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Abstract

The importance of the complement system in renal ischemia-reperfusion injury and acute rejection is 

widely recognized, however, its contribution to the pathogenesis of tissue damage in the donor remains 

underexposed. Brain-dead (BD) organ donors are still the primary source of organs for transplantation. 

Brain death is characterized by hemodynamic changes, hormonal dysregulation, and immunological 

activation. Recently, the complement system has been shown to be involved. In BD organ donors, 

complement is activated systemically and locally and is an important mediator of inflammation and 

graft injury. Furthermore, complement activation can be used as a clinical marker for the prediction 

of graft function after transplantation. Experimental models of BD have shown that inhibition of the 

complement cascade is a successful method to reduce inflammation and injury of donor grafts, thereby 

improving graft function and survival after transplantation. Consequently, complement-targeted 

therapeutics in BD organ donors form a new opportunity to improve organ quality for transplantation. 

Future studies should further elucidate the mechanism responsible for complement activation in BD 

organ donors.



97

Complement-mediated inflammation and injury in brain dead organ donors.

6

Introduction
Organ transplantation is the optimal treatment for the majority of patients with end-stage organ failure. 

Since the first successful transplantation more than a half-century ago, considerable progress has been 

made in surgical techniques, availability of donors, alloimmunity, organ preservation and patient 

and graft survival. However, the demand for donor organs remains to exceed the number of grafts 

available for transplantation.1 This disparity has forced many transplant centers to use suboptimal 

donors with decreased organ quality.2 Therefore, current research focuses on strategies to improve 

organ quality and thereby graft function before and after transplantation. Potential therapeutic options 

include pharmacological interventions in the donor prior to organ retrieval.3 For kidney, liver and lung 

transplantation, grafts are retrieved from living, deceased brain dead (BD) and deceased cardiac death 

(DCD) organ donors. The majority of donor hearts are retrieved from BD organ donors, however, 

DCD organ donors might form a significant contribution to transplant numbers in the near future.4 This 

review will focus on the effect of the complement system on organ quality in BD donors, with particular 

emphasis on the kidney.

Brain death and organ donation

Brain death, a term created in 1959 by two French doctors, consists of an irreversible coma without 

reflexes but with intact systemic circulation.5 Later, a committee at Harvard Medical School proposed 

to add this irreversible coma to the death criterion.6 This act created the legal basis for the procedure 

to obtain organs for transplantation from deceased patients who are BD. Nowadays, BD organ donors 

continue to form the main source of organs for transplantation. However, organs retrieved from BD organ 

donors give inferior results compared organs retrieved from living donors.7 This is the consequence of 

a cascade of events occurring in BD organ donors as a result of the cerebral injury and herniation of 

the brain stem. The pathophysiology of BD is complex and characterized by hemodynamic changes, 

hormonal dysregulation, and immunological activation.8 First, the rise in intracranial pressure triggers 

the Cushing reflex, leading to a catecholamine storm followed by a stabilization period.9 Ultimately, 

a state of hypoperfusion is reached, leading to ischemic damage of potential grafts.10 Next to the 

catecholamine’s, other hormonal deregulations take place such as decreased secretion of insulin, anti-

diuretic hormone (ADH), triiodothyronine (T
3
) and adrenocorticotropic hormone (ACTH).11 Lastly, 

BD causes a systemic and local inflammatory response consisting of complement and endothelial 

activation, cytokines, and chemokines release and the influx of leucocytes into the organs.8,12–14 BD 

therefore closely resembles systemic inflammatory response syndrome (SIRS). However, the cause of 

this immune activation is not well understood.

Brain death induced complement activation

The traditional view of the complement system has profoundly changed over time: the simple view 

of a heat-labile component of serum that is important for host defense has shifted to the current view 

of a complex system that contributes substantially to homeostasis.15 In short, the complement system 

can be activated via three pathways: the Lectin Pathway (LP), the Classical Pathway (CP), and the 
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Alternative Pathway (AP). Carbohydrates activate the LP, antibody–antigen complexes the CP and 

microbial surfaces the AP (Figure 1). This results in the formation of the C3- and C5-convertases and 

the generation of anaphylatoxins such as C3a and C5a. Subsequently, terminal pathway activation leads 

to the formation of the membrane attack complex (C5b-9 or MAC). The role of complement in diseases 

is complex; complement activation has the potential to be tremendously damaging to host tissues, 

whereas complement deficiencies promote the development of autoimmunity. Nonetheless, there is 

increasing evidence that the complement system plays an important role in tissue damage associated 

with BD. 

Figure 1. Activation and regulation of the complement system.

Schematic view of complement activation and regulation. In the classical pathway (CP), C1q recognizes immune complexes as well 
as other molecules (e.g. CRP), inducing the formation of the classical pathway C3 convertase (C4b2b) through cleavage of C2 and 
C4 by C1r and C1s. In the lectin pathway (LP), MBL, ficolins or collectin-11 recognizecarbohydrates as well as other molecules 
(e.g. IgA), binding actives the MASP-1 and MASP-2, forming the same C3 convertase as the CP. The C3-convertase of the LP or 
CP activates C3, thereby generating its active fragments C3a and C3b. In the alternative pathway, the activation of plasma protein 
C3 occurs via the spontaneous hydrolysis of C3 in C3(H2O) or via surface interactions of properdin with certain cell surfaces 
(e.g. LPS). Subsequently, binding of factor B creates the AP C3 convertase (C3bBb), which cleaves more C3 into C3b and thereby 
amplifies the complement response. Increased levels of C3b results in the generation of C5 convertases, which cleaves C5 in C5a, 
a powerful anaphylatoxin, and C5b. Next, C5b binds to the surface and interactions with C6–C9, forming the membrane attack 
complexes (MAC/C5b-9). Soluble and membrane-boundcomplement inhibitors regulate complement activation. C1-Inhibitor (C1-
INH) regulates the activity of recognition complexes, while C4b-binding protein (C4BP) controlactivation at the C4 level of the CP 
and LP. Factor H and factor I act on the C3 and C5 convertase. In addition, the membrane-bound inhibitors complement receptor 1 
(CR1) and membrane cofactor protein (MCP) act as co-factors for factor I, whereas decay accelerating factor (DAF) accelerates the 
decay of C3 convertases. The membrane-bound regulator CD59 can prevent the formation of the MAC on surfaces.
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Complement Component C3

A pathogenic role for the complement system in BD was first demonstrated in rodents. Early evidence 

emerged from a study by Kusaka et al., demonstrating the presence of complement deposition in 

kidneys of BD rats.16 At the time of transplantation, no complement deposition was seen in kidneys of 

either BD organ donors or controls. However, as early as 1-hour post-transplantation, C3 was detected 

on vascular endothelial cells and glomeruli of BD kidneys but not in the grafts of controls. The C3 

deposition remained visible up to 5 days post transplantation. Studies in other organs, such as the 

heart, confirm complement activation in BD organ donors.17,18 In mice, C3d deposition was present on 

endothelial cells and in areas of myocyte damage of BD donor hearts after transplantation. Moreover, 

the C3d expression in these donor hearts correlated with the histological injury scores, suggesting 

complement-mediated graft injury. These studies demonstrate that organs from BD organ donors 

can exacerbate complement-dependent ischemia/reperfusion injury. Alternatively, several pieces 

of evidence have shown that complement can already be induced in the BD organ donors prior to 

transplantation. In the kidney, local synthesis of complement component C3 is induced as a direct 

result of BD.19 The significant induction of C3 by BD is seen in both human and rat kidneys with no 

further significant increase after transplantation. Moreover, the renal C3 gene expression in human BD 

organ donors is associated with worse short-term renal function after transplantation. Further evidence 

of the importance of local synthesis of C3 came from a study of 662 pairs of adult kidney donors 

and recipients, which showed that C3 allotype in deceased organ donors effects long-term survival of 

kidney grafts.20 In contrast, other reports using much larger patient cohorts failed to reproduce these 

results.21,22 However, it is difficult to compare these studies since the analysis carried out by Damman 

et al. was the only one to differentiate between the role of the C3 allotype in BD and DCD kidneys. 

Nonetheless, a study comparing living donor kidneys with pristine deceased donor kidneys by whole 

genome expression found significant overexpression of complement components in BD kidneys.23 In 

addition, renal complement gene expression of BD organ donors correlates directly with the length of 

cold ischemia time and negatively with both early and late graft function. Using a similar approach, 

Damman et al. analyzed 544 kidney biopsies, confirming that in BD organ donors metabolic pathways 

related to hypoxia and the complement cascades are most prominently enhanced.24 In fact, our group 

was able to demonstrate a dramatic activation of complement in renal allografts from BD organ donors 

prior to reperfusion (Figure 2).
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Figure 2. 
Immunohistochemical analysis of complement activation in human brain dead renal tissue. 

Confocal microscopy of a human kidney removed from a brain-dead (BD) organ donor prior to reperfusion. Immunofluorescent 
staining was performed using a polyclonal antibody against C3d (A0063, Dako, Carpinteria, CA) and a monoclonal antibody 
specific for the membrane attack complex (Cb5-9), recognizing a neo-epitope in C9 (aE11 clone, Dako, Carpinteria, CA). Staining 
was further visualized for C3d with a FITC-labeled anti-rabbit IgG (green) and a TRITC-labeled anti-mouse IgG (red) for C5b-9, 
respectively. Nuclei were counterstained with DAPI (blue). Negative controls, no primary antibodies, revealed no positive staining for 
TRITC or FITC (data not shown). Merged images were obtained with the Leica Confocal Software (Leica Microsystems Heidelberg 
GmbH, Mannheim, Germany). (A) Representative photograph of the renal cortex, demonstrating staining for C3d and C5b-9 on 
frozen tissue. Co-localization for C3d and C5b-9 was seen in the renal interstitium (especially peritubular) (B), in the glomeruli 
(mesangial staining) (C) and in the wall of an interlobular artery (D). Magnifications A 50x and B, C, and D 200x. 

Activation of C5 and the Terminal Pathway

Most studies about complement in BD focused on C3, but there is emerging evidence that downstream 

activation products such as C5a and C5b-9 are equally important. Significantly higher plasma levels of 

both C5b-9 and C5a have been reported in BD organ donors compared with living organ donors and/

or controls.25,26 Furthermore, plasma sC5b-9 levels in BD organ donors are associated with a higher 
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chance of acute rejection after renal transplantation.26 The C5a release in the circulation is paralleled 

by an increased renal tubular expression of the C5a receptor. As a result, the systemic inflammation 

initiated by BD induces renal C5a-C5aR axis activation leading to a local inflammatory response.25 In 

lung transplantation, plasma C5a levels measured preoperatively (before transplantation) are associated 

with an increased risk of acute lung injury and death.27 Furthermore, expression and functionality of 

CD59, a natural membrane-bound inhibitor of C5b-9, is suggested to be crucial in lung grafts.28 Thus 

it seems that C5a and the MAC are both involved in the pathogenesis of BD-induced organ injury. As 

a result, the systemic inflammation initiated by BD induces more local organ inflammation, priming 

the organs and leading to an influx of inflammatory cells. Organs from brain-dead rats show increased 

expression of pro-inflammatory molecules and influx of neutrophils, macrophages and T cells.16,29,30 

Recently, Błogowski et al. suggested that donor sC5b-9 levels could be used as a clinical marker in 

the prediction of delayed graft function. In this study, increased levels of sC5b-9 of BD kidneys prior 

to reperfusion were strongly correlated with post-transplant renal function. In addition, significant 

differences in concentrations of sC5b-9 were detected between recipients with delayed and early graft 

function.31 Further evidence for the importance of MAC in BD was found in a similar study detecting 

a transient venous release of sC5b-9 shortly after reperfusion in kidney grafts from BD organ donors 

but not from living organ donors.32 Conversely, the release of sC5b-9 was not accompanied by C5b-9 

deposition in kidney grafts analyzed 45 minutes after reperfusion. Altogether, these studies suggest that 

systemic and local complement activation contributes to graft injury and can, therefore, be used as a 

clinical marker for the prediction of graft function. 

Recognition and initiation of complement pathways in brain death

It is important to understand the signals that initiate complement activation and mediate BD-induced 

organ injury as it has the potential to guide the development of preventive therapies. So far, little 

attention has been paid to dissecting the complement pathway involved in experimental models of 

BD. However, in a mouse model of BD IgM deposition was seen on endothelial cells of capillaries 

and arterioles of heart tissue.18 The pattern and distribution of IgM staining were similar to that seen 

for complement activation, thus supporting the concept of complement activation of the CP in BD 

organ donors. Furthermore, the majority human biopsies of BD hearts were positive for C4d, while all 

biopsies were positive for C3d, indicating CP- and AP-dependent complement activity.17 Whole genome 

expression analysis using renal tissue from deceased organ donors revealed significant up-regulation 

of complement-related genes of the CP (C1q, C1s, C1r, C2, and C4) and the AP (Complement Factor 

B).23,24 In line with these findings, both plasma C4d and Bb are significantly higher in deceased organ 

donors as compared with living organ donors and controls.26 In addition, both C4d and Bb correlate 

with sC5b-9 levels in BD organ donors and for C4d; the association with C5b-9 is independent of MBL, 

indicating CP involvement. In accordance, the MBL2 genotype of BD organ donors was not associated 

with outcome after renal or liver transplantation, making LP activation unlikely to be involved in 

BD-induced organ injury.33,34 On the other hand, MBL is just one initiator of the LP. Ficolin-3 might 

still play a role in complement activation by BD since it is upregulated in BD kidneys and has been 

associated with poor transplant outcome.24,35–37 
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One of the proposed mechanisms of complement activation in BD organ donors is the initiation by 

pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) 

(Figure 3). These would be released and locally upregulated in the organ donor upon BD.38 It has 

already been shown that BD leads to an increased intestinal permeability with subsequently elevated 

levels of circulating LPS,39 which is a powerful PAMP that activates the AP. Also, DAMPs such as 

injury-induced neo-antigens can contribute to CP activation via pre-existing natural IgM antibodies.40 

In addition, the pathophysiological changes caused by BD result in apoptosis in the different organs,41–44 

subsequent binding of C1q and properdin to these cells could lead to further complement activation.45,46

Figure 3. 
Proposed model for complement activation in brain dead organ donors. 

During brain death, various events contribute to the generation and influx of damage-associated molecular patterns (DAMPs) and 
pathogen-associated molecular patterns (PAMPs) into the systemic circulation as well as in the local environment. Systemically, 
PAMPs and DAMPs trigger an inflammatory response by the induction of complement activation, leading to the generation of potent 
anaphylatoxins (C5a) and the membrane attack complex (C5b-9). Additionally, DAMPs and PAMPs are recognized by pattern 
recognition receptors on neutrophils, monocytes, and other immune cells, leading to leucocyte activation. Altogether these reactions 
lead to endothelial and tissue damage, resulting in reduced organ viability. In parallel, DAMPs and PAMPs induce local complement 
activation via different pathways, leading to the generation of C5a and C5b-9. Local complement synthesis within the organ further 
increases complement activation. The generation of complement effectors leads to the recruitment and activation of neutrophils 
and monocytes/macrophages, the release of pro-inflammatory cytokines, and injury/apoptosis. The resulting cell damage further 
stimulates complement activation and starts a vicious circle of complement activation, inflammation, and tissue damage. 
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Complement Inhibition in brain death

In the past decades, modulation of the complement system has been recognized as a promising 

approach for the treatment of various pathological conditions. The success of the first complement-

specific drug created renewed interest in the development of complement-targeted therapeutics.47 To 

date, several complement inhibitors are tested in clinical trials.48 In organ transplantation, complement 

inhibition is currently tested in ischemia-reperfusion injury of donor organs49 and for the treatment of 

graft rejection.50 Although no clinical trials have been initiated in BD, there is pre-clinical evidence that 

complement inhibition during BD is successful in improving organ quality.12 Initially, Inflammation 

and injury of BD hearts were shown to be dampened in complement-deficient mice.18 Serum cardiac 

troponin I was significantly elevated in BD wildtype mice, while C3 −/− mice had similar levels as 

sham-operated animals. This protective effect appeared to be mediated via a reduction in the expression 

of adhesion molecules and gene transcription of cytokines. Subsequently, the number of infiltrating 

neutrophils in hearts from C3−/− BD mice was significantly lower than BD controls. Later studies 

confirmed this result in a murine transplantation model of BD hearts.17 As was observed in the C3 

knockouts, pharmacologic inhibition of C3 was an effective therapy to improve organ quality. In this 

study, a recombinant fusion protein was used consisting of Complement Receptor 2 and a region of 

Crry (CR2-Crry), which targets complement regulation to C3b deposits. Both histological damage and 

cardiac troponin I levels were restored by CR2-Crry treatment to levels at or below that seen in living 

and sham BD transplanted hearts without inhibitor treatment. Furthermore, complement inhibition led to 

significant reductions in mRNA expression of pro-inflammatory cytokines and chemokines, and tissue 

infiltration by inflammatory cells. As a result, C3 inhibition in the BD organ donor led to significant 

better allograft survival after transplantation. Comparatively, modulation of complement activation in 

BD organ donors has also been shown to be beneficial for renal grafts.51 Systemic administration of 

soluble Complement Receptor 1 (sCR1) in BD organ donors, led to an improved renal function after 

transplantation as well as a lower gene expression of IL-6, IL-1beta, and TGF-beta. Additionally, pre-

treatment (1 hour prior to BD) was compared with after-treatment (1 hour after BD) to evaluate the 

impact of timing. Unexpectedly, after-treatment of the organ donor was as effective as pre-treatment, 

since both led to improved renal function after transplantation. From a clinical point of view, this 

important finding creates a new ‘window of opportunity’ for complement inhibition after the diagnosis 

of BD. Recently, our group observed comparable results in BD rats after the administration of C1 

esterase inhibitor (C1-INH). Briefly, BD was induced in rats and 30 minutes after the diagnosis of BD, 

C1-INH was given. Despite its name, C1-INH is a serine protease inhibitor that prevents activation of all 

three complement pathways.52–54 After four hours of BD, C1-INH treatment was able to improve renal 

function and reduce gene expression of IL-6 and KIM-1 in the organ donor (data not published). These 

data suggest that next to blockage of the central component C3, inhibition of early components of the 

complement system may be similarly successful. Treatment strategies aimed at attenuating complement 

activation during BD have so far been directed against systemic complement activation. However, the 

importance of local complement C3 synthesis in the pathogenesis of renal injury has previously been 

shown, indicating that success in organ transplantation could come from therapeutic manipulation of 

local synthesis.55,56 Recently, prednisolone treatment of BD organ donors was shown to decrease renal 
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C3 expression, thereby providing an alternative for costly fusion proteins and monoclonal antibodies.30 

C3 expression in the liver was unfortunately increased by prednisolone treatment of BD organ donors, 

showing the complexity of donor therapies on different organ systems. Currently, a large portion of BD 

organ donors receives thyroid hormone treatment to increase the number of transplantable organs per 

donor.57 Thyroid hormone management is believed to suppress inflammation and have anti-apoptotic 

properties.58,59 Although limited, there is some evidence about the crosstalk between thyroid hormones 

and the complement system. In rodents, decreased levels of T3 by either pharmacological blockade 

of thyroidectomy led to increased activity of the AP.60 Subsequently reduced functional activity of the 

AP was observed in rats treated with increasing concentrations of T3.61 Whether this effect also occurs 

in BD organ donors remains to be studied. In conclusion, these data demonstrate that complement-

triggered pathways orchestrate inflammation and injury in organs of BD donors. Consequently, the 

complement cascade forms an attractive target to improve organ quality for transplantation.

Future perspectives

Our understanding of the role of complement activation in BD has improved remarkably, yet important 

questions remain unanswered. Future studies should further elucidate the mechanism responsible 

for complement activation in BD, in order to finally identify the specific molecules that trigger the 

complement system. The use of knockout mice could help in dissecting the complement pathway(s) 

responsible for activation in BD. So far, systemic complement inhibition directed against C3 has 

demonstrated promising results. However, it is unknown what the effect is of local complement 

inhibition. Additionally, investigations related to clarifying the best target for intervention in the 

complement system are essential as well. Complement inhibition at an early point could decrease or 

even prevent organ injury, whereas blockage at the terminal pathway level (e.g. anti-C5 treatment) 

can eliminate effector functions. Equally important and relevant are the choice of administration and 

treatment duration. Furthermore, large animal models such as porcine will be necessary to further assess 

pharmacological interventions in BD before moving to clinical studies. Data from the swine genome 

confirms that the genetic status of swines is closer to humans than rodent species.62 Most importantly, 

the immune system of swine’s is similar to that of humans. Up to now, all studies on the effect of 

complement inhibition in BD have focused on only one organ. This “one-size-fits-all” approach forms 

a potential limitation for donor treatment since it is unknown whether all organs benefit from (the 

same) complement inhibition. Until now, the kidney and the heart have been positively affected by 

C3 inhibition, whereas the effect on the liver and lung are unknown. Especially the liver could form a 

potential Achilles heel since complement plays an important role in its regenerative capacity.63 Finally, 

the ethical aspects of donor treatment need to be tackled before complement inhibition could reach the 

clinic.64 
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Conclusion

In conclusion, complement is already activated by BD in the organ donor. Furthermore, a substantial 

part of the inflammatory response seen in BD can be ascribed to activation of the complement system. 

In addition, complement activation plays an important role in the pathogenesis of graft injury. These 

results open a new window of opportunity for complement interventions in BD organ donors to improve 

organ quality for transplantation. 
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