to what extent combinations of complement SNPs can be used as predictors of long-term 

renal graft survival, we performed multiple SNPs testing in the recipient and the donor. Complement 

SNPs had protective or hazardous effects on long-term graft survival and the effect per SNP differed 

between the donor and recipient, creating four groups (protective SNPs in the recipient, hazardous SNPs 

in the recipient, protective SNPs in the donor and hazardous SNPs in the donor). We first ranked the risk 

alleles according to the hazard ratio (Table 2 – 4). Next, we created a genetic score and subsequently 

calculated the area under a curve as seen in Figure 2. The genetic score for protective SNPs in the 

donor started with the SNP with the highest HR: CFB-rs641153 that had an AUC of 0.52. The accuracy 

increased promptly with the addition of each SNP until the strongest 20 SNPs were included in the 

model and the AUC was 0.60, 95% CI: 0.56 – 0.64 (Fig. 2, upper left panel). Furthermore, the genetic 

score for hazardous SNPs in the donor started with SNP C3-rs1047286, but the highest AUC (0.64, 

95% CI: 0.60 – 0.68) was seen when the strongest 22 SNPs were included (Fig. 2, upper right panel). 

The genetic scores for protective and hazardous SNPs in the recipient were constructed using a similar 

approach (Fig. 2, lower panel). In the recipient, the discriminative accuracy of the genetic scores was 
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the highest with the strongest 18 protective SNPs (AUC 0.59, 95% CI: 0.55 – 0.63) and the genetic 

score for the hazardous SNPs with the highest 22 SNPs (AUC 0.60, 95% CI, 0.56 – 0.64), respectively. 

We finally combined the four genetic scores, thereby creating the Complotype risk score. 

Table 2
Overview of the protective complement single nuclear polymorphisms in the donor

Gene SNP
Allele frequency (%)

HR 95% CI
Risk Reference

CFB rs641153 AA+AG (14.0) GG (86.0) 0.60 0.38 – 0.97

THBD rs6076016 AA (11.5) AT+TT (88.5) 0.66 0.40 – 1.08

MASP2 rs72550870 AG (4.9) AA (95.1) 0.73 0.34 – 1.55

C1QC rs294179 GG (20.1) AA+AG (79.9) 0.74 0.51 – 1.08

C1QC rs294183 AA (11.3) AG+GG (88.7) 0.74 0.45 – 1.21

CLU rs9331888 CC (7.7) CG+GG (92.3) 0.75 0.42 – 1.35

CLU rs2279590 CC+CT (14.6) TT (85.4) 0.77 0.51 – 1.18

CD35 rs6656401 CC+CT (36.1) TT (63.9) 0.82 0.61 – 1.09

THBD rs1042580 GG+GA (59.6) AA (40.4) 0.85 0.64 – 1.12

CFH rs529825 CC+CT (47.2) TT (52.8) 0.86 0.65 – 1.13

CFH rs800292 GG+GA (46.0) AA (54.0) 0.86 0.65 – 1.14

MBL2 rs7096206 CG+GG (38.7) CC (61.3) 0.86 0.65 – 1.15

C1QA rs292001 CC (16.2) CT+TT (83.8) 0.87 0.59 – 1.28

THBD rs3176123 CC+CA (34.6) AA (65.4) 0.90 0.67 – 1.20

CFH rs380390 GG (14.7) CC+CG (85.3) 0.90 0.60 – 1.34

CFH rs1329428 CC+CT (67.6) TT (32.4) 0.90 0.68 – 1.20

FCN2 rs7851696 AA+AC (22.9) CC (77.1) 0.90 0.65 – 1.27

CLU rs11136000 AA+AG (63.0) GG (37.0) 0.91 0.69 – 1.21

CFI rs10033900 CC (19.0) CT+TT (81.0) 0.91 0.64 – 1.31

C2 rs9332739 CC+CG (10.5) GG (89.5) 0.94 0.59 – 1.48

CD55 rs10746463 AG+GG (54.7) AA (45.3) 0.95 0.72 – 1.25

THBD rs2424505 AA+AG (16.4) GG (83.6) 0.96 0.66 – 1.39

FCN2 rs3124953 CC+CT (36.8) TT (63.2) 0.97 0.73 – 1.29

CFHR1 rs436719 AA (41.3) AC+CC (58.7) 0.97 0.73 – 1.29

C1QB rs631090 AG+GG (13.7) AA (86.3) 0.98 0.65 – 1.48

CFHR5 rs9427661 AG+GG (20.0) AA (80.0) 0.98 0.70 – 1.39

THBD rs1040585 AA+AC (14.5) AA (85.5) 0.98 0.67 – 1.45

C1QA rs587585 AG+GG (27.0) AA (73.0) 0.99 0.72 – 1.35

All the complement single nuclear polymorphisms (SNPs) in the donor, with rs ID number, that were associated with a lower risk 
of graft loss are displayed. Data are presented as hazard ratio (HR) plus 95% confidence interval (CI) according to the univariate 
analysis for graft loss after renal transplantation.  

In conclusion, the Complotype risk score looks at the presence of the 20 protective SNPs 

and 22 hazardous SNPs in the donor and in the recipient at 18 protective SNPs and 22 hazardous 

SNPs. Weight is added to SNPs according to their hazard ratio, creating a negative score for protective 

polymorphisms and a positive score for hazardous ones. The greater the effect of the SNP on allograft 

survival, the bigger the score is. Overall, Complotype risk scores above zero indicate the presence of 

more hazardous SNPs in a donor-recipient pair and Complotype risk scores below zero indicates the 

presence of more protective SNPs in a donor-recipient pair. 
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Figure 2
Area under the ROC of Complotypes based on increasing numbers of SNPs. 

Complement SNPs in the donor and recipient were analyzed to see if they had a hazardous or protective effect on graft loss. Next, 
genetic scores were created for protective complement SNPs in the donor (upper left panel), hazardous complement SNPs in the 
donor (upper right panel), protective complement SNPs in the recipient (lower left panel) and hazardous complement SNPs in the 
recipient (lower right panel). SNPs were next added in order of the hazard ratio to each genetic score, until the model reached the 
maximal value of the area under the curve.
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Table 3
Overview of the hazardous complement single nuclear polymorphisms in the donor

Gene SNP
Allele frequency (%)

HR 95% CI
Risk Reference

C3 rs1047286 CC (3.3) CG+GG (96.7) 1.68 0.89 – 3.17

CFH rs3753394 TT (19.0) CT+CC (81.0) 1.65 1.02 – 2.68

THBD rs1962 CC (7.2) CT+TT (92.8) 1.60 1.03 – 2.49

FCN1 rs2989727 GG (12.7) AA+AG (87.3) 1.53 1.07 – 2.18

FCN2 rs17549193 CC (7.6) CT+TT (92.4) 1.44 0.92 – 2.27

FCN1 rs1071583 CC (12.2) CT+CC (87.8) 1.44 1.00 – 2.08

FCN2 rs17514136 TT (5.8) CC+CT (94.2) 1.36 0.80 – 2.29

CFH rs1065489 GG (2.5) GT+TT (97.5) 1.32 0.62 – 2.81

MBL2 rs11003125 CC (13.4) CG+GG (86.6) 1.22 0.84 – 1.78

CFP rs1048118 CC (13.3) CT+TT (86.7) 1.22 0.83 – 1.78

FCN2 rs3124952 TT (23.1) CC+CT (76.9) 1.22 0.89 – 1.67

C5 rs2900180 AA+AG (59.7) GG (40.3) 1.20 0.90 – 1.59

CFHR5 rs3748557 AA+AT (40.5) TT (59.5) 1.20 0.91 – 1.57

MBL2 rs7095891 CC+CT (44.5) TT (55.5) 1.18 0.90 – 1.56

C5 rs3761847 AG+GG (70.6) AA (29.4) 1.18 0.86 – 1.61

C3 rs2230199 CC (3.9) CG+GG (96.1) 1.16 0.59 – 2.26

CFH rs1061170 TT (37.9) CT+CC (62.1) 1.15 0.86 – 1.54

C5 rs17611 AA (17.9) AG+GG (82.1) 1.15 0.81 – 1.63

C5 rs10818488 AA+AG (76.5) GG (23.5) 1.15 0.82 – 1.62

SERPING1 rs2511989 CC+CT (67.2) TT (32.8) 1.11 0.82 – 1.49

CFH rs3766404 CT+CC (28.6) TT (71.4) 1.08 0.80 – 1.46

CFH rs1061147 AA+AG (64.1) GG (35.9) 1.08 0.81 – 1.45

CFH rs10801554 AG+GG (61.2) AA (38.8) 1.07 0.81 – 1.42

CFB rs4151667 AA+AT (9.7) TT (90.3) 1.03 0.65 – 1.64

CFHR5 rs12092294 CT+TT (20.0) CC (80.0) 1.03 0.73 – 1.44

CFHR5 rs6694672 AC+CC (20.1) AA (79.9) 1.01 0.72 – 1.42

CFHR5 rs9427662 CT+TT (19.7) CC (80.3) 1.01 0.72 – 1.42

C5 rs2300929 AG+GG (18.4) AA (81.6) 1.01 0.71 – 1.43

All the complement single nuclear polymorphisms (SNPs) in the donor, with rs ID number, that were associated with a higher risk 
for graft loss are displayed. Data are presented as hazard ratio (HR) plus 95 % confidence interval (CI) according to the univariate 
analysis for graft loss after renal transplantation. 
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Table 4
Overview of the protective complement single nuclear polymorphisms in the recipient

Gene SNP
Allele frequency (%)

HR 95% CI
Risk Reference

CLU rs2279590 CC (14.3) CT+TT (85.7) 0.70 0.45 – 1.10

CFH rs380390 CC (32.4) CG+GG (67.6) 0.74 0.56 – 0.99

FCN1 rs1071583 CC (13.0) CT+TT (87.0) 0.76 0.48 – 1.19

FCN1 rs2989727 GG (14.6) AA+AG (85.4) 0.76 0.50 – 1.17

CFHR1 rs436719 CC (11.3) AC+AA (88.7) 0.76 0.48 – 1.22

CFH rs1061170 CT+CC (61.1) TT (38.9) 0.76 0.58 – 1.01

CFH rs1061147 CC (39.0) AC+AA (61.0) 0.77 0.59 – 1.02

THBD rs6076016 AA+AT (59.8) TT (40.2) 0.77 0.59 – 1.02

MASP2 rs72550870 AG (3.9) AA (96.1) 0.78 0.35 – 1.76

MBL2 rs11003125 CC (12.2) CG+GG (87.8) 0.78 0.50 – 1.23

CLU rs11136000 AA (13.6) AG+GG (86.4) 0.78 0.51 – 1.21

CFH rs10801554 AG+GG (55.6) AA (44.4) 0.80 0.61 – 1.05

FCN2 rs3124953 CC+CT (35.9) TT (64.1) 0.80 0.60 – 1.08

CFB rs641153 AA+AG (13.1) GG (86.9) 0.81 0.52 – 1.25

THBD rs1040585 AA+AC (n=216) CC (n=1052) 0.81 0.54 – 1.21

THBD rs3176123 CC (5.1) CA+AA (94.9) 0.82 0.56 – 1.19

C1QC rs294183 AA (16.4) AG+GG (83.6) 0.83 0.56 – 1.23

FCN2 rs7851696 AA+AC (26.1) CC (73.9) 0.84 0.60 – 1.16

FCN2 rs3124952 CC (26.0) CT+TT (74.0) 0.85 0.60  - 1.21

THBD rs2424505 AA+AG (n=217) GG (n=1054) 0.88 0.50 – 0.88

C3 rs1047286 CC+CG (44.2) GG (55.8) 0.89 0.68 – 1.18

CFP rs1048118 CC+CT (40.5) TT (59.5) 0.90 0.68 – 1.20

C1QA rs292001 CC (18.5) CT+TT (81.5) 0.93 0.65 – 1.33

C3 rs2230199 CC+CG (5.6) GG (94.4) 0.94 0.51 – 1.72

C1QC rs294179 GG (22.1) AA+AG (77.9) 0.94 0.67 – 1.31

MBL2 rs7096206 CG+GG (37.9) CC (62.1) 0.95 0.71 – 1.26

FCN2 rs17514136 TT (8.2) CT+CC (91.8) 0.99 0.61 – 1.60

All the complement single nuclear polymorphisms (SNPs) in the recipient, with rs ID number, that were associated with a lower risk 
for graft loss are displayed. Data are presented as hazard ratio (HR) plus 95 % confidence interval (CI) according to the univariate 
analysis for graft loss after renal transplantation.  
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Table 5
Overview of the hazardous complement single nuclear polymorphisms in the recipient

Gene SNP
Allele frequency (%)

HR 95% CI
Risk Reference

CFH rs1065489 GG (3.9) GT+TT (96.1) 1.78 1.01 – 3.20

CFHR5 rs3748557 AA (5.0) AT+TT (95.0) 1.55 0.92 – 2.62

CLU rs9331888 CC+CG (52.6) GG (47.4) 1.39 1.05 – 1.84

SERPING1 rs2511989 CC (18.7) CT+TT (81.3) 1.37 0.99 – 1.90

C1QA rs587585 AG+GG (25.8) AA (74.2) 1.31 0.97 – 1.77

CFHR5 rs9427662 AG+GG (17.2) AA (82.8) 1.31 0.93 – 1.83

CFHR5 rs9427661 CT+TT (17.4) CC (82.6) 1.30 0.92 – 1.82

C1QB rs631090 AG+GG (13.5) AA (86.5) 1.28 0.89 – 1.85

CFHR5 rs12092294 CT+TT (17.0) CC (83.0) 1.28 0.91 – 1.80

CFHR5 rs6694672 AC+CC (16.9) AA (83.1) 1.28 0.91 – 1.80

C5 rs3761847 GG (16.6) AA+AG (83.4) 1.25 0.89 – 1.77

CFH rs3766404 AG+GG (25.0) AA (75.0) 1.22 0.90 – 1.66

C5 rs17611 AA (18.5) AG+GG (81.5) 1.20 0.86 – 1.67

THBD rs1042580 GG+GA (57.0) AA (43.0) 1.19 0.90 – 1.58

C5 rs10818488 AA (18.3) AG+GG (81.7) 1.19 0.85 – 1.67

CFI rs10033900 CT+CC (74.2) TT (25.8) 1.18 0.87 – 1.60

CFH rs529825 CC+CT (47.3) TT (52.7) 1.17 0.89 – 1.54

FCN2 rs17549193 CC+CT (49.2) TT (50.8) 1.16 0.88 – 1.52

THBD rs1962 CC+CT (41.6) TT (58.4) 1.15 0.88 – 1.52

CFH rs800292 CC+CT (47.2) TT (52.8) 1.15 0.87 – 1.51

CFH rs1329428 CC (19.2) CT+TT (80.8) 1.15 0.82 – 1.60

CD55 rs10746463 AG+GG (53.3) AA (46.7) 1.14 0.87 – 1.51

MBL2 rs7095891 CC+CT (44.3) TT (55.7) 1.12 0.85 – 1.48

C5 rs2900180 AA+AG (57.0) GG (43.0) 1.11 0.84 – 1.46

C2 rs9332739 CG (7.8) GG (92.2) 1.10 0.67 – 1.81

CD35 rs6656401 CC+CT (36.0) TT (64.0) 1.07 0.80 – 1.42

C5 rs2300929 AG+GG (18.2) AA (81.8) 1.06 0.74 – 1.50

CFB rs4151667 AT+TT (7.3) TT (92.7) 1.05 0.81 – 1.36

CFH rs3753394 TT+CT (50.7) CC (49.3) 1.04 0.79 – 1.36

All the complement single nuclear polymorphisms (SNPs) in the recipient, with rs ID number, that were associated with a higher risk 
for graft loss are displayed. Data are presented as hazard ratio (HR) plus 95 % confidence interval (CI) according to the univariate 
analysis for graft loss after renal transplantation.  

Renal allograft survival

To assess the clinical applications of the Complotype, we studied the predictive value of this genetic 

profiling in more detail. The Complotype risk score was significantly associated with long-term graft 

survival. Moreover, the hazard ratio of the Complotype was consistent in subgroups analysis (Figure 

3). The confidence intervals of all subgroups showed substantial overlap with the overall hazard ratio 

at the top, which demonstrates the consistency of findings across subgroups. When analyzed according 

to quartiles, Kaplan–Meier curves showed decreased graft survival in donor-recipient pairs with a high 

Complotype risk score (Figure 4; log-rank P<0.001); 10 year graft survival was 90.3% in the first 

quartiles, 81.9% in the second quartiles, 78.3% in the third quartiles and 63.6% in the fourth quartiles, 

respectively. Multivariate regression analysis was performed to adjust for other determinants of renal 

graft survival. In the crude model, the Complotype risk score was associated with a hazard ratio of 

1.71 per SD increase (95% CI: 1.47–1.99, P<0.001). We next performed a multivariate analysis with 
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pre-transplant variables only (Table 6, model 3). After adjustment, the Complotype risk score was 

associated with a hazard ratio of 1.75 per SD increase (95% CI: 1.51–2.08, P<0.001). In addition, we 

performed a multivariate analysis with pre- and post-transplant predictors and after adjustment, the 

Complotype risk score remained significantly associated (Table 6, model 4). Finally, we performed 

a multivariate analysis with a stepwise forward selection procedure. In the final model, Complotype, 

donor and recipient age, donor type, DGF, and rejection were included (Table 7).  

Figure 3 
Hazard ratios for the Complotype in different subgroups

Forest plot of sub-analyses of the Complotype demonstrating that the hazard ratios for graft loss were consistent in different 
subgroups.

Table 6
Associations of Complotypes with renal allograft survival in donor recipient pairs. 

Total Complotype score

Hazard ratio (per SD) 95% CI P-value

Model 1 1.71 1.47 – 1.99 P<0.001

Model 2 1.78 1.51 – 2.09 P<0.001

Model 3 1.75 1.48 – 2.08 P<0.001

Model 4 1.69 1.43 – 1.99 P<0.001

Data are presented as hazard ratio with 95% confidence interval (CI) and P-value. 
Model 1: crude model
Model 2: adjusted for model 1 plus donor and recipient age, donor origin and dialysis vintage.  
Model 3: adjusted for model 2 plus donor and recipient gender, donor and recipient blood type, HLA-mismatches, PRA prior to 
transplantation.
Model 4: adjusted for model 2 plus cold and warm ischemia time, the use of corticosteroids and cyclosporine after transplantation, 
DGF and rejection.
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Figure 4 
Kaplan–Meier curves of renal allograft survival according to the total Complotype score

The Kaplan–Meier curve for graft survival among renal transplant recipients according to quartiles of the Complotype score. Log 
rank tested showed that the graft survival was significantly different among the different patients from the quartiles. 

Table 7
Competitive analysis of the associations of clinical factors with renal allograft survival.

Variables not in the equation Variables in the equation

Variables P-value Variables P-value Hazard Ratio

Donor type 0.11 DGF <0.001 3.10 (2.19 – 4.38)

Dialysis vintage 0.98 Complotype <0.001 1.65 (1.40 – 1.95)

Corticosteroids 0.26 Rejection 0.017 1.51 (1.08 – 2.11)

Cyclosporin 0.93 Donor age 0.001 1.02 (1.01 – 1.03)

Cold ischemia time 0.81 Recipient age 0.030 0.99 (0.97 – 1.00)

Warm ischemia time 0.17

A multivariate cox regression was performed with a stepwise forward selection. Only variables that were significantly associated in 
the univariate analysis were included. Data are presented as hazard ratio with 95% confidence interval (CI) and P-value. 

Prediction of renal allograft loss

The performance of the Complotype risk score for the prediction of graft loss was also assessed (Table 

8). The Complotype risk score alone had a Harrell’s C of 0.67 (95% CI: 0.63 – 0.72, P<0.001). Next, 

additional pre-transplant variables were included and the discriminative accuracy to predict graft loss 

of the model improved (Table 8, model 3). The highest discriminative accuracy was reached when 

only significant determinants of graft survival were added (Table 8, model 4), including pre- and post-

transplant variables. The Harrell’s C of the models significantly improved with the addition of the 

Complotype risk score. In addition, the Complotype risk score significantly improved the predictive 
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value of the models according to the integrated discrimination improvement index (IDI). Including the 

Complotype risk score to fully adjusted models leads to an IDI value of 7.7%, demonstrating that the 

Complotype risk score substantially enhances the prediction for graft loss. Similarly, the addition of 

the Complotype risk score to the pre-transplant model adequately reclassified patients at lower risk for 

graft loss and those at higher risk, as shown by a continuous net reclassification improvement of 0.68 

(95% CI, 0.54 to 0.82).

Table 8 
Additive value of the Complotype for the prediction of graft loss after renal transplantation.

Harrell’s C (95% CI)
Change  (95% CI)* P-value IDI (%) P-value

 without the Complotype with the Complotype

Model 1 0.50 0.67
(0.63 – 0.72)

0.174 
(0.130 – 0.218) <0.001 1.91 <0.001

Model 2 0.66 
(0.61 – 0.70)

0.73 
(0.69 – 0.78)

0.078
(0.072 – 0.08a5) <0.001 4.30 <0.001

Model 3 0.66 
(0.61 – 0.71)

0.73 
(0.69 – 0.77)

0.075 
(0.070 – 0.080) <0.001 4.95 <0.001

Model 4 0.73
(0.69 – 0.77)

0.78
(0.74 – 0.81)

0.046 
(0.041 – 0.050) 0.003 7.71 <0.001

Data are presented as Harrell’s concordance statistic (Harrell’s C) with 95% confidence interval (CI) and integrated discrimination 
improvement (IDI) with P-value. *Change in C-statistics compared to the model without the Complotype.
Model 1: crude model
Model 2: adjusted for model 1 plus donor and recipient age, donor origin and dialysis vintage.  
Model 3: adjusted for model 2 plus donor and recipient gender, donor and recipient blood type, HLA-mismatches, PRA prior to 
transplantation.
Model 4: adjusted for model 2 plus cold and warm ischemia time, the use of corticosteroids and cyclosporine after transplantation, 
DGF and rejection.

Discussion

To optimize clinical care, risk prediction models are useful tools to identify recipients at high risk of 

graft loss.5 In this study, we constructed a Complotype genetic score based on multiple complement 

SNPs in the donor and recipient. The main findings of this study are that the Complotype is significantly 

associated with long-term graft survival and we subsequently demonstrated a “dose-response” 

relationship between this genetic score and the risk of graft loss. Extending these findings, this 

association was observed after a maximum follow-up of 10 years, was present in all subgroups and 

independent of other determinants of renal allograft survival. Moreover, the Complotype risk score 

significantly improved risk prediction for graft loss beyond currently used clinical risk factors. Next to 

the additive effect of SNPs in complement proteins, we also showed that protective and hazardous SNPs 

could compensate for each other’s effect. We are the first to show that combined effects of complement 

polymorphisms significantly impact graft loss of renal transplant patients. The present study provides 

clear evidence that rather than single polymorphisms, the risk for graft loss is determined by the 

combination of complement SNPs in both the donor and recipient.

The concept of the Complotype was first proposed by Harris et al. and was suggested to impact 

the individual susceptibility to inflammatory and infectious diseases.22 Evaluating the Complotype of an 

individual could help prediction of disease and may guide decisions on preventive interventions in high-
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risk groups. Several in vitro studies have shown that having multiple hazardous SNPs in complement 

genes leads to higher complement activation.21,23 In accordance, the study by Paun et al. showed that 

a Complotype composed of out of three common hazardous complement SNPs was associated with 

higher complement activation levels in vivo and the occurrence of age-related macular degeneration 

(AMD). Since complement is vital in the pathogenesis of transplant renal injury, it is likely that the 

Complotype affects long-term allograft survival.20 In accordance, complement SNPs have been shown 

to impact outcome after kidney transplantation in multiple studies in different populations.13–16 However, 

previous studies have only investigated solitary SNPs or haplotypes of a single complement gene.13,17,29 

The complement system forms a tightly regulated network of proteins, therefore an accurate genetic 

view of this system is only observed with the total repertoire of polymorphisms in complement genes.22 

Our study demonstrates the fundamental principles of the Complotype. Firstly, multiple complement 

polymorphisms in one individual are common. Secondly, the combination of multiple polymorphisms 

has a greater impact on outcome than a single one. Thirdly, we demonstrate the possibility of genetic 

compensation by complement SNPs with opposite effects. 

From a prognostic perspective, the Complotype risk score could be used for the prediction 

of patients at high risk for graft loss. However, the Complotype could also be used to determine 

compatibility between the donor kidney and the recipient. In current practice, HLA-typing and ABO-

typing are done to assess compatibility.30 Our study shows that the Complotype risk score and the HLA-

typing do not provide equivalent prognostic information. The Complotype risk score could, therefore, 

help to identify the best-suited recipient for each donor kidney. Assessment of the Complotype could 

offer an indication of the potential complement-mediated renal allograft injury. However, the findings 

in this study do not rule out the possibility of complement-independent mechanisms of the tested 

SNPs. Furthermore, the Complotype risk score may be used to identify renal patients that could benefit 

from treatment with complement inhibitors. Based on our analysis of the Complotype risk score and 

previous studies, interventions targeting complement in renal transplantation will most likely improve 

long-term allograft survival. Our results can also have implications for other forms of transplantation 

such as the heart, lungs, and liver since evidence from other studies support the effect of complement 

polymorphisms on post-transplant outcome of these organs.31–33

Our study has some limitations. The association found in this study is expected to be causal, 

however since our study is prospective, but observational in nature, it cannot be proven by our results. 

Furthermore, measurements of complement activation were not performed in our cohort due to the lack 

of fresh serum samples. We can therefore not determine if individuals with a high Complotype risk 

score are genetically predisposed to having the highest complement activation during transplantation. 

In addition, we do not yet know the effects of all the SNPs on the subsequent protein; however, the 

majority has previously been described. Finally, we only looked at the presence of 60 SNPs in 19 

complement proteins. We think that adding other complement SNPs to the model could further improve 

discrimination. On the other hand, strengths of our study include the high cohort size, the long follow-

up and the hard and clinically relevant end point (graft loss). 

In conclusion, we systematically evaluated the determinants of long-term renal allograft 

survival in a cohort of donor-recipient pairs. We demonstrated that the Complotype risk score is strongly 
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associated with graft loss and that the addition of this score significantly improved risk stratification 

for graft loss. 

Acknowledgements

The authors thank the members of the REGaTTA cohort (REnal GeneTics TrAnsplantation; University 

Medical Center Groningen, University of Groningen, Groningen, the Netherlands): S.J.L. Bakker, J. 

van den Born, M.H. de Borst, H. van Goor, J.L. Hillebrands, B.G. Hepkema, G.J. Navis and H. Snieder.



Chapter 11

206

References

1. Nankivell BJ, Kuypers DR: Diagnosis and prevention of chronic kidney allograft loss. Lancet 378: 1428–

1437, 2011

2. Perl J, Zhang J, Gillespie B, Wikstrom B, Fort J, Hasegawa T, Fuller DS, Pisoni RL, Robinson BM, Tentori F: 

Reduced survival and quality of life following return to dialysis after transplant failure: the Dialysis Outcomes 

and Practice Patterns Study. Nephrol. Dial. Transplant. 27: 4464–4472, 2012

3. Ndemera H, Bhengu B: Factors Contributing to Kidney Allograft Loss and Associated Consequences among 

Post Kidney Transplantation Patients. 

4. Wekerle T, Segev D, Lechler R, Oberbauer R: Strategies for long-term preservation of kidney graft function. 

Lancet 389: 2152–2162, 2017

5. Kaboré R, Haller MC, Harambat J, Heinze G, Leffondré K: Risk prediction models for graft failure in kidney 

transplantation: a systematic review. Nephrol. Dial. Transplant 32: ii68-ii76, 2017

6. Womer KL, Kaplan B: Recent developments in kidney transplantation--a critical assessment. Am. J. Transplant 

9: 1265–71, 2009

7. Damman J, Schuurs TA, Ploeg RJ, Seelen MA: Complement and renal transplantation: from donor to recipient. 

Transplantation 85: 923–7, 2008

8. Jager NM, Poppelaars F, Daha MR, Seelen MA: Complement in renal transplantation: The road to translation. 

Mol. Immunol. 2017

9. Poppelaars F, Seelen MAMA: Complement-mediated inflammation and injury in brain dead organ donors. 

Mol. Immunol. 2016

10. Daniel R, George H, Kun Y, D John L: Complement - a key system for immune surveillance and homeostasis. 

Nat. Immunol. 11: 785, 2010

11. Poppelaars F, Van Werkhoven MB, Kotimaa J, Veldhuis ZJ, Ausema A, Broeren SGM, Damman J, Hempel JC, 

Leuvenink HGD, Daha MR, Van Son WJ, Van Kooten C, Van Os RP, Hillebrands J-L, Seelen MA: Critical role 

for complement receptor C5aR2 in the pathogenesis of renal ischemia-reperfusion injury. FASEB J. 31: 2017

12. Poppelaars F, Jager NM, Kotimaa J, Leuvenink HGD, Daha MR, van Kooten C, Seelen MA, Damman J: C1-

inhibitor Treatment Decreases Renal Injury in an Established Brain-dead Rat Model. Transplantation 1, 2017

13. Brown KM, Kondeatis E, Vaughan RW, Kon SP, Farmer CKT, Taylor JD, He X, Johnston A, Horsfield 

C, Janssen BJC, Gros P, Zhou W, Sacks SH, Sheerin NS: Influence of donor C3 allotype on late renal-

transplantation outcome. N. Engl. J. Med. 354: 2014–2023, 2006

14. Bay JT, Schejbel L, Madsen HO, Sørensen SS, Hansen JM, Garred P: Low C4 gene copy numbers are 

associated with superior graft survival in patients transplanted with a deceased donor kidney. Kidney Int. 84: 

562–569, 2013

15. Bay JT, Sørensen SS, Hansen JM, Madsen HO, Garred P: Low mannose-binding lectin serum levels are 

associated with reduced kidney graft survival. Kidney Int. 83: 264–271, 2013

16. Eikmans M, de Canck I, van der Pol P, Baan CC, Haasnoot GW, Mallat MJK, Vergunst M, de Meester E, 

Roodnat JI, Anholts JDH, van Thielen M, Doxiadis IIN, de Fijter JW, van der Linden PJE, van Beelen E, van 

Kooten C, Kal-van Gestel J a., Peeters AM a., Weimar W, Roelen DL, Rossau R, Claas FHJ: The Functional 

Polymorphism Ala258Ser in the Innate Receptor Gene Ficolin-2 in the Donor Predicts Improved Renal 

Transplant Outcome. Transplant. J. 94: 478–485, 2012

17. Damman J, Daha MR, Leuvenink HG, van Goor H, Hillebrands JL, Dijk MC van, Hepkema BG, Snieder H, 

Born J van den, de Borst MH, Bakker SJ, Navis GJ, Ploeg RJ, Seelen MA: Association of complement C3 

gene variants with renal transplant outcome of deceased cardiac dead donor kidneys. Am. J. Transplant 12: 

660–8, 2012

18. Grumach AS, Kirschfink M: Are complement deficiencies really rare? Overview on prevalence, clinical 



207

The Complotype: a major determinant of late renal transplantation outcome.

11

importance and modern diagnostic approach. Mol. Immunol. 61: 110–117, 2014

19. Ozen A, Comrie WA, Ardy RC, Domínguez Conde C, Dalgic B, Beser ÖF, Morawski AR, Karakoc-Aydiner 

E, Tutar E, Baris S, Ozcay F, Serwas NK, Zhang Y, Matthews HF, Pittaluga S, Folio LR, Unlusoy Aksu A, 

McElwee JJ, Krolo A, Kiykim A, Baris Z, Gulsan M, Ogulur I, Snapper SB, Houwen RHJ, Leavis HL, Ertem 

D, Kain R, Sari S, Erkan T, Su HC, Boztug K, Lenardo MJ: CD55 Deficiency, Early-Onset Protein-Losing 

Enteropathy, and Thrombosis. N. Engl. J. Med. 377: 52–61, 2017

20. Michielsen LA, van Zuilen AD, Muskens IS, Verhaar MC, Otten HG: Complement Polymorphisms in Kidney 

Transplantation: Critical in Graft Rejection? Am. J. Transplant. 17: 2000–2007, 2017

21. Heurich M, Martinez-Barricarte R, Francis NJ, Roberts DL, Rodriguez de Cordoba S, Morgan BP, Harris CL: 

Common polymorphisms in C3, factor B, and factor H collaborate to determine systemic complement activity 

and disease risk. Proc. Natl. Acad. Sci. 108: 8761–8766, 2011

22. Harris CL, Heurich M, Rodriguez de Cordoba S, Morgan BP: The complotype: dictating risk for inflammation 

and infection. Trends Immunol. 33: 513–21, 2012

23. Lay E, Nutland S, Smith JE, Hiles I, Smith RAG, Seilly DJ, Buchberger A, Schwaeble W, Lachmann PJ: 

Complotype affects the extent of down-regulation by Factor I of the C3b feedback cycle in vitro. Clin. Exp. 

Immunol. 181: 314–322, 2015

24. Damman J, Kok JL, Snieder H, Leuvenink HG, Van Goor H, Hillebrands JL, Van Dijk MC, Hepkema BG, 

Reznichenko A, Van den Born J, De Borst MH, Bakker SJ, Navis GJ, Ploeg RJ, Seelen MA: Lectin complement 

pathway gene profile of the donor and recipient does not influence graft outcome after kidney transplantation. 

Mol. Immunol. 50: 1–8, 2012

25. de Haan HG, Bezemer ID, Doggen CJM, Le Cessie S, Reitsma PH, Arellano AR, Tong CH, Devlin JJ, Bare 

LA, Rosendaal FR, Vossen CY: Multiple SNP testing improves risk prediction of first venous thrombosis. 

Blood 120: 656–63, 2012

26. Janssens ACJW, Aulchenko YS, Elefante S, Borsboom GJJM, Steyerberg EW, van Duijn CM: Predictive 

testing for complex diseases using multiple genes: fact or fiction? Genet. Med. 8: 395–400, 2006

27. Pencina MJ, D’Agostino RB: OverallC as a measure of discrimination in survival analysis: model specific 

population value and confidence interval estimation. Stat. Med. 23: 2109–2123, 2004

28. Pencina MJ, D’Agostino RB, D’Agostino RB, Vasan RS: Evaluating the added predictive ability of a new 

marker: from area under the ROC curve to reclassification and beyond. Stat. Med. 27: 157-72–12, 2008

29. Varagunam M, Yaqoob MM, Döhler B, Opelz G: C3 polymorphisms and allograft outcome in renal 

transplantation. N. Engl. J. Med. 360: 874–80, 2009

30. Stegall MD: The Right Kidney for the Right Recipient: The Status of Deceased Donor Kidney Allocation 

Reform. Semin. Dial. 23: 248–252, 2010

31. Munster JM, van der Bij W, Breukink MB, van der Steege G, Zuurman MW, Hepkema BG, Verschuuren EAM, 

van Son WJ, Seelen MAJ: Association between donor MBL promoter haplotype and graft survival and the 

development of BOS after lung transplantation. Transplantation 86: 1857–63, 2008

32. Valero-Hervás DM, Sánchez-Zapardiel E, Castro MJ, Gallego-Bustos F, Cambra F, Justo I, Laguna-Goya R, 

Jiménez-Romero C, Moreno E, López-Medrano F, San Juan R, Fernández-Ruiz M, Aguado JM, Paz-Artal E: 

Complement C3F allotype synthesized by liver recipient modifies transplantation outcome independently from 

donor hepatic C3. Clin. Transplant. 31: e12866, 2017

33. Fildes JE, Shaw SM, Walker AH, McAlindon M, Williams SG, Keevil BG, Yonan N: Mannose-binding 

Lectin Deficiency Offers Protection From Acute Graft Rejection After Heart Transplantation. J. Hear. Lung 

Transplant. 27: 1353–1356, 2008



Chapter 12
Summary, general discussion 

and future perspectives



Chapter 12
Summary, general discussion 

and future perspectives



Chapter 12

210

Summary, general discussion and future perspectives

Kidney disease is a key determinant of poor health outcome and thereby has a major impact on health-

care costs.1,2 More than 2 million people worldwide are being treated for end-stage renal disease and the 

use of renal replacement therapy is expected to rise sharply in the next decade. While renal replacement 

therapy is a life-saving intervention for patients with end-stage renal disease, the quality of life and 

the life expectancy of these patients is still far less than the general population.3 Chronic inflammation 

caused by renal replacement therapy is increasingly recognized as a potential mechanism that 

significantly contributes to the morbidity and mortality seen in these patients. The complement system 

is an essential part of the immune response.4 Complement activation is a direct cause and aggravating 

factor in the pathogenesis of renal diseases.5 Moreover, the complement system is activated during renal 

replacement therapy.5 Further investigations of the complement system in renal replacement therapy 

can uncover valuable information to expand our understanding, to predict outcome and possibly to 

identify novel therapeutic targets and improve outcome. 

Chapter 1 consist of the general introduction and a rationale outlining the chapters of this thesis. In 

Chapter 2, the current knowledge of the complement system in hemodialysis and peritoneal dialysis 

is summarized. The mechanism leading to complement activation in hemodialysis is the binding of 

ficolin-2, MBL, properdin and/or C3b to the hemodialysis membrane, resulting in lectin pathway 

and alternative pathway activation.6,7 Subsequently, complement activation leads to the induction of 

inflammation and the promotion of thrombosis.8,9 Furthermore, long-term hemodialysis patients have 

decreased levels of complement compared to patients who started dialysis recently, most likely due to 

consumption.10,11 Future studies should investigate whether these acquired deficiencies of complement 

proteins could explain the higher infection risk seen in hemodialysis patients. Moreover, long-term 

complications of hemodialysis such as cardiovascular events and mortality have been linked to 

complement, making complement inhibition a promising strategy during hemodialysis to improve 

outcome.9,12 In peritoneal dialysis, local complement activation arises due to decreased expression of 

complement regulators by the peritoneal fluid.13–15 In addition, cellular debris due to bio-incompatible 

peritoneal fluids combined with antibodies against microorganisms contribute to local complement 

activation. Subsequently, complement activation leads to further damage, inflammation and the 

activation of the coagulation system.16–19 Recently, the link between complement activation and fibrosis 

has been proposed.20 Future studies should, therefore, examine whether complement activation in 

peritoneal dialysis could stimulate peritoneal fibrosis. Though only evaluated in preclinical models, 

complement interventions in dialysis could reduce the undesired thrombo-inflammatory responses 

and consequently improve outcome in dialysis patients.17,18,21,22 In Chapter 3, the nature and extent of 

activation of the complement system in hemodialysis were investigated. This chapter raises awareness 

about the fact that even modern hemodialysis membranes, with advanced nanostructured materials 

and enhanced biocompatibility profiles, still invoke significant complement activation. Furthermore, 

low MBL levels were independently associated with cardiovascular events. Most interestingly, 
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MBL considerably improved risk prediction beyond traditional cardiovascular risk factors. These 

results indicate that MBL could be used as a diagnostic tool and biomarker of cardiovascular risk in 

hemodialysis patients, thus improving prognostication. Chapter 4 further investigates the mechanism of 

hemodialysis associated cardiovascular outcome. Hemodialysis patients that developed cardiovascular 

disease responded differently to dialysis than patients who remained free of cardiovascular disease 

during follow-up. Intradialytic complement activation predominantly occurred in the hemodialysis 

patients that would later develop a cardiovascular event. Moreover, the complement activation seen 

in these patients was accompanied by an enhanced thrombo-inflammatory response. This suggests 

that, in hemodialysis, the mechanism behind the higher cardiovascular risk could be attributed to 

complement, inflammation, and coagulation. Altogether Chapter 3 and Chapter 4 emphasizes the 

dual role of the complement system in hemodialysis. More specifically, MBL has been hypothesized 

to suppress the formation of atherosclerosis, via the removal of atherogenic particles.23 In contrast, 

complement activation enhanced the pro-inflammatory state, endothelial damage, and thrombosis 

thereby promoting cardiovascular disease.24 Meanwhile, Chapter 5 shows that the complement system 

is also modulated by other factors. Intravenous iron preparations are widely used in the treatment 

of anemia in patients undergoing hemodialysis.25 However, all intravenous iron preparations carry a 

risk of causing hypersensitivity reactions.26 The pathophysiological mechanism is poorly understood, 

but the concept of a complement activation-related pseudo-allergy (CARPA) has been proposed.26–28 

Chapter 5 shows that different intravenous iron formulations have the in vitro capacity to activate 

complement in healthy individuals as well as in hemodialysis patients. The result of these assays serves 

as a Proof of Principle, that intravenous iron could cause CARPA. In conclusion, Part A of this thesis 

depicts the overwhelming evidence on complement in dialysis and suggests that dialysis patients could 

benefit from complement inhibition. The clinical availability to safely target complement in patients 

leads to the question: how should we modulate the complement system in dialysis? Given the strong 

involvement of C5a in dialysis, inhibition at the level of the C5a receptor appears an attractive option. 

In the case of hemodialysis, systemic inhibition of complement is desirable, while peritoneal dialysis 

favors local complement inhibition. However, the possible negative impact of prolonged complement 

blockage on infectious disease and immunoregulation remains to be determined by future clinical trials. 

Finally, the cost of the different complement inhibitors should be taken into account, considering the 

high frequency of treatments required in dialysis patients.

The role of complement in kidney transplantation has been extensively studied.29 While the importance 

of complement in renal ischemia-reperfusion injury and acute rejection is widely recognized, the role of 

complement in the pathogenesis of tissue damage in deceased donors remains underexposed.30 Chapter 

6 describes the contribution of complement activation to brain death-induced organ injury. In brain-

dead organ donors, complement is systemically and locally activated.31,32 In addition, complement 

activation can be used as a clinical marker for the prediction of outcome after transplantation.32–34 

Moreover, experimental models of brain death have shown that inhibition of the complement cascade 

is a successful method to reduce inflammation and injury of donor grafts, thereby improving graft 

function and survival after transplantation.35–37 Our understanding of the involvement of complement in 
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brain death donors has improved substantially, yet important questions remain unanswered such as the 

complement pathway(s) responsible for activation as well as the best target for intervention. The use of 

C1-inhibitor is considered for the prevention and treatment of renal transplant injury since it has several 

advantages compared to other forms of complement inhibition.38 C1-inhibitor appears to be safe, since 

it has been used for over three decades in the treatment of hereditary angioedema.39 In addition, C1-

inhibitor also regulates the coagulation and the kinin systems and can inhibit leukocyte adhesion to the 

endothelium.40–42 It has been suggested that C1-inhibitor has additional anti-inflammatory functions and 

anti-apoptotic effects independent of protease inhibition.43 Prior to assessing the effect of C1-inhibitor 

on brain death-induced renal injury, the inhibitory capacity of C1-inhibitor was determined in Chapter 

7. C1-inhibitor was able to block the three complement pathways. Furthermore, significant potentiation 

was seen of the inhibitory capacity of C1-inhibitor by the addition of heparinoids. Single or combined 

use of C1-inhibitor and heparinoids forms a promising treatment option for complement-mediated 

transplant injury. Accordingly, in Chapter 8, C1-inhibitor treatment was investigated in a rat model of 

brain death. In the animal model, C1-inhibitor effectively reduced complement activation and thereby 

increased functional levels. Moreover, treatment of brain-dead donors resulted in improved renal 

function and reduced renal injury. The beneficial effect found on kidneys of brain-dead donors is most 

likely due to the reduction of inflammatory cytokines such as IL-6. In contrast, the cellular influx of 

inflammatory cells in the kidney could not be prevented by C1-inhibitor treatment. Next, in Chapter 9, 

the contribution of complement activation to brain death-induced renal injury was further examined in a 

mouse model of brain death. Deficiency of C3 led to diminished pro-inflammatory gene expression and 

renal injury in brain-dead mice. C4-deficient and properdin-deficient mice were further used to dissect 

the pathway responsible for complement activation in brain-dead donors. In turn, a major role was 

found for the classical pathway and/or lectin pathway in brain death. More specifically, the inhibition of 

early complement components might form the optimal target in brain-dead donors. Finally, the effect of 

inhibition of C5a in brain death was determined with the use of C5a receptor 1 (C5aR1) deficient and 

C5a receptor 2 (C5aR2) deficient mice. There are two receptors for C5a, namely C5aR1 and C5aR2 

(also known as C5L2) and both receptors are expressed in the kidney and on leukocytes.44,45 Although 

these receptors share characteristics, clear differences exist. Irrespective of previous data on C5a in brain 

death, the C5a–C5aR1 axis is a not the ideal target to improve renal graft quality in brain-dead donors. 

Nevertheless, C5aR2 deficiency led to partial protection against brain dead-induced kidney injury. 

In addition, C5aR2–/– mice had the lowest number of infiltrating cells among the brain-dead groups, 

implying a role for the C5aR2 in recruitment of the leukocytes. Previously, the C5aR2 was assumed 

to be a decoy receptor for C5a since this receptor is uncoupled from G proteins and lacks receptor 

internalization.46 However, the observations made in this chapter strongly oppose the hypothesis that the 

C5aR2 is a non-signaling decoy receptor. In Chapter 10, the function of the C5aR2 was further explored 

in renal ischemia-reperfusion injury. Recently, the C5a-C5aR1 axis has been shown to be crucial in the 

pathogenesis of this type of injury. In animal studies, inhibition of C5 or C5aR1 resulted in improved 

renal outcome after renal ischemia reperfusion.47–51 In renal ischemia reperfusion, C5aR2 deficiency 

led to better renal function accompanied by reduced tubular damage and reduced renal inflammatory 

gene expression. In addition, renal dysfunction after ischemia reperfusion injury was mediated via the 
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expression of the C5aR2 on renal epithelial cells as well as leukocytes. Nonetheless, the C5aR2 was 

not involved in leukocyte migration. In conclusion, Chapter 9 and Chapter 10 provide clear evidence 

that the C5aR2 has a functional detrimental role in the pathogenesis of renal IR injury. Yet, the C5aR2 

remains a controversial receptor within the complement system and is poorly understood within health 

and disease.45 In Chapter 11, the final chapter, the combination of single nucleotide polymorphisms 

(SNPs) in complement genes in the donor and recipient were found to be associated with graft survival. 

Previously, complement SNPs have been shown to impact outcome after kidney transplantation.52–56 

However, in this chapter, a Complotype genetic score was constructed based on multiple complement 

SNPs in the donor and recipient. The theory of the Complotype was first mentioned by Harris et al. 

and was suggested to impact the individual susceptibility to inflammatory and infectious diseases.57 

In this chapter, clear evidence is provided that rather than single polymorphism, the risk for graft loss 

is determined by the combination of complement SNPs in both the donor and recipient. Next to the 

additive effect of SNPs in complement proteins, we also showed that protective and hazardous SNPs 

could compensate for each other’s effect. The latter could help to explain the contradictory result found 

in previous studies on the effect of single complement SNPs on renal allograft survival.52,58,59 From a 

predictive perspective, the Complotype risk score could be used for the prognostication of graft loss 

for patients. However, the Complotype could also be used to determine compatibility between the 

donor kidney and the recipient. In current practice, HLA-typing and ABO-typing are done to assess 

compatibility.60 The Complotype risk score could improve this assessment and thereby help to identify 

the best-suited recipient for each donor kidney. Furthermore, assessment of the Complotype could offer 

an indication of the potential complement-mediated renal allograft injury and, subsequently, identify 

renal patients that could benefit from treatment with complement inhibitors.

Part B of this thesis characterizes new potential targets for therapeutic complement inhibition in the 

brain-dead organ donor or in the recipient during reperfusion. Next, randomized clinical trials have to 

determine whether inhibition of complement in brain-dead donors or/and in the recipient will improve 

renal graft outcome after transplantation.61
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Samenvatting, algemene discussie en toekomstperspectieven

Nierziekten leiden vaak tot slechte gezondheidsuitkomsten en hebben daarnaast een grote impact op de 

huidige zorgkosten.1,2 Wereldwijd worden er meer dan 2 miljoen mensen behandeld voor nierfalen en 

men verwacht dat het gebruik van niervervangende therapieën de komende tien jaar exponentieel zal 

toenemen. Niervervangende therapie is levensverlengend, desalniettemin hebben deze patiënten een 

lagere kwaliteit van leven en is de levensverwachting korter vergeleken met de algemene populatie.3 

De chronische ontsteking, welke veroorzaakt wordt door de niervervangende therapie, wordt steeds 

meer gezien als een belangrijke oorzaak voor de kortere levensduur van patiënten met nierfalen. Het 

complement systeem is een essentieel onderdeel van het immuun systeem en zou daarom een centrale 

rol kunnen spelen in deze chronische ontstekingsreactie.4 Tevens is ongewenste complement activatie 

een belangrijke oorzaak en/of verergerde factor in de pathogenese van verschillende nierziekten.5 Ook 

tijdens niervervangende therapieën wordt het complement systeem geactiveerd.5 Verder onderzoek naar 

het complement systeem in niervervangende therapieën is daarom noodzakelijk om onze kennis uit te 

breiden en daarmee een nieuwe specifieke behandeling te ontwikkelen. 

Hoofdstuk 1 bestaat uit een algemene introductie en rationale met een korte omschrijving van de 

hoofdstukken uit dit proefschrift. In Hoofdstuk 2 wordt de huidige literatuur over het complement 

systeem in hemodialyse en peritoneale dialyse samengevat. Het mechanisme achter het ontstaan van 

complement activatie tijdens hemodialyse is de binding van ficoline-2, MBL, properdine en/of C3b aan 

de kunstnier, resulterend in activatie van de lectine- en alternatieve route.6,7 Vervolgens leidt complement 

activatie tot de initiatie van een ontstekingsreactie en de bevordering van de stollingscascade.8,9 

Bovendien, hebben chronische hemodialyse patiënten verlaagde complement levels ten opzichte van 

patiënten die net gestart zijn met hemodialyse, hoogstwaarschijnlijk ten gevolge van verbruik.10,11 

In toekomstige studies zou er gekeken moeten worden of deze verworven complement deficiënties 

verantwoordelijk zijn voor het hogere infectie risico van hemodialyse patiënten. Bovendien lijken lange 

termijn gevolgen van hemodialyse zoals hart- en vaatziekten gekoppeld aan het complement systeem, en 

is dit een reden waarom remming van het complement systeem een veelbelovende strategie kunnen zijn 

om de gezondheidsuitkomsten bij hemodialyse patiënten te verbeteren.9,12 Tijdens peritoneale dialyse 

treedt er lokale complement activatie op ten gevolge van een verlaagde expressie van complement 

regulatoren door de dialysevloeistof.13–15 Daarnaast wordt complement activatie verder gestimuleerd 

door celresten, als gevolg van de bio-incompatibele dialysevloeistof, en door antilichamen tegen 

micro-organismen. Uiteindelijk resulteert complement activatie in nog meer schade, ontsteking 

en activatie van de stollingscascade.16–19 Onlangs is er een relatie aangetoond tussen complement 

activatie en het ontstaan van fibrose.20 Toekomstige studies, zouden daarom moeten onderzoeken of 

complement activatie tijdens peritoneale dialyse de vorming van peritoneale fibrose stimuleert. Op 

basis van pre-klinische studies, zou de remming van complement tijdens dialyse zorgen voor een 

vermindering van de ontstekingsreactie en zodoende een verbetering van gezondheidsuitkomsten van 

dialyse patiënten.17,18,21,22 In hoofdstuk 3 werd de mate van complement activatie tijdens hemodialyse 
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onderzocht. Dit hoofdstuk maakt duidelijk dat zelfs de modernste kunstnieren nog steeds het 

complement system activeren, ondanks de geavanceerde nanogestructureerde materialen en verbeterde 

biocompatibiliteit. Daarnaast bleek dat lage MBL levels onafhankelijk geassocieerd waren met het 

ontstaan van hart- en vaatziekte. Bovendien, verbeterde het includeren van MBL als variabele in de 

risicoanalyse de risico-predictiemodellen voor hart- en vaatziekten bovenop de klassieke risicofactoren. 

Deze resultaten tonen aan dat MBL gebruikt zou kunnen worden als diagnostisch hulpmiddel en 

biomarker voor het risico op hart- en vaatziekten van hemodialyse patiënten. In hoofdstuk 4 werd 

het mechanisme van hemodialyse-geassocieerde hart- en vaatziekten verder onderzocht. Hemodialyse 

patiënten die in de toekomst hart- en vaatziekten zullen ontwikkelen reageren anders op de kunstnier, 

dan hemodialyse patiënten die geen hart- en vaatziekten zullen ontwikkelen. Complement activatie 

tijdens de dialysesessie kwam voornamelijk voor bij hemodialyse patiënten die hart- en vaatziekten 

zullen ontwikkelen. Nog belangrijker; complement activatie in deze patiënten werd vergezeld door een 

versterkte ontstekingsreactie en een verhoogde activiteit van de stollingscascade. Dit suggereert dat 

in hemodialyse patiënten de verhoogde kans op hart- en vaatziekten mogelijk veroorzaakt wordt door 

het complement systeem, de ontstekingsreactie en de stollingscascade. Alles samengenomen, laten 

hoofdstuk 3 en hoofdstuk 4 zien dat het complement system een dubbele rol heeft tijdens hemodialyse. 

MBL is geassocieerd met een verlaagde de kans op hart- en vaatziekten, mogelijk door het remmen 

van de vorming van aderverkalking door het verwijderen van atherogene deeltjes.23 Daarentegen is 

complement activatie geassocieerd met een verhoogde  kans op hart- en vaatziekten, waarschijnlijk 

doordat complement activatie leidt tot een ontstekingsreactie, endotheel schade en activatie van 

de stollingscascade.24 Hoofdstuk 5 laat zien dat het complement systeem ook wordt beïnvloed 

door andere factoren. Intraveneuze ijzerpreparaten worden veel gebruikt voor de behandeling van 

bloedarmoede van hemodialyse patiënten.25 Niettemin, alle intraveneuze ijzerpreparaten dragen een 

risico op het veroorzaken van een overgevoeligheidsreactie.26 Het mechanisme achter deze reacties 

is onbekend, maar een concept van een complement-gemedieerde overgevoeligheidsreactie (CARPA) 

is reeds gesuggereerd.26–28 In hoofdstuk 5 wordt aangetoond dat de verschillende intraveneuze 

ijzerpreparaten in vitro capaciteit hebben om het complement systeem te activeren in bloed van 

gezonde vrijwilligers en hemodialyse patiënten. De resultaten van deze proeven dienen as Proof of 

Principle dat deze ijzerpreparaten een complement-gemedieerde overgevoeligheidsreactie (CARPA) 

kunnen veroorzaken. Concluderend, deel A van dit proefschrift beschrijft het overweldigende bewijs 

voor complement activatie tijdens dialyse en suggereert dat dialysepatiënten baat kunnen hebben bij 

complementremming. De bestaande klinische beschikbaarheid om veilig complement te remmen bij 

patiënten leidt tot de vraag: hoe moeten we het complementsysteem bij dialyse moduleren? Gezien 

de sterke betrokkenheid van C5a bij dialyse lijkt inhibitie op het niveau van de C5a-receptor een 

aantrekkelijke optie. Verder is in het geval van hemodialyse systemische remming van het complement 

wenselijk, terwijl bij peritoneale dialyse lokale complementremming wenselijk is. Echter, de mogelijke 

negatieve impact van langdurige complement blokkering op infectieziekten en immunoregulatie moet 

nog worden bepaald middels toekomstige klinische studies. Ten slotte moet rekening worden gehouden 

met de kosten van de verschillende complementremmers, gezien de vereiste hoge behandelfrequentie 

bij dialysepatiënten.
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De rol van complement bij niertransplantatie is uitgebreid bestudeerd.29 Hoewel het belang van 

complement bij ischemie-reperfusie schade van de nier en acute afstoting algemeen wordt erkend, 

blijft onderzoek naar de rol van complement in de pathogenese van weefselbeschadiging bij overleden 

donoren onderbelicht.30 Hoofdstuk 6 beschrijft de bijdrage van complement activatie aan de door 

hersendood geïnduceerde orgaanschade. In hersendode orgaandonoren is het complement systemisch 

en lokaal geactiveerd.31,32 Daarnaast kan complementactivatie worden gebruikt als een klinische marker 

voor de voorspelling van de uitkomst na transplantatie.32–34 Bovendien hebben experimentele modellen 

van hersendood aangetoond dat remming van de complementcascade een succesvolle methode is 

om ontsteking en beschadiging van donortransplantaten te verminderen, waardoor orgaanfunctie en 

overleving na transplantatie wordt verbeterd.35–37 De kennis over de betrokkenheid van complement bij 

hersendode donoren is aanzienlijk verbeterd, maar belangrijke vragen blijven onbeantwoord, zoals welke 

complement route(s) verantwoordelijk zijn voor activering en het beste doelwit voor therapeutische 

interventies. Het gebruik van C1-esterase remmer wordt overwogen voor de preventie en behandeling 

van niertransplantatiebeschadiging, omdat het verscheidene voordelen heeft in vergelijking met andere 

vormen van complementremming.38 De behandeling met een C1-esterase remmer is veilig, aangezien 

deze al meer dan drie decennia wordt gebruikt bij de behandeling van erfelijk angio-oedeem.39 Daarnaast 

reguleert de C1-esterase remmer ook de stollings- en kininesystemen en kan het de adhesie van 

leukocyten aan het endotheel remmen.40–42 Er wordt gesuggereerd dat C1-esterase remmer additionele 

anti-inflammatoire functies en anti-apoptotische effecten heeft, onafhankelijk van proteaseremming.43 

Alvorens het effect van de behandeling met C1-esterase remmer op hersendood-geïnduceerd nierletsel 

werd bestudeerd, werd de remmende capaciteit van C1-esterase remmer bepaald in hoofdstuk 7. C1-

esterase remmer was in staat om alle drie de complement-routes te remmen. Verder werd er significante 

potentiëring waargenomen van de remmende capaciteit van C1-esterase remmer door de toevoeging 

van heparinoïden. Enkelvoudig of gecombineerd gebruik van een C1-esterase remmer en heparinoïden 

vormt een veelbelovende behandelingsoptie voor complement-gemedieerde transplantatiebeschadiging. 

In hoofdstuk 8 werd de behandeling met een C1-esterase remmer onderzocht in een rattenmodel van 

hersendood. In het diermodel verminderde Cl-esterase remmer effectief complement activatie en 

verhoogde zo functionele complement levels. Bovendien resulteerde de behandeling van hersendode 

donoren in een verbeterde nierfunctie en verminderde nierschade. Het gunstige effect op de nieren 

van hersendode donoren is hoogstwaarschijnlijk toe te schrijven aan de reductie van inflammatoire 

cytokines zoals IL-6. Daarentegen kon de cellulaire influx van ontstekingscellen in de nier niet worden 

voorkomen door behandeling met een C1-esterase remmer. Vervolgens werd in hoofdstuk 9 de bijdrage 

van complement activatie aan hersendood-geïnduceerde nierbeschadiging nader onderzocht in een 

muismodel van hersendood. Deficiëntie van C3 leidde tot verminderde pro-inflammatoire genexpressie 

en verminderde nierbeschadiging bij hersendode muizen. C4-deficiënte en properdine-deficiënte 

muizen werden verder gebruikt om de route te ontleden die verantwoordelijk is voor complement 

activatie in hersendode donoren. Hieruit bleek dat er een belangrijke rol is voor de klassieke route en/of 

lectine route in hersendood. Nog belangrijker, de remming van vroege complement componenten lijkt 

het optimale doelwit te vormen voor therapeutische interventie bij hersendode donoren. Tenslotte werd 

het effect van remming van C5a in hersendood bepaald met het gebruik van C5a-receptor 1 (C5aR1)-
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deficiënte en C5a-receptor 2 (C5aR2)-deficiënte muizen. Er zijn namelijk twee receptoren voor C5a, de 

C5aR1 en de C5aR2 (ook bekend als C5L2) en beide receptoren komen tot expressie in de nier en op 

witte bloedcellen.44,45 Hoewel deze receptoren erg op elkaar lijken, zijn er ook duidelijke verschillen. 

Op basis van onze gegevens lijkt de C5a-C5aR1-as niet het ideale doelwit in hersendode donoren 

om de niertransplantatiekwaliteit te verbeteren, ongeacht eerdere gegevens over C5a bij hersendood. 

Desalniettemin leidde C5aR2-deficiëntie tot gedeeltelijke bescherming van nierletsel in hersendode 

donoren. Bovendien hadden C5aR2-/- muizen het laagste aantal infiltrerende cellen onder de hersendode 

groepen, wat betekent dat de C5aR2 mogelijk een rol speelt bij de rekrutering van witte bloedcellen. 

Eerder werd aangenomen dat de C5aR2 een decoy receptor was voor C5a, omdat deze receptor niet 

gekoppeld is aan G-eiwitten en geen receptor-internalisatie heeft.46 De observaties uit dit hoofdstuk 

spreken de hypothese dat de C5aR2 een niet-signalerende decoy receptor is tegen. In hoofdstuk 10 

werd de rol van de C5aR2 verder onderzocht bij ischemie-reperfusie schade van de nier. Onlangs 

is aangetoond dat de C5a-C5aR1-as cruciaal is in de pathogenese van dit type letsel. In dierstudies 

resulteerde de remming van C5 of C5aR1 in een verbeterde renale uitkomst na ischemie reperfusie van 

de nier.47–51 C5aR2-deficiëntie tijdens ischemie reperfusie van de nier, leidde tot een betere nierfunctie, 

gepaard gaande met verminderde tubulaire schade en verminderde renale inflammatoire genexpressie. 

Hieruit valt te concluderen dat de C5aR2 een schadelijke rol speelt in de pathogenese van ischemie-

reperfusie schade. Dit schadelijk effect werd gemedieerd via zowel de expressie van de C5aR2 op 

nierepitheel cellen evenals op witte bloedcellen. Desalniettemin, de C5aR2 is niet betrokken bij witte 

bloedcelmigratie. Ten slotte, bieden Hoofdstuk 9 en hoofdstuk 10 duidelijk bewijs dat de C5aR2 

een functionele schadelijke rol heeft in de pathogenese van transplantatie schade aan de nieren. Toch 

blijft de C5aR2 een controversiële receptor binnen het complement systeem en blijft er nog veel 

onduidelijkheid bestaan over de rol van de C5aR2.45 

In hoofdstuk 11, het laatste hoofdstuk, bleek de combinatie van single nucleotide polymorfisme (SNPs) 

in complement genen in de donor en de ontvanger te zijn geassocieerd met transplantaatoverleving 

van de donornier. Eerder werd aangetoond dat complement-SNP’s de uitkomst na niertransplantatie 

beïnvloeden. 52–56 In dit hoofdstuk werd echter een Complotype-genetische score geconstrueerd op basis 

van meerdere complement-SNP’s in de donor en de ontvanger. De theorie van het Complotype werd 

voor het eerst genoemd door Harris et al. en verondersteld het Complotype de individuele vatbaarheid 

voor ontstekings- en infectieziekten te beïnvloed.57 In dit hoofdstuk wordt duidelijk aangetoond dat 

in plaats van enkele polymorfisme het risico op verlies van het transplantaat wordt bepaald door de 

combinatie van complement-SNP’s in zowel de donor als de ontvanger. Naast het additieve effect van 

SNP’s in complement-eiwitten, toonden we ook aan dat beschermende en gevaarlijke SNP’s elkaars 

effect konden compenseren. Dit laatste zou kunnen helpen om het tegenstrijdige resultaat te verklaren 

dat werd gevonden in eerdere studies over het effect van complement-SNP’s op de overleving van het 

transplantaat.52,58,59 Vanuit een voorspellend perspectief zou de Complotype risicoscore kunnen worden 

gebruikt voor de prognose van het transplantaat na de transplantatie. Het Complotype zou echter 

ook kunnen worden gebruikt om de compatibiliteit tussen de donornier en de ontvanger te bepalen. 

In de huidige praktijk worden HLA-typering en ABO-typering uitgevoerd om de compatibiliteit te 
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beoordelen.60  De Complotype-risicoscore kan deze beoordeling verbeteren en daardoor helpen om 

de meest geschikte ontvanger voor elke donornier te identificeren. Bovendien geeft de Complotype-

risicoscore een indicatie van de mogelijke complement-gemedieerde schade aan de getransplanteerde 

nier. Daarnaast helpt de risicoscore bij het identificeren van patiënten die baat kunnen hebben bij 

behandeling met complementremmers.

Deel B van dit proefschrift identificeerde nieuwe potentiële doelenwitten voor therapeutische 

complementremming in de hersendode orgaandonor of in de ontvanger tijdens reperfusie. Vervolgens 

moeten gerandomiseerde klinische onderzoeken bepalen of remming van complement in hersendode 

donoren en/of in de ontvanger de uitkomst na niertransplantatie zal verbeteren.61
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