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Abstract

Brain dead (BD) organ donors are a major source of donor kidneys for renal transplantation. Brain death 
is characterized by hemodynamic instability, hormonal dysregulation, and a systemic inflammatory 
response. Together these processes lead to reduced organ quality and subsequent worse post-transplant 
outcome. The complement system has been shown to play an essential role in BD-induced renal injury. 
We examined the complement components associated with renal injury in a mouse model of brain death 
in wild type (WT), C4-, Properdin-, C3-, C5aR1-, and C5aR2-deficient mice. Brain death was induced 
by inflation of a balloon catheter in the cranial cavity. Sham surgery was performed in WT mice as 
controls. Renal function, histological injury as well as inflammation were assessed in all the groups. 
Renal function was significantly worse in WT mice after BD compared to sham-operated controls. 
C4 deficient mice were protected against loss of renal function and tubule injury. In addition, brain 
death led to significant renal mRNA expression of cytokines, chemokines and adhesion molecules. 
Further analysis revealed that the renal expressions of these inflammatory mediators in BD are mostly 
C3-dependent and C5a-dependent. BD-induced renal influx of inflammatory cells was diminished by 
complement deficiencies. Surprisingly, neutrophils infiltration seemed to be predominantly mediated 
via the C5aR2. Given these results, we conclude that proximal components of the complement system, 
especially C4, are essential in the inflammation and injury in renal grafts from BD organ donors. 
Accordingly, complement inhibition during brain death forms a potential therapeutic approach to 
improve organ quality for kidney transplantation. 
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Introduction

Brain death is caused by irreversible cerebral injury and defined as the total loss of brain function, 

including the brainstem.1 Organ donation after brain death remains a primary source for kidneys suitable 

for transplantation.2 However, brain death induces hemodynamic instability, hormonal dysregulation and 

a systemic inflammatory response resulting in reduced organ viability.3,4 On a cellular level, brain death 

leads to excessive inflammation and apoptosis initiating tissue damage.5 Accordingly, donor brain death 

is an independent risk factor for renal allograft loss after transplantation.6 Therapeutic interventions 

during brain death form an attractive opportunity to improve the quality of these suboptimal renal grafts 

and thereby prolong graft survival after transplantation.7 Complement inhibition in brain-dead (BD) 

organ donors has been suggested as a promising therapeutic approach.8 

 Donor brain death initiates local and systemic complement activation.8 The complement 

system can be activated via three pathways: the classical pathway (CP), lectin pathway (LP) and 

alternative pathway (AP).9 The CP is activated by antibody–antigen complexes, while carbohydrates 

activate the LP. Next, serine proteases of the LP and CP cleave C4, forming the C3-convertase. Microbial 

and molecular surfaces can activate the AP. Properdin is an essential component of the AP by stabilizing 

the C3-convertase, yet recent data have also shown that properdin is a pattern-recognition molecule 

that can initiate AP activation.10,11 Activation of all pathways, leads to the cleavage of C3 and thereafter 

terminal pathway activation. Final end products of the terminal pathway include C5a, an anaphylatoxin, 

and C5b-9 also known as the membrane attack complex.9 There are two receptors for C5a, namely the 

C5aR1 and C5aR2. Both receptors are expressed on renal epithelial cells in addition to leukocytes.12,13

Complement activation is a key mediator of BD-induced renal injury.8,14 Previous studies have 

shown that BD donors have increased levels of C4d and soluble C5b-9 (sC5b-9).15 Furthermore, C3 is 

locally upregulated and activated in the kidneys of BD donors prior to organ retrieval.16 In accordance, 

microarray analysis revealed significant enrichment of complement proteins in kidney biopsies of BD 

donors before cold storage and transplantation.17 Recently, C5a has been suggested to participate in BD-

induced renal injury. The generation of C5a during brain death leads to tubular C5a-C5aR interaction 

resulting in renal inflammation.18 Moreover, local and systemic complement have been linked to post-

transplant outcome. In deceased donors, C3 gene variants were shown to be associated with allograft 

survival after transplantation.19,20 Additionally, systemic complement activation in deceased donors has 

been shown to be associated with the occurrence of acute rejection in the recipient.15 In experimental 

models of brain death, complement inhibition has been demonstrated to ameliorate kidney viability in 

the donor as well as improve renal function after transplantation.21,22

In the present study, we examined the contribution of complement activation to BD-induced 

renal injury in a mouse model of brain death. Secondly, we set out to dissect the pathways responsible 

for complement activation in brain death by using C4-deficient and properdin-deficient mice. Finally, 

we determined the effect of inhibition of C5a in BD by making use of C5aR1-deficient and C5aR2-

deficient mice. 



Chapter 9

152

Materials and Methods

Animals

Wild type (WT), C4–/– 23, Properdin–/– 24, C3–/– 23, C5aR1–/– 25 and C5aR2–/– 25 mice were used for the 

experiments with all C57Bl/6 backgrounds (Figure 1). Mice were provided by C. Stover (University of 

Leicester, Leicester, UK), by J.S. Verbeek (University of Leiden, Leiden, the Netherlands) and by B. 

Lu (Harvard Medical School, Boston, USA). Animals received food ad libitum. Male mice aged 8 to 15 

weeks were used. The Institutional Animal Care Committee approved the study.

Figure 1 
Overview of the complement proteins targeted in our experimental model

Figure Legends 
 
Figure 1  
Overview of the complement proteins targeted in our experimental model 
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Brain death model

The brain death procedure was performed as described previously.26,27 In this study mice were 

anesthetized using a mixture of 5% isoflurane / 100% O
2
. A midline incision was made in the neck of the 

mice, from caudal of the mandibula to manubrium. The right carotid artery and left jugular vein were 

cannulated to measure blood pressure and administer saline respectively. Lepirudin (Celgene Summit, 

NJ, USA) was used as anti-coagulant, since heparin can affect complement activity.28 Intubation was 

performed by tracheostomy using a 22G intravenous catheter. The animals were ventilated on a mouse 

ventilator minivent type 845 (Harvard apparatus, Holliston, MA, USA), with breathing frequency of 

200 breaths/min, tidal volume of 225 μl/stroke and PEEP of 1cm. Before and at the time of brain death 

induction, anesthesia was maintained with 2.5% isoflurane/O
2
. Body temperature was monitored via 

a rectal probe (RET-3, Physitemp Instruments, Cliften, NJ, USA) and maintained at 37˚C by using a 

heating pad and lamp.

 Under anesthesia and after local administration of bupivacaine, a hole was drilled in the 

frontomedial part of the skull. A 2F balloon catheter was inserted into the epidural space. Brain death 

was induced by increasing the intracranial pressure through inflation of the balloon with 14 μl saline per 

minute until a total of 70 μl was reached, and isoflurane was switched off. Brain death was confirmed by 

an apnea test. The balloon remained inflated throughout the experiment. During the first 30 minutes of 

brain death, the mice were ventilated with 100% O
2.
 30 minutes after brain death induction the ventilator 

was switched to O
2
/medical air (1:1). The mean arterial pressure (MAP) was continuously monitored 

and kept above 60 mmHg and saline combined with 12.5 μg/ml lepidurin was administered every 15 

minutes with a maximum of 1200 μl saline in total. Brain death was maintained for a maximum period 

of three hours, due to difficulties in the maintenance of the blood pressure in the BD mice after this 

timespan. After three hours of brain death, animals were sacrificed and blood and organs were collected 

for analysis. 

 In the sham-operated animals, a hole was drilled in the frontomedial part of the skull without 

insertion of a catheter. The animals were ventilated for half an hour under anesthesia with a mixture of 

2.5% isoflurane / 100% O
2
 before the mice were sacrificed and blood and organs were harvested.

Renal function

Blood urea nitrogen (BUN) and creatinine were measured at the time of sacrifice, using a Roche 

Modular P system.

Renal morphology

Paraffin sections (4 μm) were stained with Periodic Acid-Schiff (PAS). The severity of renal injury at 

the corticomedullary junction was determined in a blinded fashion by two individuals who used the 

following scoring system for acute tubules necrosis (ATN): 0 = 0% ATN, 1= <10% ATN, 2 = 10-25% 

ATN, 3 = 25-50% ATN and 4 = >50% ATN.
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Immunohistochemistry

Paraffin sections (4 μm) were stained for neutrophils and macrophages infiltration. Sections were 

deparaffinized and antigen retrieval was performed using 0.4% pepsin or 0.1% protease. PBS with 

0.3% H
2
O

2
 was used to block endogenous peroxidases. Primary antibodies Ly-6G (eBioscience, San 

Diego, CA, USA) for neutrophils and F4/80 (Serotec, Oxford, UK) for macrophages were incubated for 

1 hour at room temperature. Subsequently, sections were incubated with appropriate peroxidase labeled 

secondary and tertiary antibodies (Dako, Glostrup, Denmark). Antibodies were diluted in PBS with 1% 

bovine serum albumin (Sanquin, Amsterdam, the Netherlands) and, if appropriate, 1% normal mouse 

serum. The peroxidase activity was visualized using 3-amino-9-ethylcarbazole (AEC) and 0.03% H
2
O

2
.
 

Sections were embedded in Aquatex mounting agent (Merck, Darmstadt, Germany). The numbers of 

infiltrating cells were calculated per field using Aperio ImageScope (Leico Biosystems) and ImageJ 

software (National Institutes of Health). 

RNA isolation and cDNA synthesis

Total RNA was isolated from snap frozen kidneys using the TRIzol (Invitrogen, Waltham, US) method 

and DNase Amplification Grade (Sigma-Aldrich) according to manufacturer’s instructions. The 

absence of DNA contamination was verified by performing RT-PCR reaction, in which addition of 

reverse transcriptase was omitted, using beta-actin primers. cDNA synthesis was done by the addition 

of 0.5 μl sterile water, 4 μl 5x first strand buffer (Invitrogen), 2 μl DTT (Invitrogen) and 1 μl M-MLV 

Reverse Transcriptase (Invitrogen). The mixture was then incubated for 50 min at 37˚C, thereafter the 

reverse transcriptase was inactivated by incubating the mixture at 70˚C for 15 min. 

Real-Time PCR

mRNA transcripts were amplified with the primer sets shown in table 1. Amplification and detection of 

the PCR products were performed on the TaqMan Applied Biosystems 7900HT real-time PCR system 

(Biosystems, Carlsbad, USA) using SYBR Green (Applied Biosystems, Foster City, USA). Thermal 

cycling consisted of an activation step for 2 min at 50˚C and a hot start at 95˚C for 10 min. The second 

stage began with 15 sec at 95˚C and 60 sec at 60˚C, which was repeated 40 times. The last stage, to 

detect formation of primer dimers, began with 15 sec at 95˚C, followed by 60 sec at 60˚C and 15 sec at 

95˚C. CT values were corrected for beta-actin and expressed as relative increase compared to the mean 

CT value of WT animals.

Complement activation

C3 activation was assessed in EDTA plasma by a mouse C3b/C3c/iC3b ELISA, as recently described.29 

Statistical analysis

Statistical analysis was performed with StatsDirect (v3.0.133, Cheshire, UK). The Mann-Whitney-U 

test was used to test the differences between the WT BD mice and sham-operated WT animals, while the 

Kruskall Wallis test with an option for multiple comparisons was used to test the differences between 

the BD groups. All statistical tests were 2-tailed and P-value less than 0.05 was considered significant.
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Table 1. qPCR primer sequences.

Gene Primer sequences Amplification size (bp)

Β-actin
5’-ACACCCTTTCTTTGACAAAACCTAA-3’
5’-GCCATGCCAATGTTGTCTCTTAT-3’ 67

BAX 5’-CCAAGAAGCTGAGCGAGTGTCT-3’
5’-CGTCAGCAATCATCCTCTGCA-3’ 80

Bcl-2 5’-CCAGGGAATTATTCAATCCGCTAT-3’
5’-TCTGCCCTCTACCTGGTTTTCTTC-3’ 80

IL-1β 5’-GGACCCATATGAGCTGAAAGCT-3’
5’-TGGTTGATATTCTGTCCATTGAGGT-3’ 51

IL-6 5’-ACATAAAATAGTCCTTCCTACCCCAATT-3’
5’-TTAGCCACTCCTTCTGTGACTCC-3’ 76

IL-8 5’-GTGTCTAGTTGGTAGGGCATAATGC-3’
5’-TGTCCCGAGCGAGACGAG-3’ 76

MCP-1 5’-TTCAACACTTTCAATGTATGAGAGATGA-3’
5’-AACAATACCTTGGAATCTCAAACACA-3’ 81

MIP-1α 5’-AACTGAATGCCTGAGAGTCTTGGA-3’
5’-AAGCCCCTGCTCTACACGG-3’ 75

MIP-1β 5’-CAGCTTCACAGAAGCTTTGTGATG-3’
5’-GTCAGGAATACCACAGCTGGCT-3’ 76

P-selectin 5’-CCTCACAGCCACCTAGGAACA-3’
5’-GTTGGGTCATATGCAGCGTTAG-3’ 55

VCAM 5’-CCCGAACTCCTTGCACTCTACT-3’
5’-CCCGATGGCAGGTATTACCA-3’ 54

Results 

Experimental mouse brain death model

The induction of brain death resulted in a short moment of hypertension followed by a hypotensive 

period in the first 30 minutes, after which the mean arterial pressure (MAP) of the BD mice restored 

to a normotensive state. There was no difference in MAP between BD WT mice and BD mice with 

complement deficiencies (Supplementary data). Furthermore, brain death resulted in reduced renal 

function compared to sham-operated animals, as seen by the significant increase in serum creatinine 

and BUN levels (Figure 2, P<0.001). In accordance, kidneys from BD mice had significant tubule 

necrosis (P=0.004). In conclusion, the mouse model demonstrated significant BD-induced renal injury, 

similar to the human situation. Next, we analyzed C3 activation in blood, to assess whether the mouse 

brain death model also resulted in complement activation. Activated C3 fragments were increased in 

BD mice (median: 2.3 AU/mL, IQR: 1.98 – 2.78) compared sham-operated controls (median: 1.0 AU/

mL, IQR: 0.93 – 1.07), demonstrating significant complement activation during brain death (P<0.001). 

C4 deficiency ameliorates renal function and attenuates renal damage after brain death

We next compared BD-induced renal injury in complement deficient mice and WT mice to determine 

the role of the complement system in this injury. We found that C4 deficiency during brain death 

leads to substantial preservation of renal function, as indicated by the significant lower BUN levels in 

C4–/– mice compared with WT mice (Figure 2). Creatinine levels, another measure of renal function, 

showed comparable results for the different BD groups (Table 2). Additionally, we noted that kidneys of 
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complement deficient BD mice all had significantly reduced tubule necrosis compared to WT BD mice 

(Figure 2). Furthermore, renal apoptosis, measured by renal mRNA expression of BAX/Bcl-2, was 

much lower in C4–/–, P–/–, C3/– and C5aR2/– and C5aR2/– –/– BD mice than observed in WT BD mice (Figure 2). Thus, 

complement activation partially mediates BD-induced renal injury. Moreover, C4 deficiency decreased 

renal injury almost to the extent of sham-operated mice, demonstrating a key role for C4 activation. 

Figure 2
Deficiency of C4 protects mice from BD-induced renal injury.

Brain death was induced in six groups of mice: wildtype (WT), C4−/−, Properdin−/−, C3−/−, C5aR1−/−, and C5aR2−/−. Animals were 
sacrificed 3 hours after confirmation of brain death. Turkey box-plots of plasma blood urea nitrogen (BUN) levels 3 hours after brain 
death in WT, C4−/−, Properdin−/−, C3−/−, C5aR1−/− and C5aR2−/− mice (Left graph). Histopathologic scoring of tubular damage. 
Tubular damage was scored as percentage of necrotic tubuli (acute tubular necrosis, ATN) in the cortical area using a semi-
quantitative method (0 = 0% ATN, 1 = <10% ATN, 2 = 10-25% ATN, 3 = 25-50% ATN and 4 = >50% ATN). Data are shown as 
median and interquartile range (Middle graph). Turkey box-plots of BAX/Bcl2 gene expression in kidneys after BD (Right graph). 
Quantitative real-time RT-PCR was performed. Relative fold increase in sham WT mice of BAX/Bcl-2 expression relative to β-actin 
was set at 1. Data were analyzed by Kruskall Wallis test with an option for multiple comparisons (*P<0.05, **P<0.01, ***P<0.001). 
The dashed line represents the median of the sham-operated WT animals. Asterisks above the bars denote significant differences 
between BD groups from different mouse strains. N is 8 per BD group.

Table 2. Plasma creatinine levels 3 hours after brain death or in sham-operated mice.

Group Intervention Creatinine levels

Median Interquartile range

WT mice Sham-operated 16 16.0 – 25.0

WT mice Brain death 42 33.0 – 51.0

C4−/− mice Brain death 28 21.0 – 44.0

Properdin−/− mice Brain death 36 28.0 – 49.0

C3−/− mice Brain death 44 28.0 – 88.0

C5aR1−/− mice Brain death 58 42.0 – 71.0

C5aR2−/− mice Brain death 34 28.5 – 48.0

Deficiency of early complement components attenuates pro-inflammatory gene expression 

To further investigate whether complement activation influences the ‘pro-inflammatory’ state of brain 

death, we quantified renal mRNA levels of pro-inflammatory genes. Brain death significantly increased 

the mRNA expression of cytokines (IL-1beta, L-6, IL-8), chemokine’s (MCP-1, MIP-1alfa, MIP-1beta) 

and adhesion molecules (P-selectin, ICAM-1, and VCAM-1) compared to sham-operated animals 

(P<0.05).

Deficiency of early complement components namely C4, properdin and C3 resulted in a 
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significant reduction of the expression of IL-1beta, L-6, and IL-8 (Figure 3). In addition, C5aR2–/– mice –/– mice –/–

also showed partial protection from BD-induced expression of pro-inflammatory cytokines, namely IL-

1beta and IL-8. Furthermore, C3–/– BD mice had significantly reduced gene expression levels of MCP-–/– BD mice had significantly reduced gene expression levels of MCP-–/–

1 and MIP-1α compared to WT BD mice (Figure 4). Deficiency of C4, properdin, and C5aR2 only 

decreased BD-induced expression of the chemokine MCP-1. The upregulated expression of MIP-1β
during brain death was complement independent. In addition, the expression of adhesion molecules was 

also reduced by complement deficiencies during brain death but less dramatic than seen for cytokines 

and chemokine’s (Figure 5). Intriguingly, C5aR2–/– BD mice had the lowest levels of P-selectin and 

VCAM-1. C4–/– and P–/– and P–/– –/– BD mice also had significantly lower levels of P-selectin. Complement –/– BD mice also had significantly lower levels of P-selectin. Complement –/–

deficiencies did not affect the BD-induced expression of ICAM-1. Overall, in brain death complement 

activation seems to amplify the local inflammatory response in the kidney.

Figure 3
Gene expression of pro-inflammatory cytokines in BD kidneys is largely C4-dependent 

T urkey box-plots of gene expression of inflammatory cytokines in kidneys 3 hours after brain death in wildtype (WT), C4−/−, 
Properdin−/−, C3−/−, C5aR1−/− and C5aR2−/− mice, determined by quantitative real-time RT-PCR of IL-1β (left graph), IL-6 (middle 
graph) and IL-8 (right graph). Data are shown as expression relative to β-actin, were sham-operated WT are set at 1 (presented as 
the dashed line) and the rest is calculated accordingly. Kruskall Wallis test with an option for multiple comparison was used to test 
for statically differences (*P<0.05, **P<0.01, ***P<0.001). Asterisks above the bars denote significant differences between BD 
groups from different mouse strains. N is 8 per BD group.

Figure 4 Gene expression of chemokine’s in BD kidneys is partially mediated via C3

Turkey box-plots of gene expression of chemokine’s in kidneys 3 hours after brain death in wildtype (WT), C4−/−, Properdin−/−, C3−/−, 
C5aR1−/− and C5aR2−/− mice, determined by quantitative real-time RT-PCR of MCP-1 (left graph), MIP-1α (middle graph) and MIP-
1β (right graph). Data are shown as expression relative to β-actin, were sham-operated WT are set at 1 (presented as the dashed line) 
and the rest is calculated accordingly. Kruskall Wallis test with an option for multiple comparison was used to test for statically 
differences (*P<0.05, **P<0.01, ***P<0.001). Asterisks above the bars denote significant differences between BD groups from 
different mouse strains. N is 8 per BD group.
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Figure 5
Gene expression of P-selectin in BD kidneys is complement-dependent

Turkey box-plots of gene expression of adhesion molecules in kidneys 3 hours after brain death in wildtype (WT), C4−/−, Properdin−/−, 
C3−/−, C5aR1-/- and C5aR2-/- mice, determined by quantitative real-time RT-PCR of P-selectin (left graph), VCAM-1 (middle graph) 
and ICAM-1 (right graph). Data are shown as expression relative to β-actin, were sham-operated WT are set at 1 (presented as the 
dashed line) and the rest is calculated accordingly. Kruskall Wallis test with an option for multiple comparison was used to test for 
statically differences (*P<0.05, **P<0.01, ***P<0.001). Asterisks above the bars denote significant differences between BD groups 
from different mouse strains. N is 8 per BD group.

Figure 6
Complement activation exacerbates inflammatory cell influx in brain-dead kidneys. 

Quantification of the influx of Ly-6G+ cells in renal tissue, three hours after brain death was confirmed (left graph). Furthermore, 
quantification of the influx of F4/80+ cells (macrophages) in renal tissue, three hours after brain death was confirmed (right graph). 
Data are shown as the number of neutrophils or macrophages per field and displayed as Turkey box-plots and were analyzed by 
Kruskall Wallis test with an option for multiple comparison (*P<0.05). Asterisks above the bars denote significant differences 
between BD groups from different mouse strains. The dashed line represents the median of the sham-operated WT animals. N is 8 per 
BD group.

Complement activation exacerbates renal influx of inflammatory cells during brain death

We next investigated whether the kidneys of BD donors had exacerbated infiltration of 

inflammatory cells. After 3 hours of BD, increased numbers of macrophages (anti-F4/80) and neutrophils 

(anti-Ly.6G) were found in the kidneys of WT mice compared to sham-operated animals (P<0.01). 

Complement activation leads to the formation of anaphylatoxins, which leads to the recruitment of 

inflammatory cells. Therefore, we investigated the impact of complement inhibition on the influx of 

neutrophils and macrophages (Figure 6). In BD mice, complement deficiencies significantly decreased 

neutrophil recruitment in the kidney. The lowest numbers of neutrophils were found in the kidneys of 



159

Deficiency of early complement components protects against renal injury in a mouse model of brain death.

9

C5aR2–/– BD mice, almost comparable to the amount seen in kidneys of sham-operated mice (dashed 

line). Similar to neutrophils, the influx of macrophages was also significantly lower in BD mice with 

complement deficiencies. However, the reduction seen in the numbers of macrophages was less dramatic 

than observed for neutrophils. Furthermore, properdin seemed to be involved in the recruitment of 

macrophages, but not of neutrophils.   

Discussion 

The importance of complement activation in BD donors has become apparent in the last decade.8,14,30 

However, the precise nature of complement-induced tissue injury and the related components that 

initiate these responses is still unknown. Here, we describe that brain death elicits complement activation 

resulting in the renal expression of pro-inflammatory mediators and influx of pro-inflammatory cells. 

Altogether these events lead to apoptosis and ATN causing permanent kidney damage and loss of renal 

function in the donor. Furthermore, we demonstrate that deficiency of C4 and properdin and to lesser 

extent, C3 and C5aR2 protect the kidney against injury in a mouse model of brain death. Our results, 

therefore, identify proximal complement components as a therapeutic strategy to inhibit complement 

activation together with the inflammatory responses relevant to BD-induced kidney injury.

Brain death is associated with a local inflammatory reaction in the kidney.5,31 Deficiency of 

complement components significantly reduced BD-induced gene expression of cytokines, chemokines 

and adhesion molecules. Furthermore, our findings suggest that complement activation of C3 is 

responsible for the development of renal inflammation during brain death. The most prominent 

effects were seen for inflammatory cytokines, namely IL-1beta, IL-6 and IL-8 but also for P-selectin. 

Previous studies have shown that cytokines are important mediators of the pro-inflammatory reaction 

seen in brain death and that higher levels are negatively associated with post-transplant outcome.32,33 

Furthermore, inhibition of P-selectin during brain death prevented BD-induced inflammation and 

reduced the subsequent damage in rat renal allografts.34 Complement inhibition also diminished 

influx of inflammatory cells, with the most prominent effect seen on the recruitment of neutrophils. 

Macrophages influx was also decreased, but other triggers seem to be involved in this process. In line 

with the previous finding, we found a key role for the AP in tissue infiltration of macrophages.35 The 

diminished influx of inflammatory cells by complement inhibition will almost certainly have a positive 

impact on outcome after renal transplantation.7,31

 Little attention has so far been given to dissecting the pathways responsible for complement 

activation during brain death. Our study shows an important role for the activation of C4 in brain 

death since C4 deficiency resulted in the greatest preservation of renal function. However, based on 

our findings we cannot determine whether the protection seen in C4–/– mice can be attributed to the LP, 

CP or both.  Furthermore, properdin–/– mice also showed less inflammation and injury, implicating the 

involvement of the AP as an amplifier of complement activation in brain death. In accordance, Damman 

et al. showed that deceased donors have increased serum levels of C4d and Bb and both correlated with 
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the levels of sC5b-9.15 Furthermore, we have previously demonstrated C4d depositions in kidneys from 

BD human donors.8 Kidneys from deceased donors also have enhanced expression of complement-

related genes of predominantly the CP and AP and to a lesser extent the LP.17,36 In a rodent model, 

significant consumption was seen during brain death for all three complement pathways.21 Overall, 

we speculate that all three activation pathways are engaged in BD-induced complement activation as 

seen in renal ischemia-reperfusion injury.37 However, we propose a major role for the CP and/or LP in 

complement activation in brain death.

 In human BD donors, complement activation has been shown to lead to the formation of the 

C5b-9 and the release of C5a.15,18 There are two receptors for C5a, namely C5aR1 and C5aR2 (also 

known as C5L2) and both receptors are expressed in the kidney.12 BD kidneys show higher tubular 

expression of the C5aR1 than kidneys from living donors.12,18 Consequently, brain death leads to renal 

C5a-C5aR interaction, thereby promoting the local inflammatory response.18 Significant systemic 

complement activation was shown to take place in this mouse brain death model, implying that C5a is 

also generated. Deficiency of both receptors resulted in reduced influx of inflammatory cells. However, 

C5aR1–/– mice were not protected from BD-induced injury and possibly even aggravated BD-induced 

renal inflammation. Nevertheless, we observed that C5aR2 deficiency confers partial protection 

against kidney injury. Recently, a key role was seen for C5aR2 in renal ischemia-reperfusion injury 

and sepsis.25,38 Accumulating evidence indicates that the enigmatic C5aR2 is a functional receptor, 

rather than mere decoy receptor for C5a.39 Surprisingly, C5aR2–/– mice had the lowest number of 

infiltrating cells among the BD groups, implying a prominent role for C5aR2 in the recruitment of 

inflammatory cells. Still, whether this is mediated via a direct C5a-C5aR2 interaction or if it’s the result 

of the increased expression of adhesion molecules by C5aR2 remains to be investigated. In our study, 

deficiency of early complement components leads to greater protection than seen in C5aR2–/– mice. 

These findings suggest an accompanying role of C5b-9 in brain death. Future studies should, therefore, 

determine the effect of C5 and C6 deficiency on BD-induced renal injury.

 Irrespective of the increase in living donors during the past 15 years, the number of kidneys 

derived from BD donors remains substantial.40,41 However, previous studies have shown that the 

pathophysiological effects of brain death reduce organ viability and impact renal transplant outcome 

negatively.31 Hormone supplementation and improved hemodynamics during donor management have 

been shown to amend outcome after renal transplantation.42 Targeting complement activation in BD 

donors forms a promising additional strategy to improve organ viability and renal transplant outcome.8 

Previous studies in animal models of brain death have demonstrated that complement inhibition 

effectively enhances organ quality in the donor and improves graft function after kidney and heart 

transplantation.21,22,26,27 Our group previously showed that treatment with a C3-inhibitor in BD donors 

resulted in lower inflammation and enhanced renal function after transplantation in the recipient. 

Moreover, treatment of the donor one hour after the induction of brain death was equally effective as 

administration prior to the induction of brain death.22 Recently, treatment with C1-inhibitor (C1-INH) 

was also shown to have beneficial effects on kidneys of BD donors.21 C1-INH treatment during brain 

death led to less renal inflammation and better renal function prior to transplantation. C1-INH is a 

complement inhibitor of all three pathways and acts early in the complement cascade.28 Fittingly, we 
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found that proximal components of the complement cascade are the optimal target for intervention, 

preferably C4. Currently, there are no ongoing or completed clinical trials with a complement therapeutic 

specifically targeting C4.43 An anti-C2 antibody could form an attractive alternative, since this would 

also inhibit the LP and CP pathway and serum concentrations of C2 are 20x times lower than those of 

C4.44 Lastly, C2 deficiency leads to less detrimental effects than C4 deficiency.45

 In conclusion, we uncovered a key role for complement as a mediator of inflammation and 

injury in brain death. We propose a main role model for activation of C4 in BD donors. Furthermore, 

irrespective of previous data on C5a in BD, the C5a–C5aR1 axis is a not the ideal target to improve 

outcome in renal transplantation from BD donors. In addition, the promising effects of inhibition of 

early complement components in BD donors needs further exploration and exploitation.
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