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Introduction

Chronic kidney disease (CKD) is a growing global health problem with a prevalence of approximately 
10–15% worldwide.1 Diabetes and high blood pressure are the main causes of CKD.2 In the 
Netherlands, 2000 new patients are diagnosed with CKD each year. Progression of the disease leads 
to end-stage renal disease (ESRD), which then requires renal replacement therapy as a treatment. 
Renal transplantation is the preferred treatment for ESRD, however not all patients are considered 
suitable for transplantation and not all the suitable patients can immediately be transplanted due 
to an organ shortage. Therefore, most of the ESRD patients remain in dialysis for life-long treatment 
or until an appropriate organ for renal transplantation is found. In the Netherlands, 6.500 patients 
are dependent on dialysis of which the majority receives hemodialysis (HD). Although dialysis is a 
life-saving treatment, the life expectancy and the quality of life of these patients is inferior when 
compared to the general population. Every year, 1 out of 6 dialysis patients die. Moreover, from the 
patients that start dialysis at the age of 45 to 65 years old, 50% will die within 5 years.3 Compared 
to the general population, HD patients have a 10–20 fold increased risk of cardiovascular morbidity 
and mortality.4,5 The traditional risk factors of cardiovascular (CV) disease such as hypertension, 
diabetes and dyslipidemia do not seem to be the responsible for the increased CV- risk since studies 
targeting modifications in these risk factors were unsuccessful.6 However, the non-traditional risk 
factors for CV disease include inflammation, oxidative stress and vascular calcification and are 
associated with poorer prognosis.6 The complement system has been proposed to play a vital 
role in the inflammatory response induced by dialysis and could be the missing link between high 
morbidity and mortality and dialysis therapies.6,7 As a major part of the innate immune system, the 
complement system consists of a network of more than forty proteins. Initially, the complement 
system was perceived as a system to fight against pathogens. However, this traditional view of 
the complement system has evolved over the past years. Besides fighting against pathogens, the 
complement system has been linked to different disease processes and was shown to be crucial for 
homeostasis.8,9 In this thesis, we further investigate the role of the complement system in different 
contexts, from health to disease and treatment. 

Scope of the thesis 
The aim of this thesis is to investigate the pathophysiology and clinical consequences of complement 
activation in CKD and dialysis. Furthermore, this thesis aims to unravel the mechanisms and 
pathways involved in complement activation in CKD and dialysis. Chapter 2 offers an overview of 
the role of the complement system in renal disease with a special focus on the lectin pathway. A 
new concept of lectin pathway activation was discussed and a fresh look into complement related 
renal diseases was given. In Chapter 3, the current knowledge about the role of the complement 
system in dialysis was summarized. Based on previous literature, a model for complement activation 
in hemodialysis and peritoneal dialysis was proposed. In addition, the clinical consequences of 
complement activation were discussed and potential therapeutic options were explored. In Chapter 
4, we investigated if complement activation still occurs in hemodialysis with modern membranes. 
In addition, we explored the effect of hemodialysis on complement components of the different 
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pathways. Lastly, we assessed whether these changes were associated with morbidity and mortality 
in HD patients. Next, in Chapter 5 we hypothesized that HD-induced complement activation initiates 
a pro-inflammatory and pro-thrombotic response. A case-control study was performed to investigate 
intradialytic complement activation in patients that developed cardiovascular disease during 
follow-up and compared this to patients who remained disease free. Furthermore, inflammation 
and pro-thrombotic factors were also assessed. To explore the causal relation between complement 
activation and subsequent inflammation and coagulation, we developed an ex-vivo model of HD 
and tested the effect of complement inhibition on inflammation and coagulation. In Chapter 6, we 
investigated whether systemic and local complement activation occurred in peritoneal dialysis (PD) 
and dissected the pathways responsible for it. We hypothesized that while HD would be associated 
with systemic complement activation, PD would only activate the complement system locally. 
Moreover, we compared complement activation in PD with complement activation in HD and with 
CKD patients to exclude the possibility of complement activation due to the disease itself. Lastly, 
we investigated the role of soluble CD59 in local complement activation by PD. In Chapter 7 we 
explored the in-vitro capacity of different iron preparations to activate the complement system. Iron 
preparations are commonly used in CKD and are known for their risk of hypersensitivity reactions. 
Previously, the complement system has been proposed to be the key element in the development 
of the hypersensitivity reactions through complement activation-related pseudo-allergy (CARPA). 
Therefore, to test the concept of CARPA, in Chapter 7 different iron preparations were tested in 
multiple complement assays. Subsequently, in Chapter 8 two of the most commonly clinically used 
iron preparations were tested in-vivo. 
 Currently, complement inhibitors are being used in the clinics and more are expected to 
follow since several clinical trials are ongoing. Nevertheless, patient selection remains crucial for 
the clinical success of these treatments, considering the heterogeneity of complement mediated-
diseases together with the high costs of complement therapeutics. Besides genetics, patient 
characteristics such as age and sex could be valuable to select patients that would benefit from 
complement-targeted therapies. Therefore, Chapter 9 explores age and sex-associated changes in 
the complement system in a healthy Caucasian population.
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Abstract

The complement system is composed of a network of at least 40 proteins, which significantly 
contributes to health and disease. The lectin pathway (LP) is one of three pathways that can activate 
the complement system. Next to protection of the host against pathogens, the LP has been shown 
to play a crucial role in multiple renal diseases as well as during renal replacement therapy. Therefore, 
several complement-targeted drugs are currently being explored in clinical trials. Among these 
complement inhibitors, specific LP inhibitors are also being tested in renal abnormalities such as 
in immunoglobulin A nephropathy and lupus nephritis. Using various in vitro models, Yaseen et al. 
(Lectin pathway effector enzyme mannan-binding lectin-associated serine protease-2 can activate 
native complement component 3 (C3) in absence of C4 and/or C2. FASEB J 2017; 31: 2210–2219) 
showed that Mannan-associated serine protease 2 can directly activate C3 thereby bypassing C2 and 
C4 in the activation of the LP. These new findings broaden our understanding of the mechanisms 
of complement activation and could potentially impact our strategies to inhibit the LP in renal 
diseases. In support of these findings, we present data of human renal biopsies, demonstrating 
the occurrence of the LP bypass mechanism in-vivo. In conclusion, this review provides a detailed 
overview of the LP and clarifies the recently described bypass mechanism and its relevance. Finally, 
we speculate on the role of the C4 bypass mechanism in other renal diseases.
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Introduction

The complement system is a major pillar of our innate immune system and additionally plays a 
vital role in renal diseases.1 The complement system can be activated via three different pathways: 
the classical pathway (CP), the lectin pathway (LP) and the alternative pathway (AP). Activation of 
any of these pathways leads to the cleavage of complement component 3 (C3) and subsequently 
activation of the terminal pathway of complement.2 The LP has been shown to be involved in the 
pathogenesis of various renal diseases,1 and will be discussed in further detail.

Brief description of the LP

In hindsight, the first article published about the LP was in The Lancet in 1968, when Miller et al. 
reported on patient with a familial plasma-associated defect in phagocytosis.3 However, in 1978 
mannose-binding lectin (MBL) was first discovered and isolated from the rabbit liver. Yet, it took 
another 9 years for the study by Ikeda et al.4 to demonstrate the ability of MBL to activate the 
complement system. Finally, the landmark study by Super et al. in 1989 linked the presence of low 
levels of MBL to a defect in phagocytosis. 5 Moreover, Sumiya et al. published in 1991 the genetic 
basis for the low levels of MBL in children with recurrent infections.6 Ultimately, Matsushita and 
Fujita added the missing piece of the puzzle in 1992.7,8 Initially, the view of the LP consisted of MBL 
binding to sugars on pathogens, leading to Mannan-associated serine protease (MASP)-2 activation 
and subsequent cleavage of C4 and C2, and generation of C4bC2a, the C3-convertase. Finally, 
cleavage of C3 results in the generation of C5a and C5b-9.1 However, new findings have transformed 
our view of the LP from a simple route to a vastly complex one involved in health and disease. First of 
all, in addition to MBL other pattern recognition molecules of the LP have been discovered, namely 
the Ficolin’s (Ficolin-1, Ficolin-2 and Ficolin-3) and the Collectins (CLs) (CL-10 and CL-11).1 Binding of 
these initiators (MBL/ Ficolins/CLs) to molecular patterns (e.g. sugars) leads to activation of MASP-1, 
which thereafter activates MASP-2.8 Collectively, the MASPs cleave C4 and C2 into the C4bC2a, the 
C3-convertase. This convertase further cleaves C3 into C3a and C3b. Furthermore, novel regulators 
of the LP have also been described, more specifically MAp19 and MAp44.8 These molecules are 
competitive antagonists of the MASPs and thereby prevent complement activation via the LP. In 
addition, the LP has been linked to the AP. Recently, MASP-3 was discovered, an alternative splicing 
product of MASP-1. The function of this serine protease was unknown for a long time until Dobó 
et al. revealed that MASP-3 cleaves pro-factor D into factor D, thereby establishing a crucial link 
between the LP and the AP.9 Additionally, Yaseen et al. described an exciting new finding about 
the LP, named the MASP-2-dependent bypass.10 Using various in vitro models with purified or 
recombinant complement components and normal serum or specific complement deficient serum, 
the authors established that activated MASP-2 can also directly cleave native C3. This means that 
MASP-2 can support LP activation without previous cleavage of C4 and/or C2. Furthermore, the 
C4 and/or C2 bypass mechanism is only present for the LP and not for the CP. These new insights 
inspired us to re-evaluate previous findings about the LP in experimental and translational studies. 
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Moreover, this new mechanism could have implications for therapeutic strategies of the LP in tissue 
injury and disease (Figure 1).

Figure 1 | Overview of the lectin pathway of the complement system. The lectin pathway (LP) is one of the 
activation pathways of the complement system. The LP consists of three types of pattern recognition molecules 
(PRM): Ficolins, Mannan-binding lectin (MBL) and Collectins. These initiators form complexes with the MBL-
associated serine proteases (MASP-1, MASP-2, MASP-3). In brief, Ficolins bind with high affinity to sugars or 
acetylated compounds, while MBL recognizes predominantly polysaccharides. Moreover, the PRMs of the LP can 
recognize these molecules on pathogens but also on apoptotic and stressed cells. Additionally, other molecules 
such as immunoglobulin A are also able to activate the LP. The main regulators of the LP are MAp19 and MAp44, 
which are competitive antagonists of the MASPs. Once the LP is initiated, C3 activation occurs by the C3-convertase 
C4bC2a. The formation of the C3-convertase depends on previous cleavage of C4 and C2. The C4 bypass pro-posed 
by Yassen et al. forms an additional route for C3 activation. In the C4 bypass, MASP-2 directly leads to C3 activation 
independent of previous C4 and C2 activation. Next, C3 activation leads to C5 cleavage, forming C5a and C5b. 
Finally, C5b merges with C6-C9 forming the C5b-9, also called membrane attack complex.
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The LP in renal transplantation

Renal transplantation was one of the first clinical entities in which the LP was shown to be involved 
in complement-mediated injury.11,12 In hindsight, the description of the C4/C2 bypass is crucial to 
understand experimental findings of LP involvement in renal ischemia reperfusion injury (IRI). IRI is 
characterized by a temporary halt of blood flow to an organ. Originally, Zhou et al. demonstrated 
that C3-deficient mice were protected from renal IRI whereas C4-deficient mice were not.13 The 
authors then concluded that the AP must have been responsible for complement-mediated injury 
in IRI, and not the LP or CP. To test this hypothesis, Asgari et al. subjected MASP-2-deficient mice to 
renal IRI and found that the lack of MASP-2 was protective.14 Moreover, MASP-2 deficiency led to 
decreased complement activation thereby preserving renal function after IRI. The initial notion that 
the LP was not involved in renal IRI was, there-fore, rejected. However, this finding led to many new 
questions, such as which LP initiator was responsible for MASP-2 activation. To further investigate 
the role of the LP in IRI, Farrar et al. induced renal IRI in mice deficient for the pattern recognition 
molecule CL-11.15 In accordance to MASP-2 -/- mice, CL-11 deficiency ameliorated renal function. 
Furthermore, Farrar et al. also investigated the molecular pattern responsible for activating the LP. 
In the mouse model, the main mechanism of complement activation in renal IRI is the induction of 
L-fucose by cell stress leading to the binding of CL-11 and subsequent activation of MASP-2, thereby 
cleaving C3 and as a result the formation of C5a.13-16 However, the lack of protection seen in C4 
-/- mice remained an unsolved enigma. Correspondingly, similar results were obtained in rodent 
models of myocardial and gastrointestinal IRI, where MASP-2 deficiency was protective as well but 
C4 deficiency was not.17 The recent observation by Yaseen et al. of the C4/C2 bypass mechanism of 
the LP, leading to direct C3 activation without involvement of C4 and C2, provides an explanation for 
this long-standing paradox of the LP in IRI. 
 Despite these novel findings, human proof for the C4/C2 bypass phenomenon is absent. In the 
past years, we investigated the role of complement in renal transplantation, with special interest in 
deceased-donor invoked-complement activation.18 We wanted to evaluate the role of the LP and, 
therefore, performed double staining for MASP-2/C4d and MASP-2/ C3d in three human kidney 
biopsies of non-heart-beating donors prior to transplantation. As depicted in Figure 2, MASP-2 
deposition co-localizes with C3d but not with C4d. Overall, C3d deposition was present in the renal 
medulla and cortex and MASP-2 was seen in renal medulla. On the contrary, C4d was only deposited 
in glomeruli. Hence, MASP-2 seems to be involved in C3 activation in the medulla of deceased organ 
donors without C4 activation. However, we cannot exclude the possibility of MASP-2 synthesis, 
making the deposition of MASP-2 in the medulla of the kidney a sign of production rather than 
activation. Nonetheless, the liver predominantly produces MASP-2 and the production of MASP-2 by 
the kidney has thus far not been demonstrated, making it less likely.19 Moreover, in a transcriptomic 
analysis of non-heart-beating deceased donors’ biopsies, MASP-2 expression was not upregulated 
when compared with living donors, supporting that MASP-2 production by the kidney is unlikely.20 
Since MASP-2 is reported to be predominantly expressed in the liver, no MASP-2 deposition would 
be expected in the kidney, suggesting that the MASP-2 depositions seen in the biopsies might be 
due to complement activation. Our data indicate the existence of complement activation via the 
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Figure 2 | Immunohistochemical analysis of complement activation in renal tissue of human non-heart beating 
donors. Confocal microscopy of a human kidney of a non-heart beating (NHB) organ donor. Immunofluorescent 
staining was performed using a polyclonal antibody against C3d (A0063, Dako, Carpinteria, CA, USA), polyclonal 
against C4d (BI-RC4D, Biomedica, Vienna, Austria) and a monoclonal antibody specific for MASP-2 (HM2191, 
Hycult, Uden, The Netherlands). Staining for C3d and C4d was developed with an fluorescein isothiocyanate 
(FITC)-labelled anti-rabbit IgG (green). Tetramethylrhodamine isothiocyanate (TRITC)-labelled anti-mouse 
IgG (red) was used for MASP-2. DAPI was used to counterstain nuclei (blue). Negative controls, without primary 
antibodies, showed no positive staining for TRITC or FITC (data not shown). Overlayed images were obtained with 
the Leica Confocal Software (Leica Microsystems Heidelberg GmbH, Mannheim, Germany). (A) Image of the renal 
medulla. (1) Double staining for C3d and MASP-2. Co-localization of C3d and MASP-2 was seen in the tubuli. (2) 
Double staining for C4d and MASP-2. No C4d deposition was seen in the tubuli, only MASP-2 depositions. (B) Image 
of the renal cortex. (1) Double staining for C3d and MASP-2. C3d depositions were seen periglomerular. (2) Double 
staining for C4d and MASP-2. C4d deposition were only seen in the glomeruli . Magnifications (A) 200x and (B) 
400x.

C4 bypass mechanism in human tissue, which would be in agreement with results from animal 
studies. Although the current finding implies the presence of the C4 bypass in human settings, 
further research is needed. Previously, complement activation in deceased organ donors has been 
shown to affect outcome after transplantation. More specifically, Damman et al. described that high 
C5b-9 levels in deceased donors are associated with acute rejection after renal transplantation.21 
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Additionally, in a genetic analysis of C3 allotypes, the association with primary non-function was 
only seen in non-heart-beating donors.22 Together, these results suggest an important role for the 
complement system in renal injury prior to transplantation.
 In transplantation, the role of the LP has also been investigated in rejection after kidney 
transplantation. However, conflicting data exist, since LP activation has been associated with 
either a protective or deleterious effect on the occurrence of acute rejection. Previously, Berger 
et al. demonstrated that high MBL levels were associated with a more severe rejection leading to 
graft loss.11 However, recently Golshayan et al. reported in a larger cohort that low MBL levels were 
associated with a higher occurrence of acute rejection.23 Moreover, the LP has also been suggested 
to be responsible for the C4d deposition seen in antibody-mediated rejection.24 In summary, there 
is growing evidence of the role of the LP in renal transplantation. However, with the current new 
findings about the C4 bypass mechanism, it is important to re-evaluate the LP in other complement-
related disease.

The LP in renal disease, a fresh look at old data

Deregulation of the complement system plays a major role in several renal diseases. Moreover, a 
particular interest has arisen in the LP since this pathway has been linked to harmful effects in kidney 
transplantation and other complement-related renal diseases.25 With the recent discovery of the C4 
bypass, previous reports and studies about the LP in renal pathology should be re-evaluated.
 Primary, immunoglobulin A (IgA) nephropathy (IgAN) is a glomerular nephropathy characterized 
by deposition of IgA and complement proteins in the kidney. Initially, complement activation 
in this disease was thought to arise from AP activation because of the finding of properdin and 
C3 depositions in IgAN biopsies.26 However, Roos et al. later demonstrated a role for the LP in 
IgAN. 27 More specifically, the presence of MBL, C4d and ficolin-2 depositions in the renal biopsies 
was associated with worse renal function and more severe progression of disease.27 In support of 
this, C4d deposition, used as a marker for LP activation, was again shown to be a good predictor of 
disease progression.28 Additionally, a new study in a large cohort of IgAN patients recently showed 
that high serum levels of MBL are associated with accelerated IgAN progression.29 Thus, in addition 
to the AP, a role has been demonstrated for the LP in the progression and prognosis of IgAN. Whether 
both the LP and AP are primarily involved in the disease or whether the AP merely functions as an 
amplification loop, remains to be investigated. Moreover, the recently described link between AP 
and LP could also explain the presence of AP depositions in IgAN, since activation of pro-factor D by 
MASP-3 critically affects AP activation.26

 Another important complement-related renal disease is lupus nephritis (LN). In the majority of 
patients with systemic lupus erythematosus (SLE), there is histological proof of LN.30 The role of the 
complement system in lupus is dual. On the one hand, complement deficiencies are associated with 
the occurrence of SLE, but on the other hand complement activation is linked to disease activity.30 
In LN, complement activation is thought to be triggered by the CP and the AP, since depositions of 
IgG, C1q, C3d, properdin and C5b-9 are seen in renal biopsies.31 However, several studies have also 
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demonstrated the involvement of the LP activation. In LN, renal biopsies displayed depositions of 
MBL and Ficolin-2.32,33 In addition, MBL depositions as well as MBL serum levels have been shown 
to be a predictor of disease activity of SLE.34 Moreover, plasma levels of Ficolin-1 and Ficolin-3 also 
form valuable biomarkers to monitor disease activity of SLE.34 In accordance, results from murine 
models indicated LP involvement in LN, by showing co-localization of MBL and C3 depositions in 
diseased kidneys.35 To summarize, the CP (and AP) have a major role in the initiation of the disease, 
while LP seems to be involved in the progression of the disease. Remarkably, it has previously been 
demonstrated that renal C4d deposition in LN cannot be attributed to the LP.36 Furthermore, C4 
deficiencies are associated with the development of SLE. Interestingly, this deficiency would prevent 
CP activation in SLE individuals, whereas complement activation via the LP would still be possible 
via the C4 bypass mechanism.37 Future studies should, therefore, explore the possible contribution 
of this new C4 bypass mechanisms in LN and SLE. In diabetic nephropathy (DN), evidence for a role 
of the complement system comes from experimental and clinical studies. Two different mechanisms 
have been proposed for the role of complement in the pathogenesis of DN: (I) LP activation by sugars 
and (II) hyperglycemia-induced dysfunction of complement regulators.38 Both mechanisms are 
related to LP activation, subsequently leading to complement activation. Fittingly, MBL and Ficolin-3 
have been shown to be reliable biomarkers in the prediction and progression of DN in both Type 1 
and Type 2 diabetes.39,40 Additionally, MASP-1 and MASP-2 levels were shown to be higher in diabetic 
patients, although this finding was not restricted to patients with DN.41 Recently, renal depositions 
of complement components were analyzed in a cohort of diabetic patients with and without DN. 
Patients with DN showed significantly increased amounts of C4d depositions when compared with 
patients without DN, whereas healthy controls exhibited no C4d deposition.42 In contrast, low C4 
plasma levels were reported in diabetic patients and associated with microvascular disease.43 In 
conclusion, complement activation via the LP is well established in diabetic individuals. Besides the 
role of the complement system in renal diseases, complement activation is also a key mediator of 
inflammation during hemodialysis (HD).44,45 The LP has been shown to be involved in HD-induced 
complement activation.46,47 Proteomic studies by Mares et al. revealed that Ficolin-2 and MBL bind 
to the HD membrane leading to LP activation.48 The latter is supported by previous studies, showing 
that systemic C4d levels increase during HD and correlate with C3d levels. Furthermore, these 
results also imply a lesser role of the C4 bypass mechanisms in HD. However, reports by Lhotta et al. 
indicate that C4-deficient patients still exhibited complement activation.49 The authors concluded 
that the remaining complement activation must have been due to AP activity. However, another 
explanation could be that the C4 bypass mechanism led to the observed complement activation in 
these patients.

Future perspectives on LP-related diseases

An important aspect that remains unanswered is the purpose of the C4 bypass mechanism. The 
answer possibly lies in the fact that C4 and C2 form the rate-limiting step in CP and LP activation.50 
However, for systemic complement activation, this is not a problem since there is an abundant 
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amount of C4 and C2 present in serum. Nevertheless, during local complement activation, such 
as occurs in the renal interstitium in IRI, the amount of C4 and/or C2 could potentially limit the 
immune activation. We therefore speculate that this bypass mechanism enables LP activation in 
remote tissue areas with reduced perfusion and, therefore, limited amounts of C4/C2. In accordance 
with this hypothesis, we observed that the C4 bypass mechanisms occurred in the renal medulla 
and not the cortex. Fittingly, the renal medulla is less perfused than the renal cortex. Altogether, we 
speculate that the C4 bypass mechanism would be predominantly important for local complement 
activation (solid phase) and less for systemic complement activation (fluid phase) (Figure 3).

Figure 3 | The proposed importance of the C4 bypass mechanism to local complement activation. The 
importance of the C4 bypass mechanisms remains to be investigated. However, we propose that this bypass 
mechanism is essential to enable local complement activation. In general, C4 and C2 could form a rate-limiting 
step for complement activation of the classical pathway and LP. However, in blood there is an abundance of C4 and 
C2 and complement activation via the LP occurs via the C4b2a also known as the C3-convertase (left side). The role 
of C4 bypass mechanisms in the circulation is most likely limited. In contrast, in tissue with low perfusion there is a 
little presence of C4 and C2, thereby limiting LP-mediated complement activation. Under these conditions, the C4 
bypass mechanism enables local complement activation of LP. Damaged renal tubule due to ischemia represents 
an example of local complement activation where the C4 bypass mechanisms is essential (right side). To conclude, 
we hypothesize that the C4 bypass mechanism is mainly important for local LP-mediated complement activation 
under condition with reduced availability of C2/C4.



22 Chapter 2

A better understanding of the LP is relevant for the design and implementation of complement-
targeted therapies. Different targets can be used to inhibit complement activation.51,52 Possible 
strategies include (I) blockade of the initiators of the complement pathway, (II) blockade of the C3- 
and/or C5-convertases, (III) blocking the terminal pathway of the complement system and finally 
(IV) enhancing the capacity of complement inhibitors present in serum. Currently, eculizumab and 
C1-inhibitor are the only Food and Drug Administration (FDA)-approved drugs for complement 
inhibition. Eculizumab inhibits C5, thereby blocking the terminal part of the complement cascade, 
thus inhibiting the final part of all three pathways. Alternatively, C1-inhibitor is an inhibitor of 
the initiators of the CP and also for the LP, especially by binding of MASPs. Novel approaches for 
complement inhibition are under development. A MASP-2 inhibitor (OMS721-Omeros) is currently 
being tested in a phase II clinical trial for IgAN. Inhibition of MASP-2 is a suitable way to fully stop 
LP activation, and would also impair the C4 bypass mechanism. This novel drug could, therefore, 
be a promising new therapeutic approach for LP-mediated renal diseases. Furthermore, other 
specific LP inhibitors have also been described, however, only in in vitro or in preclinical models. 
For instance, low-molecular weight heparinoids, which are already widely used in clinic for their 
anticoagulant effects, are also known to inhibit the LP.54 Alternatively, Keizer et al. showed that tissue 
factor pathway inhibitor is another selective inhibitor of the LP.55 Another approach to inhibit the LP 
could be blockade of the C3-convertase by using a monoclonal antibody against C2 or C4. However, 
this strategy would also inhibit CP activation and would not prevent LP activation via the C4 bypass.

Conclusion

In summary, in vitro studies as well as animal models of ischemia reperfusion have demonstrated 
a mechanism of LP activation without the use of C2 and/or C4. However, these findings warrant 
additional investigations in humans. We have provided first evidence supporting the presence of 
the C4 bypass mechanism of direct activation of C3 in humans as well. Therefore, a possible role 
for this new bypass mechanism in other complement-related diseases should be considered. The 
findings by Yaseen et al. could be of major importance for the development and implementation 
of new complement therapies in nephrology. In addition, the recent success of complement 
inhibitors in clinical trials and the common off-label use of these drugs sup-port the concept that 
new complement-targeted therapies could be useful in clinical practice.53 More specifically, current 
trials investigating new LP inhibitors in kidney diseases might change the treatment and prognosis 
of multiple renal diseases.
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Abstract

Significant advances have led 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 membranes and peritoneal dialysis 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 hemodialysis and peritoneal 
dialysis. 
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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 remains extremely high.3 
Both traditional risk factors (such as hypertension, dyslipidemia, and diabetes), as well as non-
traditional 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 bioincompatibility. 

Biocompatibility

The term ‘biocompatible’ refers to the “capacity of a material/solutions 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 plasmapheresis17 
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 
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to the biomaterial, 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

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 

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 
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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 a 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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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 
 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 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. 

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 
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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 pro-coagulative 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

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 chemokines. More specifically, the activation of neutrophils by C5a leads to the release of granule 
enzymes, e.g. myeloperoxidase (MPO).
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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 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. 
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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 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

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; (1) 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 
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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-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. Eculizumab 
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 
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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. 

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 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

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 
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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 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. 
 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, 
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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. 

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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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-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-β 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 
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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.

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 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. 
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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. 
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We hypothesized that MBL levels adversely affect cardiovascular risk in HD patients. Therefore, 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 H2SO4. Absorption was measured at 450 nm. Plasma from 50 healthy volunteers served 
as controls.
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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 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.



56 Chapter 4

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 (Figure 
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 (Figure 1C-D), C3d (Figure 1E-F) and C5b-9 (Figure 1G-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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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.
 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).
 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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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).

Table 1 | Univariate analysis of MBL, properdin, C3, C3d and C5b-9

Plasma concentration At start hemodialysis At end hemodialysis P-valuea Controls P-valueb

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-valuec

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-valued

MBLe 42.30 74.10 0.003

MBLf 48.50 74.30 0.02

Properdine 65.40 74.10 0.6

C3dg 67.50 66.70 0.8

C3d/C3g 67.50 66.70 0.9

C3g 68.80 63.00 0.7

C5b-9g 67.50 69.20 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
Italic values used to show which statistical testing was significant (below 0.05)
Abbreviations: 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 versus 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%



60 Chapter 4

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.

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. 
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Table 2 | Baseline characteristics of hemodialysis patients presented as groups according to MBL levels

Patients P*<0.001 R P#

All (n=107) MBL low  
319<ng/mL (n=26)

MBL high  
319≥ng/mL (n=81)

MBL range (ng/mL) 821 (319–1477) 98 (33–146) 1290 (671–1848)

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

Postdialysis, 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

Postdialysis, 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

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
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Table 2 | Continued

MBL range (ng/mL) Patients P*<0.001 R P#

All (n=107) MBL low  
319<ng/mL (n=26)

MBL high  
319≥ng/mL (n=81)

821 (319–1477) 98 (33–146) 1290 (671–1848)

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

Italic values used to show which statistical testing was significant (below 0.05)
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
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]

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 Italic values used to show which statistical testing was significant (below 0.05)
Abbreviations: MBL, mannose-binding lectin; HD, hemodialysis; hsCRP, high sensitive C-reactive protein
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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 %) 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)a 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) 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
Abbreviations: MB,L mannose-binding lectin; CVD, cardiovascular diseases; DM, Diabetes Mellitus; HD, hemodialysis; hsCRP, high sensitive 
C-reactive protein
a Change in C-statistics compared to model without post-hemodialysis MBL levels

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 
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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 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 liver,39 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 controls,40 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.
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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 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).
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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.
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Abstract
 
Background
Hemodialysis (HD) is a life-saving treatment for patients with end stage renal disease. However, HD 
patients have markedly 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 HD-induced complement activation together with inflammation and thrombosis are involved 
in the development of CV-events in these patients.

Methods
HD patients were followed for the occurrence of CV-events during a maximum follow-up of 45 
months. Plasma samples were collected from 55 patients at different time points during one HD 
session prior to follow-up. Plasma levels of mannose-binding lectin, properdin and C3d/C3 ratios 
were assessed by ELISA. In addition, levels of von Willebrand factor, TNF-α and IL-6/IL-10 ratios were 
determined. An ex-vivo model of HD was used to assess the effect of complement inhibition.

Results
During median follow-up of 32 months, 17 participants developed CV-events. In the CV-event 
group, the C3d/C3-ratio sharply increased 30 minutes after the start of the HD session, while in the 
event-free group the ratio did not increase. In accordance, HD patients that developed a CV-event 
also had a sustained higher IL-6/IL-10-ratio during the first 60 minutes of the HD session, followed 
by a greater rise in TNF-α levels and von Willebrand factor at the end of the session. In the ex-vivo 
HD model, we found that complement activation contributed to the induction of TNF-α levels, IL-6/
IL-10-ratio and levels of von Willebrand factor. 

Conclusions
In conclusion, these findings suggest that early intradialytic complement activation predominantly 
occurred in HD patients who develop a CV-event during follow-up. In addition, in these patients 
complement activation was accompanied by a pro-inflammatory and pro-thrombotic response. 
Experimental complement inhibition revealed that this reaction is secondary to complement 
activation. Therefore, our data suggests that HD-induced 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 resulting in the formation of C3b, the large fragment and C3a, 
an anaphylatoxin. Ultimately, C3b is broken down progressively to iC3b and then to the more stable 
fragment C3d. The functions of the complement system were thought to be limited to opsonization 
and lysis 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 activate the complement system.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.15 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 pro-thrombotic factors 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. Furthermore, we used an ex-vivo model of HD to further 
elucidate the role of complement activation as a trigger for inflammation and coagulation in HD.

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 patients could be included for this 
study. The protocol has been previously described.2 In short, patients were included if the duration 
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of HD therapy was longer than 3 months. Patients with severe heart failure (NYHA class IV) were 
excluded. Patient characteristics were extracted from patient records. 

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 hemodialysis sessions lasted 
for 4 hours. The blood and dialysate flow rates were 250–350 and 500 mL/min, respectively. A 
constant ultrafiltration rate was used. Dialysate composition was as follows: acetate, 3.0 mmol/L; 
bicarbonate, 34 mmol/L; calcium, 1.5 mmol/L; chloride, 108 mmol/L; glucose, 1.0 g/L; magnesium, 
0.5 mmol/L; potassium, 1.0 or 2.0 mmol/L; sodium, 139 mmol/L The dialysate temperature was kept 
on 36.0 or 36.5°C. Blood samples were taken just before the start of the dialysis session, and after 30, 
60, 180 and 240 minutes. 

Definition of endpoint
The end-point of the study was defined as the time to the first CV-event. CV-events included cardiac, 
cerebrovascular or peripheral vascular events. Occurrence of a cardiac event was defined as a 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, two out of the following three criteria 
had to be present: 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.17

Ex-vivo model of hemodialysis
An ex-vivo model of HD was used as previously described.18 In brief, a closed circuit was assembled 
using a pediatric polysulfone hollow-fiber dialyzer (FX paed; Fresenius Care, Germany) and blood 
lines (SN-Set ONLINEplus BVM 5008-R, Fresenius Care, Germany). The total volume of the circuit was 
approximately 50 mL. Perfusion was achieved using a Masterflex® peristaltic pump (Cole-Parmer, 
USA) and was flow-controlled (TS410 tubing flow module, Transonic systems Inc, USA) to reach a 
perfusion flow of approximately 140 to 160 mL/min. The temperature was kept constant at 37°C 
and controlled by an external heater. Whole blood was taken from healthy volunteers (n=3) and 
anticoagulated with low-molecular weight heparin (1 U/mL). Initially, the circuit was primed with 
NaCl 0,9% and perfused for approximately 20 minutes to remove air bubbles. Prior to perfusion, 
the dialysate compartment was filled with NaCl 0,9% and closed. Next, freshly drawn heparinized 
blood was added to the circuit, while the same volume of the saline solution was discarded. The 
system was perfused with recirculating blood for 4 hours. Samples were collected at the start of 
the perfusion and after 30, 60, 120, 180 and 240 minutes. To investigate the effect of complement 



75Intradialytic complement activation precedes the development of cardiovascular events in hemodialysis patients

5

inhibition, two consecutive sessions were performed for each healthy volunteer. During one session, 
200 units of C1-inhibitor (Cinryze©, Viropharma, USA) were added to the blood prior to perfusion, 
whereas the other session without C1-inhibitor (C1-INH) served as a control. 

Inflammatory markers and pro-thrombotic factors
In the HD cohort, TNF-α was measured by Quantikine HS Human Immunoassay (R&D System 
Inc, USA). Furthemore, IL-6 and IL-10 were determined using a quantitative sandwich enzyme 
immunoassay technique (R&D System Inc, USA). Lastly, Von Willebrand Factor (vWF) was measured 
by enzyme-linked immunosorbent assay (Dakopatts, UK). In the ex-vivo HD model, TNF-α, IL-6, IL-10 
and vWF were measured using a human magnetic luminex assay (R&D Systems Inc, USA) according 
to the manufacturer’s instructions. 

Quantification of complement proteins
C3d was measured by sandwich enzyme immunoassay as previously described.19 Quantitative 
antigenic assay for C3 was performed by the radial immunodiffusion technique with monospecific 
anti-sera.19 The C3d/C3 ratio was determined by dividing the C3d values in µg/mL by the C3 
concentration in mg/mL. Additionally, Properdin and MBL concentrations were measured as 
described earlier.19,20 

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. Nominal data are displayed as total number of 
patients with percentage [n (%)]. Differences between two groups were assessed with the student 
t-test, whereas the paired t-test was used to compare values of a single variable during different time 
points within the HD session. A one-way ANOVA was used when assessing for differences in multiple 
groups, followed by  Bonferroni’s post-hoc  comparisons tests. The association between different 
variables and the incidence of CV-event were assessed by Cox proportional hazard regression. The 
Harrell’s C statistic is the equivalent of the area under the ROC curve, if the outcome is binary.21

Ethics 
This study was performed in accordance to the Declaration of Helsinki and was approved by the 
Medical Ethical Committee from the University Medical Center Groningen. All participants signed 
informed written consent. 
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Results

Patients characteristics 
Blood samples from 55 patients on maintenance HD were available, of which 35 were male and 20 
female (Table 1). 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%). In our study, the cause of death were 
cardiovascular (44%), infection (12.5%), discontinuation of the HD treatment (12.5%) or unknown 
(31%). 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-
vascular accident and 17% developed peripheral vascular disease. Next, we created two different 
groups; the 17 patients that developed a CV-event during follow-up (CV-event group) and the 38 
patients that remained event-free (event-free group). 

Complement activation in the HD patients
To assess complement activation, we determined the C3d/C3-ratio in 55 patients during one HD 
session at the start of the follow-up. The C3d/C3-ratio at baseline 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-event group: 11.8 ± 8.5, event-free group: 12.9 ± 10.0). 
However, when the intradialytic C3d/C3-ratios were compared between the two groups, clear 
differences were seen (Figure 1 and Table 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). In addition, Cox regression analysis 
was performed to assess the association between C3d/C3 ratio at 30 minutes and occurrence of a 
CV-event (Table 2). In the crude model, C3d/C3 ratios were associated with a hazard ratio of 1.06 
(95% CI 1.02–1.09; P<0.001). After adjustment for age and gender, variables with P<0.1 in univariate 
analysis (BSA, chronic pyelonephritis as primary renal disease and use of aspirin), cardiovascular risk 
factors (CV history, DM and hypertension) or characteristics of HD (Ultrafiltration rate, ultrafiltration 
volume and dialysis vintage), the association between C3d/C3 ratio at 30 minutes and CV-event 
remained significant. Subsequently, the Harrell’s-C statistics was determined to further confirm the 
potential relationship between complement activation and CV-events. Plasma C3d/C3 ratio at 30 
min had a Harrell’s-C statistics of 0.71 (95% CI 0.55–0.88; P=0.01).
 We next set out to assess the contribution of the AP and LP to HD-induced complement 
activation. Due to a lack of samples, properdin and MBL levels were measured in a subgroup of 30 
patients (Figure 2). In this subgroup, there were 11 patients in the CV-event group and 19 patients 
in the event free group. MBL and properdin levels were comparable between the two groups at the 
start and at the 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 
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group. To summarize, MBL consumption was seen in the event-free group implying LP activation, 
while lower properdin levels were observed in the CV-event group suggesting AP activation. 

Table 1 | Baseline characteristics of our study population of hemodialysis patients with and without a cardio-
vascular event

Patients Univariable

All  
(n=55)

CV–event  
(n=17)

No CV–event 
(n=38)

P* St. Beta P#

C3d/C3 ratio

0 min 5.9 (4.8–9.3) 5.6 (4.7–8.1) 6.1 (4.8–11.5) 0.2 -0.02 0.6

30 min 9.8 (7.3–17.0) 12.0 (10–33.5) 8.4 (6.8–13.4) 0.01 0.05 0.002

60 min 8.4 (5.4–12.4) 7.8 (4.4–11.9) 8.9 (5.6–16.2) 0.2 -0.04 0.2

120 min 8.6 (5.5–14.5) 7.4 (5.2–12.7) 9.1 (5.6–16.4) 0.3 -0.03 0.3

240 min 8.4 (5.8–17.9) 8.6 (5.9–20.0) 8.3 (5.8–17.9) 0.8 -0.04 0.8

Demographics

Age, years 62.7 ± 15.8 66.5 ± 11.4 61.0 ± 17.2 0.2 0.01 0.3

Male gender, n (%) 35 (63) 11 (64) 24 (63) 0.9 -0.22 0.6

Current diabetes, n (%) 10 (18) 5 (29) 5 (13) 0.2 0.51 0.3

Hypertension, n (%) 48 (87) 14 (82) 34 (89) 0.2 -0.99 0.1

Cardiovascular history, n (%) 11 (20) 5 (29) 6 (15) 0.2 0.64 0.2

BSA, m2 1.8 ± 0.3 1.7 ± 0.5 1.9 ± 0.2 0.08 -2.04 0.02

Hemodialysis

Dialysis vintage, months 14.1 (7.3–47.3) 12.2 (8.6–50.4) 16.4 (4.7–47.5) 0.5 0.002 0.8

Ultrafiltration volume, L 2.5 ± 0.7 2.4 ± 0.6 2.5 ± 0.7 0.9 0.00 0.7

Ultrafiltration rate, ml/kg/h 8.1 ± 2.3 7.9 ± 1.8 8.2 ± 2.5 0.7 -0.01 0.8

Primary Renal disease, n (%)

Hypertension 12 (22) 4 (23) 8 (21) 0.8 0.02 0.9

Diabetes 5 (9) 3 (17) 2 (5) 0.1 0.65 0.3

ADPKD 7 (13) 1 (6) 6 (16) 0.3 -0.96 0.3

FSGS 6 (11) 2 (12) 4 (10) 0.8 0.89 0.2

IgA nephropathy 3 (6) 0 (0) 3 (7) 0.2 -3.15 0.4

Chronic pyelonephritis 1 (2) 1 (6) 0 (0) 0.1 2.02 0.06

Glomerulonephrytis 6 (11) 1 (6) 5 (13) 0.4 -0.75 0.4

Other Diagnosis 9 (16) 3 (18) 6 (16) 0.8 0.35 0.6

Unknown 5 (9) 2 (12) 3 (7) 0.8 -0.34 0.9

Laboratory measurements

Hematocrit, % 34.4 ± 3.7 34.0 ± 4.2 34.6 ± 3.5 0.6 -5.98 0.3

HbA1C, mmol/mol 5.56 ± 0.9 5.7 ± 1.1 5.5 ± 0.8 0.4 0.17 0.4

Albumin, g/L 38 (37–41) 38 (37–41) 38 (36–42) 0.9 0.004 0.9

Calcium, mmol/L 2.32 ± 0.2 2.31 ± 0.1 2.32 ± 0.2 0.8 -0.55 0.6

Phosphate, mmol/L 1.74 ± 0.5 1.70 ± 0.4 1.75 ± 0.6 0.7 0.009 0.9

hsCRP, mg/L 5.5 (1.5–8.8) 5.0 (2.3–11.8) 5.8 (1.4–8.8) 0.5 0.01 0.3
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Table 1 | Continued

Patients Univariable

All  
(n=55)

CV–event  
(n=17)

No CV–event 
(n=38)

P* St. Beta P#

Medication

Aspirin, n (%) 34 (62) 8 (47) 26 (68) 0.2 -0.80 0.09

Calcium channel blockers, n (%) 12 (22) 4 (23) 8 (21) 0.8 -0.14 0.7

β-Blocker, n (%) 31 (56) 10 (59) 21 (55) 0.8 0.24 0.6

ACE inhibitor, n (%) 5 (9) 1 (5) 4 (10) 0.6 -0.44 0.6

AT2-receptor antagonists, n (%) 8 (14) 2 (12) 6 (16) 0.7 -0.41 0.6

Statin, n (%) 13 (24) 2 (12) 11 (29) 0.2 -0.88 0.2

Diuretics, n (%) 5 (9) 2 (12) 3 (7) 0.7 1.11 0.2

P * indicates P-value for the difference in baseline characteristics between the patient with and without a cardiovascular-event. 
Differences were tested by Student’s t-Test or Mann–Whitney U test for continuous variables and with χ2 test for categorical variables. 
Data are presented as mean ± SD or median [IQR]. P # indicates P-value for univariate Cox-regression for the occurrence of CV-event. Data 
are presented as beta coefficient with corresponding P-value. 
Abbreviations: CV, cardiovascular; BMI, body mass index; ADPKPD, autosomal dominant polycystic disease; FSGS, focal segmental 
glomerulosclerosis; HbA1c, Hemoglobin A1c; hsCRP, high sensitive C-reactive protein; ACE inhibitor, angiotensin-converting-enzyme 
inhibitor; AT2-receptor antagonists, Angiotensin II receptor antagonists.

Figure 1 | The C3d/C3-ratio during hemodialysis. Course of plasma C3d/C3 ratio in patients that developed a 
cardiovascular event (CV-event) during follow-up and in those that remained CV-event free (no CV-event). The 
data is presented as mean ± SEM and C3d/C3-ratio was calculated by dividing the C3d values (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 (#P<0.05), whereas the asterisk 
above the bars denotes a significant difference compared to baseline within the group. The number of subject is 17 
in the ‘CV-event group’ and 38 in the ‘No CV-event group’.
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Figure 2 | Intradialytic levels of properdin and MBL. Course of plasma mannose-binding lectin (MBL) and 
properdin in patients that developed a cardiovascular event (CV-event) during follow-up and in those that 
remained CV-event free (no CV-event). The data is 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 (#P<0.05), whereas the asterisk above the bars denotes a significant difference compared to baseline within 
the group. The number of subject is 11 in the ‘CV-event group’ and 19 in the ‘No CV-event group’.

Inflammatory and pro-thrombotic factors in the HD patients
We determined cytokines and Von Willebrand factor (vWF) to investigate if complement activation 
during HD was accompanied by a pro-inflammatory response and a pro-thrombotic state. During 
HD, distinct time-courses for levels of vWF were observed between the two groups (Figure 3). In the 
CV-event group, vWF levels increased steadily during the session (P<0.05). Furthermore, compared 
to the event-free group, the CV-event group had significantly higher levels of vWF at 180 and 
240 minutes intradialysis (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 in 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).
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Figure 3 | Levels of von Willebrand factor during hemodialysis. Course of von Willebrand factor (vWF) in patients 
that developed a cardiovascular event (CV-event) during follow-up and in those that remained CV-event free (no 
CV-event). The data is presented as mean ± SEM. 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 vWF 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 
(#P<0.05), whereas the asterisk above the bars denotes a significant difference compared to baseline within the 
group. The number of subject is 17 in the ‘CV-event group’ and 38 in the ‘No CV-event group’.

Figure 4 | Levels of TNF-α and the IL-6/IL- 10-ratio during hemodialysis. Course of tumor necrose factor alpha 
(TNF-α) and ratio of interleukin-6 (IL-6) to interleukin-10 (IL-10) in patients that developed a cardiovascular event 
(CV-event) during follow-up and in those that remained CV-event free (no CV-event). The data is 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 one-way ANOVA 
was used when assessing for differences in multiple groups, followed by Bonferroni’s post-hoc comparisons tests. 
(*P<0.05, **P<0.01, ***P<0.001). The hashtag above the bars denotes a significant difference between the two 
groups (#P<0.05), whereas the asterisk above the bars denotes a significant difference compared to baseline within 
the group. The number of subject is 17 in the ‘CV-event group’ and 38 in the ‘No CV-event group’.
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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 showed a decreasing trend during the dialysis session, 
although not significant compared to baseline. 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 developed 
a CV-event during follow-up, 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. 

Figure 5 | Complement levels during ex-vivo hemodialysis. Two different sessions were performed with whole 
blood of three healthy donors; one session with C1-inhibitor (C1-INH) and one session without, the control session. 
The data is presented as mean ± SEM. (A) C3d/C3 ratios were measured to determine complement activation. (B) 
MBL levels significantly decrease over time during the session. (C) Properdin levels were reduced during the session, 
although not significantly. Differences between the two groups and at different time points within one group 
were assessed by paired t-test (*P<0.05, **P<0.01, ***P<0.001). The hashtag above the bars denotes a significant 
difference between the two groups (#P<0.05), whereas the asterisk above the bars denotes a significant difference 
compared to baseline within the group.
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Ex-vivo model of hemodialysis
To further evaluate the effect of HD-induced complement activation on inflammation and 
coagulation, we used an ex-vivo model of HD. During the 4 hours of perfusion, the C3d/C3 ratio 
increased progressively from 4.7 ± 0.6 at baseline to 55.8 ± 12.5 after 240 minutes (Figure 5A). MBL 
and properdin levels were determined to discriminate between complement activation via the AP 
and/or the LP. Both MBL and properdin levels decreased significantly over time. After 4 hours, MBL 
levels were reduced by 55.2% (P<0.05) and properdin levels by 34.4%, respectively (Figure 5). We 
next assessed inflammatory and pro-thrombotic factors. Similarly to complement activation, the HD 
model resulted in a significant increase in TNF-α, IL-6/IL-10 ratio and vWF levels after 240 minutes of 
dialysis (Figure 6). 

Figure 6 | Levels of TNF-α, IL-6/IL- 10-ratio and vWF during ex-vivo hemodialysis. Two different sessions were 
performed with whole blood of three healthy donors; one session with C1-inhibitor (C1-INH) and one session 
without, the control session. The data is presented as mean ± SEM. (A) TNF-α levels significantly increased in the 
control session, but not in the session with C1-INH. (B) Correspondingly, vWF showed a significant rise in the control 
session, while C1 INH additionlead to significantly lower levels. (C) The IL-6/IL-10 ratio progressively increased over 
time, although not statistically significant. Differences between the two groups and at different time points within 
one group were assessed by paired t-test (*P<0.05, **P<0.01, ***P<0.001). The hashtag above the bars denotes a 
significant difference between the two groups (#P<0.05), whereas the asterisk above the bars denotes a significant 
difference compared to baseline within the group.

Finally, we evaluated the effect of complement inhibition in our model to test if complement 
activation acts as a trigger for inflammation and coagulation in HD. C1-INH was added and 
significantly reduced C3d/C3 ratios compared to controls, namely from 55.8 ± 13 to 33.1 ± 24 (Figure 
5A; P<0.05). HD-induced consumption of properdin and MBL was not prevented by the use of C1-INH. 
Furthermore, TNF-α levels were 1654 ± 631ng/mL after 240 minutes in the control session, while in 
the session with C1-INH levels were reduced to 48.7 ± 74.7 ng/mL (Figure 6A). Correspondingly, a 
similar trend was seen after 240 minutes in the IL-6/IL-10 ratio (control session 1086 ± 630 pg/mL, 
C1-INH session 51 ± 78 pg/mL) (Figure 6C) and for vWF levels (control session: 98.2 ± 22.7 pg/mL, 
C1-INH session: 1.7 ± 3.3 pg/mL) when the control session was compared to C1-INH session (Figure 
6B). To summarize, C1-INH addition was able to inhibit HD-induced complement activation and 
thereby reduce vWF, TNF-α and IL-6/IL-10 by 98%, 97% and 95% respectively. 
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Table 2 | Associations of intradialytic complement activation with outcome

Cardiovascular events

C3d/C3 ratio at 30 minutes

HR 95% CI P

Model 1 1.06 1.02–1.09 <0.001

Model 2 1.06 1.03–1.09 0.001

Model 3 1.04 1.01–1.08 0.03

Model 4 1.06 1.02–1.09 0.001

Model 5 1.07 1.02–1.09 0.002

Model 1: crude. 
Model 2: adjusted for age and gender. 
Model 3: adjusted for BSA, aspirin and primary chronic pyelonephritis. 
Model 4: adjusted for DM, cardiovascular history and hypertension. 
Model 5: adjusted for HD vintage , UF rate and UF volume.
Data are presented as hazard ratio (HR) plus 95% confidence interval (CI). 
Abbreviations: BSA, body surface area; DM, diabetes mellitus; HD, Hemodialysis; UF, ultrafiltration rate. 

Discussion

Hemodialysis treatment comes with the balance between the dangers of advanced uremia and the 
inherent risks related to this form of RTT.22,23 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 in the CV-event group. Furthermore, enhanced 
inflammation and coagulation accompanied the complement activation seen in HD patient that 
will develop CV-events. Moreover, these processes arose long before the actual development of the 
CV-event. Altogether these three elements showed different dynamics, with complement activation 
possibly initiating these processes. In accordance, complement inhibition in our ex-vivo model not 
only decreased complement activation but also diminished pro-inflammatory and pro-thrombotic 
mediators. 
 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, complement activation prior to a HD session was associated with the 
occurrence of CV-events in HD patients.15 Here, we showed that activation of C3 during dialysis 
is linked to the development of 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 
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30 minutes of the HD session.24 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.25,26 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.27 Therefore, the increase in properdin is presumably the result of leukocyte activation 
by the HD membrane leading to degranulation.28 Since, this rise was not seen in the CV-event group, 
we speculate this was due to properdin consumption by AP activation in these patients. 
  We found higher TNF-α 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.29,30 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.31-34 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.35 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.36-38 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.39 In addition, in a primate model of HD, complement inhibition 
lead to enhanced levels of IL-10, demonstrating the relationship between the two systems.40 
 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.41 Von Willebrand factor is a glycoprotein involved in hemostasis but vWF is also a marker of 
endothelial cell activation.42 We found significantly higher levels of vWF in the group of patients 
who developed CV-events, which could be evidence of a prothrombotic state. vWF is produced in 
endothelial cells and megakaryocytes, but also stored in the granules of platelets.43 Considering 
our ex-vivo lacks endothelial cells, the vWF is most likely derived from platelets. The release of vWF 
could either be the direct effect of complement activation or via C5a-activated leukocytes.44,45 The 
link between the complement system and thrombosis is not new in HD.46 Complement receptors on 
leukocytes are important for the formation of platelet-leukocytes complexes, which contributes to 
thrombotic processes.47 In addition, complement activation during HD induces the production of 
pro-coagulation factors.48 Moreover, plasma levels of C3 correlated with a denser clot structure in 
HD patients.49 
 The complement system is a strong mediator of the bioincompatibility reaction. Therefore, 
we proposed that complement activation has an essential role in orchestrating the inflammatory 
response in HD. In accordance with the result observed in the HD patients; our ex-vivo model 
demonstrated that the dialyzer induces complement activation, inflammation and enhances 
coagulation. We then wondered if HD-induced inflammation could be attenuated by complement 
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inhibition. Addition of C1-INH to the ex-vivo HD model significantly diminished HD-induced 
complement activation and also almost completely abolished the induction of TNF-α levels, L-6/
IL-10 ratios and vWF levels. Similarly, Kourtzelis et al., also demonstrated in an ex-vivo model of 
HD the induction of coagulation during 2 hours of perfusion. In their study, compstatin was used 
to block complement activation at the level of C3.10 We postulate that HD-induced complement 
activation results in the formation of anaphylatoxins, thereby resulting in the activation of peripheral 
blood mononuclear cell and platelets initiating a pro-inflammatory and pro-thrombotic response. 
Previously, several reports demonstrated that bioincompatibility-induced inflammation relies 
mainly on complement, whereas granulocyte enzyme release was predominantly C3-dependent, 
leukocyte activation and pro-thrombotic mediators were largely dependent on C5.16,47 Altogether, 
our results support the hypothesis of the complement system as a key component in HD-induced 
inflammation and coagulation, which subsequently leads to a higher risk for CV-events. 
 We are aware that our study has strengths and limitations. Although the study has a long follow 
up, the samples were only collected during a single hemodialysis session. Our study could have 
benefited from a second assessment of these parameters during another dialysis session in the 
same patients, to assess reproducibility and increase reliability. Furthermore, while complement 
activation was seen in the patients during HD as well as in our ex-vivo model, clear differences were 
present. Moreover, in patients a significant peak of complement activation was seen during the first 
30 minutes of HD. In contrast, in our ex-vivo model a continuous rise of complement activation was 
seen until the end of the session. Obviously these discrepancies arise due to the differences of in-
vivo to ex-vivo. For instance, in the ex-vivo model blood recirculates without re-entering the human 
body, therefore it lacks the interaction with endothelial cells, liver and other organs. Lastly, the size of 
our cohort could be considered small and therefore might impact the statistical analysis. However, 
due to the long follow up, we achieved a relatively high number of CV-events which increases the 
power of the study in the comparisons between the CV-event group and the event free group.
 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-thrombotic 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. Furthermore, we showed that complement inhibition during HD resulted in decreased 
levels of the pro-inflammatory and pro-thrombotic mediators. Future studies have to determine 
what the ideal target is to inhibit complement in HD to attenuate these processes and to determine 
if this decreases the risk of CV-events in HD patients. 
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Abstract

Introduction
Peritoneal dialysis (PD) is an established form of renal replacement therapy. However, long-term use 
is limited due to inherent complications such as peritonitis or fibrosis leading to membrane failure. 
The complement system has been proposed to be a mediator of PD-induced inflammation and 
damage of the peritoneal membrane. The aim of the current study was to evaluate the complement 
system in adult stable PD patients. 

Methods
Systemic complement activation was evaluated by sC5b-9 plasma levels in PD patients (n=47) and 
compared to HD patients (n=32), non-dialysis CKD (ND-CKD) patients (n=13) and healthy controls 
(n=5). Next, in depth pathway analysis was performed in PD patients by measuring plasma levels of 
C1q, MBL, properdin and factor D. Local complement activation was assessed by measuring sC5b-9, 
C1q, MBL, properdin and factor D in peritoneal dialysis fluid (PDF) in PD patients. In addition, the role 
of CD59 in PD was determined by measuring soluble CD59 (sCD59) in plasma and PDF. 

Results
PD patients have systemic higher levels of sC5b-9 compared to healthy controls as well as ND-CKD 
and HD patients. Systemically, in multivariate analysis only C1q levels were significantly associated 
with sC5b-9. Locally, sC5b-9 was detected in the PDF of all PD patients and levels were approximately 
33% of those in matched plasma. In the PDF, multivariate analysis showed that properdin levels were 
significantly associated with sC5b-9, but protein loss was not. Levels of sCD59 were detected in the 
plasma and in the PDF of all PD patients. However, in the PDF sCD59 was not associated with sC5b-9. 

Conclusions
PD induced systemic and local complement activation. Considering the involvement of different 
pathways, the data suggests that systemic and local complement activation in PD represent 
independent processes. In addition, the shedding of CD59 does not seem to be the chief mechanism 
in PD-induced complement activation. 
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Introduction

Peritoneal dialysis (PD) is a home-based modality of renal replacement therapy associated with 
comparable outcomes as hemodialysis (HD).1 In PD, the peritoneum of the abdominal cavity acts 
as a semi-permeable membrane that in presence of an instilled peritoneal dialysis fluid (PDF), 
allows the removal of waste material and excess fluid from the blood.1 Advantages of PD above HD 
include patient independency and flexibility in life-style, costs, and better preservation of residual 
renal function.2 Nevertheless, high technique failure rates of PD limit its long-term use.3 Causes for 
PD discontinuation include peritonitis and membrane failure due to tissue fibrosis.3,4 The constant 
exposure of the peritoneum to the dialysis solution leads to direct mesothelial cell damage, whereas 
the bioincompatible nature of these PD solutions causes activation of the immune system.5

 The complement system has been proposed to be an important mediator of the peritoneal 
membrane damage and inflammation by PD.6 However, in the context of PD, a limited number of 
studies have investigated the role of the complement system. As a major part of the innate immune 
system, the complement system consists of a complex network of proteins that can be activated 
through three distinct pathways: classical pathway (CP), lectin pathway (LP) and alternative 
pathway (AP). Independently of the activation route, all pathways converge at the level of C3 and 
ultimately lead to the formation of C5b-9, also known as the membrane attack complex (MAC).7 
The complement system is essential in the defense against pathogens. In accordance, complement 
deficiencies are associated with an increased risk of infections, in special Gram-negative bacteria such 
as Neisseria species. However, the system has an important role in maintaining tissue homeostasis 
since deregulation can lead to uncontrolled activation of the system inducing tissue damage such 
as in hemolytic uremic syndrome. 7

 Both local and systemic complement activation have been demonstrated in PD patients. 
Pediatric patients on PD have enhanced systemic complement activation in comparison with 
healthy controls.8 Nevertheless, levels were not significantly higher compared to children with non-
dialysis chronic kidney disease (CKD).8 A follow-up study by the authors demonstrated an elevated 
dialysate/serum ratio for activation products of C3, providing evidence for complement activation 
in the peritoneal cavity in children on PD.9 
 One of the proposed mechanisms of local complement activation in PD is the loss of 
complement regulators on the peritoneum.6 Mesothelial cells express several complement 
regulators, including CD59. The terminal complex regulator CD59 inhibits the formation of MAC, 
by preventing polymerization of C9. Peritoneal mesothelial cells express CD59 and thereby prevent 
MAC-mediated cell lysis.10 In addition, animal models also suggested an important role for CD59 
in local inflammation due to PD.11 Under physiological conditions CD59 is a receptor expressed on 
cell surfaces whereas in adverse conditions such as cell damage and activation, CD59 can be shed.12 
Shedding of CD59 means that it can detach from the cell surface and therefore exist in the soluble 
form, namely soluble sCD59. Previously, sCD59 has been detected in different body fluids such as 
plasma and cerebrospinal fluid, however the clinical relevance is still a matter of research.13 Whether 
shedding of CD59 also occurs in the context of PD has so far not been investigated. 
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The aim of this study was to investigate whether PD induces systemic and local complement activation 
in stable PD patients without peritonitis. Furthermore, we wanted to dissect the pathway(s) involved 
in PD-induced complement activation and to determine the contribution of shedding of CD59 in 
local complement activation during PD.

Materials and methods

Study design and population
A group of 47 adult patients (>18 years) undergoing chronic PD treatment at the Peritoneal Dialysis 
unit of Hospital São Teotónio, Viseu (Viseu, Portugal) were recruited for this study. We included 
29 males and 18 females. The age average was 57 ± 14 years old. Sample collection was performed 
at the same visit for both plasma and PDF retrieved from the night dwell. Exclusion criteria included 
acute inflammatory processes, acute liver disease, viral hepatitis, and significant allergic reactions. 
Futhermore, 13 ND-CKD patients, 32 HD patients and 5 healthy controls were included as control 
groups. Plasma and PDF samples were centrifuged within 30 min of collection at 3500 rpm for 
15 min. Next, the supernatant was stored at -80°C until the measurement. Prior to the assay, samples 
were thawed and cleared by centrifugation

Laboratory procedures
The complement components C1q, MBL, factor D, properdin and sC5b-9 were quantified by in-house 
sandwich ELISA as previously described.14,15 Complement regulator sCD59 was assessed by an ELISA 
kit (Hycult, Uden, The Netherlands).16 Protein loss was estimated from the protein concentrations at 
the end of the 4h-dwell from the peritoneal equilibration test (PET).

Statistics
Statistical analysis was performed using IBM SPSS 22.0 (IBM Corporation, Chicago, IL, USA). 
Laboratory measurements are shown as median with interquartile range. Comparisons between 
PD, HD and ND-CKD patients with healthy controls were made by Kruskal-Wallis test followed by 
post hoc test. Correlations were assessed using Spearman’s correlation coefficient (r). Univariate 
and multivariate logistic regression analyses were performed to determine the association between 
complement components and sC5b-9. P-values<0.05 were considered to be statistically significant.

Ethics
The study was approved by the local ethical committee and performed according to the principles 
of the declaration of Helsinki. All participants gave informed consent. 
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Results

Systemic complement activation in peritoneal dialysis patients
Plasma levels of sC5b-9 were significantly higher in PD patients compared to healthy controls, ND-
CKD patients and HD patients (Figure 1, P<0.001). In PD patients, the median plasma levels of sC5b-9 
were 194 ng/mL (IQR: 131–301), whereas healthy controls, ND-CKD patients and HD patients had 
levels of 42 ng/mL (IQR: 27–96), 38 ng/mL (IQR: 30–55) and 61 ng/mL (IQR: 56–103), respectively. 
In order to determine the pathway responsible for complement activation in PD, plasma levels of 
C1q, MBL, properdin and factor D were quantified (Figure 2). In PD patients, C1q and properdin 
levels significantly correlated with the plasma levels of sC5b-9, with C1q showing the strongest 
correlation (R=0.47, P=0.001, Figure 3). In accordance, univariate linear regression analysis showed 
similar results (Table 1). However, multivariate regression analysis demonstrated C1q as the only 
independent determinant of plasma sC5b-9 levels in PD patients (Table 1). Thus, PD induces systemic 
complement activation, which seems to be mediated via the CP. 

Figure 1 | PD patients have higher systemic complement activation than healthy controls, CKD patients and 
HD patients. Plasma levels of sC5b-9 were assessed in PD patients (n=47), HD patients (n=32), CKD patients 
(n=13) and healthy controls (n=5). The solid lines indicate the median values. A Kruskall Wallis test was performed 
when assessing the differences in multiple groups (P<0.001), followed by a Bonferroni post-hoc comparison test. 
P-values<0.05 were considered to be statistically significant. (**P<0.001, ***P<0.001) There was no significant 
difference between healthy, CKD and HD patients. 
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Figure 2 | Plasma levels of complement components in PD patients. Plasma levels of C1q (A), MBL (B), Properdin 
(C) and factor D (D) were measured in 47 PD patients. The solid lines indicate the median values. 

Figure 3 | Correlation between C1q and sC5b-9 levels in plasma from PD patients. In 47 PD patients, plasma 
C1q levels were correlated with plasma sC5b-9 levels. Correlations were evaluated by Spearman Rank correlation 
coefficient (r). P-values<0.05 were considered to be statistically significant.
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Table 1 | Associations of complement components with sC5b-9 in plasma of PD patients

Correlation Univariate analysis Multivariate analysis

R P-value St. Beta P-value St. Beta P-value

C1q 0.47 0.001 0.40 0.006 0.37 0.02

MBL 0.02 0.86 0.28 0.06

Properdin 0.33 0.027 0.33 0.03 0.19 0.21

Factor D 0.28 0.12 0.13 0.48

Spearman Rank correlation (r) was determined and the according P-value was shown. Univariate linear regression was used to identify the 
determinants of sC5b-9 in plasma from PD patients. Multivariate analysis model using the significant complement components from the 
univariate analysis were created using backward selection. P-values<0.05 were considered to be statistically significant. Significant data 
is highlighted.

Local complement activation in peritoneal dialysis patients
The presence of sC5b-9 was detected in the PDF of all patients and levels were approximately 33% of 
those in matched plasma (Figure 4). Considering the high molecular weight of sC5b-9 (>1,000 kDa), 
the levels detected in the dialysate therefore indicate local generation. In conformity, plasma levels 
of sC5b-9 did not correlate with sC5b-9 levels in the PDF (r=-0.06, P=0.67, Table 2). Furthermore, 
C1q, MBL, properdin and factor D were also detected in PD-fluid, although in low levels (Figure 
5). The ratios between PDF/plasma levels were around 1% whereas factor D shows a ratio of 13% 
(Figure 5). All complement components correlated significantly with protein loss, but not with 
their respective plasma levels, with the exception of MBL (r=0.64, P<0.001, Table 2). Therefore, the 
presence of complement components in the PDF is most likely due to protein leakage and not by 
local production. Furthermore, all the complement components significantly correlated with sC5b-9 
levels in the PD fluid (Table 3), with properdin showing the strongest correlation (r=0.62, P<0.001, 
Figure 6). In univariate linear regression analysis, C1q, factor D, properdin and protein loss were 
shown to be significantly associated with sC5b-9 levels. However, in the multivariate regression 
analysis only properdin was an independent determinant of sC5b-9 levels in PD fluid (Table 3). In 
conclusion, PD results in the leakage of complement components to the PDF, which subsequently 
leads to local complement activation via the AP. 

Shedding of CD59 is not the primary cause of local complement activation in PD
Levels of sCD59 were detected in PDF and in plasma of all PD patients (Figure 7). In plasma, median 
levels were 225 ng/mL [IQR: 136–284], whereas in PDF median sCD59 levels were 37 ng/mL 
[IQR: 26–44]. Levels of sCD59 in the PDF corresponded to 17% of matched plasma levels (Figure 7). 
Protein loss was not correlated with sCD59 levels in PDF (P=0.06, Table 2), whereas levels of sCD59 in 
the plasma and the PDF were weakly correlated with each other (r=0.29, P=0.04, Table 2). In addition, 
in a univariate analysis plasma sCD59 levels and protein loss were not associated with sCD59 levels 
in the PDF (P=0.20 and P=0.92). Therefore, leakage of sCD59 from the circulation to the PDF is not 
the main determinant of sCD59 levels in PDF. Subsequently, we evaluated the role of sCD59 in local 
complement activation in the PDF. However, in the PDF sCD59 and sC5b-9 were not significantly 
correlation (r=0.24, P=0.10) and not significantly associated in univariate analysis (P=0.18). In 
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summary, the shedding of CD59 in the peritoneum does not seem to be the chief mechanism in 
PD-induced local complement activation.

Figure 4 | Local complement activation in PD patients. In 47 PD patients, local complement activation was 
assessed by sC5b-9 levels in the PDF (A) and PDF/plasma ratio’s of sC5b-9 (B). The solid lines indicate the median 
values.

Table 2 | Correlation between complement components from PDF with correspondent plasma levels and with 
protein loss

PD-fluid Correlation with plasma levels Correlation with protein loss

 r P-value r P-value

C1q  0.18 0.23 0.60 <0.001

MBL  0.64 <0.001 0.42 0.01

Properdin -0.03 0.85 0.56 <0.001

Factor D  0.10 0.58 0.69 <0.001

sC5b-9 -0.06 0.67 0.43 0.006

sCD59  0.29 0.04 0.30 0.06

Spearman Rank correlation (r) was determined and the according P-value was shown. P-values<0.05 were considered to be statistically 
significant. Significant data is highlighted. 
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Figure 5 | Complement components in PDF and PDF/plasma ratio of PD patients. In 47 PD patients, levels of C1q 
(A), MBL (C), Properdin (E) and factor D (G). In addition, the PDF/plasma ratio was calculated for C1q (B), MBL (D), 
properdin (F) and factor D (H). The solid lines indicate the median values.

Table 3 | Associations of complement components and protein loss with sC5b-9 in the PDF from PD patients

Correlation Univariate analysis Multivariate analysis

r P-value St. Beta P-value St. Beta P-value

C1q 0.47 0.001 0.50 0.001 0.09 0.58

MBL 0.52 0.001 0.15 0.37

Properdin 0.62 <0.001 0.58 <0.001 0.76 <0.001

Factor D 0.54 0.002 0.57 0.001 0.27 0.08

Protein Loss 0.44 0.006 0.48 0.002 0.24 0.16

Spearman Rank correlation (r) was determined and the according P-value was shown. Univariate linear regression was used to identify the 
determinants of sC5b-9 in PDF from PD patients. Multivariate analysis model using the significant components from the univariate analysis 
were created using backward selection. P-values<0.05 were considered to be statistically significant. Significant data is highlighted. 
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Figure 6 | Correlation between properdin and sC5b-9 levels in PDF from PD patients. In 47 PD patients, 
properdin levels in PDF were correlated with sC5b-9 levels in PDF. Correlations were evaluated by Spearman Rank 
correlation coefficient (r). P values<0.05 were considered to be statistically significant.

Figure 7 | Systemic and local levels of sCD59 in PD patients. In 47 PD patients, levels of sCD59 were assessed in 
plasma (A), PDF (B) and in addition the PDF/plasma ratio of sCD59 was determined (C). The solid lines indicate the 
median values.

Discussion

More than twenty years ago Young et al. already showed that PD patients had higher systemic 
levels of sC5b-9 compared to healthy controls.17 However, it was unknown whether the systemic 
complement activation in these PD patients was due to CKD or by the PD procedure itself. We 
therefore compared complement activation in PD patients to systemic levels in ND-CKD and HD 
patients as well as healthy controls. Since plasma sC5b-9 levels in PD patients were significantly 
higher than levels in ND-CKD patients and healthy controls, we believe that PD itself induces 
systemic complement activation. Moreover, the systemic levels of sC5b-9 in PD patients were even 
higher than those of HD patients. Previously, Reddingius et al. compared complement activation 
in a pediatric population by measuring systemic levels of C3d in PD patients, ND-CKD patients 
and healthy controls.8 While significant complement activation was seen in PD patients compared 
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to healthy controls, no significant differences were observed between PD and ND-CKD patients. 
However, the discrepancies between these results could be explained by the fact that Reddingus 
et al. studied pediatric patients whereas our study was performed in an adult population. In 
accordance, age was previously shown to influence the complement activity and levels.18 However, 
other patient characteristics besides age and differences in PD procedure could also be of vital 
importance. Secondly, Reddingus et al. measured C3d whereas we determined sC5b-9 levels. Most 
likely, these different complement activation products will have distinct kinetics. Lastly, CKD stage of 
the patients could influence the results, since Reddingus et al. only included pediatric patients with 
an advanced CKD stage whereas in our study a broader range of CKD patients were included. Thus, 
our CKD population might be less severely ill and therefore showed less systemic sC5b-9 levels. 
Nevertheless, we found higher levels when compared to HD patients, showing a possible PD specific 
technique contribution to complement activation besides advanced CKD .
 In the current study, PD-induced systemic complement activation seems to be mediated via 
the CP. Previously, systemic complement activation was assumed to occur via AP, since systemic Bb 
levels were higher.17 However, considering the role of AP as an amplification route in CP-induced 
complement activation, this conclusion seems preliminary.19 Later studies suggested a role of for the 
CP since PD patients had significantly higher levels of C1q, C4 and C3d compared to healthy controls.9 
Recently, Bartosova et al. showed C1q, C3d and C5b-9 deposition in the peritoneal arterioles of PD 
patients.20 Moreover, the deposition of C1q and C5b-9 correlated significantly, confirming a possible 
role for the CP. The involvement of CP in PD-induced complement activation could be due to the 
presence of immune complexes. However, previous studies demonstrated decreased levels of IgG in 
a pediatric PD population.21 A possible explanation could be the loss of IgG through the PDF or IgG 
consumption.
 Locally, we found that complement activation in the PDF is mediated via the AP. In conformity 
with our results, Young et al. also showed that complement activation in PDF corresponds to 
approximately 30% of systemic levels. Furthermore, AP activation was also suggested by the 
authors. One could argue that complement components found in the PDF are the result of vascular 
leakage through the peritoneal membrane. Indeed, levels of complement components correlated 
with protein loss and generally, corresponded to 1% of plasma levels, which is compatible with 
vascular leakage.17 However, considering the high molecular weight of sC5b-9, it is unlikely that 
the sC5b-9 in the PDF originates from the circulation and thus must result from local activation. 
We also found high PDF/plasma ratio of Factor D. Similarly, Reddingus et al., also encountered high 
levels of factor D in the PDF, suggesting intraperitoneal production of factor D.9 Furthermore, high 
levels of factor D in the PDF were also reported in a proteomic analysis of PDF.22 Since factor D is 
considered the rate-limiting step in AP activation, intraperitoneal abundance of factor D might lead 
to a favorable environment for complement activation. In addition, complement activation was 
previously suggested to further enhance protein loss.23 Taken together, complement activation in 
stable PD patients could be the trigger of a vicious cycle of peritoneal damage. 
 Altered complement regulation on mesothelial cells was hypothesized to be involved in PD-
induced complement activation.24 Based on the role of sCD59 as biomarker in other disease models, 
we speculated that shedding of CD59 from mesothelial cells could contribute in local complement 
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activation.25 However, this seems unlikely since sCD59 and sC5b-9 levels in the PDF were not 
associated or correlated with each other. Previously, it has been shown that inactivation of CD59 
can also occur due to glycation of CD59.26 Considering that the composition of PDF is based on high 
sugar levels, it is likely that exposition of mesothelial cells to PDF could lead to glycation and loss of 
function of CD59, which could then result in local complement activation. Yet, this theory has not 
been investigated. Mesothelial cells also express CD55 and CD46. Reduced expression of CD55 has 
earlier been associated with higher levels of sC5b-9 in the PDF. In addition, Kitterer et al. showed that 
expression of CD55 is reduced in PD patients considered fast transporters.27 Assessing soluble CD55 
in PDF would therefore be interesting for future studies. Furthermore, it is possible that complement 
regulators do not have an independent effect on complement activation but do have an effect in 
combination with other complement regulators. In conformity, in a rat model of PD it was shown 
that complement regulators CD59 and Crry in combination could prevent complement activation in 
PD, but not separately.11 
 The clinical implications of complement activation in stable PD patients are not yet 
established. Previously, inflammation induced by PD has been linked to mortality rates. Lambie et 
al. demonstrated that systemic and local inflammation are independent processes and results in 
different clinical effects.28 Systemically, inflammation is associated with patient survival while locally; 
inflammation predicts the peritoneal solute transport rate but not survival. Taking into account the 
differences between systemic and local complement activation found in this study, we speculate 
that likewise inflammation, systemic complement activation could result in systemic effects, such as 
cardiovascular disease whereas local complement activation could result in peritoneal membrane 
failure due to fibrosis. Recently, Bartosova et al. showed that PD-induced complement activation 
correlated with the severity of vascular damage.20 Furthermore, complement activation in the vessels 
was associated with the degree of vasculopathy in these PD patients.20 Locally, the continuous 
complement activation in PDF could contribute to an impaired host defense and to tissue damage. 
In conformity, sC5b-9 could be detected in PDF of patients with peritonitis and high levels were 
associated with poorer outcome.29 In encapsulating peritoneal sclerosis, a severe PD complication, 
complement factors of the AP were identified as early biomarkers of the disease.30 Furthermore, 
proteomics analysis showed enhanced expression of C3 in the PDF of fast transporters. Interestingly, 
fast transporters status in PD patients is associated with a higher mortality and membrane failure 
risk.31 
 We acknowledge that the current study has limitations. There was no clinical follow-up of the PD 
patients and there was a lack of detailed patient characteristics. In addition, the control groups had 
a small number of patients and age and sex were not matched. All the results are based on a single 
measurement of each patient and protein loss was not assessed by the amount of proteins in the 
PDF sample but by its quantification from the effluent retrieved in the PET. Our strengths include the 
number of complement components measured, the measures in systemic and local levels and the 
size of our cohort. 
 In conclusion, despite significant improvements in biocompatibility of the PDF during recent years, 
the current study demonstrates that PD induces both systemic and local complement activation. 
However, distinct pathways mediate complement activation in the plasma and peritoneum of PD 
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patients, suggesting that these processes are independent from each other. Systemic complement 
activation is mediated via CP whereas local complement activation is mediated via the AP. In 
addition, we detected sCD59 locally in the PDF. However, shedding of CD59 does not seem to be the 
primary cause of local PD-induced complement activation. 
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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 Normal human serum) or with EDTA (20 mM) for 1h at 37°C. 
The plate was then incubated with antibodies against properdin, C3 or C5b-9 (see Normal human 
serum). 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 
Normal human serum. 

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 
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(0.5 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. 

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 (P<0.001) indicating 
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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. 

Table 1 | Activation of complement components of the Classical, Lectin and Alternative Pathway by IV iron drugs 

Residual 
complement 
activity1

IV iron preparations, %

control iron  
dextran

ferric  
carboxy-maltose

iron 
isomaltoside 
1000

ferumoxytol iron  
sucrose

CP 100 ± 5.5 126.8 ± 23.4 94.3± 13.8 108.2 ± 3.9 110.8 ± 4.2 10.4 ± 4.5***

LP 100 ± 5.2 88 ± 4.4 88.7 ± 3.5 84.3 ± 2.4 91.4 ± 3.3 4.7 ± 0.4***

AP 100 ± 4.6 6.3 ± 0.9*** 62.3 ± 11.8* 75 ± 14.5 89.2 ± 16.5 80 ± 16

Complement 
activation2

IV iron preparations, %

positive 
control

iron  
dextran

ferric  
carboxy-maltose

iron 
isomaltoside 
1000

ferumoxytol iron  
sucrose

BSA

CP 100 ± 0.5 2.9 ± 0.1 2.5± 0.1 2.5 ± 0.1 3.0 ± 0.1 3.0 ± 0.0 2.9 ± 0.1

LP 100 ± 3.4 3.1 ± 0.1 3.0 ± 0.1 4.1 ± 0.1 3.8 ± 0.3 4.0 ± 0.1 4.0 ± 0.1

AP 100 ± 8.1 138.5 ± 5.5*** 122.2 ± 10.9** 9.1 ± 0.4 8.6 ± 0.3 8.1 ± 0.4 9.7 ± 2.1

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).

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 (P<0.01). For iron dextran, deposition of properdin, C3 and C5b-9 
were lowered by 71%, 85% and 94% at 0.5 mg/mL (P<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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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, log2  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). 
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Figure 1 | Continued

In-vitro testing of complement activation by IV iron drugs
Next, we investigated 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.
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Alternative Pathway activation by iron dextran and ferric carboxymaltose
We further determined conditions required for iron dextran and ferric carboxymaltose mediated 
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. 
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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.
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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.

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. 

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–3e). 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. 
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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).

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 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. 
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 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 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 
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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 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

Background
Intravenous (IV) iron is widely used to treat anemia in CKD patients. Previously, iron formulations 
were shown to induce immune activation in-vitro. The current study aimed to investigate the effect 
of IV iron on complement activation in-vivo, and whether this subsequently induces inflammation 
and/or oxidative stress.

Methods
Two distinct patient groups were included: 51 non-dialysis and 32 dialysis patients. The non-dialysis 
group received iron sucrose or ferric carboxymaltose. Plasma samples were collected prior to and 
one hour after completion of IV iron infusion. The dialysis group received iron sucrose only. Plasma 
samples were collected at the start and end of two consecutive hemodialysis sessions, one with and 
one without IV iron. MBL, C1q, properdin, factor D, sC5b-9, MPO, PTX3 were assessed by ELISA. 

Results
In the non-dialysis group, sC5b-9 significantly increased after IV iron by 32%, while factor D and 
MBL were significantly reduced. In a subgroup analysis, only iron sucrose induced complement 
activation. In the dialysis group, levels of sC5b-9 significantly increased by 46% during the dialysis 
session with IV iron, while factor D levels significantly fell. The relative decrease in factor D correlated 
significantly with the relative increase in sC5b-9. MPO levels rose significantly during the dialysis 
session with IV iron, but not in the session without iron. The relative increase in MPO and sC5b-9 
significantly correlated. Finally, PTX3 levels were not affected by IV iron.

Conclusions
Iron sucrose but not ferric carboxymaltose, results in complement activation via the lectin and 
alternative pathway partially mediating oxidative stress but not inflammation.
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Introduction

Intravenous (IV) iron drugs are a mainstay in the management of anemia.1 A growing number of 
chronic kidney disease (CKD) patients receive IV iron.1,2 In the past, safety concerns existed, since 
IV iron has been linked to iron overload, increased oxidative stress, cardiovascular risk, infection 
risk and hypersensitivity reactions.1,3 Recently, a multicenter open-label clinical trial with over 2000 
hemodialysis (HD) patients demonstrated that a high-dose IV iron sucrose regimen administered 
pro-actively resulted in lower cardiovascular events (29 versus 32%) when compared to a low-dose 
IV iron sucrose regimen, while no difference in infection and mortality was seen.4 However, some 
questions persist about the long-term safety of IV iron, comparison of different iron formulations 
and clinical outcome in non-dialysis patients. Therefore, a better understanding of the IV iron (side) 
effects remains a relevant subject of research.
 Previously, hypersensitivity reactions induced by IV iron have been proposed to arise from 
complement activation-related pseudo-allergy (CARPA).5 Complement activation can be initiated 
via three different pathways: the classical pathway (CP), the lectin pathway (LP) and the alternative 
pathway (AP). All the pathways converge at the level of C3 and ultimately results in generation of 
C5b-9, the membrane attack complex (MAC).6 Hypersensitivity reactions are extremely rare, making 
it difficult to establish a cohort large enough to investigate the CARPA hypothesis.7 Nevertheless, 
the concept of complement activation by IV iron warrants further investigation. A few studies have 
previously shown the ability of IV iron formulations to activate complement in-vitro.8,9 For instance, 
low-molecular weight iron dextran, ferric gluconate, ferric carboxymaltose and iron sucrose were all 
shown to activate complement. However, the paradoxical results found in these studies, emphasize 
the need for further research. 
 The current study aimed to investigate the effect of IV iron on complement activation in-vivo. In 
addition, we explored if a potential IV iron induced complement activation could lead to oxidative 
stress and inflammation. Therefore, levels of complement activation, inflammation and oxidative 
stress were measured in distinct groups receiving IV iron treatment. 

Materials and methods

Study design and population
Patients were recruited from the day clinic and the dialysis unit of Hospital de Braga, Braga, Portugal. 
The first group included non-dialysis patients (CKD and non-CKD), receiving iron sucrose (Venofer®, 
Vifor Pharma) or ferric carboxymaltose (Ferinject®, Vifor Pharma) and the second group consisted 
of dialysis patients receiving only iron sucrose. Adult patients (≥18 years) receiving IV iron and who 
gave informed consent were eligible for the study. Exclusion criteria were administration of iron in 
the previous three months for the first group whereas signs of active inflammation was an exclusion 
criteria for both groups. 
 In the non-dialysis group, the drug type and the dose of IV iron was based on the decision of the 
treating physician. Iron infusion was performed according to the local protocol, which consisted of 
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a slow infusion rate with complete drug administration in 30 min for 100 mg of iron sucrose and 500 
mg of ferric carboxymaltose, whereas higher doses of both drugs were infused in one hour. Plasma 
EDTA samples were collected prior to and one hour after completion of the iron infusion. During 
this period, patients were observed for allergic symptoms and signs, including itching, arthralgias, 
hypotension, tachycardia, respiratory symptoms, thoracic pain, edema and/or rash.
 In the dialysis group, patients received online-hemodiafiltration three times per week for 4 hours 
using high flux polysulfone dialyzers (Fx80, Helixone, Fresenius Medical Care, St Wendel, Germany). 
Two patients were dialyzed with cellulose triacetate filters (CT190G, Baxter, McGaw Park, IL, USA). 
Patients received iron sucrose only starting 3 hours after the start of the dialysis session through a 
slow IV injection over 2 minutes via the venous limb of the circuit. Samples were collected during 
two consecutive sessions, one with IV iron administration and one without. During each dialysis 
session, plasma EDTA samples were collected prior to dialysis (pre-dialysis) and after 4 hours, at the 
end of the session (post-dialysis). 
 All blood samples were centrifuged within 30 min of collection at 3500 rpm for 15 minutes. 
Next, the samples were stored in aliquots at -80°C until the measurement of the different laboratory 
parameters. Prior to the assay, samples were thawed and re-centrifuged.

Laboratory procedures
Complement activation was assessed by measuring sC5b-9 levels. Additionally, components of the 
different pathways were measured, namely C1q from the CP, MBL from the LP and factor D and 
properdin from the AP. All complement components were quantified by in-house sandwich ELISA 
as previously described.8,10 Lastly, myeloperoxidase (MPO) and pentraxin-3 (PTX3) were assessed 
to investigate oxidative stress and inflammation. MPO and PTX3 were measured using commercial 
ELISA kits according to the manufacturers’ instructions (Hycult Biotech, Uden, The Netherlands).

Statistics
Statistical analysis was performed using IBM SPSS 22.0 (IBM Corporation, Chicago, IL, USA). Laboratory 
measurements are shown as mean ± standard error of the mean (SEM). Comparisons between 
samples were made by paired sample t-test. Correlations were assessed using Pearson correlation 
coefficient (r). P-values<0.05 were considered to be statistically significant. The ratios used for the 
analyses were calculated per patient by dividing the pre-dialysis level by the post-dialysis level in 
both sessions. Subsequently the relative increase was calculated dividing the ratio of the session 
with iron, by the session without.

Ethics
The study was approved by the local ethical committee and performed according to the principles 
of the declaration of Helsinki. All participants gave informed consent. 
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Results

Intravenous infusion of iron sucrose leads to complement activation in non-dialysis 
patients
The effect of IV iron on the complement system was first assessed in the non-dialysis group. This 
consisted of 51 patients with a median age of 64 years of which 63% were female. Fifteen had 
non-dialysis CKD (ND-CKD) and 36 were non-CKD patients with anemia due to gastrointestinal or 
gynecological origin. Seventeen received ferric carboxymaltose at doses of 500 mg (n=3) or 1000 mg 
(n=14). Thirty-four received iron sucrose at doses of 100 mg (n=13), 200 mg (n=20) or 300 mg (n=1). 
No hypersensitivity reactions were observed.
 Overall, IV iron administration resulted in significant higher levels of sC5b-9 compared to baseline 
(P=0.007; Figure 1A). The mean baseline values were 65.9 ± 17.1 ng/mL and rose to 87.3 ± 11.3 ng/mL 
after infusion, representing an average increase of 32% in sC5b-9 levels by IV iron. Nevertheless, the 
magnitude of the changes in levels of sC5b-9 by iron infusion varied, with 84% of patients showing 
complement activation by IV iron (Figure1B). Next, we performed subgroup analyses of ND-CKD 
versus non-CKD. In the ND-CKD group, levels of sC5b-9 were significantly increased by iron treatment 
(P=0.007), whereas in the non-CKD there was a trend for higher levels of sC5b-9 by IV iron (P=0.05). 
Furthermore, infusion of iron sucrose was compared to ferric carboxymaltose. sC5b-9 levels were 
not significantly altered by iron infusion with ferric carboxymaltose in non-dialysis patients (P=0.76; 
Figure1C). Nevertheless, IV infusion with iron sucrose resulted in a significant rise in sC5b-9 levels 
compared to baseline (P<0.001; Figure 1C). Levels of sC5b-9 at baseline were 53.6 ± 6.6 ng/mL and 
reached 89.7 ± 7.1 ng/mL with iron, showing an increase of 67%. 
 To explore which of the different complement pathways were involved in iron-induced 
complement activation C1q, properdin, factor D and MBL were measured. Iron infusion resulted in 
significant fall in the levels of factor D (P=0.007; Figure 2A) and MBL compared to baseline (P=0.006; 
Table 1), whereas properdin and C1q levels were not altered by IV iron (Table 1).

Iron infusion has no effect on oxidative stress or inflammation in non-dialysis patients
Subsequently, we determined the effect of IV iron on oxidative stress and inflammation by 
measuring levels of MPO and PTX3, respectively. Iron infusion resulted in a 33% increase of MPO 
levels, yet this rise was not statistically significant (P=0.17; Figure 1D). PTX3 levels were unaffected by 
iron infusion, showing similar levels before and after iron infusion (P=0.68; Figure 3A). In subgroup 
analysis, infusion of iron sucrose led to a non-significantly increase of MPO levels by 41% (P=0.18), 
while PTX3 levels were not affected. The use of ferric carboxymaltose did not significantly affect 
MPO or PTX3 levels (data now shown). 
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Intravenous infusion of iron sucrose leads to complement activation in hemodialysis 
patients
Next, we analyzed the effect of iron sucrose on complement activation in 32 dialysis patients, at 
doses of 100 mg (n=13), 50 mg (n=15) and 20 mg (n=4). The mean age was 69 years and 72% were 
male. During the dialysis sessions, no hypersensitivity reactions were observed. In the dialysis 
session without IV iron, sC5b-9 levels did not significantly increase after IV iron administration 
compared with baseline (P=0.27; Figure 4A). However, IV iron during dialysis resulted in a significant 
rise of levels of sC5b-9 compared to baseline (P=0.001) as well as compared to the end of the dialysis 
session without iron (P=0.002; Figure 4A). IV iron resulted in an increase of 46% in sC5b-9 levels 
whereas the change in sC5b-9 levels during dialysis without IV iron was only of 14%. Of note, the 
magnitude of the change in sC5b-9 levels by iron infusion varied, with 60% of the dialysis patients 
showing complement activation by IV iron (Figure 4B).

Figure 1 | The effect of IV iron on complement activation, as assessed by sC5b-9, and MPO in non-dialysis 
patients. The plasma levels of soluble C5b-9 (sC5b-9) were determined in 51 patients prior to and one hour after 
completing iron infusion (A). The ratio of sC5b-9 was calculated per patient by dividing the pre-iron level by 
the post-iron level. Horizontal lines indicate the mean (B). A post/pre-ratio higher than 1, indicates an increase 
in concentration by iron. Subgroup analysis of plasma sC5b-9 levels in patients receiving ferric carboxymaltose 
(n=17) and patients receiving iron sucrose (n=34) (C). Plasma myeloperoxidase (MPO) levels in 51 patients prior 
to and one hour after completing iron infusion (D). Data are presented as mean and SEM (A, C and D). The paired 
sample t-test was used to compare values before and after iron infusion. P-values<0.05 were considered to be 
statistically significant. (**P<0.01).
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Table 1 | Complement levels in non-dialysis patients

sC5b-9

Pre-Iron Post-Iron P* R P# 

C1q (µg/mL) 69.4 ± 4.5 64.9 ± 4.4 0.2 0.03 0.8

MBL (ng/mL) 995 ± 120 909 ± 107 0.006 0.07 0.6

Properdin (µg/mL) 10.1 ± 0.8 8.8 ± 0.5 0.06 0.14 0.3

Values are expressed as mean ± standard error of the mean. P* indicates P-values for difference between samples pre and post-iron tested 
by paired t-test. R indicates Pearson correlation coefficient between Post-iron/Pre-iron ratio between the complement component and 
sC5b-9, and the corresponding P-value is shown by P#.

Figure 2 | Consumption of Factor D following intravenous iron in non-dialysis and dialysis patients. The 
plasma levels of factor D were determined in 51 non-dialysis patients prior to and one hour after completing iron 
infusion (A). Plasma levels of factor D were determined in 32 hemodialysis in patients prior to and one hour after 
completing iron infusion during two consecutive sessions (B), one without intravenous iron administration (No 
iron) and one with (iron). During each dialysis session, plasma levels of Factor D were determined before and after 
4 hours of dialysis. Data are presented as mean and SEM. The paired sample t-test was used to compare values 
before and after iron infusion. P-values<0.05 were considered to be statistically significant (**P<0.01).

Once again, levels of C1q, properdin, factor D and MBL were assessed to determine the pathways 
involved in complement activation (Table 2). Factor D levels did not significantly change during 
hemodialysis alone (P=0.39), whereas IV iron infusion during dialysis resulted in a significantly fall of 
factor D levels compared to baseline (P=0.002; Figure 2B). Moreover, the relative decrease of factor 
D correlated with the relative increase of sC5b-9 (r=0.49, P=0.004; data not shown), suggesting that 
consumption of factor D is linked to complement activation. However, administration of IV iron 
during dialysis did not significantly affect MBL, C1q or properdin levels (Table 2). 
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Figure 3 | Pentraxin-3 is not altered by intravenous iron in non-dialysis and dialysis patients. The plasma levels 
of pentraxin-3 (PTX3) were determined in 51 non-dialysis patients prior to and one hour after completing iron 
infusion (A). Furthermore, plasma levels of PTX3 were determined in 32 hemodialysis patients prior to and one hour 
after completing iron infusion during two consecutive sessions (B), one without intravenous iron administration 
(No iron) and one with (Iron). During each dialysis session, plasma levels of PTX3 were determined before and after 
4 hours of dialysis. Data are presented as mean and SEM. The paired sample t-test was used to compare values 
before and after iron infusion. P-values<0.05 were considered to be statistically significant (**P<0.01).

Intravenous iron sucrose leads to higher MPO levels in hemodialysis patients, and is 
correlated with complement activation
The dialysis session without IV iron infusion showed no significant changes in MPO levels (P=0.36; 
Figure 4C), while, the dialysis session with IV iron resulted in a significant rise in MPO levels (P=0.02; 
Figure 4C). Levels of MPO showed an increase of 47% compared to baseline. Moreover, the relative 
increase of MPO levels by IV iron correlated significantly with the relative increase in C5b-9 levels in 
IV iron (r=0.42, P=0.02; Figure 4D). In contrast, levels of PTX3 were already significantly increased by 
dialysis itself (P=0.002; Figure 3B). Administration of IV iron did not result in a further rise of PTX3 
levels. 

Table 2 | Complement levels in dialysis patients

No Iron Iron sC5b-9

Pre-HD Post-HD P* Pre-HD Post-HD P% R P 

C1q (µg/mL) 39.7 ± 9.8 43.2 ± 10.0 0.6 42.06 ± 10.3 40.8 ± 9.3 0.8 -0.13 0.4

MBL (ng/mL) 862 ± 145 1087 ± 229 0.1 1660 ± 688 1518 ± 570 0.8 0.03 0.9

Properdin (µg/mL) 9.1 ± 1.2 9.6 ± 6.3 0.8 11.4 ± 1.4 12.0 ± 1.8 0.6 -0.30 0.4

Values are expressed as mean ± standard error of the mean. P* indicate P-values for the difference between samples pre and post-HD in the 
HD session without iron tested by paired t-test. P% indicate P-values for the difference between samples pre and post-HD in the HD session 
with iron tested by paired t-test. In the last column, R indicates Pearson correlation coefficient between Post-HD/Pre-HD ratio between the 
sessions of the complement component compared with the Post-HD/Pre-HD ratio between the sessions of sC5b-9. 
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Figure 4 | Iron sucrose results in complement activation and oxidative stress in dialysis patients, which are 
correlated significantly. The plasma levels of soluble C5b-9 (sC5b-9) were determined in in 32 hemodialysis in 
patients prior to and one hour after completing iron infusion during two consecutive sessions (A), one without 
intravenous iron administration (No iron) and one with (Iron). During each dialysis session, plasma levels of sC5b-9 
were determined at baseline and after 4 hours of dialysis. The ratio of sC5b-9 was calculated per patient by dividing 
the pre-dialysis level by the post-dialysis level in both sessions and subsequently diving the session with iron, by 
the session without (B). Horizontal lines indicate the mean. A post/pre-ratio higher than 1, indicates an increase 
in concentration of sC5b-9 by iron sucrose. In addition, plasma levels of myeloperoxidase (MPO) levels were also 
determined in 32 hemodialysis patients (C). Correlation between the post/pre-ratios of sC5b-9 between the two 
HD sessions and MPO ratios between the two HD sessions in 32 hemodialysis (D). The correlations were evaluated 
using the Spearman rank correlation coefficient. P<0.05 were considered to be statistically significant. Data in A 
and C are presented as mean and SEM. The paired sample t-test was used to compare values before and after iron 
infusion. P-values < 0.05 were considered to be statistically significant (*P<005, **P<0.01).

Discussion
The current study demonstrates, for the first time, that administration of iron sucrose, but not 
ferric carboxymaltose, results in complement activation in-vivo. Iron sucrose induced complement 
activation in both non-dialysis and dialysis patients. However, while in the majority of patients iron 
sucrose led to complement activation, the magnitude of the response to IV iron varied considerably 
between them. In addition, complement activation induced by iron sucrose seems to be mediated 
via the LP and/or AP, since there was MBL and factor D consumption and the latter correlated with 
increased levels of sC5b-9. Finally, iron sucrose significantly increased MPO levels and the significant 
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association between complement activation and the rise in MPO levels suggests that IV-iron induced 
complement activation is linked to neutrophil activation resulting in oxidative stress.
 Previously, our group tested the in-vitro ability of different iron formulations to activate the 
complement system.8 Based on the in-vitro studies, complement activation by iron sucrose was 
thought to occur via LP activation. The current findings implicate LP and/or AP activation by iron 
sucrose, since overall we found a significant reduction of factor D, as well as a significant decrease in 
MBL and a trend for lower properdin in the non-dialysis group. Recent studies indicate that activation 
of AP can be mediated via LP, therefore initiation of the MBL-MASP complex could subsequently 
stimulate the conversion of pro-factor D in factor D by MASP-3.11 Furthermore, the mechanisms 
behind complement activation induced by iron drugs are still unclear. However, a crucial difference 
between the iron formulations are the carbohydrate ligands which impacts the immunoreactivity 
as well as the stability of the molecule and the release of iron.12 In our study, iron sucrose was shown 
to be a more potent complement activator than ferric carboxymaltose. In conformity, differences 
in reactivity were also demonstrated by Fell et al. where iron sucrose was the only formulation 
to induce monocyte activation.13 To conclude, we propose that low stability and high labile iron 
release are major determinants for complement activation by IV iron. Therefore, we would expect 
that low-molecular weight iron dextran and ferric gluconate lead to complement activation, but not 
ferumoxytol and iron isomaltoside. 
 The use of IV iron led to complement activation in the majority of the patients, however, the 
individual response to iron varied per patient. At present, it is not clear which determinants affect 
the degree of complement activation. Based on our findings, the role of the underlying cause of 
anemia seems limited, since complement activation was seen in non-CKD, ND-CKD and dialysis 
patients (data not shown). Furthermore, the rate of infusion has been previously shown to be 
crucial for both, hypersensitivity reactions and complement activation.14-16 However, considering 
current infusion protocols and newer iron formulations, the administration rate cannot explain the 
complement activation by IV iron seen in this study. In addition, the dose of iron could also affect 
the extent of complement activation. We did not see a dose-dependent effect of iron sucrose on 
complement (data not shown). However, our subgroups were small and therefore our conclusions 
are limited. Finally, factors such as genetic predisposition and patient characteristics, e.g. age and 
sex, might also impact iron-induced complement activation.17

 Clinically, complement activation can lead to acute or chronic effects. Acute complement 
activation by IV iron could lead to CARPA, a hypersensitivity reaction that is complement mediated.5 
In the current study no hypersensitivity reactions occurred, which is compatible with the fact that we 
did not see a 5–10-fold increase in sC5b-9 necessary for the development of CARPA.16 Therefore, our 
studies only function as a proof of principle study that IV iron can induce complement activation in-
vivo, but do not prove nor exclude the concept of CARPA. Moreover, chronic complement activation 
by IV Iron could contribute to prolonged/long-term oxidative stress and inflammation as well as 
lead to complement consumption thereby increasing infection risk. Although a recent study by 
Macdougall et al. demonstrated the superiority of a high-dose iron-sucrose regimen compared to a 
low-dose regimen, limitations from their study design should be taken into account.4 First, no control 
group without iron administration was included, for obvious reasons. Second, regimen with other 
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iron formulations were not compared. As such, the safety about long-term IV iron administration, 
particularly iron sucrose, is still moot. 
 MPO is a protein primarily released by activated neutrophils.18 MPO has been considered an 
important pathophysiological factor in oxidative stress, contributing to the activation of pro-
atherogenic and inflammatory pathways. Clinically, higher levels of MPO have been associated with 
a higher cardiovascular risk in CKD patients.19,20 In addition, MPO release has also been previously 
linked to iron infusion in an animal model.21 We therefore selected MPO as a potential marker of 
IV iron induced oxidative stress. Indeed, our results show that iron administration can contribute 
to increased levels of MPO, most likely through complement activation. We speculate that IV iron-
induced complement activation leads to neutrophil activation resulting in the increased secretion 
of MPO. In accordance, March et al. showed that C5a and C5b-9 are potent neutrophil activators, 
thereby leading to MPO secretion.22 In contrast, MPO has also been shown to activate complement, 
this could potentially serve as a positive feedback loop for further complement activation.23-25 The 
significant increase in MPO levels was only seen in the context of dialysis. Possibly, the inflammatory 
environment caused by the dialysis procedure primed the neutrophils, subsequently making them 
more prone to complement activation-mediated oxidative stress, as supported by earlier studies.26-28

 Previously, Malindretos et al. studied the effect of slow infused IV iron on inflammation by 
measuring IL-6, CRP and TNF-α.29 In their study, HD itself resulted in an increase of inflammatory 
parameters, while IV iron did not lead to further increase in these markers.29 Therefore, we proceeded 
to investigate iron-induced inflammation by using a different marker, namely PTX3, which is a long 
pentraxin involved in acute phase of inflammation. PTX3 was already shown to be a sensitive early 
marker of inflammation induced by HD.30 Additionally, PTX3 is associated with cardiovascular risk 
and all-cause mortality in CKD patients.31,32 Although our results confirmed the increase of PTX3 
levels during HD, there was no further increase with iron administration, nor a correlation with 
complement activation. Possibly, the inflammatory environment of HD blurs the effect of iron on 
PTX3. Nevertheless, PTX3 seems to be a good marker for HD-induced inflammation but not iron-
induced inflammation.
 The strengths of our study include the use of two distinct populations (dialysis and non-dialysis) 
and the size of our groups. In the dialysis group, an important detail of our study design is the 
comparison of two different dialysis sessions in the same patient, thereby controlling for the inter-
individual response to dialysis and to iron.33,34 In addition, the panel of complement measurements 
that were involved in the present study permitted insight in the complement pathways that leads to 
iron-induced complement activation. Limitations of our study include the use of only two available 
iron preparations. Although we compared two of the most commonly used iron formulations, not all 
available iron formulations were investigated. Testing low molecular weight iron dextran would be 
especially interesting since it gave the strongest complement activation in previous in-vitro analysis. 
Furthermore, we did not test different infusion rates and samples were collected only one hour after 
IV iron. Collecting samples at other time points would probably give us more detailed information. 
Unfortunately, there was no follow up of the patients and therefore we cannot evaluate long-term 
effects of IV iron. 
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In conclusion, IV iron sucrose leads to complement activation in-vivo, which partially mediates 
iron-induced oxidative stress. Moreover, complement activation by IV iron in-vivo most likely occurs 
via the LP and/or AP. However, the mechanisms through which iron can activate the complement 
system remain limited and warrant further research. Lastly, inflammation induced by IV iron seems 
not to be related to PTX3, thus other inflammatory markers providing additional involvement in 
iron-induced inflammation should be investigated.
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Abstract

Introduction
The complement system is essential for an adequate immune response. Much attention has 
been given to the role of complement in disease. However, to better understand complement in 
pathology, it is crucial to first analyze this system under different physiological conditions. The aim of 
the present study was therefore to investigate the inter-individual variation in complement activity 
and the influences of age and gender.

Methods
Complement levels and functional activity were determined in 120 healthy volunteers, 60 women, 
60 men, age range 20–69 year. Serum functional activity of the classical pathway (CP), lectin 
pathway activated by mannan (MBL-LP) and alternative pathway (AP) was measured in sera, using 
deposition of C5b-9 as readout. In addition, levels of C1q, MBL, MASP-1, MASP-2, ficolin-2, ficolin-3, 
C2, C4, C3, C5, C6, C7, C8, C9, factor B, factor D, properdin, C1-inhibitor and C4b-binding protein, 
were determined. Age- and sex-related differences were evaluated.

Results
Significantly lower AP activity was found in females compared to males. Further analysis of the AP 
revealed lower C3 and properdin levels in females, while factor D concentrations were higher. MBL-
LP activity was not influenced by sex, but MBL and ficolin-3 levels were significantly lower in females 
compared to males. There were no significant differences in CP activity or CP components between 
females and males, nevertheless females had significantly lower levels of the terminal components. 
The CP and AP activity was significantly higher in the elderly, in contrast to MBL-LP activity. Moreover, 
C1-inhibitor, C5, C8 and C9 increased with age in contrast to a decrease of factor D and C3 levels. 
In-depth analysis of the functional activity assays revealed that MBL-LP activity was predominantly 
dependent on MBL and MASP-2 concentration, whereas CP activity relied on C2, C1-inhibitor and C5 
levels. AP activity was strongly and directly associated with levels of C3, factor B and C5. 

Conclusion
This study demonstrated significant sex and age-related differences in complement levels and 
functionality in the healthy population. Therefore, age and gender analysis should be taken into 
consideration when discussing complement-related pathologies and subsequent complement-
targeted therapies.
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Introduction

The complement system, a major component of innate immunity, plays a crucial role in the immune 
response. In health, maintaining a balance between activation and inhibition of the complement 
system is key to preserve tissue homeostasis and to enable immune surveillance.1,2 However, an 
overactive system can cause immune and inflammatory diseases, whereas an inactive complement 
system results in an increased risk for infection. Several elements can disrupt this delicate balance 
and with age these effects are exacerbated. Complement deficiencies or dysfunctions have been 
shown to be associated with diseases such as atypical hemolytic uremic syndrome (aHUS), age-
related macular degeneration (AMD), paroxysmal nocturnal hemoglobinuria (PNH), systemic 
lupus erythematosus (SLE), C3 glomerulopathy (C3G) and other kidney diseases.3,4 Furthermore, 
complement activation contributes to several diseases and pathological conditions such as renal 
replacement therapy,5-7 cancer,8 hypersensitivity reactions9,10 and neurological conditions.11 
 The complement system is activated via an enzymatic cascade reaction and has three different 
activation pathways, namely the classical pathway (CP), the lectin pathway (LP), and the alternative 
pathway (AP). Complement activity for each of these pathways depends on the expression and 
function of a large number of complement proteins. The CP is mainly initiated by immune complexes 
binding to C1q leading to activation of C1r and C1s, but can also be activated in an antibody 
independent manner like C1q binding to C-reactive protein. The LP is initiated by the binding of 
mannose-binding lectin (MBL), ficolins or collectins to sugars or acetylated compounds resulting in 
the activation of the MBL-associated serine protease (MASP)-1 and MASP-2. Recently it has also been 
shown that the LP can be activated by naturally occurring antibodies, underscoring the overlap and 
cross-talk between the pathways.12 LP and CP activation both lead to the cleavage of C4 and C2, and 
subsequently to the generation of C4b2a, the C3-convertase. Furthermore, C1-inhibitor (C1-INH) 
regulates the activity of the recognition complexes, while C4b-binding protein (C4bp) functions 
as a cofactor for factor I-mediated cleavage of C4b. Initiation of the AP occurs via spontaneous 
hydrolysis of C3 into C3(H2O) or by the binding of C3b to altered surfaces. Factor D cleaves factor 
B when the latter is complexed with C3b, creating the C3-convertase of the AP, C3bBb. In addition, 
this C3-convertase is stabilized by properdin, the only positive regulator of the complement system. 
Regardless of the initial pathway, complement activation can lead to the initiation of the terminal 
pathway (TP) and thereby the generation of C5-convertase, which cleaves C5 in C5a, a powerful 
anaphylatoxin, and C5b. Next, C5b binds C6 which then attaches to a surface and interacts with C7, 
C8 and C9 to form the membrane attack complex (MAC/C5b-9).13,14 If there is no surface present, 
C5b6 will bind to C7, C8 and C9 together with the control proteins vitronectin and clusterin in the 
fluid-phase and thereby the soluble form of the terminal complement complex, sC5b-9, is formed. 
To prevent unintended complement activation the system is kept under control by a variety of 
regulators. The major regulators of the AP are the plasma proteins factor H and factor I. Factor H 
inhibits complement activation by accelerating the decay of the C3bBb convertase of the AP and by 
providing cofactor activity for factor I-mediated cleavage of C3b. 
 Both age and sex are known to influence and significantly impact the immune system.15 Females 
and males have distinct innate and adaptive immune responses.16 Moreover, they also differ in their 



144 Chapter 9

immunological responses to self and foreign-antigens.17 Sex-based immunological differences can 
be found in various species.18 In general, the immune response seems to be stronger in females 
than in males.15 These immunological sex differences are thought to arise from discrepancies in 
hormones, genetic factors and environmental mediators. Notably, these sex-related differences 
in the immune system could give insight into the epidemiology and etiology of autoimmune 
and infectious diseases.15 Likewise, ageing is associated with a progressive decline in immunity. 
The impact of ageing on adaptive immunity is well accepted.19 However, less certainty exists on 
the effect of ageing on innate immunity.20 Impaired function of neutrophils and macrophages as 
well as reduced interaction between dendritic cells and T cells, suggest also a decline in innate 
immune function.21 As a result of impaired immune function, the ability of elderly to respond to 
microorganisms is diminished and the number of infectious disease is increased.22 Also the increased 
incidence of autoimmune diseases might be related to altered immunity in elderly.23 
 In the current era of personalized medicine combined with the recent success of complement 
inhibitors in clinical trials, it is essential to identify the influence of sex and age on the complement 
system. Given that complement therapeutics are an effective treatment for complement-mediated 
diseases, individuals will need different doses in order to efficiently block the complement system 
depending on the concentrations and functional activity of the complement components. Factors 
influencing the level could be e.g. sex and age. Thus the aim of the present study was to explore the 
effect of age and sex on the complement system in a healthy Caucasian population by performing 
functional and quantitative complement analyses. The current study also enables us to better 
understand the complement system in different physiological conditions. 

Materials and methods

Serum samples
Serum samples were obtained from a population of 120 healthy Caucasian individuals from Norway, 
registered as blood donors. From each gender, 12 samples were obtained per age decade between 
20 and 70. Sixty females with a mean age of 44.7 years (range: 20–69 years) and 60 males with a 
mean age of 45.1 years (range: 20–65 years) were included. Serum samples obtained were directly 
aliquoted and stored at -80oC.

Assessment of pathway activity in normal human serum samples 
The complement kit (Complement System Screen Wieslab®, Eurodiagnostica, Malmö, Sweden) for 
assessment of CP, LP and AP activity was used according to the manufacturer’s instructions.24,25 In 
brief, strips of wells for CP were coated with IgM, strips for MBL-LP were coated with mannan and 
strips for AP were coated with LPS. Sera were diluted 1/101 for the CP and MBL-LP assays and 1/18 
for the AP assay in specific buffers to ensure that activation of only the actual pathway occurred, and 
were incubated for 1 h at 37°C. After washing, alkaline phosphatase-conjugated anti-human C5b-9 
was added before incubation at room temperature for 30 min. Additional washing was performed, 
substrate was added and the wells were incubated for 30 min. Finally, absorbance values were read at 
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405 nm. In each assay standard positive and negative control sera, provided in the kit as lyophilized 
material and reconstituted with distilled water, were assessed. The positive standard serum was a 
pool of 5 sera from healthy individuals and the negative control consisted of sera heat-inactivated at 
56°C for 20 min. Complement activity was calculated using the following formula: activity=100% x 
(mean A405 (sample) – mean A405 (negative control) / (mean A405 (standard serum) – mean A405 
(negative control). Samples as well as standard serum and negative control serum were tested in 
duplicate. 

Serum complement concentrations
Assessment of MBL concentrations was performed using a commercial MBL ELISA obtained from 
BIOPORTO Diagnostics A/S (Hellerup, Denmark) and performed according to the manufacturer’s 
instructions. C1q, C4, C3 and C1-inhibitor concentrations were assessed using nephelometry on a 
BN-Prospec, with validated diagnostic protocols provided by the manufacturer (Siemens Healthcare 
Diagnostics, Marburg, Germany), calibrated using a complement standard serum provided by the 
manufacturer. C2 and factor B were measured using rocket-immunoelectrophoresis as described 
by Sjöholm et al.26-28 Properdin and Factor D were assessed by electroimmunoassay as previously 
described.29,30 Concentrations of C2, factor B, properdin and factor D were expressed in arbitrary 
units (% of pooled human serum). 
 MASP-1, MASP-2, Ficolin-2 and Ficolin-3 levels were determined using in-house ELISAs. For all in 
house ELISA’s (Leiden University Medical Center, Leiden, the Netherlands) a standard protocol was 
used. In brief, Nunc Maxisorb plates (Nunc, Roskilde, Denmark) were coated using coating buffer 
(100 mM Na2CO3/NaHCO3, pH 9.6), for 16 h at room temperature. After each step, plates were washed 
three times with PBS containing 0.05% Tween 20. Residual binding sites were blocked by incubation 
with PBS containing 1% BSA. Unless otherwise indicated, all subsequent steps were incubated in PBS 
containing 0.05% Tween 20 and 1% BSA, for 1 h at 37°C. Detection antibodies were conjugated to 
digoxigenin (Dig) using Dig-3-O-methylcarbonyl-ε-aminocaproic acid-N-hydroxysuccinimide ester 
(from Boehringer Mannheim, Mannheim, Germany), followed by detection using HRP-conjugated 
rabbit anti-Dig Abs (Fab, from Boehringer Mannheim). Enzyme activity of HRP was detected using 
2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (Sigma) and absorption was measured at 
415 nm. 
 In more detail, for the detection of MASP-1 and MASP-2, polyclonal antibodies were raised 
in rabbits against the recombinant protease domain of MASP-1 and MASP-2, respectively, kindly 
provided by Dr. Peter Gál.31 However, based on the specificity of the anti-MASP-1 antibody it is likely 
that the results from this ELISA represent the sum of MASP-1 and MASP-3 levels. ELISA plates were 
coated with rabbit IgG anti-MASP-1 and rabbit IgG anti-MASP-2, respectively. Patient samples were 
incubated in GVB/NaCl/EDTA (Veronal-buffered saline containing 0.05% Tween-20, 0.1% gelatine, 
0.5M NaCl, 10 mM EDTA; pH 7.5), followed by detection using the same antibodies, which were 
conjugated as described above. Results were expressed in arbitrary units per ml using a standard 
line of serially diluted pooled normal human serum for calibration. For detection of ficolin-2, a 
similar protocol was followed using mouse monoclonal antibody GN5. Results were expressed in 
pg/ml as described previously.32 Both GN5 and 4H5 were kindly provided by dr. T. Fujita, Department 
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of Immunology, Fukushima Medical University, Fukushima, Japan). For detection of ficolin-3, the 
standard ELISA protocol was followed and the mouse monoclonal antibody 4H5 was used for both 
coating and detection. Results were expressed in arbitrary units/ml using pooled human serum for 
calibration. 
 C4bp, C5, C8 and C9 were measured by ELISA as previously described.33-35 C6 and C7 were 
measured using an in-house ELISA assay as previously described.36 In brief, wells were coated with 
an in house mouse monoclonal antibody against C6 (WU 6-4, Hycult, Uden, NL) and with an in house 
polyclonal antibody against C7. For the detection, respective biotinylated polyclonal antibodies 
were used. For the set-up of the ELISA, purified C6 or C7 (Cytotech, San Diego, CA, USA) were used to 
calibrate human serum as a standard. 
 The standards used in the different assays were not calibrated to the official European 
complement standard.

Statistics
Statistical analysis was performed using IBM SPSS 22.0 (IBM Corporation, Chicago, IL, USA). 
Concentrations of complement proteins and pathway activity were presented as median with 
interquartile range [IQR]. Differences between sexes were assessed with the Mann Whitney U test. 
Correlation between age and complement proteins or pathway activity was evaluated using the 
Spearman Rank correlation coefficient (r). Univariate and subsequent multivariate linear regression 
analysis were performed to identify independent determinants of complement pathway activity. 
Multivariate analysis models were constructed using backward selection (Pout>0.05) including 
complement proteins that were associated significantly (P<0.05) with complement pathway activity 
in univariate analysis. P-values<0.05 were considered statistically significant.

Results

Differences between males and females in complement pathway activity and 
components 
CP, MBL-LP and AP activity were determined by deposition of C5b-9 in serum samples from 60 males 
and 60 females. CP and MBL-LP activity were similar in both sexes (Figure 1). However, AP activity 
was significantly lower in females compared to males. The median AP activity for females was 69.5% 
compared with 81.0% for males (P<0.001, Figure 1). 
 In accordance, the levels of C3 and properdin were also significantly lower in women in 
comparison with men. Median C3 concentrations in females were 1.37 mg/mL (1.19–1.59) compared 
to 1.51 mg/mL (1.34–1.76) in males (P=0.001, Figure 2A), whereas median levels of properdin in 
females were 107% (91–128) versus 120% (98–138) in males (P=0.03, Figure 2B). Conversely, serum 
concentration of factor D showed an opposite pattern (P<0.001, Figure 2C), since levels were 
significantly higher in females (140%, IQR: 115%–200%) than in males (100%, IQR: 82%–137%). 
Males had higher levels of serum MBL in relation to female subjects. Median MBL concentrations 
were 533 ng/mL (142–1076) and 843 ng/mL (289–1646) in females and males, respectively (P=0.03, 
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Figre 2B). Likewise, female subjects also had significantly lower levels of ficolin-3 compared to male 
subjects, with a median of 830 AU/mL (676–1034) and 1042 AU/mL (883–1192) in females and males, 
respectively (P=0.001, Figure 2A). 

Figure 1 | Complement pathway activity according to sex. The activity of the classical pathway (CP), alternative 
pathway (AP) and MBL-induced lectin pathway (MBL-LP) was measured in 120 Caucasian healthy subjects, of 
which 60 males and 60 females. The solid lines indicate the median values in each group. The differences between 
males and females was assessed by the Mann Whitney test (*P<0.05, **P<0.01, ***P<0.001). CP/AP activity is 
referred to the left Y-axis in linear scale whereas MBL-LP activity is referred to the right Y-axis in a logarithm scale. 

The rest of the components measured did not differ between females and males (Table 1). In line 
with CP activity, serum levels of C1q, C4, C2, C1-INH, and C4bp did not differ between the sexes 
(Table 1). Furthermore, despite the fact that MBL-LP activity was not significantly different between 
the sexes, a trend was still seen for lower activity in females compared to males. Additionally, 17% of 
the males were MBL deficient (0% MBL-LP activity) whereas in females this was 23%. The threshold 
of MBL concentration to result in zero activity was 130 ng/mL. The other components from the LP 
such as MASP-1, MASP-2 and Ficolin-2 did not differ between both sexes (Table 1). 
 Quantification of the terminal complex components revealed that all these components, except 
C6, were significantly lower in female subjects compared to male subjects (P<0.05, Figure 3). The 
presented data show that in women, levels were 53%, 15%, 59%, and 14% lower, for C5, C7, C8 and 
C9, respectively. For C8, concentrations above 50 µg/ml were exclusively observed in males (65% of 
male subjects had concentrations of C8 above 50 µg/ml). 
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Figure 2 | Differences in complement components between sexes. In 120 subjects, consisting of 60 males and 
60 females complement levels of (A) C3, (B) Properdin, (C) Factor D, (D) MBL, (E) Ficolin-3 were measured. The solid 
lines indicate the median values in each group. The differences between males and females was assessed by the 
Mann Whitney test (*P<0.05, **P<0.01, ***P<0.001).
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Table 1 | Levels of complement components that did not show any difference between the sexes

Component Male Female P-value

C1q (in mg/L) 141 (1.28–1.49) 136 (125–142) 0.12

C1-INH (in mg/mL) 0.28 (0.25–0.30) 0.26 (0.23–0.30) 0.07

Ficolin-2 (in pg/mL) 1680 (1160–2235) 1568 (1063–2403) 0.64

MASP-1 (in AU/mL) 700 (603–906) 749 (611–919) 0.53

MASP-2 (in AU/mL) 856 (650–1620) 799 (609–1121) 0.14

C2 (in AU/mL) 126 (104–140) 123 (107–134) 0.58

C4 (in mg/mL) 0.28 (0.20–0.32) 0.23 (0.19–0.29) 0.07

C4bp (in µg/mL) 214 (197–248) 206 (177–245) 0.30

Factor B (in AU/mL) 103 (93–118) 98 (88–120) 0.22

C6 (in µg/mL) 44.6 (31.8–65.6) 37.9 (25.3–54.9) 0.08

The current table displays levels of components that were not significantly different. Values are presented as median and interquartile 
range ([IQR). P-values represent the difference between males and females tested by Mann Whitney test. 
Abbreviations: C1-INH, C1-inhibitor; MASP, MBL-associated serine protease; C4bp, C4b-binding protein. 
The standards used in the different assays were not calibrated to the official European complement standard. 

Figure 3 | Differences in terminal pathway components between sexes. In 120 subjects, consisting of 60 males 
and 60 females, complement levels of (A) C5, (B) C7, (C) C8 and (D) C9 were measured. The solid lines indicate the 
median values in each group. The differences between males and females was assessed by the Mann Whitney test 
(*P<0.05, **P<0.01, ***P<0.001)
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Age-related changes in complement pathway activity and components
Next, we determined the effect of age on the complement system by correlating complement 
components and activity with age in 120 healthy individuals with a mean age of 45 years ± 13.5, 
ranging from 20–69 years old. Linear regression analysis demonstrated a significant age-related 
effect for CP and AP activity, but not for the MBL-LP activity (data not shown). In accordance, age 
significantly correlated with CP activity (r=0.42, P<0.001, Figure 4A) and AP activity (r=0.30, P<0.001, 
Figure 4B), but not with MBL-LP activity (Figure 4C).

Figure 4 | Correlations between complement pathway activity 
and age. In 120 healthy subjects age was correlated to the activity 
of the (A) classical pathway (CP), (B) alternative pathway (AP) 
and (C) MBL-induced lectin pathway (MBL-LP). These correlations 
were evaluated using the Spearman Rank correlation coefficient. 
P-values<0.05 were considered to be statistically significant.
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Figure 5 | Correlation of complement proteins with age. In 120 healthy subjects age was correlated to the 
concentration of (A) C1-INH, (B) Factor D, (C) C5. (D) C8 and (E) C9. These correlations were evaluated using the 
Spearman Rank correlation coefficient. P-values<0.05 were considered to be statistically significant.
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However, when the twenty-five oldest individuals (mean age 62 ± 2.3 years) were compared to the 
twenty-five youngest individuals (mean age 26 ± 3.3 years) significant differences were observed in 
all pathways: higher CP activity (106% versus 91%, P<0.001), lower MBL-LP activity (35% versus 60%, 
P=0.01) and higher AP activity (83% versus 74%, P=0.01). Subsequently, we analyzed the effect of age 
on the concentration of the different complement components and factors. Regardless of statistics, 
a correlation coefficient below 0.3 was not perceived as clinically relevant.37 Using linear regression 
analysis, a significant effect of age was observed for C1-INH, factor D, C5, C8 and C9 levels (Figure 5). 
C1-INH showed an age-related rise (Figure 5A, r=0.30, P=0.001), whereas factor D (Figure 5B, r=-0.32, 
P=0.001) levels decreased with age. Consistent with the age-related increase in CP and AP activity, 
levels of C5 (Figure 5C, r=0.40, P<0.001), C8 (Figure 5D, r=0.43, P<0.001) and C9 (Figure 5E, r=0.31, 
P=0.001) positively correlated with age. The comparison between the oldest and youngest twenty-
five individuals showed that C5, C8 and C9 levels increased by 47% (P<0.001), 60% (P<0.001) and 
24% (P=0.001), respectively, with age. Finally, if we correct for sex, the impact of age on CP and AP 
activity remains significant. However, the age-related effect on AP is predominantly found in female 
subjects (females: r=0.35, P=0.05), whereas the effect of age on CP activity was predominantly found 
in male subjects (males: r=0.61, P<0.001).

The relationship between complement components and pathway activity 
To better understand the determinants of complement activity of the different pathways, we related 
individual complement components with their respective complement pathway (Table 2-4). CP 
activity correlated significantly with C2 levels (Table 2, r=0.51, P<0.001), whereas MBL-LP activity 
significantly correlated with MBL concentrations (Figure 6, Table 3, r=0.89, P< 0.001). Furthermore, 
for AP activity significant correlations were seen with properdin (Table 4, r=0.35, P<0.001), factor 
B (Table 4, r=0.51 P<0.001) and C3 (Table 4, r=0.42, P<0.001). In addition, we correlated terminal 
pathway components with complement activity of the different pathways (Table 5). CP activity 
correlated significantly with C5 (Table 5, r=0.39, P<0.001) and C9 (Table 2, r=0.42, P<0.001), while 
AP activity correlated with C5 (Table 5, r=0.56, P<0.001), C8 (Table 5, r=0.43, P<0.001) and C9 (Table 
5, r=0.38, P<0.001). MBL-LP activity did not correlate with any of the terminal pathway components 
(Table 5). However, besides the correlation between individual complement components with 
their respective complement pathway, there were also correlations between different complement 
components with each other. The latter could form a possible confounder for the pathway analysis. 
Subsequently, we performed a multivariate linear regression analysis and found that levels of C2, 
C1-INH and C5 were independent determinants of CP activity (model R2=0.46, Table 6), whereas 
MBL and MASP-2 were independent determinants of MBL-LP activity (model R2=0.66, Table 6). 
Moreover, the multivariate linear regression analysis demonstrated that only C3, factor B and C5 
were independent determinants of AP activity (model R2=0.46, Table 6).
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Table 2 | Correlations between classical pathway functional activity, complement levels and age

CP C1q C2 C4 C3 C1-INH Age

CP – – – – – –
 0.42  
P<0.001

C1q
0.20  
P=0.03

– – – – –
-0.04  
P=0.67

C2
0.51 
P<0.001

0.30  
P=0.001

– – – –
 0.28  
P=0.002

C4
0.11  
P=0.27

0.29  
P=0.002

0.32  
P=0.001

– – –
 0.07  
P=0.47

C3
0.20  
P=0.03

0.37  
P<0.001

0.45  
P<0.001

0.65  
P<0.001

– –
 0.001  
P=0.99

C1-INH
0.24  
P=0.009

0.23  
P=0.01

0.52  
P<0.001

0.44  
P<0.001

0.42  
P<0.001

–
 0.30  
P=0.001

C4bp
0.24  
P=0.009

0.28  
P=0.002

0.44  
P<0.001

0.29  
P=0.002

0.39  
P<0.001

0.38  
P<0.001

 0.13  
P=0.17

Spearman’s correlation was performed and data are presented as correlation coefficient and corresponding P-value. Significant 
correlations are highlighted. 
Abbreviations: C1-INH, C1-inhibitor; CP, classical pathway activity; C4bp, C4b-binding protein.

Table 3 | Correlations between MBL-lectin pathway functional activity, complement levels and age

MBL-LP MBL MASP-2 MASP-1 C2 C4 C3 C4bp Age

MBL-LP – – – – – – – – -0.16 
P=0.09

MBL 0.89 
P<0.001

– – – – – – – -0.16 
P=0.09

MASP-2 0.21 
P=0.025

0.09 
P=0.32

– – – – – – -0.03 
P=0.72

MASP-1 0.09 
P=0.33

0.06 
P=0.53

0.29 
P=0.001

– – – – – -0.20 
P=0.03

C2 -0.08 
P=0.39

-0.07 
P=0.44

-0.06 
P=0.56

0.06 
P=0.52

– – – – 0.28 
P=0.002

C4 -0.06 
P=0.53

-0.07 
P=0.46

0.05 
P=0.63

-0.01  
P=0.92

0.32 
P=0.001

– – – 0.07 
P=0.47

C3 -0.05 
P=0.54

0.12 
P=0.19

0.13 
P=0.17

0.14 
P=0.12

0.45 
P<0.001

0.65 
P<0.001

– – 0.001 
P=0.99

C4bp -0.08 
P=0.38

-0.02 
P=0.83

0.18 
P=0.05

-0.04 
P=0.66

0.44 
P<0.001

0.29 
P=0.002

0.39 
P<0.001

– 0.13 
P=0.17

C1-INH 0.08 
P=0.12

0.15 
P=0.12

0.03 
P=0.77

-0.05 
P=0.59

0.52 
P=<0.001

0.44 
P<0.001

0.42 
P<0.001

0.38 
P<0.001

0.30 
P=0.001

Spearman’s correlation was performed and data are presented as correlation coefficient and corresponding P-value. Significant 
correlations are highlighted. 
Abbreviations: C1-INH, C1-inhibitor; C4bp, C4b-binding protein; MBL, mannose-binding lectin; MBL-P, MBL-induced pathway activity; 
MASP, MBL-associated serine protease.
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Table 4 | Correlations between alternative pathway functional activity, complement levels and age

AP Properdin Factor B Factor D ddC3dd Age

AP – – – – – 0.30  
P=0.001

Properdin 0.35  
P<0.001

– – – – -0.01  
P=0.89

Factor B 0.51  
P<0.001

0.24  
P=0.01

– – – 0.27  
P=0.003

Factor D 0.13  
P=0.17

-0.02  
P=0.85

0.05  
P=0.59

– – -0.32  
P=0.001

C3 0.42  
P<0.001

0.52  
P<0.001

0.50  
P<0.001

0.06  
P=0.48

– 0.001  
P=0.9

Spearman’s correlation was performed and data are presented as correlation coefficient and corresponding P-value. Significant 
correlations are highlighted. 
Abbreviations: AP, alternative pathway activity.

Table 5 | Correlations between terminal pathway components, functional pathway activity and age

AP CP MBL-LP C5 C6 C7 C8 Age

AP – – – – – – – 0.30  
P=0.001

CP 0.44  
P<0.001

– – – – – – 0.42  
P<0.001

MBL-LP 0.02  
P=0.87

0.04  
P=0.69

– – – – – -0.16  
P=0.09

C5 0.56  
P<0.001

0.39  
P<0.001

0.06  
P=0.51

– – – – 0.40  
P<0.001

C6 0.07  
P=0.44

-0.03  
P=0.74

-0.05  
P=0.61

0.18  
P=0.04

– – – 0.18  
P=0.04

C7 -0.09  
P=0.34

-0.05  
P=0.57

-0.01  
P=0.94

0.10  
P=0.28

0.32  
P<0.001

– – 0.04  
P=0.65

C8 0.43  
P<0.001

0.27  
P=0.003

0.00  
P=0.99

0.59  
P<0.001

0.20  
P=0.02

0.22  
P=0.01

– 0.43  
P<0.001

C9 0.29  
P=0.001

0.42  
P<0.001

-0.07  
P=0.47

0.40  
P<0.001

0.12  
P=0.18

0.04  
P=0.65

0.48  
P<0.001

0.31  
P=0.001

Spearman’s correlation was performed and data are presented as correlation coefficient and corresponding P-value. Significant 
correlations are highlighted. 
Abbreviations: AP, alternative pathway activity; CP, classical pathway activity; MBL-LP, Mannose-Binding Lectin-induced pathway activity 
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Figure 6 | Correlation between MBL-LP activity and MBL levels. In 120 healthy subjects MBL levels were correlated 
to the activity of the MBL-LP (%). This correlation was evaluated using the Spearman Rank correlation coefficient. A 
P-value<0.05 was considered to be statistically significant.

Table 6 | Univariate and multivariate determinants of functional complement pathway activity

Univariate Multivariate

Standardized β P-value Standardized β P-value

Alternative pathway activity

Factor B 0.48 <0.001 0.28 <0.001

Properdin 0.35 <0.001

C3 0.50 <0.001 0.26 0.001

C5 0.51 <0.001 0.37 <0.001

C8 0.36 <0.001

C9 0.35 <0.001

Classical pathway activity

C1q 0.20 0.04

C2 0.63 <0.001 0.62 <0.001

C3 0.19 0.04

C1-INH 0.20 0.03 -0.14 0.04

C4bp 0.24 0.01

C5 0.39 <0.001 0.25 0.001

C8 0.22 0.02

C9 0.30 0.001

MBL pathway activity

MBL 0.79 <0.001 0.78 <0.001

MASP-2 0.23 0.01 0.18 0.001

Multivariate linear regression analysis was performed to identify independent determinants of complement pathway activity. All variables 
described in table 2–5 were tested, only variables with P<0.05 in the univariate analysis are shown. Multivariate analysis models were 
constructed using backward selection (Pout>0.05) including complement proteins that were associated significantly (P<0.05) with 
complement pathway activity in univariate analysis. 
Abbreviations: C1-INH, C1-inhibitor; C4bp, C4b-binding protein; MBL, Mannose-Binding Lectin; MASP-2, MBL-associated serine protease 2.
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Discussion

In the current study, we demonstrate in a healthy Caucasian population that sex and age 
significantly impact the complement system. Sex-related analysis revealed that females have 
lower AP activity and lower AP and LP complement components, with an exception for factor D. 
In addition, females showed significantly lower levels of C3 and terminal pathway components. 
These results demonstrate that females have significantly lower complement activity and levels 
of complement components compared to males. Furthermore, age-related analysis showed that 
ageing is associated with an enhanced functional activity of the CP and the AP. Correspondingly, 
terminal pathway components levels increased with age. Lastly, we analyzed the determinants of 
functional complement pathway activity, by relating individual complement components with their 
respective complement pathway. In healthy individuals, CP activity was determined by C2, C1-INH 
and C5, MBL-LP activity by MBL and AP activity by C3, factor B and C5. These results support the 
relevance of age- and gender-matched control cohorts in studies related to the complement field, 
including the assessment of reference values used in clinical laboratory diagnostics. Moreover, these 
results suggest that age and sex should be taken into account in complement-related pathology as 
well as in complement-targeted therapies. 
 For the majority of complement components the liver is the predominant source of production, 
and production of complement proteins can be regulated by an acute phase response.38 Other 
main production sites includes peripheral blood mononuclear cells which are responsible for the 
production of C1q, properdin and C7, adipocytes which produce factor D and the lungs where 
ficolin-3 is mainly produced.39,40 In fact, most tissues and inflammatory cells are able to produce 
various complement proteins, e.g. upon stimulation with cytokines.41 Additionally, genetic 
environmental and lifestyle factors such as obesity and smoking also influence complement 
levels.42-44 Multiple complement deficiencies have been described and associated with pathology.45 
In addition, single-nucleotide polymorphisms (SNP) can strongly affect the concentration and/
or function of various complement proteins, as have been well documented for e.g. MBL.46,47 Yet, 
limited studies have investigated the influence of sex and age on the complement system.48-50 
 The immune system varies between males and females and differences in innate and adaptive 
immunity have already been demonstrated. At least two factors are known to explain the influences 
of sexual dimorphism in immunity: genetics (e.g. the X chromosome) and hormonal differences.51 
Remarkably, the X chromosome contains genes that encode for several proteins related to immune 
response such as toll-like receptors and interleukins. Moreover, properdin is encoded on the short 
arm of the X chromosome.52 However, in our study, females had lower properdin levels than males, 
demonstrating once more that genetic factors do not solely determine the concentration of the 
components. In addition, sex hormones are known to influence innate and adaptive immunity. The 
majority of the cells from innate and adaptive immunity express estrogen receptors.53 However, 
data on the influence of sex on the complement system remains limited. A study by Roach et al. 
demonstrated that in children (age range 1–19 years) there were differences in several complement 
components between boys and girls.50 However, the differences found in this study were age-
dependent. Troldborg et al. studied complement proteins restricted to the lectin pathway and 
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showed comparable results to ours, showing that female have lower complement levels than males.54 
Previously, an animal study demonstrated the influence of sex hormones on the complement 
system by injecting estrogen and testosterone in healthy and castrated mice from both sexes.55 Mice 
treated with testosterone showed increased late acting complement activity while mice treated with 
estrogen showed diminished activity.49 In accordance, a recent animal study demonstrated lower 
complement functionality in female mice due to lower levels of terminal complement components.48 
This has been a reason for our group to perform complement-related animals experiments solely in 
male rodents.56,57 Altogether, these results in rodents are in line with our findings that females have 
lower terminal complement components and lower functional activity. In our study, only Factor D 
was significantly higher in woman. A possible explanation could be a higher amount of adipose 
tissue in woman than in men, resulting in enhanced production. Unfortunately, factor H and factor 
I were not determined in our cohort. Previous studies did not find significant differences between 
sexes in factor H levels in adults.58 In addition, very recent work did not observe an effect of sex or 
age in factor H levels in children.55 However, since we observed a lower AP functional activity in 
females, a possible explanation for this difference could be higher levels of factor H and/or factor I. 
Nonetheless, the clinical consequences of these differences remain to be elucidated. Yet, some clues 
already indicate that sex could form a possible confounder in complement-mediated diseases. For 
instance, in a cohort of healthy people, low MBL levels were associated with cardiovascular disease, 
however this association was seen only in men and not in women.59 Moreover, in a study of AMD, 
distinct alterations were shown between the sexes in levels of AP components.60 Thus, more studies 
are needed to clarify the significance of sexual dimorphism on the complement system. In the future, 
these shortcomings could be addressed by studying the complement system in transsexual subjects 
undergoing hormonal replacement therapy. Nevertheless, an important question that remains is: 
should we treat women and men equally when it comes to complement therapeutics? 
 In the early phase of life, innate immunity plays a fundamental role since adaptive immunity is 
still under development, whereas during adolescence this is reversed.61 Immunity undergoes severe 
deterioration with age.15,61 Previous studies showed that both for innate and adaptive immunity, the 
function reduces with age.22,62 Whether this decline in innate immune function is also true for the 
complement system was still unknown. In a Japanese healthy cohort, C3 levels varied according 
to different age ranges, however not in a continuous way.63 Certain LP components were also 
investigated in a large population and showed MBL levels are reduced in adults when compared to 
children.64 Previously, in a cohort of centenarians, MBL levels were reported to be reduced compared 
to the general population.66 However, this reduction was based on a higher prevalence of mbl2 gene 
mutations, suggesting a beneficial role of intermediate levels of MBL for longevity. In our study, 
we found that age had a minor effect on MBL-LP activity, but significantly enhanced the activity 
of CP and AP. Accordingly, in an earlier study in healthy subjects aged between 20 and 69 years 
old, increased CH50 activity during ageing was observed and associated with increased levels of 
individual components of the CP.65 Moreover, in line with the enhanced functional activity of CP 
and AP, the levels of terminal pathway components C5, C8 and C9 also raised with age. However, an 
important limitation of our results is that our study design is cross-sectional and not longitudinal. 
Accordingly, our study is unable to discriminate between true age-related changes or better survival 
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due to evolutionary advantages. Possible explanations for the ageing immune system could be 
epigenetic changes, metabolic changes, changes in protein production and degradation and 
accumulation of senescence cells. Finally, the increased levels of terminal pathway components with 
age could be a mechanism to compensate for the impaired clearance of pathogens and apoptotic 
cells due to lower cellular immunity.67

 The current findings help to become conscious of changes in complement function during 
physiological conditions. Furthermore, the data obtained provide insight in the complex teamwork 
of all the different complement proteins to achieve the end goal, i.e., the production of the 
membrane attack complex upon complement activation. To further study the contribution of each 
individual component to their respective pathway(s) we first correlated individual complement 
components with their complement pathway function. However, since complement components 
also correlated with each other, this could cause a potential confounder. Thus, we next performed 
multivariate regression analysis, to correct for other components and confounders. In this analysis, 
MBL and MASP-2 levels were independent determinants of MBL-P activity. For the CP activity, C2 and 
C5 levels were the strongest determinants. In accordance, C2 has previously been described as the 
rate-limiting factor in the CP activation.68 In addition, C1-INH was also an independent determinant 
of CP activity, however with a negative value, confirming that C1-INH acts as a negative regulator 
of CP activation.69,70 Furthermore, AP activity was dependent on C3, factor B and C5. Factor D has 
previously been described as the rate-limiting step of the AP, however the current study does not 
confirm these results.71,72 Our studies confirm the key role of C5 as a rate limiting step for activation 
of the terminal pathway of complement, both via the CP and via the AP. 
 Expression of complement genes and complement function is at least partially genetically 
determined. In the present study, the function of the MBL pathway was strongly determined by 
the concentration of MBL, of which the expression of functional molecules is largely genetically 
controlled by a number of SNP in the promoter and coding region.46,73 Our data also show that the 
concentration of factor B is positively correlated to the concentrations of C4 (r=0.39) and C2 (r=0.42), 
suggesting co-regulation of the genes involved, which are located in close proximity to each other in 
the MHC class III region at chromosome 6.74 Similarly, expression of C5 and C8 is strongly correlated, 
suggesting co-regulation of expression of genes for C5 and C8-gamma, located at chromosome 
9q33. 
 The present study focused on complement function and individual component concentration. It 
was out of the scope to investigate complement activation products reflecting basic ongoing in-vivo 
complement activation. In contrast to differences found in native component concentrations, we 
have previously shown that a number of complement activation products did not differ between 
female and male blood donors indicating that the degree of physiologic activation not necessarily 
is reflected by the different individual component concentrations.75 Furthermore, the concentration 
of activation products did not differ between the age groups divided in decades from 20–70 years 
(unpublished data). Others have shown that there is an individual diurnal variation of complement 
components and anaphylatoxins dependent of sleep. 76 
 We acknowledge that the present study has limitations. Although our cohort includes a variety of 
subjects in different age ranges, one limitation is the absence of age below and above blood donor 
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acceptance (i.e. 20 and 69 years). Additionally, we did not have genetic and lifestyle background 
from the subjects of the study, which could add valuable information. However, all donors were 
accepted as blood donors according to the health criteria for donating blood at the hospital, 
implying that they represent the health part of the population. Furthermore, the complement 
system comprises over more than 50 proteins and we were therefore unable to determine all 
complement proteins. Concerning LP, the current study only measured functional activity of MBL 
and not from the other initiators such as ficolins and collectins. Finally, the standards used in the 
different assays were not calibrated to the official European complement standard. However, this 
would not change our conclusions, just the absolute values. On the other hand, strengths include 
the number of complement proteins determined, the combination of quantitative and functional 
analysis, the population size and the in-depth performed statistical analysis.
 In conclusion, there are important sex- and age-related differences in the complement system. 
These changes should be taken into account when studying complement-related diseases. 
Furthermore, complement therapies that are now reaching clinical phase should be tested for the 
different sexes and age ranges since different complement profiles might affect the efficiency of a 
therapy.
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Summary, Discussion and Future perspectives

The successful use of the first complement inhibitor eculizumab, a monocloncal antibody directed 
against C5, in atypical hemolytic uremic syndrome (aHUS) and paroxysmal nocturnal hemoglobinuria 
(PNH) has proved the efficacy of complement-targeted therapies and therefore arouse interest 
about its clinical use, especially in kidney diseases.1 Currently, different complement inhibitors are 
being tested in clinical trials for other renal diseases such as IgA nephropathy and lupus nephritis. 
Furthermore, the clinical experience with eculizumab has also helped to increase our understanding 
of the complement system and to assess the remaining and emerging challenges in complement-
related kidney disease. After the impressive results of anti-C5 therapy in aHUS and PNH, there was 
an increase in clinical trials and for off-label use of eculizumab. For instance, eculizumab has been 
tried in renal transplantation and C3 glomerulopathy. However, these trials were unsuccessful, 
suggesting that complement therapies are not a one-size-fits-all therapy.2 Not all the patients 
responded to the therapies and there was no improvement in disease outcome. Therefore, when 
talking about complement-targeted therapies two different targets should be discussed: (1) the 
target in the complement cascade, since blockage of the system can be done in different levels 
e.g inhibiting initiators, convertases or blocking activation products, and (2) the population that 
should be targeted, since different patients can respond differently to the same treatment. Current 
technologies such as genetic profiling and new biomarkers could contribute to select which kind 
of patients that are more prone to respond to each treatment. A better understanding of the 
mechanisms behind each disease is key for future positive results in complement-targeted therapies. 
Furthermore, it is important to realize that in addition to pathology, the complement system can 
also be modulated by interventions and treatments given to the patients such as dialysis.3 Thus, 
investigating the complement system during treatment can increase our understanding of its role 
and effect in renal replacement therapies and therefore can lead to improvements preventing 
unwanted consequences such as cardiovascular disease. In this thesis, we aimed to investigate the 
role and mechanisms of complement activation in chronic kidney disease and dialysis. 

Chapter 1 comprises a brief introduction to chronic kidney disease and the complement system, 
and the rationale from this thesis. Chapter 2 gives an overview of the complement system, 
particularly the lectin pathway. Recent studies proposed the existence of a bypass mechanism in the 
lectin pathway.4 However, the C4/C2 bypass mechanism remains controversial since it had only been 
shown in in-vitro or animal models.4-6 In this chapter, human evidence suggesting the occurrence of 
the C4 bypass was for the first time provided. In addition, the role of the lectin pathway in different 
diseases was re-discussed with the new concept of the C4 bypass. Furthermore, understanding the 
C4 bypass as a mechanism that leads to complement activation might impact the target to be used 
in complement-related diseases. At present, the results of the current clinical trials such as the 
inhibition of LP via MASP-2 in IgA nephropathy are eagerly awaited. Furthermore, complement 
activation cannot only be triggered by the renal disease process but also by the renal replacement 
therapy. Thus, in Chapter 3 the current knowledge about the complement system in dialysis is 
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summarized. In both, hemodialysis (HD) and peritoneal dialysis (PD), bioincompatibility seems to be 
the critical factor leading to complement activation. In case of HD this is the membrane, whereas in 
PD the bioincompatibility reaction arises from the PD-fluid. Based on current literature, the proposed 
mechanism of complement activation in HD involves activation via the lectin and the alternative 
pathway, which subsequently would trigge  r inflammation and coagulation.7,8 In Chapter 4 we 
demonstrated that complement activation in hemodialysis still occurs, even with the use of modern 
hemodialysis membranes. In addition, we investigated the relation between MBL and the increased 
cardiovascular risk in HD patients. In general, the role of MBL in disease is controversial and 
depending on the disease and the situation it can be beneficial or detrimental.9-11 In Chapter 4, we 
showed that low levels of MBL in HD patients are associated with a higher risk of cardiovascular 
events (CV-events). Furthermore, MBL was not only shown to be associated, but was also a predictor 
for CV-events even when adjusted for established risk factors. Therefore, MBL levels might be used 
in the future as a tool to predict cardiovascular risk in HD patients and contribute to a better 
evaluation of prognosis in these patients. MBL tests have a specificity of 74% for CV-events although 
a lower sensitivity of 58%. In addition, the negative predictive value of MBL is 84,5%. Taken together, 
these results shows that patients with high MBL levels indeed have lower risk of developing CV-
event whereas patients with low MBL should be better investigate. Furthermore, to our surprise, 
complement activation at the end of the HD session was not associated with CV-events or mortality. 
Therefore, in Chapter 5 we investigated the hypothesis of intradialytic complement activation 
resulting in inflammation and coagulation and their relationship to outcome. Firstly, we 
retrospectively looked at complement activation during an HD session of patients who would later 
develop a cardiovascular event and patients who did not. An association between early complement 
activation during the HD session with cardiovascular event was found. Complement activation 
showed the most striking difference, but inflammation and coagulation markers also differed 
between the groups with and without a CV-event. Next, to test our hypothesis that complement-
activation is responsible for the induction of inflammation and coagulation; an ex-vivo model of HD 
was developed. Indeed, the experimental setting reproduced the clinical issue of HD-induced 
complement activation. Subsequently, complement inhibition in the ex-vivo HD model abrogated 
inflammation and coagulation. Although promising, complement inhibition in dialysis should be 
carefully studied since blockage of the complement system in-vivo could lead to an unwanted 
increased risk of infections. An initial step towards complement therapeutics in HD could be testing 
different complement inhibitors in preclinical models of HD. Selective inhibition of each pathway or 
inhibition in the different levels could contribute in the elucidation of the appropriate target. 
Considering the proposed roles for LP and AP and the promising result with C1-inhibitor in the ex-
vivo model, testing other complement inhibitors of these pathways such as the MASP-2 inhibitor of 
the LP, or blocking C2 or C4 would be interesting strategies. Overall, complement activation by HD 
could be prevented by different strategies: at the systemic level by giving an inhibitor intravenously 
or at a local level by preventing complement activation on the HD membranes. Other hurdles that 
should be taken into account are the current costs of complement targeted therapies and the 
frequency of the dialysis procedures. Possibly, preventing systemic complement activation in HD by 
coating the HD membrane might be a cheaper and more efficient option than targeting complement 
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activation systemically. In Chapter 3, we hypothesized that HD induced systemic complement 
activation, while PD induces local complement. The proposed mechanism in HD would be the 
binding of ficolin-2, properdin and/or C3b to the membrane that could result in lectin and alternative 
pathway activation whereas in PD, the proposed mechanism included decreased expression of 
complement receptors and cellular debris and antibodies against microorganisms leading to 
complement activation. However, in Chapter 6 we found systemic and local complement activation 
in stable PD patients. Moreover, the systemic activation in PD seems to be higher than in HD patients. 
Systemically, CP seems to mediate complement activation, whereas locally AP seems responsible for 
complement activation. Previously, systemic and local inflammation was also shown to be an 
uncoupled process in PD. Moreover, systemic inflammation was linked to cardiovascular outcome, 
whereas local inflammation was associated with membrane failure.12 In conformity, our results 
suggest that systemic and local complement activation arise from different processes, since the 
pathways involved differ. Future studies are therefore needed to evaluate the clinical effects of 
complement activation in stable PD patients. In Chapter 3, we described one of the proposed 
mechanisms of complement activation in PD, namely the decreased expression of complement 
receptors on mesothelial cells. Complement activation could then lead to tissue injury, inflammation 
and coagulation. Therefore in Chapter 6, we explored the role of shedding of the complement 
receptor CD59 in the peritoneum on PD-induced local complement activation. However, there was 
no association between sCD59 and sC5b-9 indicating that shedding of CD59 during PD is most likely 
not the main mechanism resulting in local complement activation during PD. Next, in Chapter 7 the 
ability of distinct iron preparations to activate the complement system was shown. Iron preparations 
are routinely used in the treatment of anemia in chronic kidney disease patients and dialysis 
patients.13 However, hypersensitivity reactions induced by iron remain a clinical concern. The 
complement system was previously proposed to be the mediator of iron-induced hypersensitive 
reactions via complement activation-related pseudo-allergy (CARPA).14 In Chapter 7, we tested 
multiple iron preparations in different in-vitro and ex-vivo assays and overall showed the proof of 
concept that certain iron preparations can activate the complement system. In general, iron sucrose, 
ferric carboxymaltose and iron dextran were shown to affect the complement system. However, in-
vitro results varied and seemed paradoxical. Therefore, In Chapter 8 we proceeded with an in-vivo 
investigation of complement activation by iron sucrose and ferric carboxymaltose, since these are 
the most used iron preparations. In brief, we showed in-vivo complement activation by iron sucrose, 
but not ferric carboxymaltose. Moreover, the effect of complement activation by iron sucrose was 
even observed in the context of HD. As previously discussed in Chapter 3, 4 and 5, hemodialysis 
itself already activates the complement system. Nevertheless, the use of iron sucrose in HD patients 
led to significant increase in complement activation. In addition, intravenous iron sucrose also 
resulted in increased levels of MPO, suggesting a link with oxidative stress. In summary, this chapter 
shows that iron sucrose contributes to complement activation. Ferric carboxymaltose is an 
alternative iron compound superior in terms of complement activation. In accordance, ferric 
carboxymaltose also resulted in improvement of iron status parameter when compared to iron 
sucrose in hemodialysis cohort, suggesting indeed that ferric carboxymaltose could be a better 
treatment option15 Finally, in Chapter 9 the effect of sex and age on the complement system were 
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studied. Chapter 9 shows that females have lower AP functional activity and lower levels of terminal 
pathway components. Various explanations are possible for this sex-related difference in the 
complement system such as genetics and hormone-related differences.16,17 Fittingly, animal studies 
have previously shown females had lower systemic complement activity than males.18 In addition, 
enhanced AP and CP functional activity and higher levels of the terminal pathway were seen in older 
subjects. Nevertheless, the study design was descriptive and not longitudinal and therefore it could 
be possible that the complement system characteristics seen in our study represent an evolutionary 
advantage, rather than a change over time. In accordance, previously, low MBL levels were reported 
in a centenarian cohort.19 These low MBL levels were due to a higher prevalence of mutations in the 
MBL2 gene, suggesting a beneficial role of this mutation for longevity. Thus, future studies should 
evaluate the longitudinal changes in the complement system during age in a healthy population. 
Measuring different complement components and complement activity in the Groningen Life Lines 
cohort would be an interesting approach. In addition, a genetic analysis could also add valuable 
information. 
 Considering the result of Chapter 9 that sex and age possibly impact the complement system 
to a great extent, we decided to re-evaluate the previous chapters. In Chapter 4, there were no 
significant differences in MBL levels during HD between males and females (Table S1). However, 
the association between MBL levels and CV-events were solely found in male participants. In 
accordance, the association between MBL and coronary artery disease in a healthy population was 
also only found in men despite showing an opposite relation between MBL and cardiovascular 
disease.9 Nevertheless, when looking at these new data we have to keep in mind that our study 
included more male than female participants. In addition, although weak, a correlation was shown 
between MBL and age. In Chapter 5, no differences were seen in age and sex between the groups 
who developed a CV-event and the group who did not develop it. In addition, there was also no 
difference in intradialytic complement activation between sexes. This finding is in line with our 
proposed mechanism of HD-induced complement activation via ficolin-2, since in Chapter 9 it was 
shown that fiicolin-2 does not differ between males and females. Next, in Chapter 6, no differences 
were seen in systemic complement activation between male and female, whereas there was a trend 
for less local complement activation in females. This trend was further confirmed by a significant 
difference in the PD-fluid/plasma ratio of sC5b-9 between sexes. Interestingly, we found that local 
complement activation is mediated via the AP. Fittingly, in Chapter 9 females showed lower levels 
of properdin compared to males. In accordance, levels of properdin in the PD-fluid were lower in 
females than in males. Thus, stable female PD patients could indeed be less susceptible for local 
complement activation. Furthermore, complement activation did not correlate with age, yet protein 
loss correlated with age, suggesting that membranes from older patients are associated with more 
protein diffusion to the PD-fluid, yet it did not led to increased complement activation. In Chapter 8, 
in the non-HD population only males had significant iron-induced complement activation, whereas 
there was a trend for females. However, the cohort was not sex and age matched, and had more 
males than females. Considering that the AP was suggested to mediate iron-induced complement 
activation together with the findings in Chapter 9 that females have lower levels of properdin and 
AP activity, it would indeed be expected that females would have less complement activation. In 
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the HD population, there was no difference between sexes. In conclusion, to control for the possible 
confounding of sex and age in complement-related investigations, future studies should take 
into account that baseline differences in the complement system in relation to sex and age exist. 
Furthermore, complement-targeted therapies should also take sex and age into account, since it 
could affect dose and efficacy of the treatments. 
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Samenvatting, algemene discussie en toekomstperspectieven

De eerste succesvolle complementremmer, eculizumab (een monoclonaal antilichaam gericht tegen 
C5), is recent geregistreerd voor de behandeling van atypische hemolytisch uremisch syndroom 
(aHUS) en paraxismale nachtelijke hemoglobinurie (PNH). Het succes van eculizumab heeft 
gezorgd voor een toegenomen interesse in het klinisch gebruik van complementremmers, vooral 
in de behandeling van complement-gemedieerde nierziekten.1 Momenteel worden verschillende 
complementremmers getest in klinische trials voor de behandeling van nieraandoeningen zoals IgA 
nefropathie, C3 glomerulopathie en lupus-nefritis. Daarnaast heeft de klinische implementatie van 
eculizumab geleid tot nieuwe inzichten in het complementsysteem en bovendien inzicht gegeven in 
de (klinische) uitdagingen die de implementatie van complementremmers geven. Na het succesvolle 
gebruik van anti-C5 therapie in aHUS en PNH werd er een duidelijke toename gezien in zowel het 
aantal klinische studies met eculizumab alsmede in het off-label gebruik. Zo is eculizumab gebruikt 
tijdens niertransplantaties en bij patiënten met C3 glomerulopathie. Het gebruik van eculizumab 
was in beide gevallen echter niet succesvol, wat impliceert dat complementremming geen ‘one-
size-fits-all’ therapie is voor elke complement-gemedieerde ziekte.2 Het is daarom belangrijk om 
2 aspecten in acht te nemen als het gaat om het gebruik van complementremmende therapieën: 
(1) De target. Het complementsysteem kan op verschillende niveaus worden geremd (bijvoorbeeld 
de initiators, de convertases of de activatieproducten). (2) De patiëntenpopulatie. Verschillende 
patiëntengroepen kunnen verschillend reageren op dezelfde behandeling. Door gebruik te maken 
van nieuwe technologieën, zoals genetische profilering en het gebruik van biomarkers, kan er een 
betere selectie en inclusie worden gemaakt van patiënten(groepen) die baat kunnen hebben bij een 
behandeling met complementremmende medicijnen. 
 Voordat complementremmers klinisch kunnen worden toegepast, moeten er eerst, per 
complement-gemedieerde ziekte een paar vereiste onderzoeksvragen worden beantwoord. Ten 
eerste moet het mechanisme waarmee het complementsysteem bijdraagt aan het ontwikkelen, 
het onderhouden en het verergeren van de ziekte duidelijk zijn. Ten tweede is het belangrijk 
om te onderzoeken welke route van het complementsysteem wordt geactiveerd en welk(e) 
activatieproduct(en) bijdragen aan de pathogenese. Daarnaast is het belangrijk om te beseffen dat 
naast het onderliggend lijden, het complementsysteem ook gemoduleerd kan worden door huidige 
interventies en behandelingen die aan de patiënten worden gegeven. Een voorbeeld hiervan is 
dialyse bij patiënten met nierfalen, Dialyse zorgt namelijk ook voor overmatige activatie van het 
complementsysteem.3 Het remmen van het complementsysteem kan bijdragen aan preventie 
van (verdere) nierschade, maar ook het verbeteren van de huidige therapieën kan ongewenste 
gevolgen zoals hart- en vaatziekten verminderen. In dit proefschrift onderzoeken we daarom het 
complementsysteem in chronische nierziekten en tijdens dialyse.
 Hoofdstuk 1 bevat een korte inleiding over chronische nierziekten en het complementsysteem 
en de rationale van dit proefschrift. Hoofdstuk 2 geeft een overzicht van het complementsysteem, 
waarbij voornamelijk wordt gefocust op de lectine route. Recente studies speculeren over het 
bestaan van een bypass mechanisme in de lectine route.4 Het C4/C2 bypass mechanisme van de 
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lectine route was lange tijd controversieel, omdat het alleen in-vitro en bij diermodellen was 
aangetoond.4-6 In dit hoofdstuk wordt voor het eerst bewijs geleverd voor de C4 bypass bij mensen. 
Daarnaast wordt de rol van de lectine route in verschillende (nier)ziekten opnieuw besproken met 
daarin de eventuele rol van de C4 bypass. Een beter begrip van de C4 bypass en het mechanisme 
achter deze bypass kan van invloed zijn op de targets en therapieën die in de toekomst worden 
gebruikt voor de behandeling van complement-gemedieerde ziekten. Met het oog op deze C4 
bypass is het dan ook interessant om te kijken naar momenteel uitgevoerde klinische trials, zoals de 
remming van de lectine route via MASP-2 in IgA nefropathie. Bovendien kan complement niet alleen 
geactiveerd worden door het nierziekteproces, maar ook tijdens de nier vervangende therapie, 
zoals dialyse. In hoofdstuk 3 wordt daarom de huidige kennis van het complementsysteem in 
dialyse samengevat. Bij zowel hemodialyse (HD) als peritoneaal dialyse (PD) lijkt bio-incompatibiliteit 
de kritische factor te zijn die leidt tot complementactivatie. In het geval van HD is dit het membraan, 
terwijl bij PD de bio-incompatibiliteit de kritische factor is vanwege de PD vloeistof. Op basis van de 
huidige literatuur, lijkt complementactivatie tijdens HD te ontstaan door activatie van de lectine en 
alternatieve route, welke vervolgens leiden tot ontsteking en coagulatie.7,8 In hoofdstuk 4 laten we 
zien dat, zelfs met het gebruik van moderne hemodialyse membranen, complement nog steeds 
wordt geactiveerd bij HD. Daarnaast hebben we de relatie tussen MBL en het verhoogde 
cardiovasculaire risico bij HD patiënten onderzocht. De rol van MBL is bij ziekte controversieel en 
afhankelijk van de ziekte gunstig of schadelijk.9-11 We zien dat lage levels van MBL geassocieerd zijn 
met een verhoogd cardiovasculair risico. Bovendien bleek MBL niet alleen geassocieerd te zijn, maar 
bleek het ook een voorspeller voor cardiovasculaire events, zelfs na correctie voor vastgestelde 
risicofactoren. Op basis hiervan zouden MBL levels in de toekomst kunnen worden gebruikt om het 
cardiovasculaire risico bij HD patiënten te voorspellen. MBL levels zouden kunnen bijdragen aan een 
betere inschatting van de prognose bij deze patiënten. MBL metingen hebben een specificiteit van 
74% voor cardiovasculaire events en een gevoeligheid van 58%. De negatief voorspellende waarde 
van MBL is 84.5%. Deze resultaten laten zien dat patiënten met een hoog MBL level een lager risico 
hebben op de ontwikkeling van cardiovasculaire events. Patiënten met een laag MBL zouden 
daarentegen beter moeten worden onderzocht. Verbazingwekkend genoeg bleek aan het einde 
van de sessie dat complementactivatie niet geassocieerd was met cardiovasculaire events of 
overlijden. Daarom hebben we in hoofdstuk 5 gekeken of intradialytische complementactivatie 
resulterend in ontsteking en coagulatie invloed heeft op de uitkomst. Ten eerste hebben we in 
retrospectief gekeken naar complementactivatie bij patiënten met HD die later wel of geen 
cardiovasculaire event zouden ontwikkelen. Hierbij werd een associatie gevonden, waarbij vroege 
complementactivatie tijdens HD geassocieerd is met het optreden van cardiovasculaire events. 
Hierbij lieten complementactivatiewaarden de grootste verschillen zien, maar ook ontstekings- en 
coagulatiemarkers toonden verschillen tussen patiënten met en zonder cardiovasculaire events. Om 
aan te kunnen tonen dat complementactivatie verantwoordelijk is voor de inductie van ontsteking 
en coagulatie, werd er een ex-vivo HD model ontwikkeld. Hiermee konden we de klinische situatie 
nabootsen waarbij HD zorgt voor complement-activatie. Complementremming in het ex-vivo HD 
model remde vervolgens de ontsteking en coagulatie. Ondanks de veelbelovende resultaten, moet 
complementremming tijdens dialyse goed worden onderzocht, aangezien complementremming 
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in-vivo zou kunnen leiden tot een verhoogd infectie risico. Een eerste stap naar het gebruik van 
complementremming bij HD is daarom het testen van verschillende complementremmers in een 
preklinisch HD model. Selectieve remming van elke route of remming op verschillende niveaus zal 
bijdragen aan het vinden van een geschikt complementtarget. Omdat de literatuur belangrijke 
rollen voor de lectine route en alternatieve route verondersteld, en C1 remming veelbelovend 
resultaat gaf in ons ex-vivo model, zou het testen van andere complementremmers interessant zijn. 
Bijvoorbeeld een lectine route remmende MASP-2 remmer of blokkade van C2 of C4. Bij HD kan 
complementactivatie op verschillende manieren worden voorkomen: systemische remming door 
het intraveneus toedienen van een remmer. Lokale remming door het voorkomen van 
complementactivatie op de HD membranen. Andere factoren waar rekening mee moet worden 
gehouden zijn onder andere de huidige kosten van complementremmers en de frequenties van de 
dialyses. Het voorkomen van systemische complementactivatie bij HD door middel van het coaten 
van het HD membraan zou een goedkopere en efficiëntere optie kunnen zijn in vergelijking met het 
remmen van systemische complementactivatie. In hoofdstuk 3 speculeerden we dat HD zorgde 
voor systemische complementactivatie, terwijl PD zorgt voor lokale complementactivatie. 
Systemische complementactivatie bij HD zou ontstaan door de binding van ficoline-2, properdine 
en/of C3b aan het membraan, welke leiden tot de activatie van de lectine en alternatieve route. 
Terwijl bij PD lokale complement wordt geactiveerd door een verminderde expressie van 
complementreceptoren, cellulaire resten en antilichamen tegen micro-organismen, wat leidt tot 
complementactivatie. In hoofdstuk 6 vonden we zowel systemische als lokale complement- 
activatie bij stabiele PD patiënten. Daarnaast toonden we aan dat systemische activatie bij PD hoger 
lijkt te zijn dan bij HD patiënten. Bij de systemische activatie lijkt de klassieke route verantwoordelijk 
voor de complementactivatie, terwijl de lokale activatie veroorzaakt lijkt te worden door de 
alternatieve route. Eerder werd aangetoond dat systemische en lokale inflammatie onafhankelijke 
processen zijn bij PD. Bovendien werd systemische inflammatie gerelateerd aan cardiovasculaire 
uitkomsten, terwijl lokale inflammatie geassocieerd werd met membraanfalen.12 Deze bevindingen 
passen bij onze resultaten, waarbij we laten zien dat bij systemische en lokale complementactivatie 
verschillende complementroutes zijn betrokken. Meer studies zijn nodig om de klinische gevolgen 
van complementactivatie bij stabiele PD patiënten te evalueren. In hoofdstuk 3 beschrijven we een 
van de veronderstelde mechanismes van complementactivatie bij PD, namelijk de verminderde 
expressie van complementreceptoren op mesotheelcellen. Activatie van complement zou dan 
kunnen leiden tot weefselbeschadiging, ontsteking en coagulatie. Daarom hebben we in hoofdstuk 
6 onderzocht wat de rol van is van het verliezen van complement receptor 59 in het peritoneum op 
PD geïnduceerde lokale complementactivatie. We zagen echter geen associatie tussen sCD59 en 
sC5b-9, wat impliceert dat het verliezen van CD59 bij PD niet de belangrijkste oorzaak is voor het 
ontstaan van lokale complementactivatie bij PD. Vervolgens hebben we in hoofdstuk 7 onderzocht 
wat het vermogen is van verschillende ijzerpreparaten om complement te activeren. IJzerpreparaten 
worden routinematig gebruikt bij de behandeling van bloedarmoede bij patiënten met chronische 
nierziekten en dialyse.13 Overgevoeligheidsreacties door ijzer blijven echter een klinische zorg. Het 
complementsysteem werd gezien als een mediator in ijzer-geïnduceerde overgevoeligheidsreacties 
door middel van complement-gerelateerde pseudo-allergie (CARPA).14 We hebben daarom meerdere 
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ijzerpreparaten getest in verschillende in-vitro en ex-vivo assays. Hierbij hebben we laten zien dat 
ijzerpreparaten het complementsysteem inderdaad kunnen activeren. Voornamelijk ijzersucrose, 
ijzercarboxymaltose en ijzerdextran beïnvloeden het complementsysteem. In-vitro resultaten 
varieerden en leken paradoxaal. Daarom zijn we in hoofdstuk 8 verder gegaan met een in-vivo 
onderzoek naar complementactivatie door middel van ijzersucrose en ijzercarboxymaltose, omdat 
dit de meest gebruikte ijzerpreparaten zijn. We hebben aangetoond dat ijzersucrose zorgt voor in-
vivo complementactivatie, terwijl ijzercarboxymaltose complement niet activeerde. Bovendien 
lieten we zien dat ijzersucrose ook zorgt voor complementactivatie bij HD patiënten. Zoals eerder 
besproken in hoofdstuk 3, 4 en 5, activeert HD zelf al het complementsysteem. Daarnaast leidde het 
gebruik van ijzersucrose door HD patiënten tot significant meer complementactivatie. Bovendien 
leidde intraveneuze ijzersucrose tot verhoogde levels van MPO, wat suggereert dat er een link is met 
oxidatieve stress. Samengevat laat dit hoofdstuk zien dat ijzersucrose bijdraagt aan complement-
activatie. Ijzercarboxymaltose is een ander ijzerpreparaat, dat voor nog meer complementactivatie 
zorgt. Ijzercarboxymaltose leidt bij het HD cohort eveneens tot een betere ijzerstatus in vergelijking 
tot ijzersucrose, wat suggereert dat ijzercarboxymaltose ook een betere behandeloptie zou zijn.15 
Ten slotte is in hoofdstuk 9 gekeken naar de invloed van geslacht en leeftijd op het complement-
systeem. Hier laten we zien dat vrouwen een lagere functionele alternatieve route activiteit hebben 
en lagere terminale complement-componentlevels hebben. Er zijn verschillende oorzaken mogelijk 
voor deze geslacht gerelateerde verschillen, zoals bijvoorbeeld genetische en hormonale 
verschillen.16,17 Dierstudies laten overeenkomende resultaten zien, waarbij vrouwen eveneens lagere 
systemische complementwaarden hebben dan mannen.18 Bovendien werd versterkte alternatieve 
en klassieke activiteit gezien en hogere terminale route levels bij oudere personen. Ons onderzoek 
is overigens beschrijvend en niet longitudinaal, waardoor de veranderingen gemeten in complement 
zouden kunnen zijn ontstaan op basis van een evolutionair voordeel in plaats van verandering over 
tijd. Zo werden lage MBL levels gemeten bij een honderdjarig cohort.19 Deze lage MBL levels waren 
het gevolg van een hoge prevalentie van het MBL2 gen, wat suggereert dat dit MBL2 gen een 
gunstig effect heeft op overleving. Het is daarom belangrijk dat vervolgstudies zich focussen op de 
longitudinale veranderingen in het complementsysteem over tijd in een gezonde populatie. Het 
meten van verschillende complementcomponenten en activatie van complement in het Groningse 
Lifelines cohort zou daarom een interessante benadering zijn. Bovendien zou een genetische 
analyse eveneens waardevolle informatie kunnen opleveren.
 Op basis van de bevindingen in hoofdstuk 9, dat geslacht en leeftijd mogelijk van grote 
invloed zijn op het complementsysteem, hebben we besloten de vorige hoofdstukken opnieuw 
te evalueren. In hoofdstuk 4 waren er geen significante verschillen in MBL levels bij HD tussen 
mannen en vrouwen (Tabel S1). De associatie tussen MBL levels en cardiovasculaire events werd 
echter alleen gezien bij mannen. Daarnaast werd de associatie tussen MBL en coronair lijden in 
een gezonde populatie ook alleen gevonden bij mannen, ondanks dat een tegenovergestelde 
associatie werd gezien tussen MBL en hart- en vaatziekten.9 We moeten met de nieuwe bevindingen 
betreffende de rol van geslacht en complementactivatie, er echter wel rekening mee houden dat we 
in hoofdstuk 4 meer mannen dan vrouwen hebben geïncludeerd. Bovendien werd er, hoewel zwak, 
een correlatie gezien tussen MBL en leeftijd. In hoofdstuk 5 werden geen verschillen gevonden 
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tussen leeftijd en geslacht in de groepen die wel of geen cardiovasculair event ontwikkelden. 
Daarnaast werd er ook geen verschil gezien in intradialytische complementactivatie op basis van 
geslacht. Deze bevindingen liggen in lijn met onze hypothese dat complementactivatie bij HD 
plaatsvindt via ficoline-2, waarbij in hoofdstuk 9 wordt aangetoond dat ficoline-2 niet verschilt 
tussen mannen en vrouwen. Daarnaast werd in hoofdstuk 6 geen verschil gezien in systemische 
complementactivatie tussen mannen en vrouwen, terwijl er wel een trend werd gezien voor minder 
lokale complementactivatie bij vrouwen. Deze trend werd bevestigd aan de hand van PD vloeistof/
sC5b-9 plasma ratio, waarbij wel significante verschillen werden gezien op basis van geslacht. 
Aanvullend werd in hoofdstuk 9 nog aangetoond dat vrouwen lagere levels van properdine hebben 
in vergelijking met mannen. Properdine levels in PD vloeistof waren eveneens lager bij vrouwen 
dan bij mannen. Daardoor zouden stabiele vrouwelijke PD patiënten minder gevoelig zijn voor 
lokale complementactivatie. Complementactivatie levels correleerden niet met leeftijd, eiwitlevels 
daarentegen wel. Dit suggereert dat membranen van oudere patiënten geassocieerd zijn met meer 
eiwitdiffusie dan PD vloeistof, wat overigens niet leidde tot meer complementactivatie. In hoofdstuk 
8 hadden alleen mannen in de niet HD groep significante ijzer geïnduceerde complementactivatie, 
terwijl er wel een trend te zien was bij vrouwen. Dit cohort was echter niet gematcht op leeftijd 
en geslacht en het had bovendien meer mannen dan vrouwen. In het geval dat de alternatieve 
route betrokken is bij ijzer geïnduceerde complementactivatie in combinatie met de bevindingen 
in hoofdstuk 9 dat vrouwen lagere properdine levels hebben, zou je inderdaad verwachten dat 
vrouwen minder complementactivatie hebben. Bij de HD populatie werd er geen verschil gezien op 
basis van geslacht. 
 Samenvattend kan gezegd worden dat om te corrigeren voor de mogelijke invloed van geslacht 
en leeftijd in complement-gerelateerde studies, zouden toekomstige studies rekening moeten 
houden met de basisverschillen in complement op basis van leeftijd en geslacht. Bovendien zouden 
ook complement-gerelateerde therapieën rekening moeten houden met deze verschillen, omdat 
het zowel de dosis als de werkzaamheid van eventuele therapieën kan beïnvloeden.
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Resumo, discussão e perspectivas futuras

O sucesso do uso do primeiro inibidor do complemento, eculizumabe, um anticorpo monoclonal 
dirigido contra C5, na síndrome urêmica hemolítica atípica (SHUa) e na hemoglobinúria paroxística 
noturna (HPN), provou a eficácia de terapias direcionadas ao complemento e, dessa forma, 
despertou interesse em seu uso clínico, especialmente nas doenças renais.1 Atualmente, vários 
inibidores do sistema complemento estão sendo testados em ensaios clínicos para outras doenças 
renais, como nefropatia por IgA e nefrite lúpica. Além disso, a experiência clínica com eculizumabe 
também ajudou a ampliar nossa compreensão do sistema do complemento e a avaliar os desafios 
remanescentes e emergentes na doença renal relacionada ao complemento. Após os resultados 
impressionantes da terapia anti-C5 em SHUa e HPN, houve um aumento nos ensaios clínicos e no uso 
off-label de eculizumab. Por exemplo, o eculizumab foi testado em transplantes e na glomerulopatia 
por C3. No entanto, esses estudos não tiveram sucesso, sugerindo que as terapias direcionadas ao 
sistema complemento não são uma terapia única para todos os casos.2 Nem todos os pacientes 
responderam às terapias e não houve melhora no desfecho da doença. Portanto, quando se fala 
de terapias direcionadas ao complemento, dois alvos diferentes devem ser discutidos: (1) o alvo 
na cascata do complemento, já que o bloqueio do sistema pode ser feito em diferentes níveis por 
exemplo, inibindo os iniciadores das vias, inibindo as convertases ou bloqueando os produtos de 
ativação do sistema; (2) a população que deve ser alvo, uma vez que cada paciente pode responder 
de forma diferente ao mesmo tratamento. As tecnologias atuais, como o perfil genético e novos 
biomarcadores, podem contribuir para selecionar que tipo de pacientes são mais propensos a 
responder a cada tratamento. Uma melhor compreensão dos mecanismos por trás de cada doença 
é fundamental para futuros resultados positivos em terapias direcionadas ao complemento. Além 
disso, é importante perceber que, além da patologia, o sistema do complemento também pode 
ser modulado por intervenções e tratamentos dados aos pacientes, tais como a diálise.3 Assim, 
investigar o sistema do complemento durante o tratamento pode aumentar nossa compreensão de 
seu papel e efeito em terapias de substituição renal e, portanto, pode levar a melhorias que evitem 
consequências indesejadas, como doenças cardiovasculares. Nesta tese, procuramos investigar o 
papel e os mecanismos de ativação do complemento na doença renal crônica e na diálise.
 O Capítulo 1 compreende uma breve introdução à doença renal crônica e ao sistema 
complemento, e os fundamentos dessa tese. O Capítulo 2 apresenta uma visão geral do sistema do 
complemento, particularmente a via da lectina. Estudos recentes propuseram a existência de um 
mecanismo de bypass na via da lectina.4 No entanto, o mecanismo de derivação C4 / C2 permanece 
controverso, uma vez que ele só foi demonstrado em modelos in vitro ou com animais.4-6 Neste 
capítulo, foi pela primeira vez demonstrada evidência humana que sugere a ocorrência do bypass 
C4. Além disso, o papel da via da lectina em diferentes doenças foi rediscutido considerando o novo 
conceito do bypass C4. A compreensão do mecanismo bypass C4 como um mecanismo que leva à 
ativação do complemento pode impactar o alvo a ser usado em doenças relacionadas ao 
complemento. Atualmente, os resultados dos ensaios clínicos, como a inibição da LP via MASP-2 na 
nefropatia por IgA, são aguardados ansiosamente. Ademais, a ativação do complemento não pode 
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ser desencadeada apenas pelo processo da doença renal, mas também pela terapia de substituição 
renal. Assim, no Capítulo 3, o conhecimento atual sobre o sistema de complemento em diálise é 
resumido. Em ambos, na hemodiálise (HD) e na diálise peritoneal (DP), a bioincompatibilidade 
parece ser o fator crítico que leva à ativação do complemento. No caso da HD, a bioincompatibilidade 
é causada pela membrana, enquanto na DP a reação de bioincompatibilidade é decorrente do uso 
do fluido da DP. Com base na literatura atual, o mecanismo proposto de ativação do complemento 
na HD envolve a ativação da via da lectina e a da via alternativa, que em seguida desencadeariam o 
processo de inflamação e coagulação.7,8 No Capítulo 4, demonstramos que a ativação do 
complemento na HD ainda ocorre, mesmo com o uso de membranas de HD modernas e 
supostamente biocompatíveis. Investigamos também a relação entre o MBL e o aumento do risco 
cardiovascular em pacientes em HD. Em geral, o papel do MBL em diferentes doenças é controverso 
e, dependendo da doença e da situação, pode ser benéfico ou prejudicial.9-11 No Capítulo 4, 
mostramos que níveis baixos de MBL em pacientes em HD estão associados a um maior risco de 
eventos cardiovasculares (CV). Além disso, o MBL não só mostrou estar associado, mas também foi 
um preditor de eventos cardiovasculares, mesmo quando foi ajustado para fatores de risco 
estabelecidos. Portanto, os níveis de MBL podem ser usados   no futuro como uma ferramenta para 
prever o risco cardiovascular em pacientes em HD e contribuir para uma melhor avaliação do 
prognóstico nesses pacientes. Os testes de MBL têm uma especificidade de 74% para eventos CV, 
embora uma sensibilidade menor de 58%. Além disso, o valor preditivo negativo da MBL é de 84,5%. 
Em conjunto, esses resultados mostram que pacientes com altos níveis de MBL de fato têm menor 
risco de desenvolver evento CV, enquanto pacientes com MBL baixa devem ser melhor investigados. 
Para nossa surpresa, a ativação do complemento no final da sessão não foi associada a eventos CV 
ou mortalidade. Portanto, no Capítulo 5, investigamos a hipótese da ativação do complemento 
durante a hemodiálise resultando em inflamação e coagulação e sua possível relação com eventos 
CV. Em primeiro lugar, analisamos retrospectivamente a ativação do complemento durante uma 
sessão de HD de pacientes que mais tarde vieram a desenvolver um evento cardiovascular e 
pacientes que não o desenvolveram. Foi encontrada uma associação entre a ativação precoce do 
complemento durante a sessão de HD com evento CV. A ativação do complemento mostrou a 
diferença mais marcante, mas os marcadores de inflamação e coagulação também diferiram entre 
os grupos com e sem um evento CV. Em seguida, a fim de testar nossa hipótese de que a ativação do 
complemento é responsável pela indução de inflamação e coagulação; um modelo ex-vivo de HD foi 
desenvolvido. De fato, o cenário experimental reproduziu a questão clínica da ativação do 
complemento induzida pela HD. Em seguida, a inibição do complemento no modelo HD ex-vivo 
anulou o processo de inflamação e de coagulação. Embora promissora, a inibição do complemento 
na diálise deve ser cuidadosamente estudada, uma vez que o bloqueio do sistema do complemento 
in-vivo poderia levar a um aumento indesejado do risco de infecções. Um passo inicial para a 
terapêutica complementar em HD seria testar diferentes inibidores do complemento em modelos 
pré-clínicos de HD. A inibição seletiva de cada via ou inibição nos diferentes níveis poderia contribuir 
na elucidação do alvo apropriado. Considerando os papéis propostos para via da lectina, via 
alternativa e o resultado promissor com o inibidor de C1 no modelo, testar outros inibidores de 
complemento dessas vias, como o inibidor MASP-2 do LP, ou bloquear C2 ou C4 seriam estratégias 
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interessantes. No geral, a ativação do complemento pela HD poderia ser evitada por diferentes 
estratégias: no nível sistêmico, dando um inibidor por via intravenosa ou em um nível local, 
impedindo a ativação do complemento nas membranas de HD. Outros obstáculos que devem ser 
levados em consideração são os custos atuais das terapias direcionadas ao complemento e a 
frequência dos procedimentos de diálise. Possivelmente, impedir a ativação sistêmica do 
complemento em HD através do revestimento da membrana HD pode ser uma opção mais barata e 
mais eficiente do que tentar controlar a ativação sistêmica do complemento. No Capítulo 3, 
hipotetizamos que a HD induz a ativação sistêmica do complemento, enquanto a DP induz o a 
ativação do complemento localmente. O mecanismo proposto na HD seria a ligação da ficolin-2, 
properdina e/ou C3b à membrana que poderia resultar em ativação das vias da lectina e alternativa, 
enquanto na DP, o mecanismo proposto inclui expressão diminuída de receptores de complemento 
e restos celulares e anticorpos contra microorganismos que levam a ativação do sistema 
complemento. No entanto, no Capítulo 6, encontramos a ativação do complemento sistêmico e 
local em pacientes estáveis em tratamento com diálise peritoneal (DP). Além disso, a ativação 
sistêmica na DP parece ser maior do que em pacientes em HD. Sistemicamente, a via clássica parece 
mediar a ativação do complemento, enquanto a via alternativa parece ser responsável pela ativação 
local do complemento. Em estudos anteriores, a inflamação sistêmica e local também se mostraram 
como processos independentes na DP. Além disso, a inflamação sistêmica estava ligada ao desfecho 
cardiovascular, enquanto a inflamação local estava associada à falha de membrana.12 Em 
conformidade, nossos resultados sugerem que a ativação sistêmica e local do complemento provém 
de diferentes processos, uma vez que as vias envolvidas diferem. Portanto, estudos futuros são 
necessários para avaliar os efeitos clínicos da ativação do complemento em pacientes estáveis em 
diálise peritoneal. No Capítulo 3, descrevemos que um dos mecanismos propostos de ativação do 
complemento na DP seria a devido a diminuição da expressão das proteínas reguladoras do 
complemento nas células mesoteliais. Tal expressão diminuída, poderia levar ativação do 
complemento que por sua vez pode levar à lesão tecidual, inflamação e coagulação. Portanto, no 
Capítulo 6, exploramos o papel da eliminação da proteína reguladora do complemento CD59 no 
peritônio na ativação do complemento local induzida pela DP. No entanto, não houve associação 
entre sCD59 e sC5b-9, indicando que o descolamento de CD59 durante a DP provavelmente não é o 
principal mecanismo resultante da ativação local do complemento durante a DP. Em seguida, no 
Capítulo 7, a capacidade de preparações distintas de ferro para ativar o sistema do complemento foi 
mostrada. Preparações de ferro são usadas rotineiramente no tratamento da anemia em pacientes 
com doença renal crônica e pacientes em diálise.13 No entanto, as reações de hipersensibilidade 
induzidas pelo ferro continuam sendo uma preocupação clínica. O sistema complemento foi 
previamente proposto em ser o mediador de reações de hipersensibilidade induzidas por ferro via 
pseudo-alergia relacionada à ativação do complemento (CARPA).14 No Capítulo 7, testamos múltiplas 
preparações de ferro em diferentes ensaios in-vitro e ex-vivo e demonstramos como uma prova de 
conceito de que certas preparações de ferro podem ativar o sistema complemento. Em geral, o ferro 
sacarato, a carboximaltose férrica e o ferro dextran mostraram afetar o sistema do complemento. No 
entanto, os resultados in-vitro variaram e se mostraram paradoxais. Portanto, no Capítulo 8 
procedeu-se a uma investigação in-vivo da ativação do complemento por ferro sacarato e 
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carboximaltose férrica, uma vez que estas são as preparações de ferro mais utilizadas. Em resumo, 
mostramos a ativação do complemento in-vivo pelo ferro sacarato, mas não pela carboximltose 
férrica. Além disso, o efeito da ativação do complemento pelo ferro sacarato foi ainda observado no 
contexto da HD. Como discutido anteriormente nos Capítulos 3, 4 e 5, a própria hemodiálise já ativa 
o sistema do complemento. No entanto, o uso de ferro sacarato em pacientes em HD levou a um 
aumento significativo na ativação do complemento. Além disso, o uso intravenoso de ferro sacarato 
também resultou em níveis aumentados de MPO, sugerindo uma ligação com o estresse oxidativo. 
Em resumo, este capítulo mostra que o ferro sacarato contribui para a ativação do complemento e, 
portanto, a carboximaltose férrica é um composto de ferro alternativo superior em termos de 
ativação do complemento. De acordo, em estudo anterior, a carboximaltose férrica também resultou 
em melhora do parâmetro de status de ferro quando comparada ao ferro sacarato em uma coorte 
de hemodiálise, sugerindo que a carboximaltose férrica pode ser realmente uma melhor opção de 
tratamento.15

 Finalmente, no Capítulo 9, o efeito do sexo e da idade no sistema complemento foi estudado. 
O Capítulo 9 mostra que as mulheres têm menor atividade funcional da via alternativa e menores 
níveis de componentes da via terminal. Várias explicações são possíveis para essa diferença 
relacionada ao sexo no sistema do complemento, como a genética e as diferenças relacionadas a 
hormônios.16,17 De acordo com nossos resultados, estudos em animais mostraram anteriormente 
que as fêmeas tinham atividade sistêmica do complemento mais baixa que os machos.18 Além disso, 
foi encontrada atividade funcional aumentada da via clássica e alternativa e também níveis mais 
elevados da via terminal foram observados em indivíduos idosos. No entanto, o desenho do estudo 
foi observacional e não longitudinal e, portanto, pode ser possível que as características do sistema 
complemento observadas em nosso estudo representem uma vantagem evolutiva, ao invés de uma 
mudança ao longo do tempo. Em concordância, anteriormente, níveis baixos de MBL foram relatados 
em uma coorte centenária.19 Esses baixos níveis de MBL foram devidos a uma maior prevalência de 
mutações no gene MBL2, sugerindo um papel benéfico dessa mutação para a longevidade. Assim, 
estudos futuros devem avaliar as mudanças longitudinais no sistema do complemento durante o 
envelhecimento em uma população saudável. Medir diferentes componentes do complemento e a 
atividade funcional de cada via de ativação na coorte de população saudável chamada Groningen 
Life Lines seria uma abordagem interessante. Além disso, uma análise genética também poderia 
adicionar informações valiosas.
 Considerando o resultado do Capítulo 9 onde se constatou que o sexo e a idade possivelmente 
afetam o sistema do complemento em grande escala, decidimos reavaliar os capítulos anteriores 
dessa tese. No Capítulo 4, não houve diferença significativa nos níveis de MBL durante a HD entre 
homens e mulheres (Tabela S1). No entanto, a associação entre os níveis de MBL e os eventos CV 
foi encontrada apenas em participantes do sexo masculino. De acordo, a associação entre MBL 
e doença arterial coronariana em uma população saudável também foi encontrada apenas em 
homens, apesar de mostrar uma relação oposta entre MBL e doença cardiovascular.9 No entanto, 
quando analisamos esses novos dados, temos que ter em mente que nosso estudo incluiu mais 
homens do que participantes do sexo feminino. Além disso, apesar de fraca, uma correlação foi 
mostrada entre MBL e idade. No Capítulo 5, não foram observadas diferenças na idade e sexo entre 
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os grupos que desenvolveram um evento CV e o grupo que não o desenvolveu. Também não houve 
diferença na ativação do complemento intra-diálise entre os sexos. Esse achado está de acordo 
com o mecanismo proposto de ativação do complemento induzido pela HD via ficolin-2, já que no 
capítulo 9 foi mostrado que a ficolin-2 não difere entre homens e mulheres. A seguir, no Capítulo 6, 
não foram observadas diferenças na ativação do complemento sistêmico entre homens e mulheres, 
enquanto houve uma tendência de menor ativação do complemento local no sexo feminino. Esta 
tendência foi ainda confirmada por uma diferença significativa na relação fluido-DP/plasma de 
sC5b-9 entre os sexos. Curiosamente, descobrimos que a ativação do complemento local é mediada 
pela via alternativa. De acordo, no Capítulo 9, as mulheres apresentaram níveis mais baixos de 
properdina em comparação aos homens e os níveis de properdina no fluido da DP foram menores 
nas mulheres do que nos homens. Assim, pacientes estáveis em diálise peritoneal do sexo feminino   
poderiam de fato ser menos suscetíveis à ativação local do complemento. Além disso, a ativação 
do complemento não se correlacionou com a idade, mas a perda proteica se correlacionou com a 
idade, sugerindo que as membranas peritoneais de pacientes mais velhos estão associadas à maior 
difusão de proteínas do fluido de DP, mas isso não levou ao aumento da ativação do complemento. 
No Capítulo 8, na população não-HD, apenas os homens tiveram uma ativação significativa do 
complemento induzida pelo ferro, enquanto houve uma forte tendência para o sexo feminino. No 
entanto, a coorte não era dividida igualmente de acordo com o sexo e da idade e possuía mais 
homens do que mulheres. Considerando que a via alternativa foi sugerida para mediar a ativação 
do complemento induzida por ferro, juntamente com os achados do Capítulo 9, de que as mulheres 
têm níveis mais baixos de properdina e atividade da via alternativa, seria de fato esperado que as 
fêmeas tivessem menos ativação do complemento. Na população em HD, não houve diferença entre 
os sexos. Em suma, para controlar possíveis confusões de sexo e idade em investigações relacionadas 
ao complemento, estudos futuros devem levar em conta que existem diferenças básicas no sistema 
do complemento em relação ao sexo e à idade. Além disso, terapias direcionadas ao complemento 
também devem levar em consideração sexo e idade, já que isso poderia afetar a dose e a eficácia dos 
tratamentos.
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