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General IntroductionChapter 1

Renal transplantation is the first choice of treatment for end-stage renal disease, and increasing 
numbers of kidney transplantations are performed each year, with renal allografts originating 
from living, deceased heart-beating brain dead (DBD), and deceased cardiac dead (DCD) 
donors. In the last decades, major advances in development of immunosuppressive drugs 
resulted in excellent one year graft survival of renal allografts. One year allograft survival rates 
improved from 88,8% in 1988 to 93,6% in 1996 for kidneys originating from living donors, 
and from 75,7% in 1988 to 87,7% in 1996 for kidneys originating from deceased donors (1). 
In 2012 in the Netherlands, one year renal allograft survival rates reached 98% and 96% for 
kidneys originating from living and deceased donors respectively (2). However, long term 
renal allograft survival did not benefit from these improvements to the same extent, and 
especially performances of kidneys originating from deceased donors lag behind compared 
to their living counterparts (1,3). In order to improve long term graft function and survival, 
identification of new targets for treatment of potential organ donors, the renal allograft itself 
and renal transplant recipients is crucial. Emerging evidence shows that the complement 
system is a potential target to serve this purpose, since complement is activated at all 
stages throughout the renal transplant procedure, e.g. during donor brain death, ischemia/
reperfusion injury (IRI), and antibody-mediated rejection. 

The complement system
Complement was first described in the 1890s as a heat-labile protein in serum that 
‘complemented’ heat-stable antibodies in the killing of bacteria (4). Today, the complement 
system is known to be part of the innate immune system, and comprises over thirty 
membrane-bound and soluble proteins (5-7). This complex cascade can be activated via 
three pathways: the classical, the alternative and the lectin pathway. All pathways converge 
to cleavage and activation of central complement component C3 by C3 convertases. The 
classical pathway can be initiated by antibody-antigen complexes, apoptotic cell debris 
and acute phase proteins like C-reactive protein (CRP), whereas the lectin pathway can 
be initiated by mannose binding lectin (MBL) or ficolins interacting with their carbohydrate 
ligands. Activation of these two pathways leads to activation of C4 and C2, and subsequent 
formation of the C3 convertase C4b2a, resulting in cleavage of C3 in C3a and C3b. The 
alternative pathway consists of spontaneous low grade hydrolysis of systemic C3, resulting 
in C3(H2O), which can associate with factor B. This complex is subsequently activated by 
factor D, resulting in the C3 convertase C3bBb, leading to cleavage of C3 in again C3a and 
C3b. C3b can bind to cell-surface carbohydrates, thereby enhancing alternative pathway 
activation. In addition, the alternative pathway can serve as an amplification loop of all three 
pathways, when bound C3b formed in any of the pathways binds to factor B and yields extra 
C3 convertases.  
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Formation of the C3 convertases and cleavage of C3 results in formation of the C5 convertases 
C4b2a3b or C3bBb3b, depending on the pathway which initiated complement activation. 
C5 will be cleaved into C5a and C5b. When C5b associates with C6 and C7, formation of 
the terminal complement complex C5b-9 or membrane attack complex (MAC) is initiated, 
resulting in formation of a pore in the cell membrane followed by lysis of the cell. 

Complement component 5a
Besides formation of C5b-9, C3a and C5a are generated during complement activation. Late 
1960s, they were shown to induce anaphylactic shock-like responses, like spasmogenic 
activity of ileal (8) and bronchial (9) smooth muscle cells, increase of vascular permeability 
(8,10), decrease of peripheral vascular resistance (11) and vasoconstriction of large arteries 
(12), hence rendering their label as anaphylatoxins. In addition, both C3a and C5a are able 
to recruit leukocytes to the site of complement activation, but C5a is known to have the most 
potent chemotactic and pro-inflammatory properties (13).

C5a is a 74 amino acid (~11 kDa) peptide. It has a glycosylation site in asparagine at position 
64, but glycosylation is not essential for its function. While the N-terminus of C5a is essential 
for binding to its receptors, the agonist activity of C5a is retained in the C-terminal amino 
acid residues 69-74, in particular the arginine residue at position 74 (14-16). This C-terminal 
arginine can be cleaved off by carboxypeptidase N present in serum (14,17) or by bacterial 
proteases (18), yielding its degradation product desarginated C5a or C5adesArg. Where C5a 
is able to induce anaphylactic shock-like responses, C5adesArg is not (8). However, C5adesArg is 
able to induce leukocyte chemotaxis as well (19-21). 

The receptors for C5a
To date, two receptors for C5a have been identified: C5a receptor (C5aR, also known as 
CD88) (22,23) and C5a-like receptor 2 (C5L2, also known as GPR77) (24), which were 
first discovered in 1991 and 2000 respectively. Although C5aR was initially identified on 
neutrophils and C5L2 on dendritic cells, these receptors are now known to be abundantly 
expressed on diverse subsets of leukocytes, with expression of both receptors being 
reported on neutrophils (25-27), monocytes / macrophages (22,27,28), dendritic cells 
(24,25,29), natural killer cells (30), T-lymphocytes (25,29) and bone marrow / hematopoietic 
stem/progenitor cells (31). An overview of leukocyte subsets expressing C5aR and C5L2 is 
provided in Table 1.  

C5aR and C5L2 are seven-transmembrane receptors, and genetically belong to the 
rhodopsine superfamily of G-protein coupled receptors (GPCRs) (16,22,24,32). Both 
receptors are encoded on the long arm of chromosome 19, with C5L2 being located 
downstream of C5aR, and the genes sharing 58% nucleotide sequence homology (16,33). 
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1
Although the majority of GPCR genes appears intronless (14,34), C5aR and C5L2 genes 
both contain introns (14,16). The presence of introns could result in alternative splicing and 
receptor variants (35), although C5aR and C5L2 splice variants have not been reported to 
date. C5aR and C5L2 mRNA contain 350 and 337 codons respectively, yielding 42 kDa 
C5aR and 37 kDa C5L2 proteins, sharing 36-38% amino acid homology (14,16,24,32,33). 

C5a binds to the extracellular N-terminus and third extracellular loop of C5aR (16). C5L2 has 
an N-terminal binding site for C5a almost identical to that of C5aR (36). Both receptors bind 
C5a with the same high affinity. However, C5L2 has a much higher affinity for C5adesArg (28,36). 
In addition, C5L2 has been shown to bind to C3a and its degradation product C3adesArg (37). It 
has been proposed that C5L2 has two distinct ligand binding sites: one for C5a and C5adesArg, 
and one for C3a and C3adesArg (36,37). Since identical subsets of leukocytes are known to 
express C5aR or C5L2 (Table 1), and respond to C5a, C5adesArg, C3a or C3adesArg (Table 2), it 
is tempting to hypothesize that both receptors mediate intracellular signaling, and influence 
inflammatory responses. Indeed C5a-C5aR interaction has been shown extensively to result 
in intracellular signaling. However, contribution of C5L2 to intracellular signaling remains 
debatable.  

Intracellular signaling mediated by C5a receptors
In line with its genetic and structural features, C5aR has been shown to function in a 
G-protein coupled manner (reviewed in 46). This receptor associates with Gai and Ga16 
subunits (16,32,46,47). C5a stimulation of C5aR results in intracellular calcium mobilization 
(36) and activation of several signaling pathways including phosphatidylinositol 3-kinase (PI-
3K) / Akt (48), phospholipase D (PLD) (49), protein kinase C (PKC) and mitogen-activated 
protein kinase (MAPK) (28) pathways. In multiple subsets of leukocytes, C5a exerts all 
kinds of pro-inflammatory effects via these pathways, including chemotaxis, expression of 
adhesion molecules, release of reactive oxygen species, granule enzymes, and cytokines, 
phagocytosis and inhibition of apoptosis (36,48-50). 

In contrast to C5aR, intracellular signaling via G-proteins seems virtually impossible for 
C5L2. GPCRs contain a highly conservative DRY motif in the third transmembrane segment, 
which is essential for G-protein coupling (51). Substitution of the essential arginine residue in 
the DRY motif to a leucine residue makes C5L2 obligatory uncoupled from heterotrimertic G 
proteins (28). The third intracellular loop of GPCRs is also involved in binding of G-proteins, 
but the third intracellular loop of C5L2 is shortened and lacks PKC phosphorylation sites. On 
top, C5L2 seems to lack an NPXXY motif, which has been demonstrated to be important for 
phospholipase C (PLC) and MAPK activation in receptors of the same superfamily (16,33). 
However, C5L2 holds seven serine and threonine residues, which could serve as potential 
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Table 2: Leukocyte subsets with reported responsiveness to complement ligands C5a, C5adesArg, C3a 
and C3adesArg

C5a C5adesArg C3a C3adesArg

Bone marrow / 
HSPCs

Jalili et al, 2010 (31) Honczarenko et 
al, 2005 (42)

Honczarenko et 
al, 2005 (42)

Macrophages Chen et al, 2007 (27)
Rittirsch et al, 2008 
(40)
Bosmann et al, 2013 
(38)
Hsu et al, 2014 (39)

T-lymphocytes Honczarenko et 
al, 2005 (42)

Honczarenko et 
al, 2005 (42)

B-lymphocytes Honczarenko et 
al, 2005 (42)

Honczarenko et 
al, 2005 (42)

PMNs Scola et al, 2009 (43) Scola et al, 2009 (43)
Neutrophils Fernandez et al, 1978 

(19)
Gao et al, 2005 (26)
Chen et al, 2007 (27)
Bamberg et al, 2010 
(25)

Fernandez et al, 
1978 (19)
Eckle et al, 1992 (44)

Chen et al, 2007 
(27)

Eosinophils Schraufstatter et al, 
2002 (10)

Basophils Bürgi et al, 1994 (45) Bürgi et al, 1994 (45)

phosphorylation sites by G-protein coupled receptor kinases (GRKs) (24). Although C5a 
stimulation was shown to induce C5L2 phosphorylation in transfected cells (28), C5a or 
C5adesArg seemed unable to induce C5L2 internalization, ERK1/2 phosphorylation, intracellular 
calcium mobilization, degranulation, or mRNA expression of inflammatory genes (28,36). 
These observations led to the hypothesis that C5L2 serves as a non-signaling decoy receptor, 
preventing C5a binding to C5aR and thereby inhibiting C5a-C5aR-mediated signaling (43). 

In addition to the decoy hypothesis, a secondary anti-inflammatory mechanism for C5L2 was 
proposed by Bamberg et al, suggesting that C5L2 acts as a negative modulator of C5aR-
mediated signaling. They showed that in human neutrophils C5L2 reduces C5aR-mediated 
phosphorylation of ERK1/2 in a G-protein independent manner via a C5aR-C5L2-b-arrestin 
complex (25). This theory was supported by others (52,53). In this model, C5L2 does not 
function by scavenging C5a, but by negatively modulating signaling downstream from C5aR. 

C5a in renal disease
The complement system is involved in antibody-mediated rejection (AMR) of renal allografts. 
This is most prominently reflected by C4d deposition in renal allografts as diagnostic tool 
for AMR. Although the function of C5aR and C5L2 in renal allograft rejection has not been 
investigated yet, emerging evidence suggests that C5a and/or C5adesArg do play a role in AMR. 
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Eculizumab is a humanized monoclonal antibody directed against C5, preventing cleavage 
of C5 into C5a and C5b, thereby inhibiting generation of C5a, C5adesArg and formation of 
C5b-9 (61). It is registered for treatment of paroxysmal nocturnal hemoglobinuria (PNH) 
(62). In addition, it has been shown to be effective in treatment of several kidney diseases 
like atypical hemolytic uremic syndrome (aHUS) (63-66), C3 glomerulopathies (65,67), and 
lupus nephritis (68). An increasing number of cases has been reported in which eculizumab 
has been used to treat biopsy proven, C4d-positive acute AMR of renal allografts, resulting 
in recovery of renal function and reduction of inflammatory markers (case reports: 69-
74). Extrapolating these findings, Stegall et al showed that post-transplant treatment with 
eculizumab prevented early AMR, reducing incidence rates from 41,2% to 7,7% (75). To 
date, these effects of eculizumab have been attributed to inhibition of C5a-C5aR-mediated 
signaling. 

C5aR and C5L2 in the kidney
Although C5aR and C5L2 were initially detected on immune cells, expression of both receptors 
has been demonstrated on non-immune cells as well. As shown in Table 3, C5aR and C5L2 
mRNA expression has been reported in virtually all organs throughout the body. In addition, 
C5aR protein expression has been reported in the kidney (26,54,57-60), liver (26,56), heart 
(26), lung (26,56), brain (55) and bladder (54). In contrast, C5L2 protein expression has only 
been reported in heart, liver and lung (26). 

In the kidney, C5aR expression has been investigated under diverse inflammatory conditions, 
and has been reported on both proximal and distal tubular epithelial cells. In contrast, renal 
C5L2 protein expression has not been reported so far. Therefore, in Chapter 2, the expression 
and localization of C5aR and C5L2 under healthy conditions in the kidney were studied. 
Subsequently, renal C5aR and C5L2 expression dynamics in human post-transplant kidney 
biopsies from patients suffering from acute tubular necrosis, acute cellular and vascular 
rejection or interstitial fibrosis and tubular atrophy were examined.   

C5aR and C5L2 in donor brain death
Although the numbers of renal grafts derived from living and DCD donors are increasing, 
a substantial quantity of renal grafts is derived from DBD donors. It is well established 
that kidneys from DBD donors show inferior renal function and poorer graft survival after 
transplantation when compared to their living counterparts (1,3,76,77). This difference 
proved to be independent from HLA mismatching and cold ischemia times (3). Donor brain 
death in itself triggers hemodynamic instability, hormonal changes, and activation of the 
immune system (78-80), which could very well be responsible for the inferior results of DBD-
derived renal allografts. In this way, organ viability is affected before transplantation. 
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The systemic inflammation occurring upon donor brain death is characterized by elevated 
circulating levels of general inflammatory markers like IL-6 (78,81), IL-8 (81), MCP-1 (81), 
soluble TNF receptor II (78), and soluble IL-2 receptor (78). In addition, donor brain death 
triggers activation of the complement system, as reflected by increased circulating levels of 
C3d and C5b-9 in DBD donors compared to living donors (82,83). As a result, the systemic 
inflammation initiated by donor brain death induces local organ inflammation, priming 
the renal allograft to be. Kidneys from brain-dead rats show increased expression of pro-
inflammatory molecules and influx of neutrophils, macrophages and T cells (76,77,79,80). 
In addition, local renal production of complement components is observed in brain-dead 
rats (80) and humans (84). Possibly, renal inflammation initiated by donor brain death could 
explain the inferior function and graft survival of DBD donor-derived renal allografts after 
transplantation. In Chapter 3, systemic release of C5a in human brain-dead donors and the 
expression dynamics of renal C5aR upon donor brain death were analyzed. Thereafter, direct 
effects of C5a on human renal tissue were investigated. To explore the contribution of C5aR 
and C5L2 to donor brain death-induced renal inflammation, a mouse brain death model 
was developed, in which a stable 3h brain death period and continuous blood pressure 
monitoring were accomplished. In Chapter 4, this mouse brain death model is described, 
and the role of C5aR and C5L2 in brain death-induced renal inflammation is studied by 
inducing brain death in C5aR-/- and C5L2-/- mice using this model. 

C5aR and C5L2 in ischemia/reperfusion injury
Renal ischemia/reperfusion injury (IRI) is unavoidable when performing renal transplantation. 
Multiple components of the innate immune system, including the complement system, toll-
like receptors (TLRs), NOD-like receptors and inflammasomes have been shown to be 
involved in renal IRI (85-87). Zhou et al demonstrated that C3-, C5- and C6-deficient mice 
were protected against renal IRI, where C4-deficient mice were not, implicating a role for 
the terminal pathway in renal IRI (88). In addition, involvement of C5aR in renal IRI has been 
shown extensively. Using different animal models including C5aR-/- mice, C5aR antagonists, 
siRNA directed against C5aR and antibodies directed against C5 preventing formation of 
C5a and C5b, and inhibition of the C5a-C5aR axis were shown to protect rodent kidneys 
against renal IRI (89-94). However, the role of C5L2 in renal IRI has not been investigated yet.

In order to characterize IRI-mediated complement activation in mice, assays measuring 
functional systemic complement pathway activity are essential. In addition, due to novel 
treatment options intervening in the complement system, there is an increasing interest in 
the monitoring of systemic complement activation in the experimental setting. However, 
measuring systemic complement activation in mice is still challenging. Therefore, we 
developed a sandwich ELISA detecting mouse C3 activation fragments, as well as functional 
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ELISAs detecting specific activities of the three complement pathways at the level of C3 and 
at the level of C9, as will be described in Chapter 5. Subsequently, in Chapter 6, the role of 
C5L2 to renal IRI-mediated inflammation was investigated by subjecting C5aR-/- and C5L2-/- 
mice to 40 minutes warm bilateral renal IRI, followed by reperfusion for 1, 3 and 7 days. In this 
study, the effect of IRI on renal function, renal morphology, systemic complement activation, 
leukocyte influx and renal gene expression profiles were analyzed.

Leukocytes are involved in inflammatory processes, like removal and regeneration of 
damaged tissue, and in allograft rejection after solid organ transplantation. C5aR and C5L2 
are abundantly expressed on leukocytes, especially on neutrophils. Although the role of C5aR 
in leukocyte migration has been studied extensively, the role of C5L2 in leukocyte migration is 
largely unknown. Therefore, in Chapter 7, an in vivo migration study in C5aR-/- and C5L2-/- mice 
was performed and the role of these two receptors on the migration of neutrophils in response 
to C5a and C5adesArg was examined. 

In Chapter 8, the role of renal-expressed C5aR and C5L2 versus leukocyte-expressed C5aR 
and C5L2 in the pathophysiology of renal IRI was investigated. Bone marrow chimeras were 
generated by replacing bone marrow of WT, C5aR-/- and C5L2-/- mice with WT bone marrow. 
In addition, bone marrow of WT mice was replaced with WT, C5aR-/- or C5L2-/- bone marrow. 
These bone marrow chimeras were subjected to 40 minutes warm bilateral renal IRI, and 
sacrificed 3 days after reperfusion. Subsequently, renal function and renal morphology were 
studied. 

To conclude this thesis, in Chapter 9 the results described in chapters 2 to 8 are summarized 
and discussed in their context, and considerations for further research are provided. 
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ABSTRACT

Aims
The complement system, and especially C5a, plays an important role in the pathophysiology 
of renal diseases and post-transplant renal injury. The two receptors for C5a are C5a receptor 
(C5aR) and C5a-like-receptor-2 (C5L2). Only renal C5aR expression has been reported, 
although exact localization and alterations in expression after transplantation are unknown.

Materials and Results
Renal C5aR and C5L2 expression and localization were analyzed immunohistochemically. 
C5aR and C5L2 expression was analyzed in human kidney biopsies obtained from living 
donors and patients suffering from acute tubular necrosis, acute cellular and vascular 
rejection or IF/TA.

C5aR was expressed in the thick ascending limb of Henle’s loop and first part of the distal 
convoluted tubule (DCT). Under inflammatory conditions, C5aR was de novo expressed 
in proximal tubuli. C5L2 was expressed in the kidney and localized to DCT1, DCT2 and 
connecting tubule. Persistent distal tubular expression of both receptors was demonstrated 
after renal transplantation. 

Conclusions
This study shows distinct renal expression patterns for C5aR and C5L2. Our findings suggest 
a functional role for renal C5L2 rather than being a C5a decoy receptor. Future studies 
focusing on renal C5a-C5aR interaction should take differential C5aR and C5L2 expression 
into account, alongside abundant C5aR expression on infiltrating cells.
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INTRODUCTION

The complement system plays an important role in different inflammatory conditions in the 
kidney, such as glomerulonephritis (Abe et al., 2001, Quigg, 2003), dense deposit disease 
(Pickering and Cook, 2011), atypical hemolytic uremic syndrome (Loirat and Fremeaux-
Bacchi, 2011), lupus nephritis (Walport, 2002) and in transplanted kidneys (Pratt et al., 2002, 
Sacks et al., 2003, Serinsoz et al., 2005). The complement system can be activated via three 
different pathways: the classical, alternative and lectin pathway (Walport, 2001). Initiation 
of each of the pathways leads to activation of C3 and C5, and subsequent formation of the 
membrane attack complex. Inherent to complement activation is generation of anaphylatoxins 
C3a and C5a, of which C5a has the most potent chemokinetic and pro-inflammatory 
properties. Recent studies have shown that C5a is a key component in the development of 
renal injury in different renal pathologies (Abe et al., 2001, Bao et al., 2005, De Vries et al., 
2003a, De Vries et al., 2003b, Gueler et al., 2008, Kose et al., 2010, Walport, 2002). 

There are two known receptors for C5a, namely C5a receptor (C5aR) (Gerard and Gerard, 
1991) and C5a-like receptor 2 (C5L2) (Ohno et al., 2000). Both receptors were initially 
identified on immune cells and are abundantly expressed on neutrophils. Stimulation of 
C5aR expressed on neutrophils by C5a initiates multiple inflammatory responses, such as 
chemotaxis and release of cytokines and reactive oxygen species (Lee et al., 2008, Monk et 
al., 2007, Rabiet et al., 2007). Expression of C5aR has been found in non-immune tissue as 
well, including kidney, brain, liver and lung tissue (Haviland et al., 1995). Expression of renal 
C5aR has been investigated under diverse inflammatory conditions, and has been reported 
on both proximal and distal tubuli (Abe et al., 2001, Fayyazi et al., 2000, Gueler et al., 2008, 
Zahedi et al., 2000).  However, the exact localization of renal C5aR expression under native 
conditions remains to be elucidated. 

On immune cells, C5L2 is expressed alongside C5aR and is thought to serve as a decoy 
receptor for C5a, thereby counterbalancing C5aR initiated responses (Bamberg et al., 2010, 
Gao et al., 2005, Lee et al., 2008, Monk et al., 2007). As has been demonstrated for C5aR, 
expression of C5L2 has been found in non-immune tissue as well (Ohno et al., 2000, Okinaga 
et al., 2003). Similar to co-expression of C5aR and C5L2 on immune cells, protein expression 
of C5L2 alongside C5aR has been reported on astrocytes (Rabiet et al., 2007). However, 
C5L2 protein expression in the kidney has not been reported so far. 

Currently, inhibitors of C5 and C5aR are used clinically in treatment of several renal diseases, 
for example in atypical hemolytic uremic syndrome (aHUS). In animal models, inhibition 
of C5 or C5aR during renal ischemia-reperfusion injury (Arumugam et al., 2003, De Vries 
et al., 2003a, De Vries et al., 2003b, Zheng et al., 2008) and renal transplantation (Gueler 
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et al., 2008, Lewis et al., 2008, Li et al., 2010) has been shown to be beneficial as well. 
Clinical trials using C5 inhibitors in renal transplantation for treatment of humoral rejection are 
currently under investigation (Stegall et al., 2011). These recent developments emphasize 
the importance to identify the presence and exact localization of C5aR and C5L2 expression 
in the kidney under native conditions and after renal transplantation. 

The aim of the present study was to investigate the expression and localization of C5aR and 
C5L2 in the kidney under native and inflammatory conditions in a renal transplant setting. 
Expression of renal C5aR and C5L2 was investigated in living kidney donor biopsies and 
in biopsies obtained under different conditions after transplantation, namely acute tubular 
necrosis (ATN), acute cellular and vascular rejection and interstitial fibrosis and tubular 
atrophy (IF/TA). 

MATERIALS AND METHODS

2.1 Immunohistochemistry
Frozen sections (4 µm) from discarded kidneys from brain-dead donors were fixed in 
acetone for 10 min at room temperature (RT). Endogenous peroxidases were blocked with 
0.09% H2O2 in phosphate buffered saline (PBS) for 30min at RT. Paraffin embedded tissue 
sections (4 μm) from unaffected areas of kidneys following surgical renal tumor excision 
were deparaffinized and antigen retrieval was performed using 0.1M Tris/HCl buffer pH 9. 
Endogenous peroxidases were blocked with 0.3% H2O2 in PBS for 30min at RT. Sections 
were incubated with primary monoclonal antibody to human C5aR, clone S5/1, directed 
against aa15-21 of the extracellular N-terminal region (Hycult, Uden, The Netherlands, 
(Oppermann et al., 1993)), monoclonal antibody to human C5aR, clone W17/1, directed 
against the extracellular N-terminal region (Hycult), polyclonal antibody to human C5aR, 
N9-29, directed against N-terminal aa9-29 (provided by M.R. Daha from Leiden University 
Medical Center, Leiden, The Netherlands), polyclonal antibody to C5L2 (Hycult) for 1h at RT. 
As primary antibodies controls, PBS and isotype controls were performed (Dako, Glostrup, 
Denmark). Sections were incubated with appropriate horseradish peroxidase-conjugated 
secondary and tertiary antibodies (Dako). Antibodies were diluted in PBS with 1% bovine 
serum albumin (Sanquin, Amsterdam, The Netherlands) and, if necessary, 1% normal 
human serum (Sigma-Aldrich, St. Louis, MO, USA). The reaction was developed by addition 
of 3-amino-9-ethylcarbazole (AEC) and 0.03% H2O2. Sections were counterstained with 
Mayer’s haematoxylin solution (Merck, Darmstadt, Germany) or Periodic acid-Schiff (PAS) 
and embedded in Kaiser’s glycerine gelatine (Merck).

In further analysis of exact renal C5aR and C5L2 localization and expression of these 
receptors in renal biopsies, monoclonal antibody to C5aR S5/1 and polyclonal antibody to 
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C5L2 were used. The specificity of both antibodies was verified by western blotting.

2.2 Immunofluorescence
Frozen and paraffin embedded sections were treated as described in 2.1. For C5aR 
and C5L2 localizations studies, monoclonal antibody to human C5aR, clone S5/1 and 
polyclonal antibody to human C5L2 were double stained with primary antibodies directed 
to specific markers for different regions in the distal nephron, i.e. polyclonal antibody to 
human uromodulin (Abcam, Cambridge, UK), polyclonal antibody to parvalbumin (Abcam) 
and monoclonal antibody to calbindin-D-28K (Sigma-Aldrich). Primary antibody controls 
for double stainings were performed using PBS controls. Sections were incubated with 
appropriate horseradish peroxidase-conjugated and FITC-conjugated secondary and 
tertiary antibodies. Antibodies were diluted in PBS with 1% bovine serum albumin (Sanquin) 
and, if necessary, 1% normal human serum (Sigma-Aldrich). Binding of primary antibodies 
detected by horseradish peroxidase-conjugated secondary and tertiary antibodies were 
visualized using TSA Tetramethylrhodamine System (PerkinElmer LAS, Boston, USA). 
Sections were counterstained and embedded using Vectashield with DAPI (Vector 
Laboratories, Burlingame, Canada). 

2.3 Kidney biopsies
Renal C5aR and C5L2 expression was analyzed in frozen sections (2 µm) from human 
kidney biopsies that were diagnosed with acute rejection grades Banff Ia, Banff Ib, Banff 
IIa, Banff IIb, IF/TA (renal biopsies with at least 30% IF/TA) and ATN (all groups n=6). As 
healthy controls, we used biopsies from living kidney donors obtained at donation (before 
retrieval with kidney in situ and before clamping arterial and venous circulation of the kidney, 
n=6). Biopsies were taken using a 16-gauge needle (Acecut®, TSK Laboratory, Japan). In 
addition, frozen sections from unaffected areas of kidneys following surgical tumor excision 
(4 µm, n=6) were included. Sections were stained with monoclonal antibody to human C5aR, 
clone S5/1 and polyclonal antibody to human C5L2, as described in 2.1. C5aR and C5L2 
expression were analyzed by two individual observers.

RESULTS

3.1 Renal C5aR expression
Expression of C5aR in the kidney was examined using two different monoclonal antibodies, 
S5/1 and W17/1, and one polyclonal antibody, N9-29 (Fig 1). Both in frozen and paraffin 
embedded sections of renal tissue, S5/1 stained granulocytes (Fig 1A). In addition, S5/1 
revealed C5aR expression by distal tubuli both in frozen (Fig 1B) and paraffin embedded 
sections (Fig 1D). The C5aR expression was localized at the basolateral side of these tubuli. 
W17/1 stained distal tubuli on frozen sections as well (Fig 1C), but this antibody was not 
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applicable for staining paraffin sections. Using N9-29 (Fig 1E), morphological similar distal 
tubuli were stained in paraffin sections, when compared to S5/1 (Fig 1D). Besides strong 
expression in distal tubuli, S5/1 occasionally showed weaker basolateral C5aR expression 
in proximal tubuli. Specificity of C5aR antibodies was confirmed by PBS and appropriate 
isotype controls (data not shown). 

3.2 Renal C5aR localization
To characterize the precise localization of C5aR expression by distal tubuli, detailed 
morphology of C5aR positive tubules was examined on paraffin embedded sections and 
double stainings with multiple distal tubular markers were performed (Fig 2). We found that 
C5aR is mainly expressed in the thick ascending limb of Henle’s loop (TAL) and to a lesser 

Figure 1: Immunohistochemical analysis of C5aR expression in human renal tissue using multiple antibodies. (A, 
B, D) Monoclonal antibody S5/1 directed against N-terminal aa 15-21, (C) monoclonal antibody W17/1 directed against 
N-terminal region and (E) polyclonal antibody N9-29 directed against N-terminal aa9-29. (A) The arrow indicates a 
granulocyte stained by S5/1, paraffin embedded tissue. (B) S5/1 stains distal tubuli in frozen tissue. (C) W17/1 stains 
distal tubuli in frozen sections. (D) S5/1 stains distal tubuli in paraffin embedded sections. (E) N9-29 stains distal tubuli 
in paraffin embedded sections. Magnifications: A, B and E 400x, C and D 200x.
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extent in the first part of the distal convoluted tubule (DCT1). First, morphological examination 
of paraffin embedded sections suggested that TALs and DCTs are expressing C5aR (Fig 
2A). In addition, the majority of C5aR positive tubuli showed colocalization with uromodulin, 
a marker for TAL (Fig 2B). Double staining of C5aR and parvalbumin localized C5aR to 
DCT1 as well (Fig 2C). However, the intensity of C5aR staining in parvalbumin positive tubuli 
was lower than in parvalbumin negative tubuli. C5aR did not show any colocalization with 
calbindin (data not shown), which marks the second part of the distal convoluted tubule 
(DCT2) and the connecting tubule (CNT). 

3.3 Renal C5L2 expression
To better understand the potential role of C5a on renal epithelial cells, renal expression of 
C5L2 was analyzed as well (Fig 3). With the antibodies we used, tubular C5L2 expression 
appeared to be less intense than tubular C5aR expression. Similar to C5aR, we observed C5L2 
expression in distal tubuli at the basal side of epithelial cells (Fig 3A). A PAS counterstaining 
demonstrated that C5L2 expression was present within the tubular basement membrane of 
distal tubuli (Fig 3B). Specificity of the primary antibody directed to C5L2 was verified by PBS 
and isotype controls, and by western blotting (data not shown).

Figure 2: Localization of C5aR in human renal tissue. (A) C5aR staining on paraffin embedded tissue. Morphologically, 
TALs show a minimal amount of cytoplasm around their nuclei, leading to protruding of the nuclei into the lumen of the 
tubule. Epithelial cells of DCTs contain more cytoplasm, just enough to surround their nuclei. (B) Double staining of 
C5aR (red) and TAL-marker uromodulin (green) on paraffin embedded section. (C) Double staining of C5aR (red) and 
DCT1-marker parvalbumin (green) on frozen section. Magnifications: A and C 400x, B 200x. 
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3.4 Renal C5L2 localization
To study possible co-localization of C5aR and C5L2, the type of distal tubuli expressing C5L2 
was investigated in detail, using the same markers used for localizing renal C5aR. C5L2 did 
not show any colocalization with TAL-marker uromodulin (data not shown). Serial sections 
stained with C5L2 and parvalbumin (antibodies both of rabbit origin) indicated expression of 
C5L2 in DCT1 (Fig 3C and 3D respectively). In addition, colocalization of C5L2 with calbindin 
was found, implicating expression of C5L2 in DCT2 and CNT (Fig 3E).  

Double staining of C5aR and C5L2 revealed the expression of these two receptor to be almost 

Figure 3: Immunohistochemical analysis of C5L2 expression and localization of C5L2 in human renal tissue. 
(A) C5L2 staining of distal tubuli on frozen section. (B) C5L2 staining of distal tubuli on frozen section with PAS 
counterstaining. (C and D) Frozen serial sections of (C) C5L2 and (D) DCT1-marker parvalbumin, both arrows indicate 
the same tubule. (E) Double staining of C5L2 (red) and DCT2/CNT-marker calbindin (green) on frozen section. (F) 
Double staining of C5aR (green) and C5L2 (red) on frozen section, inset shows double positive tubule. Magnifications 
A, C, D and F 200x, B and E 400x.
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Figure 4: C5aR expression in human kidney biopsies from living kidney donors and transplanted kidneys. 
Representative pictures from C5aR stained frozen sections of biopsies obtained from (A) living donor kidney, (C) ATN, 
(D) Banff Ia, (E) Banff Ib, (F) Banff IIa, (G) Banff IIb, (H) IF/TA. (B) Frozen section from an unaffected part of a kidney 
following surgical tumor excision (RCC). (I) C5aR positive distal tubuli are located apart from C5aR positive leukocyte 
influx. (J) Representative picture of weaker C5aR expression in proximal tubuli (PT) alongside strong C5aR expression 
in TAL in paraffin embedded tissue. Magnifications A-I 200x, J 400x.a
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Figure 5: C5L2 expression in human kidney biopsies from living kidney donors and transplanted kidneys.  
Representative pictures from C5L2 stained frozen sections of biopsies obtained from (A) living donor kidney, (C) ATN, 
(D) Banff Ia, (E) Banff Ib, (F) Banff IIa, (G) Banff IIb, (H) IF/TA. (B) Frozen section from an unaffected part of a kidney 
following surgical tumor excision (RCC). Arrow heads indicate positive tubuli. (I) Perivascular C5L2 positive leukocyte 
influx observed in acute rejection. Magnifications 200x.
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mutual exclusive (Fig 3F). When positive for both C5aR and C5L2, the tubuli showed weak 
expression for both of the receptors, when compared to tubuli which were single positive for 
one of the receptors (Fig 3F, inset).

3.5 Renal C5aR expression in kidney transplant biopsies
To gain insight in renal C5aR and C5L2 expression before and after transplantation, expression 
of these two receptors was analyzed in renal biopsies obtained from living kidney donors and 
in post-transplant renal biopsies diagnosed with ATN, acute cellular or vascular rejection 
or IF/TA (Fig 4 and Fig 5). The biopsies from living kidney donors were obtained at time of 
donation before clamping of the arterial and venous circulation. In addition, expression of 
the receptors was analyzed in renal tissue obtained from macroscopically unaffected parts 
of kidneys following surgical tumor excision (RCC). 

The intensity of renal C5aR expression in distal tubuli was comparable between biopsies 
obtained from living donors (Fig 4A), and all post-transplant biopsies, i.e. ATN, acute rejection 
and IF/TA (Fig 4C-4H). No C5aR expression was found in proximal tubuli in biopsies from 
living donors. In contrast, in several post-transplant biopsies, weak C5aR expression was 
observed at the basolateral side of proximal tubuli, alongside stronger C5aR expression in 

Figure 6: Schematic representation of the localization of C5aR and C5L2 expression and tubular markers in the 
nephron. Linear representation of a nephron with a glomerulus, the proximal tubule (prox), the loop of Henle (loop), the 
thick ascending limb of Henle’s loop (TAL), the first and second part of the distal convoluted tubule (DCT1, DCT2), the 
connecting tubule (CNT) and the collecting duct. Renal C5aR is expressed in the TAL and fades out along the DCT1, 
while C5L2 expression arises in DCT1 and is stronger expressed in the DCT2 and CNT. Uromodulin is a marker for TAL, 
parvalbumin is a DCT1-marker and calbindin marks the DCT2 and CNT.
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distal tubuli (Fig 4J). Notably, the intensity of C5aR expression in distal tubuli was increased 
in RCC (Fig 4B), compared to biopsies from living donors (Fig 4A) or post-transplant biopsies 
(Fig 4C-4H). Additionally, C5aR expression was observed in proximal tubuli in RCC. 

Besides C5aR expression on tubuli, C5aR positive infiltrating leukocytes were detected in the 
interstitium of all post-transplant biopsies. Interestingly, loss of tubular C5aR expression was 
observed in areas with abundant C5aR positive infiltrating leukocytes. On the contrary, in 
areas with less C5aR positive leukocytes, tubular C5aR expression was more intense (Fig 4I).

3.6 Renal C5L2 expression in kidney transplant biopsies
Renal C5L2 expression levels in distal tubuli were comparable between living kidney donor 
biopsies (Fig 5A) and post-transplant biopsies obtained from patients with ATN and all 
stages of acute rejection (Fig 5C-5G). However, almost no C5L2 expression was observed 
in kidney biopsies obtained from patients with IF/TA (Fig 5H). In addition, clearly increased 
distal tubular expression of C5L2 was observed in RCC (Fig 5B), when compared to biopsies 
from living donors (Fig 5A) and all post-transplant biopsies (Fig 5C-H). Expression of C5L2 
by proximal tubuli was not observed in any of the tissues. 

Besides C5L2 expression on distal tubuli, infiltrating C5L2 positive leukocytes were observed 
in post-transplant biopsies. The majority of interstitial infiltration in post-transplant biopsies was 
negative for C5L2, but positive for C5aR. On the contrary, perivascular leukocyte infiltration 
was found to be C5L2 positive, but C5aR negative, particularly in acute rejection biopsies 
(Fig 5I). This phenomenon was only sporadically observed in ATN and IF/TA biopsies.

DISCUSSION

The important role of anaphylatoxin C5a generated by complement activation in the 
pathophysiology of renal disease and post-transplant renal injury is well established. 
Detailed knowledge on the expression pattern and function of receptors for C5a in the kidney 
should be acquired to continue with clinical application of intervention studies. There are two 
known receptors for C5a, namely C5aR and C5L2. C5aR expression on tubular cells within 
the kidney has been reported, although the exact localization of this receptor is unknown. 
The present study shows that renal C5aR is predominantly expressed in TAL and DCT1. In 
addition, to our knowledge, we are the first to show that also C5L2 is expressed on renal 
epithelial cells. However, in contrast to C5aR, renal C5L2 expression was localized in DCT1, 
DCT2 and CNT. Subsequently, persistent expression of both receptors on distal epithelial 
cells was demonstrated after renal transplantation. 

Expression of C5aR in human renal tissue has been reported in both proximal and distal 
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tubuli (Abe et al., 2001, Fayyazi et al., 2000, Gueler et al., 2008, Zahedi et al., 2000). 
However, the type of distal tubuli expressing C5aR has not been further specified. Notably, 
tubular expression of C5aR has even been suggested to be debatable (Kiafard et al., 2007). 
Therefore, we first confirmed renal C5aR expression by using three different antibodies. It 
was found that all three antibodies predominantly stained distal tubuli, and using different 
tubular markers, the distal tubuli expressing C5aR were identified as being TAL and DCT1. 
In line with previous reports, we also observed C5aR expression in proximal tubuli of post-
transplant biopsies and in macroscopically unaffected parts of kidneys following surgical 
tumor excision (Abe et al., 2001, Fayyazi et al., 2000, Gueler et al., 2008, Zahedi et al., 2000). 
In addition to previous studies, C5aR expression was also analyzed in renal tissue from 
healthy individuals. Our study clearly shows that C5aR expression in biopsies from healthy 
kidney donors, obtained before organ retrieval with the kidney still in situ, is only found on 
distal tubuli. Therefore, we propose that, under native conditions, C5aR is only expressed on 
distal tubuli, but can be induced in proximal tubuli under inflammatory conditions. 

Considering C5aR induction on proximal tubuli, interleukin-6 (IL-6) may be a potential 
candidate responsible for inducing C5aR under inflammatory conditions. IL-6 has been 
shown to induce C5aR expression in rat hepatocytes (Koleva et al., 2002). In addition, in a 
model of septic rats, anti-IL-6 treatment reduced C5aR expression in renal tissue (Riedemann 
et al., 2003). Moreover, IL-6 may be responsible for proximal C5aR induction in unaffected 
parts of kidneys following surgical tumor excision as well, since RCC is frequently associated 
with paraneoplastic symptoms, of which some can be attributed to IL-6 production by the 
tumor itself (Blay et al., 1997, Tsukamoto et al., 1992). 

To speculate about a possible role of C5aR on tubular cells, it is essential to know more about 
renal expression of C5L2. To our knowledge, we are the first to demonstrate C5L2 expression 
in the kidney. Although C5aR is expressed in TAL and DCT1, renal C5L2 expression was 
confined to DCT1, DCT2 and CNT. Double staining revealed that C5aR and C5L2 are almost 
mutually exclusive expressed. DCT1 was positive for both C5aR and C5L2, but showed 
weak expression for both receptors, compared to tubuli which were single positive for one of 
the receptors. Our data suggest that C5aR is expressed in TAL and fades out along DCT1, 
while C5L2 expression arises in DCT1 and is stronger expressed in DCT2 and CNT (Fig 6). 
Although C5aR and C5L2 are both expressed in the distal nephron, it is remarkable that these 
two receptors are not expressed on the same cell type. Expression of these two receptors 
on the same cell type would be coherent with the hypothesis that C5L2 serves as a decoy 
receptor for C5a. Indeed, simultaneous expression of C5aR and C5L2 has been reported on 
both immune and non-immune cells (Rabiet et al., 2007). Possibly, C5L2 might have cellular 
functions of its own rather than only being a decoy receptor. Further investigation is required 
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to elucidate the underlying reasons for the separated expression of C5aR and C5L2 on 
different cell types and the functions of C5aR and C5L2 in the distal nephron. 

To get more insight into the regulation of C5aR and C5L2 expression, we examined the 
expression of both receptors after transplantation. Human post-transplant kidney biopsies 
from patients diagnosed with ATN, acute cellular or vascular rejection or IF/TA were analyzed 
for C5aR and C5L2 expression. Using this unique material, we were able to study expression 
levels in healthy renal tissue and different inflammatory circumstances after transplantation. 
The intensity of C5aR expression in distal tubuli remained comparable in living donor biopsies 
and post-transplant biopsies. In addition, C5aR was found to be abundantly expressed on 
infiltrating cells. Interestingly however, distal tubular C5aR expression was found to be lost 
in areas with severe leukocyte infiltration. It is known that binding of C5a to C5aR leads to 
internalization of the receptor (Bamberg et al., 2010, Okinaga et al., 2003, Rabiet et al., 
2008). Therefore, it is possible that excessive generation of C5a leads to internalization of 
tubular C5aR and tubular loss of C5aR. We envision that internalization, down regulation or 
shedding of C5aR could prevent overstimulation of C5aR on distal tubuli, thereby dampening 
renal inflammation. 

C5L2 expression in living donor biopsies and ATN and acute rejection biopsies remained 
at the same level. However, C5L2 expression was almost absent in biopsies with IF/TA, 
suggesting that cellular C5L2 expression is inhibited or that C5L2 is shedded from the tubular 
cell membrane under influence of the microenvironment during IF/TA. Renal fibrosis is one of 
the histological hallmarks of IF/TA, and C5aR has been described to promote renal fibrosis 
(Boor et al., 2007). Since C5L2 is thought to serve as a decoy receptor for C5a, thereby 
counterbalancing C5aR initiated responses, tubular loss of C5L2 in IF/TA might be involved 
in development of fibrosis observed in IF/TA.  

In conclusion, this study shows that C5aR and C5L2 are both expressed in the kidney, 
but that the receptors are located in a different region of the distal nephron. In addition, 
we showed that C5aR, but not C5L2, is expressed in proximal tubuli under inflammatory 
conditions. In post-transplant human kidney biopsies persistent C5aR and C5L2 expression 
in distal tubuli was found. Our findings imply that for further studies on the role of C5aR 
and C5L2 in the pathophysiology of renal diseases, differential expression of the receptors 
during inflammation and expression at different parts of the nephron should be taken into 
consideration.
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ABSTRACT

Kidneys retrieved from brain-dead donors have impaired allograft function after 
transplantation compared to kidneys from living donors. Donor brain death (BD) triggers 
inflammatory responses, including both systemic and local complement activation. The 
mechanism by which systemic activated complement contributes to allograft injury remains 
to be elucidated. The aim of this study was to investigate systemic C5a release after BD in 
human donors and direct effects of C5a on human renal tissue. C5a levels were measured in 
plasma from living and brain-dead donors. Renal C5aR gene and protein expression in living 
and brain-dead donors was investigated in renal pre-transplantation biopsies. The direct 
effect of C5a on human renal tissue was investigated by stimulating human kidney slices 
with C5a using a newly developed precision-cut method. Elevated C5a levels were found in 
plasma from brain-dead donors in concert with induced C5aR expression in donor kidney 
biopsies. Precision-cut human kidney slices exposed to C5a-induced gene expression of 
pro-inflammatory cytokines IL-1beta, IL-6 and IL-8. In conclusion, these findings suggest 
that systemic generation of C5a mediates renal inflammation in brain-dead donor grafts via 
tubular C5a-C5aR interaction. This study also introduces a novel in vitro technique to analyse 
renal cells in their biological environment.
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INTRODUCTION

Today, renal transplantation has become the first choice of treatment for end-stage renal 
disease. Most kidneys suitable for transplantation are retrieved from heart beating, brain-
dead donors, although the number of living and non-heart beating donors increases. Kidneys 
retrieved from brain-dead donors give inferior results compared to living donor kidneys in terms 
of delayed graft function, acute rejection and allograft survival [1]. A plausible explanation 
for inferiority of these grafts could be systemic and local renal inflammation triggered upon 
donor brain death (BD) [2-10]. Elevated circulating levels and intragraft induction of pro-
inflammatory cytokines have been observed in rat and human brain-dead donors. Recently, 
we have reported substantial evidence for local renal and systemic complement activation 
induced by BD which at least partially contributes to the inferior transplant outcome in the 
recipient [11,12]. 

The complement system can be activated through three different pathways: the classical, 
the alternative and the lectin pathway [13]. Activation of each of the three pathways leads 
to activation of C3, subsequently leading to activation of C5 and formation of the membrane 
attack complex. Inherent to complement activation is the generation of the anaphylatoxins 
C3a and C5a, which have chemokinetic and pro-inflammatory properties.  

We have shown that systemic complement is significantly activated by donor BD and is 
associated with acute rejection in the recipient [14]. Moreover, inhibition of systemic 
complement activation in rat brain-dead donors significantly improved renal function after 
transplantation [12]. Several mechanisms behind these findings are postulated, under 
which the direct effects of C5a on the renal tubular epithelium. Recently, we and others 
have demonstrated that C5a receptor (C5aR) is expressed on distal tubular epithelial cells in 
human kidneys [15]. We hypothesized that systemic C5a is released upon BD and mediates 
BD-associated renal inflammation through activation of the distal tubular C5aR. With the 
introduction of Eculizumab in clinical practise, inhibition of C5a-C5aR interaction might also 
become available for prevention of complement-mediated renal damage in renal allograft 
procurement. Therefore, detailed information of systemic C5a generation initiated by BD 
should be available.

The aim of this study was to investigate the extent and kinetics of systemic C5a release after 
BD in human donors, the intragraft expression of the tubular C5aR in human brain-dead 
donor kidneys, and the functional consequences of C5a-C5aR interaction on human renal 
tissue using a newly developed precision-cut slice system.
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MATERIALS AND METHODS

Patients, plasma samples and kidney biopsies 
From 2007 through 2009, blood samples were obtained during organ recovery procedures 
from living and brain-dead donors, of which the demographic characteristics are listed in 
Table 1. As blood samples were collected after declaration of BD, no informed consent was 
needed according to Dutch law. Donors who had stated their objection to participation in 
transplantation research in the Dutch Donor Registry were not included. Also, donors whose 
kidneys were discarded for transplantation after retrieval were not included in this analysis. 
Living donors and all recipients were asked informed consent for blood samples. Paired 
blood samples were drawn from 22 living donors before the start of the operation (T0) and 
shortly before nephrectomy (T1). Paired blood samples from 30 brain-dead donors were 
obtained directly after the declaration of BD (T0) and just before start of cold organ perfusion, 
before donation (T1). Samples were transported on ice, centrifuged to obtain plasma, and 
the plasma’s were stored in aliquots at -80°C until further analysis. In each assay, fresh frozen 
plasma samples were used for analysis. Kidney biopsy specimens were taken from living 
(n=10) and brain-dead (n=10) donors at three different time points: shortly before donation, 
at the end of cold ischemia and approximately 45 min after reperfusion. Biopsy specimens 
were taken using a 16-gauge needle (Acecut®, TSK Laboratory, Japan) and fixed using 4% 
formaldehyde. 

C5a ELISA
The amount of plasma C5a in living and brain-dead donors was determined using 
a commercially available modified enzyme-immunoassay (EIAs) according to the 
manufacturer’s protocol (Quidel, San Diego, CA, USA).

C5aR gene expression analysis
RNA from human kidney biopsy specimens was isolated using the SV Total RNA Isolation 
Kit (Promega, Madison, WI), following the manufacturer’s instructions. RNA samples were 
verified for absence of genomic DNA contamination by performing RT-PCR reactions, in 
which addition of reverse transcriptase was omitted, using GAPDH primers. For cDNA 
synthesis, 1 μl T11VN Oligo-dT (0.5 μg/μl) and 200 ng mRNA were incubated for 5 min at 
65°C and cooled directly after that. cDNA was synthesized by adding a mixture containing 
0.5 μl RnaseOUT® Ribonuclease inhibitor (Invitrogen, Carlsbad, CA, USA), 0.5 μl RNase 
water (Promega), 4 μl 5x first strand buffer (Invitrogen), 2 μl DTT (Invitrogen), 1 μl dNTP’s 
and 1 μl SuperscriptTM II Reverse Transcriptase Kit (Invitrogen). The mixture was incubated 
at 42°C for 50 min. Subsequently, reverse-transcriptase was inactivated by incubating the 
mixture for 15 minutes at 70°C. Samples were stored at -20°C.
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C5aR mRNA transcripts were amplified with the primer set outlined in Table 3. Gene 
expression was normalized with the mean β-actin mRNA content. Real-Time PCR was 
carried out in reaction volumes of 15 μL containing 10 μL SYBR Green mastermix (Applied 
biosystems, Foster City, USA), 0.4 μl of each primer (50 μM), 4.2 μl nuclease free water and 
10 ng cDNA. In each sample, genes of interest were analyzed in triplicate. Thermal cycling 
was performed on the Taqman Applied Biosystems 7900HT Real-Time PCR System with a 
hot start for 2 min at 50°C, followed by 10 min 95°C. Second stage started with 15 sec at 
95°C (denaturation step) and 60 sec at 60°C (annealing and elongation step). The latter 
stage was repeated 40 times. Stage 3 was included to detect formation of primer dimers 
(melting curve) and began with 15 sec at 95°C, followed by 60 sec at 60°C and 15 sec 
at 95°C. Primers were designed with Primer Express software (Applied Biosystems) and 
primer efficiencies were tested by a standard curve for the primer pair resulting from the 
amplification of serially diluted cDNA samples (10 ng, 5 ng, 2.5 ng, 1.25 ng and 0.625 
ng). PCR efficiency was found to be 1.8 < ε < 2.0. Results were expressed as 2-Δ ΔCT (CT: 
Threshold Cycle).

Table 1: Demographics of human donors
Living (n=22) BD (n=30) P-value

Gender (M/F) 13/9 14/16 0.376b

Age (years)a 53 (45-59) 50 (40-61) 0.453c

Death: CVA
Death: Trauma
Death: Other

NA
-NA
NA

21
8
1

Cold ischemia time (min) a 151 (139-162) 915 (743-1173) 0.001c

Duration of BD (min)a NA 666 (539-766)
aMedian (interquartile range) 
bChi-square test
cMann-Whitney U-test
Abbreviations: CVA; cerebrovascular accident, NA; Not applicable, BD; brain death

C5aR immunohistochemistry 
For human kidney immunohistochemistry, paraffin sections (4 μm) from living (n=10) or 
brain-dead (n=10) donor kidneys were deparaffinized and antigen retrieval was performed 
using 0.1M Tris/HCl buffer pH 9. Endogenous peroxidases were blocked with 0.3% H2O2 
in PBS for 30 min at RT. Sections were incubated with primary monoclonal antibody to 
human C5aR, clone S5/1 (Hycult, Uden, The Netherlands). As primary antibody controls, 
PBS and isotype controls were performed (Dako, Glostrup, Denmark). Sections were 
incubated with appropriate horseradish peroxidase-conjugated secondary and tertiary 
antibodies (Dako, Glostrup, Denmark). Antibodies were diluted in PBS with 1% bovine serum 
albumin (Sanquin, Amsterdam, The Netherlands). The reaction was developed by addition 
of 3-amino-9-ethylcarbazole (AEC) and 0.03% H2O2. Sections were counterstained with 
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Mayer’s haematoxylin solution (Merck, Darmstadt, Germany), and embedded in Kaiser’s 
glycerine gelatine (Merck).

C5aR positivity and intensity of thick ascending limbs of Henle’s loop were scored in 
a blinded semi-quantitative approach by three individual observers. In paraffin sections, 
thick ascending limbs of Henle’s loop (TAL) were discriminated based on morphology. The 
amounts of TALs positive for C5aR were scored as percentages, and the intensity of the 
C5aR staining was scored as no staining (-), weak (+), moderate (++), and strong (+++). 

Kidney slice system
Human renal cortical tissue (n=5) was obtained from macroscopically unaffected parts of 
kidneys nephrectomised because of renal cell carcinoma. Renal material was collected in 
ice-cold University of Wisconsin (UW) preservation solution within 10 min after nephrectomy. 
Precision-cut kidney slices were prepared in ice-cold Krebs-Henseleit buffer saturated with 
carbogen (95% O2/5% CO2) and containing 25 mM glucose (Merck, Darmstadt, Germany), 
25 mM NaHCO3 (Merck) and 10 mM Hepes (ICN Biomedicals, Inc. Aurora, OH, USA) using 
the Krumdieck tissue slicer. Circular kidney slices were prepared with a diameter of 5 mm 
and approximately 250 µm in thickness [16-22]. 

Slices used for baseline gene expression analysis and immunohistochemical analysis were 
snap frozen or transferred to formaldehyde (Klinipath, Duiven, The Netherlands), respectively. 
Slices were incubated for 6 h in William Medium E with glutamax-I (Gibco, Paisly, Scotland), 
supplemented with 50 mM D-glucose and penicillin (100 U/ml)/streptomycin (100 µg/ml) 
(Gibco) under carbogen-atmosphere at 37ºC in twelve-well culture plates, while gently 
shaken. Slices were incubated with or without 100 nM C5a (Hycult, Uden, The Netherlands).

Kidney slice analysis
For gene expression analysis, total RNA from human kidney slices was isolated using RNeasy 
Mini Kit (Qiagen, Venlo, The Netherlands). cDNA synthesis and Real Time-PCR reactions 
were performed as described above. mRNA transcripts of genes of interest were amplified 
with primer sets outlined in Table 3. 

C5aR protein expression in human kidney slices was examined in 2 µm formaldehyde fixed 
paraffin embedded sections. Immunohistochemistry was performed as described above. 
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Statistical analysis
Statistical analysis was performed using SPSS. For statistical analysis of more than two 
groups, the Kruskal-Wallis test was performed, followed by the Mann-Whitney post test. 
For comparison of two groups, a Mann-Whitney test was performed. All the statistical tests 
were 2-tailed with P < 0.05 regarded as significant. Results are presented as mean ± SEM 
(standard error of the mean). 

Table 2: Demographics of RCC patients
Patient 1 Patient 2 Patient 3 Patient 4 Patient 5

Gender Female Female Female Male Female
Age (years) 63 64 63 55 77
Nephrectomy side Right Left Right Right Left
Creatinine before 
nephrectomy (umol/L)

82 50 52 80 53

Creatinine after 
nephrectomy (umol/L)

108 103 77 99 72

eGFR before 
nephrectomy (ml/
min/1.73 m2)

61 108 102 88 98

eGFR after 
nephrectomy (ml/
min/1.73 m2)

44 47 66 68 68

Tumor size (cm) 8.70 5.20 12 11.10 8.50
Relevant medical 
history

- M. Kahler Hypertension - -

Table 3: Primer sequences used
Gene Primers Amplicon size (bp)
β –actin 5’-CGTCCACCGCAAATGCTT-3’

5’-TCTGCGCAAGTTAGGTTTTGTC-3’
78

IL-1beta 5’-TTTGTTGAGCCAGGCCTCTCT-3’
5’-CCAAATGTGGCCGTGGTT-3’

73

IL-6 5’-CAGAAAACAACCTGAACCTTCCA-3’
5’-CCAGGCAAGTCTCCTCATTGA-3’

80

IL-8 5’-CTGTGTTGAATTACGGAATAATGAGTTAG-3’
5’-CAAGTTTCAACCAGCAAGAAATTACT-3’

90

C3 5’-AAGATCAACTCACCTGTAATAAATTCGA-3’
5’-CCGGTACCTGGTACAGATCTCAA-3’

122

C5aR 5’-GTGGGAGAATTGCTCGAACTTG-3’
5’-AGAGTGCAGTGGTGCGATCAT-3’

64

TGFbeta 5’-GTTATCTTTTGATGTCACCGGAGTT-3’
5’-AAGGCGAAAGCCCTCAATTT-3’

72

Collagen-1 5’-TTTTTATCTTTGACCAACCGAACA-3’
5’-AAGTGGACCAAGCTTCCTTTTTT-3’

118

E-cadherin 5’-TGAGTGTCCCCCGGTATCTTC-3’
5’-CAGTATCAGCCGCTTTCAGATTTT-3’

86



54

Brain Death-induced Renal InflammationChapter 3

RESULTS

C5a plasma levels in living and brain-dead human kidney donors
To analyse the extent and kinetics of C5a generation, plasma C5a levels in living and brain-
dead donors were assessed at different time points. The demographics of living and brain-
dead donors can be found in Table 1. Directly after BD (T0), significantly higher C5a levels 
were found compared to living donors at T0 (Figure 1A). Time dependent changes in C5a 
levels between the moment of BD (T0) and organ retrieval (T1) could not be demonstrated, 
although a number of brain-dead donors showed a decrease in plasma C5a levels after 
BD (Figure 1B). No changes in C5a levels related to surgery in living donors were found 
(Figure 1C). Neither the cause of BD (cerebrovascular accident or trauma), nor the duration 
of BD was found to be associated with plasma C5a level (data not shown). In addition, no 
association could be found between plasma C5a levels and renal function or delayed graft 
function after transplantation (data not shown). 

Figure 1: C5a levels in plasma from living and brain-dead donors. 
Circulating C5a levels were measured in plasma from living (n=22) and brain-dead (n=30) donors. Significant higher 
C5a plasma levels were found in brain-dead donors compared to living donors. (1A, *P<0.05). In brain-dead donors, no 
significant difference in C5a levels was found between the moment of BD diagnosis and organ retrieval (1B). In living 
donors, no changes in C5a levels related to surgery were found (1C). NS = not significant.
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C5aR gene and protein expression in living and brain-dead donor kidneys
To investigate whether donor BD would induce C5aR expression in the renal allograft, C5aR 
mRNA and protein levels were determined in renal biopsies from both living and brain-
dead donors at time of donation, after cold ischemia and after reperfusion. C5aR gene 
expression rates were increased in biopsies obtained from brain-dead donors compared to 
living donors, reaching statistical significance after cold ischemia (Figure 2). C5aR protein 
expression was predominantly found in the thick ascending limb of Henle’s loop (TAL, Figure 
3A and 3B). In renal biopsies from both living and brain-dead donors, almost all TALs showed 
C5aR expression (Figure 3C). The percentages of C5aR-expressing TALs were not different 
between living and brain-dead donors. However, the intensity of C5aR expression by TALs 
was significantly higher in biopsies from brain-dead donors when compared to living donors 
(P<0.01, Figure 3D). The percentage and intensity of C5aR expression did not change over 
time between biopsies taken at donation, after cold ischemia or after reperfusion.

Direct effect of C5a on precision-cut human kidney slices
To study the potential consequences of systemic C5a release and interaction of C5a with 
the distal renal C5aR in brain-dead donors, a newly developed tissue culture technique was 
used. A slice system was used on renal tissue from macroscopically unaffected parts of 
kidneys nephrectomised because of renal cell carcinoma (RCC). In our lab, the technique 
of precision-cut liver, intestinal and kidney slices is studied extensively [16-22]. Renal 
tissue from five patients was included of which the demographics can be found in Table 

Figure 2: C5aR gene expression in living and brain-dead donor kidney biopsies. 
Human renal kidney biopsies were obtained at time of donation, after cold ischemia and after reperfusion. Data are 
shown as relative fold induction compared to living donors at time of donation. Data are expressed as mean values ± 
SEM. These data show a significant induction of the C5aR after BD compared to living donors after cold ischemia and 
reperfusion (*P<0.05).
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2. Immunohistochemistry revealed abundant tubular C5aR expression in the precision-cut 
kidney slices (Figure 4A and 4B) from all RCC kidneys. The processing of human renal 
tissue into precision-cut kidney slices and the six hour incubation of the slices did not 
influence C5aR expression (data not shown). Stimulation with C5a significantly induced 
renal inflammation as reflected by an increase in gene expression levels of pro-inflammatory 
cytokines (IL-6, IL-8 and IL-1beta) compared to unstimulated controls (Figure 5A, 5B and 
5C). In contrast, gene expression levels of profibrotic markers (Collagen-1, TGFbeta, and 
E-cadherin) did not change after C5a stimulation (Figure 5F, 5G and 5H respectively). C5a 
stimulation did not change complement component C3 gene expression (Figure 5D), C5aR 
gene expression (Figure 5E) or C5aR protein expression over time (data not shown). To 
exclude that C5aR positive leukocytes present in the kidney slices were responsible for the 
increased gene expression of pro-inflammatory cytokines, C5aR positive leukocytes were 
associated with IL-1, IL-6 and IL-8 gene expression levels. C5aR positive leukocytes were 
not associated with these pro-inflammatory cytokines (data not shown).

Figure 3: C5aR protein expression in TALs of living and brain-dead donor kidneys. 
Representative pictures of C5aR protein expression in renal biopsies obtained from living (A) and brain-dead (B) donor 
kidneys. The percentage of C5aR expressing TALs (C) and intensity of C5aR staining of TALs (D) were scored using a 
blinded semi-quantitative approach. Data are shown as mean values ± SEM (*P<0.01). 
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3Figure 4: C5aR expression in precision-cut human kidney slices. 
(A) overview and (B) magnification of C5aR expression in precision-cut human kidney slices. Circular kidney slices 
were prepared with a diameter of 5 mm and approximately 250 µm in thickness. 

Figure 5: Gene expression of pro-inflammatory and pro-fibrotic markers after C5a stimulation in precision-cut 
human kidney slices. 
Gene expression levels of pro-inflammatory and pro-fibrotic markers in precision-cut human kidney slices were 
examined just after slicing (t=0hr), and after 6hr incubation with or without 100 nM C5a. (A) IL-6, (B) IL-8, (C) IL-1beta, 
(D) C3, (E) C5aR, (F) Collagen-1, (G) TGFbeta, (H) E-cadherin. (*P<0.05).
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DISCUSSION

Kidneys retrieved from brain-dead donors have inferior transplant survival rates compared 
to kidneys from living donors [1]. Recently, we demonstrated that the complement system is 
activated in brain-dead donors, thereby contributing to renal inflammation observed in brain-
dead donors [11,12]. The current study demonstrates that upon BD, C5a is released in the 
circulation paralleled by an increased renal distal tubular C5aR expression. In addition, C5a 
significantly induced pro-inflammatory cytokines in precision-cut human kidney slices. Hence, 
therapeutic intervention in the C5a-C5aR interaction after BD might reduce renal injury in grafts 
from brain-dead donors, leading to prolonged allograft survival in the recipient.

For years it is known that BD induces significant systemic inflammation in potential organ donors. 
As part of this inflammatory response, we recently found that the complement system becomes 
activated in human brain-dead donors, as reflected by increased circulating sC5b-9 levels 
[14]. In addition to the generation of sC5b-9, complement activation theoretically results in the 
release of the anaphylatoxins C3a and C5a, of which C5a has the most potent chemokinetic 
and pro-inflammatory properties [13]. The present study shows for the first time that also C5a 
is released after BD, of which the highest levels are found directly after declaration of BD. 
Alongside increased C5a plasma levels, brain-dead donor kidneys also show an increased 
expression of renal C5aR on both mRNA and protein level. We observed a two to three fold 
induction of C5aR mRNA in renal biopsies from brain-dead donors compared to living donors. 
Although elevated C5aR mRNA levels reached statistical significance after cold ischemia, 
C5aR protein expression was already pronounced in the distal tubuli at time of donation. This 
discrepancy might be explained by the time lag between initiation of BD and the biopsy at 
time of donation, which was 11.6 hours on average. mRNA levels are usually measured a few 
hours after stimulation, while protein expression takes several hours. These combined findings 
of increased systemic levels of C5a and elevated C5aR expression might lead to activation 
of the renal C5a-C5aR axis in brain-dead organ donors. It is well known that activation of the 
C5a-C5aR axis initiates multiple inflammatory responses in neutrophils, including chemotaxis 
and release of cytokines and reactive oxygen species [23-25]. However, in contrast to C5aR 
expressed on immune cells, the function of C5aR expressed on renal tubular cells is largely 
unknown.

The direct effects of C5a on C5aR expressed by renal tubular epithelial cells could potentially 
be studied in a cell culture system using distal tubular epithelial cells. However, culturing human 
distal tubular epithelial cells has been unsuccessful so far. In addition, cell culture has the great 
disadvantage that is does not resemble the in vivo situation closely since cell-cell interaction 
and cell-extracellular matrix interactions are lost in cell culture. Therefore, we introduced 
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a model of precision cut human kidney slices, in which the effects of C5a on tubular cells, 
surrounded by their biological environment, can be examined more adequately. Furthermore, 
using this system, the effect of C5a on the kidney can be studied independently from systemic 
neutrophil activation by C5a. Macroscopically unaffected parts of kidneys nephrectomised 
because of RCC were used, which showed a similar degree of renal C5aR protein expression 
as brain-dead donor kidneys when compared to living donor kidneys. Using increased C5aR 
expression in RCC as a model for increased C5aR expression in BD, we showed that C5a can 
act directly on the kidney, leading to induction of several pro-inflammatory cytokines. To our 
knowledge, we are the first to show the direct functional effects of C5a on human renal tissue. 

Altogether, the early release of C5a after BD, the increased expression of the renal distal 
tubular C5aR and the direct pro-inflammatory effects of C5a on human kidney tissue are likely 
to increase the immunogenicity of the donor graft to-be. The induction of pro-inflammatory 
cytokines after C5a stimulation in the precision-cut human kidney slices could explain the 
increased expression of the same genes observed in kidney biopsies of brain-dead organs 
donors [6]. The early release of C5a after BD indicates that therapies targeting C5a-C5aR 
interaction should be initiated shortly after the onset of BD in the donor. 

Besides processes in brain-dead donors, the finding that C5a has pro-inflammatory effects on 
the kidney can be extrapolated to other causes of renal injury, such as ischemia-reperfusion 
injury and kidney diseases. In rodent models, inhibition of C5aR has been shown to protect 
kidneys against ischemia-reperfusion injury [26-29]. Furthermore, inhibition of C5aR has 
been shown to reduce rejection rates and improves renal allograft survival [30-32]. Today, 
inhibitors of C5 are being used clinically in the treatment of several renal diseases. Eculizumab 
is a C5-inhibitor which is currently being registered for the treatment of paroxysmal nocturnal 
hemoglobinuria (PNH). It is a monoclonal antibody directed against complement C5, and 
thereby blocks the conversion to C5a and C5b by C5-convertase. Currently, Eculizumab is 
occasionally being used in the treatment of atypical hemolytic uremic syndrome or antibody-
mediated rejection [33]. Our findings shed new light on the role of C5a in the onset of renal 
injury and encourage the use of Eculizumab in the treatment of transplant-related injury.

In conclusion, this study shows that BD is associated with systemic C5a release and an 
enhanced distal tubular C5aR expression. In precision-cut human kidney slices, significant 
induction of pro-inflammatory genes was found in the presence of C5a. Together, these 
findings suggest an important role for the C5a-C5aR axis in the induction of renal inflammation 
in brain-dead donor grafts. Consequently, therapeutic intervention in the C5a-C5aR interaction 
after BD might be a potential strategy to improve renal allograft outcome in the recipient.
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ABSTRACT

Kidneys retrieved from brain-dead donors show inferior post-transplant renal function and 
survival rates compared to kidneys from living donors. Brain death in itself triggers activation 
of the immune system. Possibly, the systemic inflammatory response induced upon donor 
brain death affects organ viability prior to organ retrieval, resulting in reduced post-transplant 
function and survival. As part of the inflammatory response, the complement system is 
activated, reflected by elevated levels of the anaphylatoxin C5a circulating in the potential 
organ donor. The two known receptors for C5a, C5aR and C5L2, are expressed in the kidney 
and we previously reported that expression of C5aR is increased in kidney biopsies from 
brain-dead donors compared to living donors. In the present study, we investigated the 
contribution of C5aR and C5L2 to donor brain death-induced renal inflammation. In order 
to achieve this, we first developed a mouse brain death model, in which a stable 3h brain 
death period combined with continuous blood pressure monitoring was accomplished. 
Subsequently, WT, C5aR-/- and C5L2-/- mice were subjected to this brain death procedure. 
We confirmed that the complement system was activated in brain-dead mice using a C3 
fragment ELISA. We observed that, compared to WT mice, C5L2-/- mice, but not  C5aR-/- 
mice, show reduced renal gene expression levels of KC, TNFα, MCP-1 and P-selectin upon 
donor brain death. These results suggest that C5L2, instead of C5aR, is involved in brain 
death-induced renal inflammation, and therefore C5L2 might be a target for intervention in 
order to prevent renal allograft priming in brain-dead donors. 
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INTRODUCTION

Renal transplantation is the first choice of treatment for end-stage renal disease. An 
increasing number of kidney transplantations are performed each year, with renal allografts 
originating from living, deceased heart-beating brain-dead (DBD), and deceased cardiac 
dead (DCD) donors. Although the numbers of renal grafts derived from living and DCD 
donors are increasing, a substantial number of renal grafts is derived from DBD donors. 
Kidneys derived from DBD donors show inferior renal function and poorer graft survival after 
transplantation when compared to their living counterparts (1-4). It is now well established 
that donor brain death in itself triggers hemodynamic instability, hormonal changes, and 
activation of the immune system (5-7). Most likely, these processes affect organ viability 
before transplantation and could be responsible for the inferior results of DBD-derived renal 
allografts. 

The systemic inflammation occurring upon donor brain death is characterized by elevated 
circulating levels of general inflammatory markers like IL-6 (5,8), IL-8 (8), MCP-1 (8), soluble 
TNF receptor II (5), and soluble IL-2 receptor (5), but also triggers activation of the complement 
system. The complement system contains over thirty membrane-bound and soluble proteins 
(9-11). This complex cascade can be activated via three pathways: the classical (CP), the 
alternative (AP) and the lectin (LP) pathway. Activation of each of the three pathways results 
in cleavage and activation of central complement component C3. Subsequent cleavage of 
C5 initiates formation of the polymeric C5b-9 or membrane attack complex (MAC). Inherent 
to complement terminal pathway activation is formation of the anaphylatoxins C3a and C5a, 
of which C5a possesses the most potent chemotactic and pro-inflammatory properties. To 
reflect complement activation upon donor brain death, we observed increased circulating 
levels of C3d, C5a and C5b-9 in DBD donors compared to living donors (12-14). In addition, 
local renal production of complement components is observed in brain-dead rats (7) and in 
humans (13,15).

There are two known receptors for the powerful anaphylatoxin C5a, namely C5a receptor 
(C5aR) and C5a-like receptor 2 (C5L2). These receptors have initially been identified on 
leukocytes, but expression has been shown on non-immune  cells as well (16,17). We 
previously showed that both receptors are expressed in the kidney on distal tubular epithelial 
cells (18). However, renal C5aR and C5L2 expression were found to be confined to different 
segments of the distal nephron. Both receptors are seven-transmembrane receptors, and 
resemble a G-protein coupling receptor configuration (19). Indeed, C5aR has been shown to 
exert multiple pro-inflammatory functions via G-proteins. However, G-protein coupling seems 
virtually impossible for C5L2, since it lacks several receptor characteristics which are known to 
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be essential for G-protein coupling (16,19-23). Therefore, C5L2 has been postulated to serve 
as a decoy receptor for C5a, preventing C5a-C5aR-mediated signaling and its subsequent 
pro-inflammatory effects. An alternative hypothesis suggests that C5L2 modulates C5aR-
induced inflammation by interacting with the C5aR-b-arrestin-complex (24). Both hypotheses 
implicate that C5L2 is not able to initiate intracellular signaling by itself, but only diminishes 
pro-inflammatory effects of the C5a-C5aR axis. In contrast, studies investigating the role of 
C5L2 in adipocytes suggest that C5L2 has C5aR-independent functions (25,26). 

In addition to elevated circulating levels of C5a in DBD donors, we showed that renal protein 
expression of C5aR is increased in biopsies from DBD donors compared to living donors 
(13). In addition, we observed that stimulation of human renal tissue with C5a leads to local 
production of inflammatory cytokines, like IL-1, IL-6 and IL-8 (13). Combining systemically 
generated C5a and induction of renal C5aR expression in DBD donors, with local production 
of inflammatory cytokines upon C5a stimulation of human renal tissue, we hypothesized 
that the C5a-C5aR interaction in the kidney induces priming of the renal allograft to be. 
Possibly, renal inflammation upon C5a-C5aR stimulation initiated by donor brain death could 
explain the inferior function and graft survival of DBD donor-derived renal allografts after 
transplantation.

Studies investigating donor brain death are almost exclusively carried out in rats using a 
gradual onset brain death model (27), in which efficacy of interventions can be analyzed. 
In order to expand the possibilities in donor brain death research, and investigate the role 
of specific complement components in donor brain death, development of a mouse brain 
death model would be of great benefit, since it could be applied to knock-out mice. We here 
describe the development of a mouse brain death model, in which a stable 3h brain death 
period in combination with continuous blood pressure monitoring is achieved, adapted from 
a previously described model (28). Subsequently, we subjected WT, C5aR-/- and C5L2-/- mice 
to this brain death procedure to investigate the contribution of these receptors to donor brain 
death-induced local renal inflammation. 
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MATERIALS AND METHODS

Animals
C57Bl/6 wildtype (WT), and C5aR-/- (29) and C5L2-/- (30) mice, both on C57Bl/6 background, 
were kindly provided by B. Lu, Harvard Medical School, Boston, USA. Mice were bred in 
the local animal facility in the University Medical Center Groningen. Animals were housed in 
groups in standard laboratory cages, with ad libitum access to food and water. The studies 
were carried out under a protocol approved by the Institutional Animal Care Committee of the 
University of Groningen (project number 6279AF).  

In the experiments, male mice, aged 8 to 12 weeks, with a weight of 25-28 grams were used. 
Per mouse strain, 8 animals were subjected to 3h of brain death as described below. At time 
of sacrifice, blood and kidneys were collected for analysis. 

Anesthesia, monitoring and ventilation
Mice were anesthetized using 5% isoflurane / 100% O2. Body temperature was monitored 
using a rectal probe for mice (RET-3, Physitemp Instruments, Cliften, NJ, USA) and maintained 
at 37°C by a heating pad. Under aseptic conditions, a midline incision was made in the 
neck of the mice, ranging from just caudal of the mandibula to the manubrium. In supine 
position, right carotid artery and left jugular vein were cannulated using fine bore polythene 
tubing (0.28 mm ID, 0.61 mm OD; Smiths medical, Kent, UK), to monitor blood pressure and 
administer saline respectively. Coagulation was inhibited by 12.5 μg/ml lepirudin (Celgene, 
Summit, NJ, USA) in saline (Baxter, Utrecht, the Netherlands). Intubation by tracheostomy 
was performed using a shortened 22G i.v. catheter (BD insyte-W, Franklin Lakes, NJ, USA). 
Ventilation was performed using 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 1 cm. During preparation for and induction of brain death, ventilation 
was performed with 2% isoflurane / 100% O2. 

Brain death procedure
The mice were changed to prone position. On the scull, a sagittal midline incision was made 
and bupivacaine (2.5 mg/ml, Actavis, Hafnarfjordur, Iceland) was administered locally. A hole 
was drilled in the left parietal part of the skull, just caudal to the bregma, using a microdrill 
(Minicraft MB730, Elmatik AS, Tallinn, Estonia) and 2.4 mm engraving cutter (Dremel Europe, 
Breda, the Netherlands). A balloon catheter (Fogarthy Arterial Embolectomy Catheter, 2F, 
Edwards Lifesciences Corporation, Irvine, CA, USA) was inserted into the extradural space 
with the tip pointing caudally. The balloon catheter was fixed with Evicel human fibrin sealant 
(Omrix Biopharmaceuticals, Diegem, Belgium). Induction of brain death was started by 
increasing the intracranial pressure by inflating the balloon with 14 μl saline per minute, to a 
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total volume of 70 μl, using a 100 μl syringe (Hamilton, Reno, NV, USA) and Harvard Pump 
11 plus Single Syringe (MA1 70-2208, Harvard apparatus). The balloon was kept inflated 
until the end of the experiment. Henceforth, isoflurane was switched off. Brain death was 
confirmed by a positive apnea test, 10 minutes after inflation of the balloon catheter. 

Hemodynamic management 
During brain death, a mean arterial pressure (MAP) above 60 mmHg was considered to be 
normotensive. To maintain stable blood pressure, 50 μl saline with lepirudin was administered 
every 15 minutes via the jugular vein cannula. When blood pressure dropped below 60 
mmHg, an additional 50 μl of saline was administered. A maximum of 1200 μl of saline was 
administered during the 3 hours brain death period. 30 minutes after declaration of brain 
death, ventilation was switched to a mixture of oxygen and medical air (50%-50%). Body 
temperature was continuously monitored and maintained at 37°C as described above. At 
time of sacrifice, blood and kidneys were collected for analysis. Venous blood gas analysis 
was performed using the i-STAT system and i-STAT CG4+ cartridge (Abbott Point of Care, 
Princeton, NJ, USA). 

Renal function
Creatinine and blood urea nitrogen (BUN) were measured in EDTA plasma obtained at time 
of sacrifice, using a Roche Modular P system (Roche, Basel, Switzerland). 

Mouse C3b/C3c/iC3b ELISA
Mouse C3 fragments were measured in EDTA-plasma by a C3b/C3c/iC3b ELISA, as recently 
developed by Kotimaa et al (Chapter 5). The mouse C3 fragments were captured with rat anti-
mouse monoclonal specific to C3b/C3c/iC3b (Hycult Biotechnology, Uden, the Netherlands), 
coated on Nunc Maxisorp plates (Thermo Fisher Scientific, NY) with CB buffer (100 mM 
Na2CO3 /NaHCO3, pH 9.6) 16h at room temperature (RT). Assay volume was 50 µl/well and 
each incubation step was 1h at 37°C, except for sample incubation which was performed 
at 4°C. After each step the wells were washed 4 x 5 min with PT (PBS / 0.05% Tween 20). 
First, plates were blocked with PB (PBS / 1% BSA) and samples diluted in PTB/E (PBS / 1% 
BSA / 0.05% Tween20 / 10 mM EDTA). C3b/C3c/iC3b was detected with biotinylated rabbit 
anti-mouse C3 pAb (Hycult Biotechnology), Streptavidin-HRP (Hycult Biotechnology) and 
TMB Plus2 (Kem-En-Tek, Denmark). The colorimetric substrate of all ELISAs was 15-30 min 
at room temperature and stopped with 50 µl 1M H2SO4 and read at 450 nm with a BioRad 
550 instrument (Tokyo, Japan). Standard for the assay was prepared incubating CD1 NMS 
(IMSCD1-COMPL, Innovative Research) with 4 mg/ml zymosan (Z4250, Sigma-Aldrich, MO) 
for 2h at 37°C, centrifuged at 3000g for 10 min, and stored at -20°C. The undiluted standard 
was set to 100 arbitrary units per ml (AU/ml).
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RNA isolation and cDNA synthesis
Total RNA was isolated from left kidneys, snap frozen at time of sacrifice. Cryosections were 
lysed in TRIzol Reagent (Invitrogen, Carlsbad, CA, USA). Chloroform (Merck) was added 
to separate the RNA from DNA and protein content. Subsequently, isopropanol (Biosolve, 
Dieuze, France) was added to precipitate the RNA and next, the pellet was washed 
thrice with 75% ethanol (Fresenius Kabi, Schelle, Belgium). RNA pellet was air dried and 
finally dissolved in sterile water (Fresenius Kabi). RNA samples were treated with DNase 
Amplification Grade (Sigma-Aldrich) following the manufacturer’s instructions. Absence of 
contamination with genomic DNA was verified by performing RT-PCR reaction, in which 
addition of reverse transcriptase was omitted, using b-actin primers. For cDNA synthesis 1 
µl oligo-dT (0.5 µg/µl, Invitrogen, Carlsbad, CA, USA) and 1 µg mRNA were incubated for 
10 min at 70°C and cooled directly after that. cDNA was synthesized by adding a mixture 
containing 0.5 µl sterile water (Fresenius Kabi), 4 µl 5x First strand buffer (Invitrogen), 2 µl 
DTT (Invitrogen), 1 µl 20 mM dNTP’s (Invitrogen), 0.5 µl RNaseOut Ribonuclease inhibitor 
(Invitrogen) and 1 µl M-MLV Reverse Transcriptase (Invitrogen). The mixture was incubated 
for 50 min at 37°C. Subsequently, reverse transcriptase was inactivated by incubating the 
mixture for 15 min at 70°C. Samples were stored at -20°C. 

Real-Time PCR
mRNA transcripts were amplified with the primer sets outlined in Table 1. Real-Time PCR was 
carried out in reaction volumes of 15 µl containing 10 µl SYBR Green mastermix (Applied 
biosystems, Foster City, USA), 0.4 µl of each primer (50 µM stock concentration), 4.2 µl 
nuclease free water and 10 ng cDNA. In each sample, genes of interest were analyzed in 
triplicate. Thermal cycling was performed on the Taqman Applied Biosystems 7900HT real-
time PCR System with a hot start for 2 min at 50°C, followed by 10 min 95°C. Second stage 
started with 15 sec at 95°C (denaturation) and 60 sec at 60°C (annealing and elongation). 
The latter stage was repeated 40 times. Stage 3 was included to detect formation of primer 
dimers (melting curve) and 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 β-actin (DCT) and a plate calibrator (DCT). Results 
were expressed as 2-ΔΔCT (CT: Threshold Cycle). 

Statistical analysis
Statistical analysis was performed with GraphPad Prism 5.00 (GraphPad Software Inc, 
La Jolla, CA, USA). For comparison of more than two groups, a Kruskall Wallis test was 
performed, followed by a Mann Whitney post-test. All statistical tests were 2-tailed with P 
< 0.05 regarded as significant. Results are presented as mean values ± SD. In addition, 
Dixon’s Q test for outliers was used.
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Table 1: Primer sequences
Gene Primers Amplicon size (bp)
b-actin 5’- ACACCCTTTCTTTGACAAAACCTAA-3’

5’-GCCATGCCAATGTTGTCTCTTAT-3’
67

IL-1b 5’-GGACCCATATGAGCTGAAAGCT-3’
5’- TGGTTGATATTCTGTCCATTGAGGT-3’

51

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

76

KC 5’- GTGTCTAGTTGGTAGGGCATAATGC-3’
5’- TGTCCCGAGCGAGACGAG-3’

76

C3 5’-AGCTGTTGGATGATTTTGATGAGTAC-3’
5’-GAGCCTGACTTGATGACCTGCT-3’

60

TNFa 5’-AGGACCCAGTGTGGGAAGCT-3’
5’-CAAAAGAGGAGGCAACAAGGTAGAG-3’

101

IFNg 5’-CCAAGCGGCTGACTGAACTC-3’
5’-TCACTGCAGCTCTGAATGTTTCTTAT-3’

78

MCP-1 5’-GGTCTTCAGCACCTTTGAATGTG-3’ 
5’-TGAGGTGGTTGTGGAAAAGGTA-3’ 

79

KIM-1 5’-TGCATTCCCGAGCTGAAGA-3’
5’-CAGAGGGCCACTGGTACTCATT-3’

78

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

55

RESULTS

Experimental mouse brain death model
Development of the mouse brain death model was based on experience with the rat brain 
death model (27). Detailed description of the mouse brain death model is given in the 
Materials and Methods section, and a representative overview of the setup and a close up 
picture are provided in Figure 1A and 1B respectively. In brief, WT mice were anesthetized 
using isoflurane/O2. In supine position, right carotid artery and left jugular vein were 
cannulated (Figure 1, #2 and #4), to monitor blood pressure (Figure 1, #3) and administer 
saline respectively. Intubation by tracheostomy (Figure 1, #1) was performed, and ventilation 
was done using a mouse ventilator (Figure 1, #6). In prone position, a balloon catheter (Figure 
1, #5) was inserted into the extradural space with the tip pointing caudally. Induction of brain 
death was started by increasing the intracranial pressure by inflating the balloon with saline 
using a syringe and a single syringe pump (Figure 1, #7). Thereafter, isoflurane was switched 
off, and brain death was confirmed by a positive apnea test.

As can be observed in Figure 1C, real-time blood pressure monitoring was achieved. During 
brain death, MAP above 60 mmHg was considered normotensive. To maintain stable blood 
pressure, 50 μl saline was administered every 15 minutes via the jugular vein cannula. When 
the MAP dropped below 60 mmHg, an additional 50 μl of saline was administered. With this 
protocol, WT mice were kept stable during the 3h time span of brain death (Figure 2A). 
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Figure 2: Mean arterial pressure during brain death
Registration of mean arterial pressure during 3h of mouse brain death in (A) WT mice and (B) C5aR-/- and 
C5L2-/- mice.

Figure 1: Experimental setup of mouse brain death model 
(A) Overview picture and (B) close up picture of the experimental set up of the mouse brain death 
model. In (A) & (B) the following equipment is marked: (1) Trachea cannula inserted via tracheostomy; 
(2) cannula in right carotid artery for blood pressure registration, connected to (3) sphygmomanometer; 
(4) cannula in left jugular vein for administration of saline; (5) balloon catheter into the extradural space; 
(6) mouse ventilator minivent type 845; (7)  Harvard Pump 11 plus. (C) Representative picture of blood 
pressure registration observed during mouse brain death.
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At the beginning of the experiment, mice were anesthetized with 5% isoflurane / 100% O2. 
Directly after, baseline venous blood gas analysis was performed (Table 2). Lactate levels 
of 5.36 ± 0.33 mmol/L were observed before any of the procedures had been initiated. 
After intubation, ventilation was performed with a breathing frequency of 200 breaths / min, 
tidal volume of 225 μl / stroke, and PEEP of 1 cm. During preparation for and induction of 
brain death, ventilation was performed with 2% isoflurane / 100% O2, and 30 minutes after 
declaration of brain death, ventilation was switched to a mixture of oxygen and medical air 
(50%-50%). After 3h of brain death, venous blood gas analysis was repeated to examine the 
effects of mechanical ventilation (Table 2). Despite reduced O2 saturation and pO2, pH and 
pCO2 remained stable during the 3h brain death period with these ventilation settings. In 
addition, lactate levels restored to 1.54 ± 0.22 mmol/L. 

Since complement is known to be activated during donor brain death in humans, we analyzed 
whether the complement system was also activated in the brain dead mice. Since activation 
of C3 results in production of C3 fragments, the presence of these fragments would indicate 
activation of the complement system. Therefore, C3 fragment levels were measured in EDTA 
plasma obtained after 3h of brain death (Figure 3). In WT mice, C3 fragments of 2.4 ± 0.5 
AU/ml were detected.

Table 2: Venous blood gas analysis
Baseline values
(n=5)

3h after BD 
(n=5)

pH 7.29 ± 0.01 7.29 ± 0.03
pCO2 (mmHg) 47.8 ± 3.0 43.6 ± 4.4
pO2 (mmHg) 82 ± 8 48 ± 6**
Base excess (mmol/L) -4 ± 1 -5 ± 2
HCO3

- (mmol/L) 23.2 ± 1.0 20.8 ± 1.5*
tCO2 (mmol/L) 25 ± 1.1 22 ± 2*
O2 saturation (%) 94 ± 2 78 ± 5*
Lactate (mmol/L) 5.36 ± 0.33 1.54 ± 0.22**

Data are expressed as mean ± SD (*P<0.05, **P<0.01)

Brain death in C5aR-/- and C5L2-/- mice
Subsequently, C5aR-/- and C5L2-/- mice were subjected to brain death as described above. As 
can be observed in Figure 2B, adequate MAP was achieved during brain death in C5aR-/- and 
C5L2-/- mice, alike WT mice. The amount of administered saline was not significantly different 
between WT, C5aR-/- and C5L2-/- mice, with on average 856 ± 124 µl administered to WT, 850 
± 71 µl to C5aR-/- and 844 ± 78 µl to C5L2-/- mice. In addition, all mice showed urine retention in 
the bladder at time of sacrifice after 3h of brain death (0.54 ± 0.24 ml in WT mice, 0.38 ± 0.16 
ml in C5aR-/- and 0.39 ± 0.18 ml in C5L2-/- mice). 
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To compare systemic complement activation upon brain death in C5aR-/- and C5L2-/- mice 
with WT mice, C3 fragment levels were determined in these mouse strains as well (Figure 3). 
In C5aR-/- mice and C5L2-/- mice, C3 fragment levels of 3.2 ± 1.2 AU/ml and 2.5 ± 0.8 AU/ml 
were detected respectively.  No significant differences in C3 fragment levels between WT, 
C5aR-/- and C5L2-/- mice were detected.

Renal function after brain death in WT, C5aR-/- and C5L2-/- mice
To examine whether absence of C5aR or C5L2 affects renal function upon brain death, renal 
function was measured as plasma creatinine and blood urea nitrogen (BUN) in EDTA plasma 
collected after 3h of brain death (Figure 4). Plasma creatinine level of one C5L2-/- mouse was 
confirmed to be an outlier using the Dixon’s Q test, and therefore excluded from analysis. As 
can be observed in Figure 4A, C5aR-/- mice showed a significant increase in plasma creatinine 
at 3h after brain death compared to WT mice, which was not observed in C5L2-/- mice. Plasma 
creatinine levels in C5L2-/- mice did not differ from those in WT mice. This difference was not 
observed for BUN levels (Figure 4B). 

Figure 3: C3 fragment levels after 3h of brain death in WT, C5aR-/- and C5L2-/- mice
Systemic complement activation was measured as C3 fragments (C3b/C3c/iC3b) in EDTA plasma 
obtained after 3h of brain death in WT, C5aR-/- and C5L2-/- mice. Results are shown as mean ± SD.

Figure 4: Renal function after 3h of brain death in WT, C5aR-/- and C5L2-/- mice 
(A) Plasma creatinine and (B) blood urea nitrogen levels after 3h after mouse brain death in WT,            
C5aR-/- and C5L2-/- mice. Data are shown as mean ± SD (*P<0.05, **P<0.01).
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Renal gene expression profiles after 3h of mouse brain death
Next, we investigated the local renal inflammatory response induced by donor brain death in 
WT, C5aR-/- and C5L2-/- mice (Figure 5). We observed reduced renal inflammation in kidneys 
from C5L2-/- mice compared to WT and C5aR-/- mice. Although not significant for IL-1β (Figure 
5A), C5L2-/- mice showed reduced gene expression levels of keratinocyte-derived chemokine 
(KC; Figure 5C), TNFα (Figure 5D), MCP-1 (Figure 5E) and P-selectin (Figure 5G) compared 
to either WT mice, or both WT and C5aR-/- mice. In contrast, IL-6 (Figure 5B) levels were 
significantly increased in C5aR-/- mice compared to WT and  C5L2-/- mice, and KIM-1 (Figure 
5H) levels were significantly lower in C5aR-/- mice compared to WT mice.

Figure 5: Renal gene expression of inflammatory mediators after 3h of brain death 
Gene expression of inflammatory markers in kidneys after 3h of mouse brain death. (A) IL-1b, (B) IL-6, 
(C) KC, (D) TNFa, (E) MCP-1, (F) C3, (G) P-selectin, (H) KIM-1. Data are shown as expression relative 
to β-actin (*P<0.05, **P<0.01).
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DISCUSSION

In the present study, we investigated the contribution of C5aR and C5L2 to donor brain 
death-induced renal inflammation. In order to achieve this, we first developed a mouse 
brain death model, in which a stable 3h brain death period and continuous blood pressure 
monitoring were accomplished. By subjecting WT, C5aR-/- and C5L2-/- mice to this brain 
death procedure, we showed that C5L2 promotes renal inflammation upon donor brain 
death. These results suggest that C5L2 is a potential target for intervention to prevent renal 
allograft priming in DBD donors. 

In our mouse brain death model, continuous blood pressure measurement was used to 
monitor the mice during the 3h brain death period. In addition, venous blood gas analysis 
was performed. Before induction of brain death, we observed an effect of anesthesia on 
venous pH and lactate levels. The observed lower pH and increased lactate concentrations 
could be explained by the use of isoflurane, since isoflurane has repeatedly been reported to 
cause respiratory acidosis in mice (31). Although lactate levels were considerably reduced 
3h after brain death, the slight acidosis remained. The slight acidosis after 3h of brain 
death could not be ascribed to isoflurane, since after inflation of the balloon, isoflurane was 
switched off, and ventilation was continued with a mixture of oxygen and medical air 30 
min after declaration of brain death. If ventilation settings during donor management would 
have been inadequate, increased pCO2 levels would have been observed in an attempt to 
compensate this slight metabolic acidosis. The reduced pO2 and O2 saturation in the venous 
blood gas analysis 3h after brain death compared to baseline can be explained by the use 
of 100% oxygen during the beginning of the procedure compared to the use of 50% oxygen 
during donor management. This, in combination with equal levels of pCO2 at baseline and 
3h after brain death and reduced lactate levels 3h after brain death, implicate that ventilation 
settings were rather sufficient. 

Brain death induces systemic inflammation and activation of the complement system. To 
validate that indeed the complement system is activated in our mouse brain death model, we 
analyzed C3 fragment levels in plasma from brain-dead mice. Studies described in Chapter 
5 and 6 showed that baseline C3 fragment levels in WT mice are around 1.2 ± 0.1 AU/ml. In 
addition, C3 fragment levels significantly increased 1 day after renal ischemia/reperfusion 
injury to 1.8 ± 0.4 AU/ml in WT mice (Chapter 5). Therefore, C3 fragment levels of 2.4 ± 0.5 
AU/ml in brain-dead WT mice, 3.2 ± 1.2 AU/ml in brain-dead C5aR-/- mice, and 2.5 ± 0.8 AU/
ml in brain-dead C5L2-/- mice indicate that indeed systemic complement activation takes 
place in this mouse brain death model. 
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With systemic activation of the complement system upon mouse brain death, one may assume 
that C5a is generated systemically as well. The two known receptors for C5a are C5aR and 
C5L2 and we recently showed that both receptors are expressed in the distal region of the 
nephron (18). Moreover, we observed that C5aR protein expression was increased in kidney 
biopsies from brain-dead donors compared to living donors (13). In addition, we showed that 
C5a stimulation of human renal tissue induced local renal expression of pro-inflammatory 
mediators like IL-1, IL-6 and IL-8 (13). Therefore, we previously hypothesized that 
systemically generated C5a interacts with renal C5aR, resulting in increased immunogenicity 
of the renal allograft to-be. Hence, inhibition of the C5a-C5aR interaction would reduce 
brain death-induced renal allograft priming. Surprisingly, we found that C5aR-/- mice have 
a reduced renal function, as reflected by increased plasma creatinine levels, upon donor 
brain death compared to WT mice. In contrast, C5L2-/- mice had similar plasma creatinine 
levels compared to WT mice. Although plasma creatinine and BUN usually both reflect renal 
function, we observed differences in plasma creatinine levels after donor brain death, but 
not in BUN levels. Assuming that the difference in plasma creatinine in C5aR-/- mice indeed 
reflected a reduction in renal function, it is unlikely to be caused by pre-renal or post-renal 
factors. Blood pressure and systemic fluid administration were similar in all mouse strains 
making a pre-renal factor less likely. Since all mice contained urine in their bladder at time 
of termination, ureteral obstruction as a post-renal cause seems unlikely as well. Therefore, 
these data might suggest that C5aR has a non-harmful or even protective function in the 
kidney as well, depending on the disease model. Recently, the C5a-C5aR axis has been 
suggested to be beneficially involved in regeneration, as in bone repair after fracture (32), 
and in neural tube formation during embryogenesis (33). In addition, we observed increased 
expression of IL-6 and reduced expression of KIM-1 in C5aR-/- mice, compared to WT mice. 
A hypothetical protective effect for C5aR, additional to the pro-inflammatory properties 
of C5aR, might explain the increased expression of the pro-inflammatory cytokine IL-6 in    
C5aR-/- mice. Although KIM-1 is generally accepted as damage marker for acute kidney 
injury (34), KIM-1 has also been hypothesized to contribute to cell survival and repair (35). 
Therefore, the reduced gene expression of KIM-1 in C5aR-/- mice would be compatible with 
a potential protective function of C5aR in the kidney in specific disease models, including 
mouse brain death. Although we previously assumed that inhibition of the C5a-C5aR axis in 
brain-dead donors would be beneficial for renal allograft quality, the current data indicate 
that C5aR should not be inhibited during donor brain death. Nevertheless, further research is 
required to elucidate the role of C5aR in kidneys from brain-dead donors. 

In addition, we observed that C5L2-/- mice display reduced local renal inflammation upon 
donor brain death compared to WT mice. Moreover, for some pro-inflammatory mediators 
C5L2-/- mice even showed reduced gene expression compared to C5aR-/- mice. In a 
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previous study, we observed that C5a stimulation of human renal tissue resulted in local 
renal expression of pro-inflammatory cytokines (13). The data from the current study suggest 
that not C5aR, but C5L2 mediates this local renal-induced expression of pro-inflammatory 
mediators upon C5a stimulation. Therefore, inhibition of renal C5L2 in the brain-dead donor 
might reduce local renal inflammation and renal allograft priming prior to organ retrieval. 

Unfortunately, selective C5L2 antagonists do not exist to date. Although the ligand binding 
sites of C5aR and C5L2 for C5a are almost identical, PMX53 does not prevent C5a binding 
to C5L2, as it does for C5aR (36). In 2004, the C5a mutant A8D71-73 was reported to prevent 
binding of C5a to both C5aR and C5L2 (36). However, where inhibition of C5L2 in the 
brain-dead donor might be beneficial, our results suggest that inhibition of C5aR might be 
detrimental for the renal allograft to-be. Therefore, other options like C5L2 blocking antibodies 
or novel development of specific small molecule C5L2 antagonists should be explored. 

In conclusion, we described the development of a mouse brain death model, in which a 
stable 3h brain death period and continuous blood pressure monitoring was accomplished. 
In addition, we propose that inhibition of C5L2 might be a potential strategy in brain-dead 
donors in order to reduce local renal inflammation induced by donor brain death and prevent 
renal allograft priming prior to organ retrieval. Although the effect of C5L2 inhibition on non-
renal donor organs should be investigated as well, C5L2 inhibition in brain-dead donors 
might improve post-transplant renal allograft outcome. 

FINANCIAL SUPPORT

This work was financially supported by the Dutch Kidney Foundation, the Graduate School of 
Medical Sciences and Ubbo Emmius Foundation of the University of Groningen, and the Jan 
Kornelis de Cock Foundation of the University Medical Center Groningen. 



80

C5a Receptors in Donor Brain DeathChapter 4

REFERENCES

(1) Terasaki PI, Cecka JM, Gjertson DW, Takemoto S. High survival rates of kidney transplants from spousal and living 
unrelated donors. N Engl J Med 1995 Aug 10;333(6):333-336. 

(2) Hariharan S, Johnson CP, Bresnahan BA, Taranto SE, McIntosh MJ, Stablein D. Improved graft survival after renal 
transplantation in the United States, 1988 to 1996. N Engl J Med 2000 Mar 2;342(9):605-612. 

(3) Pratschke J, Wilhelm MJ, Laskowski I, Kusaka M, Beato F, Tullius SG, et al. Influence of donor brain death on chronic 
rejection of renal transplants in rats. J Am Soc Nephrol 2001 Nov;12(11):2474-2481. 

(4) Nijboer WN, Schuurs TA, van der Hoeven JA, Fekken S, Wiersema-Buist J, Leuvenink HG, et al. Effect of brain death 
on gene expression and tissue activation in human donor kidneys. Transplantation 2004 Oct 15;78(7):978-986. 

(5) Lopau K, Mark J, Schramm L, Heidbreder E, Wanner C. Hormonal changes in brain death and immune activation in 
the donor. Transpl Int 2000;13 Suppl 1:S282-5. 

(6) Pratschke J, Wilhelm MJ, Kusaka M, Beato F, Milford EL, Hancock WW, et al. Accelerated rejection of renal allografts 
from brain-dead donors. Ann Surg 2000 Aug;232(2):263-271. 

(7) Kusaka M, Pratschke J, Wilhelm MJ, Ziai F, Zandi-Nejad K, Mackenzie HS, et al. Activation of inflammatory mediators 
in rat renal isografts by donor brain death. Transplantation 2000 Feb 15;69(3):405-410. 

(8) Damman J, Nijboer WN, Schuurs TA, Leuvenink HG, Morariu AM, Tullius SG, et al. Local renal complement C3 
induction by donor brain death is associated with reduced renal allograft function after transplantation. Nephrol Dial 
Transplant 2010 Dec 2. 

(9) Walport MJ. Complement. First of two parts. N Engl J Med 2001 Apr 5;344(14):1058-1066. 

(10) Damman J, Schuurs TA, Ploeg RJ, Seelen MA. Complement and renal transplantation: from donor to recipient. 
Transplantation 2008 Apr 15;85(7):923-927. 

(11) Ricklin D, Hajishengallis G, Yang K, Lambris JD. Complement: a key system for immune surveillance and 
homeostasis. Nat Immunol 2010 Sep;11(9):785-797. 

(12) Damman J, Seelen MA, Moers C, Daha MR, Rahmel A, Leuvenink HG, et al. Systemic complement activation in 
deceased donors is associated with acute rejection after renal transplantation in the recipient. Transplantation 2011 
Jul 27;92(2):163-169. 

(13) van Werkhoven MB, Damman J, van Dijk MC, Daha MR, de Jong IJ, Leliveld A, et al. Complement mediated renal 
inflammation induced by donor brain death: role of renal C5a-C5aR interaction. Am J Transplant 2013 Apr;13(4):875-
882. 

(14) Damman J, Hoeger S, Boneschansker L, Theruvath A, Waldherr R, Leuvenink HG, et al. Targeting complement 
activation in brain-dead donors improves renal function after transplantation. Transpl Immunol 2011 May;24(4):233-237. 

(15) Naesens M, Li L, Ying L, Sansanwal P, Sigdel TK, Hsieh SC, et al. Expression of complement components differs 
between kidney allografts from living and deceased donors. J Am Soc Nephrol 2009 Aug;20(8):1839-1851. 

(16) Okinaga S, Slattery D, Humbles A, Zsengeller Z, Morteau O, Kinrade MB, et al. C5L2, a nonsignaling C5A binding 
protein. Biochemistry 2003 Aug 12;42(31):9406-9415. 

(17) Haviland DL, McCoy RL, Whitehead WT, Akama H, Molmenti EP, Brown A, et al. Cellular expression of the C5a 
anaphylatoxin receptor (C5aR): demonstration of C5aR on nonmyeloid cells of the liver and lung. J Immunol 1995 Feb 
15;154(4):1861-1869. 

(18) van Werkhoven MB, Damman J, Daha MR, Krikke C, van Goor H, van Son WJ, et al. Novel insights in localization 
and expression levels of C5aR and C5L2 under native and post-transplant conditions in the kidney. Mol Immunol 2013 
Mar;53(3):237-245. 

(19) Ohno M, Hirata T, Enomoto M, Araki T, Ishimaru H, Takahashi TA. A putative chemoattractant receptor, C5L2, 



81

C5a Receptors in Donor Brain DeathChapter 4

4

is expressed in granulocyte and immature dendritic cells, but not in mature dendritic cells. Mol Immunol 2000 
Jun;37(8):407-412. 

(20) Monk PN, Scola AM, Madala P, Fairlie DP. Function, structure and therapeutic potential of complement C5a 
receptors. Br J Pharmacol 2007 Oct;152(4):429-448. 

(21) Li R, Coulthard LG, Wu MC, Taylor SM, Woodruff TM. C5L2: a controversial receptor of complement anaphylatoxin, 
C5a. FASEB J 2012 Dec 13. 

(22) Cain SA, Monk PN. The orphan receptor C5L2 has high affinity binding sites for complement fragments C5a and 
C5a des-Arg(74). J Biol Chem 2002 Mar 1;277(9):7165-7169. 

(23) Scola AM, Johswich KO, Morgan BP, Klos A, Monk PN. The human complement fragment receptor, C5L2, is a 
recycling decoy receptor. Mol Immunol 2009 Mar;46(6):1149-1162. 

(24) Bamberg CE, Mackay CR, Lee H, Zahra D, Jackson J, Lim YS, et al. The C5a receptor (C5aR) C5L2 is a modulator 
of C5aR-mediated signal transduction. J Biol Chem 2010 Mar 5;285(10):7633-7644. 

(25) Kalant D, MacLaren R, Cui W, Samanta R, Monk PN, Laporte SA, et al. C5L2 is a functional receptor for acylation-
stimulating protein. J Biol Chem 2005 Jun 24;280(25):23936-23944. 

(26) Maslowska M, Legakis H, Assadi F, Cianflone K. Targeting the signaling pathway of acylation stimulating protein. 
J Lipid Res 2006 Mar;47(3):643-652. 

(27) Kolkert JL, ‘t Hart NA, van Dijk A, Ottens PJ, Ploeg RJ, Leuvenink HG. The gradual onset brain death model: a 
relevant model to study organ donation and its consequences on the outcome after transplantation. Lab Anim 2007 
Jul;41(3):363-371. 

(28) Atkinson C, Floerchinger B, Qiao F, Casey S, Williamson T, Moseley E, et al. Donor brain death exacerbates 
complement-dependent ischemia/reperfusion injury in transplanted hearts. Circulation 2013 Mar 26;127(12):1290-
1299. 

(29) Hopken UE, Lu B, Gerard NP, Gerard C. The C5a chemoattractant receptor mediates mucosal defence to infection. 
Nature 1996 Sep 5;383(6595):86-89. 

(30) Gerard NP, Lu B, Liu P, Craig S, Fujiwara Y, Okinaga S, et al. An anti-inflammatory function for the complement 
anaphylatoxin C5a-binding protein, C5L2. J Biol Chem 2005 Dec 2;280(48):39677-39680. 

(31) Iversen NK, Malte H, Baatrup E, Wang T. The normal acid-base status of mice. Respir Physiol Neurobiol 2012 Mar 
15;180(2-3):252-257. 

(32) Ehrnthaller C, Huber-Lang M, Nilsson P, Bindl R, Redeker S, Recknagel S, et al. Complement C3 and C5 deficiency 
affects fracture healing. PLoS One 2013 Nov 18;8(11):e81341. 

(33) Denny KJ, Coulthard LG, Jeanes A, Lisgo S, Simmons DG, Callaway LK, et al. C5a receptor signaling prevents 
folate deficiency-induced neural tube defects in mice. J Immunol 2013 Apr 1;190(7):3493-3499. 

(34) Kashani K, Kellum JA. Novel biomarkers indicating repair or progression after acute kidney injury. Curr Opin 
Nephrol Hypertens 2015 Jan;24(1):21-27. 

(35) Bonventre JV, Yang L. Kidney injury molecule-1. Curr Opin Crit Care 2010 Dec;16(6):556-561. 

(36) Otto M, Hawlisch H, Monk PN, Muller M, Klos A, Karp CL, et al. C5a mutants are potent antagonists of the C5a 
receptor (CD88) and of C5L2: position 69 is the locus that determines agonism or antagonism. J Biol Chem 2004 Jan 
2;279(1):142-151.





Part B
C5aR and C5L2 in Renal Ischemia/Reperfusion injury





5
Functional assessment of mouse complement pathway 

activities and quantification of C3b/C3c/iC3b in an 
experimental model of mouse renal ischaemia/reperfusion 

injury.
 

Juha P. Kotimaa
Maaike B. van Werkhoven

Joseph O´Flynn
Ngaisah Klar-Mohamad

Jan van Groningen
Geurt Schilders

Helma Rutjes
Mohamed R. Daha

Marc A. Seelen
Cees van Kooten.

Journal of Immunological Methods, 2015, in press



86

Mouse Complement Pathway AnalysisChapter 5

ABSTRACT

The complement system is an essential component of our innate immunity, both for the 
protection against infections and for proper handling of dying cells. However, the complement 
system can also contribute to tissue injury and inflammatory responses. In view of novel 
therapeutic possibilities, there is an increasing interest in measurement of the complement 
system activation in the systemic compartment, both in the clinical setting as well as in 
experimental models. Here we describe in parallel a sensitive and specific sandwich ELISA 
detecting mouse C3 activation fragments C3b/C3c/iC3b, as well as functional complement 
ELISAs detecting specific activities of the three complement pathways at the level of C3 and 
at the level of C9 activation. In a murine model of renal ischaemia/reperfusion injury (IRI) we 
found transient complement activation as shown by generation of C3b/C3c/iC3b fragments 
at 24 h following reperfusion, which returned to base-line at 3 and 7 days post reperfusion. 
When the pathway specific complement activities were measured at the level of C3 
activation, we found no significant reduction in any of the pathways. However, the functional 
complement activity of all three pathways was significantly reduced when measured at the 
level of C9, with the strongest reduction being observed in the alternative pathway. For all 
three pathways there was a strong correlation between the amount of C3 fragments and 
the reduction in functional complement activity. Moreover, at 24 h both C3 fragments and 
the functional complement activities showed a correlation with the rise in serum creatinine. 
Together our results show that determination of the systemic pathway specific complement 
activity is feasible in experimental mouse models and that they are useful in understanding 
complement activation and inhibition in vivo. 
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INTRODUCTION

The complement system is a robust and tightly regulated first line of defence against invading 
pathogens, and essential in proper clearance of injured host cells (Walport, 2001). However, 
loss of complement regulation, due to extensive damage or inadvertent activation, is central 
in several systemic and organ-specific diseases (Lesher and Song, 2010; McCullough et 
al., 2013). Activation of the complement system is initiated by specific pattern recognition 
molecules; the classical pathway (CP) is activated for instance via C1q binding to surface 
deposited immunoglobulins (Kishore and Reid, 2000), the lectin pathway (LP) is activated 
via mannan binding lectin (MBL) or Ficolins that recognise specific carbohydrate moieties 
on pathogens (Petersen et al., 2001) and altered self-structures (Collard et al., 2000). The 
alternative pathway (AP) can be initiated directly through C3 deposition on damaged or 
unprotected surfaces, or through properdin acting as a specific pattern recognition molecule 
(Spitzer et al., 2007). Activation for terminal pathway produces C5a, which promotes local 
inflammation and recruits inflammatory cells, and mC5b-9 (terminal complement complex), 
which can lyse unprotected cells and promote apoptosis of damaged host cells (Nauta et 
al., 2002; Walport, 2001). 

Renal ischaemia/reperfusion injury (IRI) is a multifactorial condition, where local and 
systemic factors contribute to the development of acute kidney injury and tubular necrosis. 
Complement activation has been observed following renal IRI in human renal biopsies, and 
evidence from experimental animal models suggests prominent contribution to the overall 
injury (Arumugam et al., 2004; Danobeitia et al., 2014; McCullough et al., 2013). Studies with 
knockout mice and selective blocking of complement factors such as fB, have shown that 
AP is the major activation pathway in experimental renal IRI (Miwa et al., 2013; Thurman et 
al., 2006; Zhou et al., 2000). Furthermore, inhibition of C5a and C5b-9 formation reduces the 
renal injury, confirming the central role for complement mediated damage in renal IRI (de 
Vries et al., 2003a; De Vries et al., 2003b).

Although detection of complement deposition in mouse tissues is well established (Mastellos 
et al., 2004; Trouw et al., 2005), determination of the systemic complement activity in mouse 
is still challenging. Haemolytic assays for mouse are impaired by their sensitivity (De Vries 
et al., 2009; Klerx et al., 1983), whereas C3a and C5a are extremely labile ex vivo and are 
rapidly cleared from circulation by cellular receptors in vivo (Kirschfink and Mollnes, 2003; 
Oppermann and Götze, 1994). Several groups have recently described the development 
and use of antibodies specific for neo-epitopes on C3 activation fragments to quantify C3 
activation in mouse (Lesher et al., 2013; Møller-Kristensen et al., 2005; Thurman et al., 2013). 
However, assay sensitivity, analysis of sample type preference and the stability of mouse 
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C3 activation fragments have not been extensively described. We have recently described 
methodology for specific ELISAs measuring functional complement pathways in rats, 
in analogy to described human assays (Seelen et al., 2005). The functional complement 
ELISAs are analogous to the haemolytic complement assays in that each pathway may 
be activated independently with a specific ligand. In functional complement ELISAs the 
resulting formation of intermediate or terminal complement activation products are quantified 
using specific antibodies, and the degree of product deposition on ELISA plate reflects the 
activity in biological sample. Together with sensitive measurement of soluble C5b-9 (sC5b-
9) we showed that functional complement ELISAs are ideal in validating in vivo inhibition, 
but that experimental rat renal IRI alone did not lead to significant systemic consumption 
of complement components, and that generation of sC5b-9 was a relatively late event after 
IRI (Kotimaa et al., 2014; van der Pol et al., 2012). Until now ELISAs to measure specific 
pathways of complement activity in mice have been limited to the detection of C3 deposition 
(Trouw et al., 2005), whereas human rat assays measure the pathway activities to the level 
of C5b-9 deposition .

To better understand changes in systemic complement following experimental renal IRI in 
mouse, we developed in parallel an ELISA for C3 activation fragment (C3b/C3c/iC3b) using 
the neoepitope-specific monoclonal antibody (mAb) clone 2/11 (Mastellos et al., 2004), and 
six functional complement ELISAs for pathway specific activity measurement at the level of 
C3 and C9. We provide information on the specificity of these assays and the requirements 
for sample handling. Together these assays allowed us to profile systemic complement 
changes after experimental renal IRI in mouse, showing major complement consumption in 
line with previously published results. 

METHODS

2.1 Animal materials
The Animal Care and Use Committee of the Leiden University Medical Center (LUMC) 
approved all animal experiments. The C57bl/6 mice were purchased from Charles River, the 
C3-/- and C4-/- mice (both on C57bl/6 background) were provided by Marina Botto (Imperial 
College, London, U.K) and Mike Carroll (Harvard Medical School, Boston, MA) and bred as 
described previously (Otten et al., 2009). A/J mice with natural C5-deficiency (Wetsel et al., 
1990) were purchased from Jackson laboratories (Bar Harbour, ME). The CD1 serum (NMS) 
was purchased from Innovative Research (Novi, MI). NMS and plasmas were prepared from 
CO2 euthanized mice via heart puncture, stored on ice and prepared as described previously 
(Kotimaa et al., 2014). Briefly; serum (NMS) was let to clot 1 h at 4°C and supernatant was 
collected. EDTA- and Lepirudin plasmas were prepared by adding 10 mM EDTA or 50 µg/
ml Lepirudin (r-hirudin; Pharmion, Germany) to the collected blood. To remove clot and cells, 
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the samples were centrifuged twice at 3000-5000 g for 10 min at 4°C, and supernatant was 
pooled, aliquoted and stored at -80°C.

2.2 Anti-mouse C9 polyclonal antibody
Polyclonal antiserum (pAb) against recombinant mouse C9 (rC9) was obtained by 
immunization of male New Zealand White rabbits (Harlan) with rC9 (kind gift of Prof. Piet 
Gross, Utrecht, The Netherlands). Injection of 30 µg rC9 in 100 µl complete Freund’s adjuvant 
(Difco, Detroit, MI) subcutaneously was followed by three boosts with 30 µg mouse rC9 
in 100 µl incomplete Freund’s adjuvant (Difco) at 2-week intervals. Rabbit pAb anti-mouse 
C9 was prepared as described previously (Trouw et al., 2004), with minor modifications: 
fractions were tested for the presence of anti-mouse rC9 reactivity with a direct ELISA. ELISA 
plate was coated with purified mouse rC9 at 2.5 µg/ml, serial dilutions of the fractions in 
PBS/0.05% Tween/1% BSA were tested and binding of rabbit IgG was demonstrated using 
goat anti-rabbit IgG conjugated to HRP (Jackson ImmunoResearch Laboratory Inc., PA). 
Mouse rC9 reactive fractions were pooled, concentrated and dialysed against PBS. 

2.3 Mouse C3b/C3c/iC3b ELISA
The mouse C3 fragments are captured with rat anti-mouse monoclonal specific to C3b/C3c/
iC3b (clone 2/11, HM1065, Hycult Biotechnology, The Netherlands) (Mastellos et al., 2004), 
coated at 5 µg/ml on Nunc Maxisorp plates (Thermo Fisher Scientific, NY) with CB buffer (100 
mM Na2CO3/NaHCO3, pH 9.6) 16 h at room temperature (RT). Assay volume was 50 µl/well 
and each incubation step was 1 h at 37°C, except for sample incubation which was performed 
at 4°C. After each step the wells were washed 4 x 5 min with PT (PBS/0.05% Tween 20). First, 
the plates were blocked with PB (PBS/1% BSA) and samples were diluted in PTB/E (PBS/1% 
BSA/0.05% Tween 20/10 mM EDTA). C3b/C3c/iC3b was detected with 8 µg /ml biotinylated 
rabbit anti-mouse C3 pAb (HP8012, Hycult Biotech), Streptavidin-HRP (Hycult Biotech) and 
TMB Plus2 (Kem-En-Tek, Denmark). The colorimetric substrate of all ELISAs was 15-30 min 
at room temperature and stopped with 50 µl 1 M H2SO4 and read at 450 nm with a BioRad 
550 instrument (Tokyo, Japan). Standard for the assay was prepared incubating CD1 NMS 
(IMSCD1-COMPL, Innovative Research) with 4 mg/ml zymosan (Z4250, Sigma-Aldrich, MO) 
for 2 h at 37°C, centrifuged at 3000 g for 10 min, the supernatant was collected and stored at 
-20°C. The undiluted standard was set to 100 arbitrary units per ml (AU/ml).

2.4 Mouse C3b/C3c/iC3b ELISA characterisation
The performance of the C3b/C3c/iC3b ELISA was evaluated with reciprocal dilutions of 
zymosan activated serum (ZAS) and fresh C57bl/6 NMS. Next, C3b/C3c/iC3b was determined 
from NMS, EDTA- and Lepirudin plasma prepared from C57bl/6 mice, together with NMS from 
C57bl/6 C3-/- and A/J C5-/- mice. Generation of C3b/C3c/iC3b during sample preparation was 
evaluated from matched NMS and EDTA plasma samples from male C57bl/6 mice (n = 5). 
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Intraplate variation was established with one sample diluted and measured 16 times, intra-
assay variation (IAV) was determined with three samples measured on four assays at the 
same time, and interassay variation (AAV) was established with seven samples measured at 
four different times. All measurements were done in duplicate.

2.5 C3 and C9 functional complement ELISAs
Functional complement ELISAs were developed and standardized based on published 
work on human and rat assays (Kotimaa et al., 2014; Seelen et al., 2005). In short, human 
IgM (in-house, LUMC, Leiden, The Netherlands) (Roos et al., 2003) was coated at 1 µg/
ml for CP, 10 µg/ml mannan for LP (M7504, Sigma-Aldrich) and 1 µg/ml LPS from strain S. 
enteritidis for AP (HK4059, Hycult Biotech). IgM and mannan were coated in CB buffer and 
LPS in PBS/10 mM MgCl2 for 16 h RT on Nunc Maxisorp plates (Thermo Fisher Scientific). 
Each incubation step was 1 h 37°C and plates were washed 3 x 5 min with PT (PBS/0.05% 
Tween 20). CP and LP plates were blocked with PB and samples diluted into BVB++ buffer 
(Veronal buffered Saline/0.5 mM MgCl2/2 mM CaCl2/0.05% Tween 20/1% BSA, pH 7.5). AP 
samples were diluted in BVB++/MgEGTA (BVB++/10mM EGTA/5 mM MgCl2). C3 functional 
complement ELISAs were detected with 0.5 µg /ml biotinylated rat anti-mouse C3b/C3c/iC3b 
(HM1065-BIO, Hycult Biotech) and Streptavidin-HRP conjugate (Hycult Biotechnology) in PBT. 
C9 functional complement ELISAs were detected with 5 µg/ml Digoxigenin conjugated rabbit 
anti-mouse rC9 (in-house, LUMC) and anti-DIG-HRP (Roche Diagnostics, Germany) in PBT. C3 
functional complement ELISA was developed with TMB Plus2 (Kem-En-Tek), and C9 functional 
complement ELISAs with TMB XTRA (Kem-En-Tek). Assay standard was established with CD1 
NMS (Innovative Research), set to 100 arbitary units per ml (AU/ml).

2.6 Mouse functional complement ELISA performance, specificity and reproducibility
Performance of the functional complement ELISAs was evaluated with fresh (NMS) and heat 
inactivated (ΔNMS) C57bl/6 sera, with reciprocal 1.5 fold dilutions from 20% NMS in assay 
buffer. Sample activity was determined as percent activity versus standard sample activity 
with equation: [(Sample OD450 nm – Reagent OD450 nm) / (Reference OD450 nm – Reagent 
OD450 nm) * (Sample dilution / Reference dilution) * 100]. Specificity of assays was evaluated 
with complement inhibitory compounds and CD1 NMS: all three pathways are inhibited with 30 
mM EDTA (E9884, Sigma-Aldrich), and CP and LP activities were inhibited with 30 mM EGTA 
(03779, Sigma-Aldrich). CP and AP were inhibited with 200 µg/ml polyanetholesulfonic acid 
(SPS, P2008, Sigma-Aldrich), as described elsewhere (Palarasah et al., 2010). LP was inhibited 
with 100 mM D-Mannose and controlled with 100 mM L-Mannose (M3655 and M1134, Sigma-
Aldrich). Functional complement activities in complement deficient NMS were determined at 
concentration ranges 1.5-3.3% (C3) and 3.0-6.6% (C9). Sample type compatibility for functional 
complement analysis was assessed with NMS, EDTA, and Lepirudin plasmas collected from 
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age and sex matched C57bl/6 mice. All of the samples were analysed in reciprocal twofold 
dilutions from 10% (C9) or 2.5% (C3). Intraplate variation was determined measuring single 
sample 16 times, intra-assay variation (IAV) was determined with three samples analysed 
in reciprocal dilutions by two operators simultaneously, and AAV was determined with six 
samples measured four separate times. All measurements were done in duplicate or triplicate. 

2.7 Assessment of complement stability in mouse samples
Freeze-thaw stability of C57bl/6 NMS, EDTA and Lepirudin plasmas was assessed with fresh 
samples subjected to 1–8 cycles of freeze-thaw between -80°C and melting ice (0-2°C), 
followed by C9 functional complement ELISA and C3b/C3c/iC3b measurements. Temperature 
stability of mouse NMS pathway activities was tested at 4oC, room temperature (RT, 18-22°C) 
or at 37°C for 30, 60, 120 or 240 min. C3b/C3c/iC3b temperature stability was tested with both 
NMS and EDTA plasma. Pathway activities were quantified and calculated as percent change 
vs fresh sample, and C3b/C3c/iC3b was calculated determined either as arbitrary units or as 
relative change to fresh sample. All measurements were done in duplicate.

2.8 Mouse model of renal ischaemia/reperfusion injury 
The study was approved by the Institutional Animal Care Committee of the University of 
Groningen. The C57Bl/6 wild type mice were kindly provided by Bao Lu (Harvard Medical 
School, Boston) and bred at UMCG animal facility. Mice were housed in groups up to the 
experiments, and individually after surgery until sacrifice. Standard laboratory cages were 
used for housing with free access to food and water ad libitum. 

Animals were anaesthetized with isoflurane/O2. Body temperature was maintained at 37°C 
with heating pad during surgery and by a neonatal incubator during ischaemia. A midline 
abdominal incision was made and bilateral ischaemia was induced by applying two non-
traumatic vascular clamps per renal pedicle for 40 min. During ischaemia, the wound was 
covered with cotton soaked in sterile saline. After removal of the clamps, the kidneys were 
inspected for restoration of blood flow. The wound was closed in two layers. Buprenorphine 
was applied subcutaneously for postoperative pain management. The animals were sacrificed 
24 h after IRI or sham surgery (n = 8). At time of sacrifice, blood was collected for analysis and 
prepared as EDTA plasma.

2.9 Statistical analysis
Specificity of change was determined with nonparametric, two-tailed Mann-Whitney test with 
95% confidence interval or with Kruskal-Wallis, 1-way ANOVA and Dunn’s Multiple Comparison 
post-test. GraphPad Prism version 5.00 software package was used for all statistical 
determinations.
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RESULTS

3.1 Mouse C3b/C3c/iC3b ELISA 
Zymosan-activated NMS (ZAS) was used to optimize the ELISA for C3b/C3c/iC3b, using 
mAb 2/11 as capture antibody (Mastellos et al., 2004), and rabbit polyclonal anti-mouse 
C3 as detecting antibody. The resulting ELISA was sensitive enough to accurately detect 
basal levels of C3b/C3c/iC3b in normal serum and plasmas, with a linear relation in the 
dilution range of 1/80 – 1/1280 (Figure 1A). Levels were similar in NMS, Lepirudin plasma 
and C5-deficient A/J NMS, but lower in EDTA plasma, and completely absent in C57bl/6 
C3-/- NMS (Figure 1B). Analysis of matched C57bl/6 NMS and EDTA plasma samples shows 
that levels of C3b/C3c/iC3b significantly increased during serum preparation (Figure 1C). 
C3b/C3c/iC3b in NMS and EDTA-P was stable at 4°C up to 30 min and rapidly increased 
after incubation of serum at RT and 37°C, whereas this increase was attenuated and less 
prominent in EDTA-P. Freeze-thawing did not impact C3b/C3c/iC3b in either NMS or EDTA-P 
(Supplementary Figure 1). Intraplate variation, IAV and AAV of the assay was 13.2%, 14.3% 
and 16.5% respectively (Table 1).

Table 1: Intraplate variation, intra-assay (IAV) and Interassay (AAV) variation of the developed ELISAs.
C3b/C3c/iC3b CP C3 LP C3 AP C3 CP C9 LP C9 AP C9

Intraplate variation 13.2 8.8 12.3 21.3 6.3 13.4 11.4
IAV 14.3 11.5 3.3 1.1
AAV 16.5 13.0 13.0 24.3 13.3 18.4 17.0
Intraplate variation for all assays was determined with single sample which was measured 16 times in duplicate on one 
occasion. Intra-assay variation (IAV) was determined with three samples measured independently by two operators at 
the same time. Interassay variation (AAV) of C3b/C3c/iC3b ELISA was determined with measurement of seven samples 
with different levels of C3b/C3c/iC3b on four different times. AAV of funcitonal C3 and C9 ELISAs was determined with 
measurement of six samples of different complement pathway activities on four different times.

3.2 Generation of plasma C3b/C3c/iC3b after renal IRI
Because NMS preparation was shown to cause ex vivo C3b/C3c/iC3b generation, EDTA-P 
was used for in vivo analysis. The renal IRI resulted in significant increase in plasma C3b/C3c/
iC3b at 24 h post reperfusion, returning to baseline at day 7 as compared to sham operated 
mice (Figure 1D). Plasma creatinine was also significantly elevated at 24 h (Figure 1E), with 
return towards baseline 72 h and 7 d post reperfusion (data not shown). The observed acute 
decline of renal function and generation of C3b/C3c/iC3b were both heterogeneous between 
individual mice and showed a significant association at 24 h post reperfusion (p = 0.0058, r2 
= 0.43) (Figure 1F).

3.3 Mouse Functional complement ELISAs
To be able to determine the pathway of complement activation implicated in this transient 
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response, we developed assays for and assessment of pathway specific complement 
consumption. We previously described a functional complement ELISA, which measures 
the complement system activity to the level of C3 activation using a polyclonal antibody 
(Trouw et al., 2005). To improve this assay we used a C3b/C3c/iC3b specific mAb in this 
study, replacing the pAb used previously. Furthermore, we developed three novel assays 
which measure pathway specific complement activity at the level of C9 activation with a 
novel polyclonal raised against mouse C9. Both for C3 (Figure 2A) and for C9 (Figure 2B), 
a linear range of detection was established with reciprocal dilutions of fresh C57bl/6 NMS. 
The assays were specific as demonstrated by the absence of non-specific signal with heat 
inactivated C57bl/6 serum (ΔNMS). 

Figure 1: Mouse C3b/C3c/iC3b ELISA validation and renal IRI. 
(A) Performance of the assay was determined with twofold reciprocal dilutions of fresh (NMS) and Zymosan-activated 
C57bl/6 serum (ZAS). NMS was diluted from 1/20 and ZAS from 1/2000. (B) Reactivity of different sample types and 
specificity of the assay were determined with fresh C57bl/6 NMS, EDTA plasma and Lepirudin plasma, together 
with C57bl/6 C3-/- knockout and A/J C5-deficient NMS. Samples were measured in duplicate and C3b/C3c/iC3b 
concentration was calculated with standard curve. (C) Matched NMS and EDTA plasma were prepared from five 
mice to assess the generation of C3b/C3c/iC3b during sampling. Basal level and generation of C3b/C3c/iC3b was 
calculated as C3b/C3c/iC3b (AU/ml). (D) Generation of C3b/C3c/iC3b following experimental renal IRI was determined 
with EDTA plasma from mice sacrificed at 24 h, 72 h and 7 d post reperfusion from IRI and sham operated animals (n 
= 8). Significance of change between the groups was determined with nonparametric, 1-way ANOVA Kruskal-Wallis 
test with Dunn’s Multiple Comparison test with significance set to p < 0.05. Error bars represent standard deviation. 
(E) Plasma creatinine was determined at 24 h post reperfusion and specificity of change determined with two-tailed 
Mann Whitney T-test with significance set to p < 0.05. (F) Linear correlation between plasma creatinine and C3b/C3c/
iC3b at 24 h post reperfusion was determined from IRI and Sham operated animals (n = 16, r2 = 0.154 and p = 0.058).
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The specificity of functional complement ELISA at the level of C9 was determined with 
selective inhibition of complement activation: 30 mM EDTA inhibited C9 deposition in all 
pathways, whereas 30 mM EGTA left AP activity intact and inhibited all deposition on Ca2+ 
dependent CP and LP, showing that no AP activity was present on IgM and Mannan coated 
plates (Figure 3A). Specificity of the LP ELISA was demonstrated by more than 90% inhibition 
of LP using D-Mannose, but not L-Mannose, whereas D-Mannose did not specifically affect 
CP or AP. Finally, SPS was shown to inhibit CP and AP but not LP, showing that AP and CP 
do not contribute to LP (Figure 3A). 

The functional complement ELISAs could be used for NMS, EDTA and Lepirudin plasmas, 
showing similar activity in NMS and EDTA plasma and reduced activity in Lepirudin plasma 
(Figure 3B). Furthermore, analysis of each sample type with reciprocal dilutions showed 
similar dose dependent activity with each functional complement assay (Supplementary 
Figure 2). Further evidence on specificity of the assays was established with complement 
deficient mouse NMS: C57bl/6 ΔNMS, C57bl/6 C3-/- and A/J C5-deficient sera showed no 
signal at the level of C9 (Figure 3B), whereas C5-deficient NMS was active at the level of C3 
activity (data not shown). C4-/- NMS had normal AP activity and 80-90% reduced activity on 

Figure 2: Performance of the mouse functional complement ELISAs. 
Activity of fresh C57bl/6 serum was assayed together with heat inactivated C57bl/6 serum (ΔNMS) to determine non-
specific signal of the assays in the linear range of detection. (A) CP, LP, and AP activities at the level of C3 was analysed 
from reciprocal dilutions with 1.5 fold dilutions from 5% NMS. (B) The functional complement activities of CP and LP at 
the level of C9 was determined with reciprocal 1.5 fold dilutions from 10% NMS. AP C9 activity was determined with 
reciprocal dilutions from 20% NMS. Error bars represent standard deviation of replicates.
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CP and LP compared to C57bl/6 NMS (Figure 3B). Intraplate variation of C3 and C9 functional 
complement ELISAs was 8.8-21.3 and 6.3-13.4 respectively. Intra-assay variation was 1.1-
11.5 for the C9 functional complement ELISAs. AAV of C3 and C9 functional complement 
ELISAs was 13.0-24.3 and 13.3-18.4 respectively (Table 1). Freeze-thawing of serum and 
plasma did not result in measurable decline on functional complement activities at the level 
of C9 (Supplementary Figure 3A). However, incubation of serum at 37°C resulted in decline 
of all three pathways for both C3 and C9 pathway activity after 30 min, with up to 50% of 
the activity lost in all three pathways by 120 min (Supplementary Figure 3B). Together, the 
assays are compatible with NMS and plasma, the assays are specific, reproducible and the 
protocols described for sample preparation and handling do not result in artefacts.

3.4 Complement pathway consumption after renal IRI
Since the functional complement ELISAs were compatible with plasma, this allowed us to 
use the same 24 h EDTA plasma used for C3 fragments also for functional complement 

Figure 3: Specificity of functional complement ELISAs at the level of C9 activation. 
(A) Specificity of CP, LP and AP pathway ELISAs was assessed with selective blocking of CD1 NMS complement 
activity: 30 mM EDTA blocks all activation, 30 mM EGTA only Ca2+ dependent CP and LP activities. 100 mM D-Mannose 
is a soluble ligand for MBL which specifically inhibits MBL binding blocking LP, whereas 100mM L-Mannose was used 
to determine the specificity of the D-Mannose inhibition. Addition of 200 µg/ml of SPS to serum blocks CP and AP, 
leaving LP activity intact. Activity was calculated as relative activity against fresh serum. (B) Functional complement 
activities were determined from C57bl/6 serum (NMS), EDTA plasma and Lepirudin plasma, heat inactivated C57bl/6 
serum (ΔNMS), C57bl/6 C3-/-, C57bl/6 C4-/- knockout and from naturally C5-deficient A/J NMS. Activity was determined 
as relative activity versus CD1 NMS used as standard. Activities were measured from 3.0-6.6% NMS; error bars 
represent standard deviation of replicates.
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analysis. Renal injury did not result in significant consumption of the systemic complement 
when measured at the C3 level (Figure 4A). However, in the same samples a significant 
reduction in complement activity was measured at the level of C9 (Figure 4B). The observed 
loss of C9 activity was 39% of CP (p < 0.006), 40% of LP (p < 0.01) and 69% of AP (p < 0.001) 
when compared to sham operated mice (Figure 4B). 

Consumption of all three pathways, measured at the level of C9, showed significant correlation 
with the C3 activation fragments (p ≤ 0.0002) (Figure 5A). We then analysed the correlation 
between renal function and complement activity and found the strongest inverse correlation 
for AP C9 (r2 = 0.5402, p = 0.002), followed by LP C9 (r2 = 0.392, p = 0.009) and CP C9 
(r2 = 0.344, p = 0.023) (Figure 5B). Further analysis of IRI samples at 24 h post reperfusion 
showed a significant correlation between AP C9 and LP C9 but not between AP C9 and CP 
C9 (p = 0.033, r2 = 0.415 and p = 0.118, r2 = 0.63 respectively) (data not shown).

Figure 4: Determination of pathway specific functional complement activities following experimental renal 
ischaemia/reperfusion. 
Plasma functional complement pathway activity was determined at the level of (A) C3 and (B) C9, 24 h post reperfusion 
from IRI and sham operated animals (n = 8). Significance of change was determined with nonparametric, two-tailed 
Mann-Whitney test with significance set to p < 0.05; error bars represent standard deviation.
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DISCUSSION

In this study we show that determination of pathway specific complement activities in mouse 
is feasible, and that assays described here allowed us to detect and characterise a transient 
complement activation associated with decline in renal function following experimental renal 
IRI in mice.

The C3b/C3c/iC3b ELISA is a sensitive tool for assessment of systemic complement 
activation, detecting basal level of C3b/C3c/iC3b in NMS and plasmas. We found that EDTA 
plasma has significantly lower basal level of C3 activation fragments compared to serum and 
Lepirudin plasma, suggesting that sample preparation results in artificial C3 activation, which 
earlier studies have not reported (Lesher et al., 2013; Mastellos et al., 2004). Coagulation 
is known to activate C3, which could explain that NMS and Lepirudin plasma, which both 
have complete or partial activation of coagulation cascades, result in higher levels of C3b/
C3c/iC3b (Amara et al., 2008). Furthermore, in contrast to published assays, we perform 
sample incubation at 4°C with sample buffer containing EDTA to avoid inadvertent ex vivo 
coagulation and C3 activation. Repeated freeze-thawing did not result in loss or increase 

Figure 5: Linear correlation of complement pathway activities, creatinine and C3b/C3c/iC3b. 
Linear correlation of complement pathway activities at the level of C9 with (A) plasma C3b/C3c/iC3b and (B) plasma 
creatinine was determined from IRI and sham operated animals sacrificed at 24 h post reperfusion (n = 16).
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in serum or plasma C3b/C3c/iC3b when kept carefully cold. Incubation of both serum and 
EDTA plasma at RT (18-22°C) or 37°C resulted in generation of C3b/C3c/iC3b fragments. 
This is in line with previous studies on in vitro lability of C3 (Pfeifer et al., 1999). Our results 
suggest that addition of futhan or K76COOH to sample and sample buffer, or careful handling 
as described here are required to avoid measurement artefacts (Hong et al., 1981; Pfeifer et 
al., 1999). Altogether, our results show that the assay to measure C3b/C3c/iC3b in plasma of 
mice is reproducible, accurate and sensitive.

The mouse functional complement ELISAs are analogous to the assays described for 
human (Seelen et al., 2005), for rat (Kotimaa et al., 2014) and in part for mouse (Trouw et 
al., 2005). The assays described here were shown to be specific through selective inhibition 
of complement activation and with C-deficient sera, in analogy to rat assays (Kotimaa et 
al., 2014). Interestingly the C4-deficient NMS showed measurable CP and LP activities 
present at the level of C3 and C9, which is in line with published literature on AP-mediated 
C1 bypass (May and Frank, 1973) and MASP-mediated C4 bypass (Schwaeble et al., 2011). 
Our analysis of sample type applicability shows that both serum and EDTA plasma can be 
used for mouse functional complement analysis with these protocols, as shown earlier for rat 
and human (Kotimaa et al., 2014; Seelen et al., 2005).

We found that mouse complement activity is stable for up to 60 min when stored on melting 
ice and otherwise at -80°C. Loss of functional complement activity in both serum and 
plasma is observed when serum is stored at ambient (18-22°C) or at 37°C for more than 30 
min, which coincides with generation of serum C3b/C3c/iC3b. In analogy to the C3b/C3c/
iC3b fragments, we did not observe decline of functional complement activities even after 
repeated freeze-thaw cycles when samples were handled with care.

We applied the assays to assess and characterise experimental mouse renal IRI. We 
show that C3b/C3c/iC3b fragments are generated during the first 24 h post reperfusion 
and that the fragments return to baseline by 72 h-7 d post reperfusion. This is in line with 
literature describing early complement consumption in experimental mouse renal IRI (De 
Vries et al., 2003a, 2003b). Although the magnitude of increase was relatively minor, it is 
in line with previous determinations with C3a desArg biomarker assay (Møller-Kristensen 
et al., 2005). Next we characterised the nature of complement activation using functional 
complement ELISAs at 24 h post reperfusion. Our measurements revealed consumption 
affecting all three pathways, which was detectable only at the level of C9. Consumption 
was most prominent with AP, in line with the observations that AP is very important for 
mouse IRI. Loss of pathway activity and generation of C3 activation fragments showed a 
strong correlation, establishing the usefulness of using C3 activation fragments as sensitive 
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biomarkers of systemic consumption. The results suggest that C3 functional complement 
ELISAs may not be as sensitive in detection of the consumption as C9 assays. However 
it is possible that systemic consumption of both initiation factors such as properdin, fB 
and MBL, together with consumption of terminal pathway components C5-C9 is required 
to find detectable consumption with these functional complement ELISAs. Furthermore, 
microvascular coagulation has been shown to occur shortly after renal IRI which could result 
in direct activation of C3 and C5 independent of other initiation factors (Amara et al., 2008; 
Sutton et al., 2002). 

Plasma creatinine had a strong correlation with AP and LP. AP consumption and LP 
consumption were also associated together, which seems in line with previous work 
showing prominent roles for both AP and LP but not CP (Miwa et al., 2013; Zhou et al., 
2000). However, the current functional complement ELISAs alone may not be sufficient to 
distinguish heterogeneous complement activation, and further analysis of single factors 
should be performed. Interestingly, this mouse model showed acute consumption at 24 h 
post reperfusion, whereas our recent study in an analogous rat model did not show acute 
systemic complement activation (Kotimaa et al., 2014). This may be in part attributed to lower 
level of terminal pathway complement factors C5-C9 in mice compared to rats, resulting in 
more pronounced differences in mice after localised complement activation (Ong and Mattes, 
1989). The mouse C3b/C3c/iC3b may also be more sensitive biomarker of complement 
activation compared to rat sC5b-9. Interestingly, in a rat model of renal IRI we observed a 
late increase in sC5b-9 (Kotimaa et al., 2014) , which within the same time period was not 
observed with mouse C3b/C3c/iC3b. Together these results warrant careful interpretation of 
results from experimental models before translating to the human setting.

In conclusion, mouse renal IRI results in acute complement consumption that is associated 
with decline in renal function, activation via AP and LP and a normalisation 72 h after 
reperfusion. The assays described here are suitable for comprehensive assessment of 
complement activation in the course of experimental injury and disease in mice. They are 
valuable tools in understanding dynamics of complement activation, and useful in assessing 
the specificity of therapeutic intervention of complement in vivo and vitro. 
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SUPPLEMENTARY MATERIAL

Supplementary Figure 1: Autoactivation of mouse C3. 
Temperature stability of C57bl/6 (A) serum and (B) EDTA plasma was assessed up to 240 min at 4°C, RT (18-22°C) and 
at 37°C. Sample C3b/C3c/iC3b was determined from duplicate measurements. (C) Freeze-thaw stability of C3b/C3c/
iC3b in C57bl/6 serum and EDTA plasma was determined with repeated freeze-thaw cycles between -80°C and 4°C. 
Change in C3b/C3c/iC3b was calculated as percent change to fresh sample. Error bars represent standard deviation 
of replicates.

Supplementary Figure 2: Analysis of sample applicability in functional complement ELISAs. 
C57bl/6 serum, EDTA and Lepirudin plasmas were analysed in reciprocal twofold dilutions starting from (A) 1/40 for 
C3 functional complement ELISA or (B) from 1/10 for C9 functional complement ELISAs. All samples were analysed in 
duplicate.
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Supplementary Figure 3: Stability of mouse complement. 
(A) C57bl/6 serum and EDTA plasma were subjected to repeated freeze-thaw cycles between -80°C and 4°C. 
Remaining activity was determined at the level of C9 as relative activity versus unthawed sample. (B) Temperature 
stability of C57bl/6 serum was assessed with incubation up to 240 min at 4°C, RT (18-22°C) and at 37°C. Change in 
activity was calculated as percent change to fresh sample. Error bars represent standard deviation of replicates.
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ABSTRACT

Renal ischemia/reperfusion injury (IRI) is inevitable in the clinical course of renal 
transplantation. The complement system, and specifically C5a, is known to be involved in 
IRI. There are two known receptors for C5a, C5aR and C5L2. Inhibition of C5aR protects 
kidneys from IRI. Although a decoy function for C5L2 has been suggested based on data 
from studies on leukocyte function, the role of C5L2 in renal IRI is unknown. Since C5aR and 
C5L2 have distinct expression patterns in the kidney, we hypothesized that C5L2 has an 
inflammatory function in renal IRI. 

To this end, WT, C5aR-/- and C5L2-/- mice were subjected to 40 minutes of warm bilateral renal 
ischemia, followed by reperfusion for 1, 3 and 7 days. In contrast to WT mice, C5aR-/- and 
C5L2-/- mice showed attenuation of IRI-induced renal dysfunction, resulting in significant lower 
plasma creatinine and BUN levels compared to WT. In addition, C5L2-/- mice showed reduced 
acute tubular necrosis (ATN). In order to clarify the protective mechanism in C5L2-/- mice, 
systemic complement activation, leukocyte influx and renal gene expression profiles were 
analyzed. Baseline functional systemic complement activity was similar in all three strains, 
and activation of the complement system, especially the alternative pathway, was observed 
after IRI. Only subtle differences in quantities of infiltrated neutrophils, macrophages and T 
cells were found. However, differential gene expression profiles of inflammatory mediatiors 
were observed in kidneys from C5aR-/- and C5L2-/- compared to WT mice. Where C5aR-/- mice 
showed reduced IL-1β and MCP-1 expression after IRI, C5L2-/- mice showed reduced IL-6 
and KC expression, and increased C3 expression.

These data indicate that renal C5L2 exerts pro-inflammatory functions of its own, rather 
than being a decoy receptor. In addition, the differential gene expression profiles suggest 
that distinct mechanisms are responsible for preservation of renal function in C5aR-/- and          
C5L2-/- mice after IRI. 
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INTRODUCTION

Renal ischemia/reperfusion injury (IRI) is inevitable in the clinical course of kidney 
transplantation. It is well known that the complement system is involved in IRI in various organs 
(1), including heart (2), liver (3), intestine (4), and the kidney (5,6). The complement system 
is part of the innate immune system and comprises over thirty soluble and membrane-bound 
proteins (7,8). This system can be activated via three different pathways, i.e. the classical 
(CP), lectin (LP) and alternative (AP) pathway. Activation of each of the three pathways 
results in activation of the central complement component C3, and subsequent activation 
of the common terminal pathway leading to formation of the membrane attack complex 
(MAC, C5b-9). Inherent to activation of the common terminal pathway is the generation of 
the anaphylatoxins C3a and C5a, of which C5a has the most potent chemotactic and pro-
inflammatory properties. 

There are two known receptors for C5a, namely C5a receptor (C5aR) (9) and C5a-like receptor 
2 (C5L2) (10). These receptors have initially been identified on leukocytes, but expression 
of these two receptors has been shown on epithelial cells as well (11,12). We previously 
showed that both receptors are expressed in the kidney on distal tubular epithelial cells (13). 
Both receptors are seven-transmembrane receptors, and resemble a G-protein coupling 
receptor configuration (10). Indeed, C5aR has been shown to exert multiple pro-inflammatory 
functions via G-proteins. However, G-protein coupling seems virtually impossible for C5L2, 
since it lacks several receptor characteristics which are known to be essential for G-protein 
coupling (10,11,14-17). Therefore, C5L2 has been postulated to serve as a decoy receptor 
for C5a, preventing C5a-C5aR-mediated signaling. An alternative hypothesis suggests that 
C5L2 modulates C5aR-induced inflammation by interacting with C5aR-b-arrestin-complex 
(18). Both hypotheses implicate that C5L2 is not able to initiate intracellular signaling by 
itself, but only diminishes pro-inflammatory effects of the C5a-C5aR axis. In contrast, studies 
investigating the role of C5L2 in adipocytes suggest that C5L2 has C5aR-independent 
functions (19,20). 

The role of C5aR in renal IRI has been studied using various animal models, showing that 
inhibition of the C5a-C5aR axis results in improved renal outcome after renal IRI (21-25). 
However, the role of C5L2 in renal IRI has not been investigated yet. Therefore, the aim of 
this study was to investigate the contribution of C5L2 in renal IRI-mediated inflammation. 
Using mice with targeted deletion of C5aR or C5L2, we assessed the effect of 40 min bilateral 
renal ischemia on impairment of renal function, renal histological damage, functional activity 
of the complement system, leukocyte infiltration and renal gene expression of inflammatory 
mediators. 
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MATERIAL AND METHODS

Experimental renal ischemia/reperfusion model
C57Bl/6 wildtype (WT), and C5aR-/- (26) and C5L2-/- (27) mice, both on C57Bl/6 background, 
were kindly provided by B. Lu, Harvard Medical School, Boston, USA. Mice were bred in 
the local animal facility of the University Medical Center Groningen. Animals were housed in 
groups in standard laboratory cages up to the experiments, and were housed individually 
after surgery up to sacrifice. Animals were allowed free access to food and water throughout 
the experiments. The studies were carried out under a protocol approved by the Institutional 
Animal Care Committee of the University of Groningen (project number 6377AA).  

Male mice, aged 8 to 12 weeks, were anesthetized using 5% isoflurane/O2. After induction, 
anesthesia was maintained by 2% isoflurane/O2. Body temperature was maintained at 37°C 
by a heating pad during surgery, and in an incubator for neonates during ischemia. Under 
aseptic conditions, an abdominal midline incision was made and bilateral renal ischemia 
was induced by applying two non-traumatic vascular clamps per renal pedicle for 40 
minutes. During ischemia, the abdominal cavity was covered with cotton soaked in sterile 
saline. After removal of the clamps, the kidneys were inspected for restoration of blood flow. 
The abdomen was closed in two layers and buprenorphine (0.1 mg/kg) was applied once 
subcutaneously for postoperative pain management. The animals were sacrificed at 1 day, 3 
days or 7 days after ischemia/reperfusion surgery (n=8 per group). Sham operated animals 
were anesthetized and operated according to the protocol described above, but no vascular 
clamps were placed (n=8 per group). At time of sacrifice, blood and kidneys were collected 
for analysis. 

Renal function
Creatinine and blood urea nitrogen (BUN) were measured in EDTA-plasma obtained at time 
of sacrifice, using a Roche Modular P system (Roche, Basel, Switzerland). 

Renal morphology
Sections (4 µm) of formalin-fixed paraffin embedded left kidneys were stained with Periodic 
Acid Schiff. Renal damage was scored as percentage of necrotic tubuli (acute tubular 
necrosis, ATN) in the cortical area, by two individual observers using a semi-quantitative 
method. A scoring system ranging from 0 to 4 was applied (0 = 0% ATN, 1 = <10% ATN, 2 
= 10-25% ATN, 3 = 25-50% ATN and 4 = >50% ATN).   

Systemic complement consumption
Mouse complement pathway activity was assessed in EDTA-plasma with functional 
complement ELISAs for each of the three pathways, i.e. classical (CP), lectin (LP) and 
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alternative (AP) pathway, as recently developed by Kotimaa et al (Chapter 5). In brief, 
purified human IgM (produced in-house, Leiden University Medical Center (LUMC), Leiden, 
the Netherlands (28)) was coated at 1 µg/ml for CP ELISA, 10 µg/ml mannan for LP (Sigma-
Aldrich, St. Louis, MO, USA) and 3 µg/ml LPS from Salmonella enteritis for AP (Hycult 
Biotechnology, Uden, the Netherlands). Each incubation step was 60 min at 37°C and after 
each step the plates were washed three times with PBS/0.05% Tween 20. 

CP and LP plates were blocked with PBS/1% BSA and samples diluted 1/20 into ice-cold 
BVB++ buffer (Veronal buffered Saline/0.5 mM MgCl2 / 2 mM CaCl2 / 0.05% Tween 20 / 
1% BSA, pH 7.5). AP plates were not blocked and samples were diluted 1/15 in ice-cold 
BVB++/MgEGTA buffer (BVB++/10mM EGTA/5 mM MgCl2). Deposition of mouse C9 on 
functional pathway ELISAs was quantified with Digoxigenin conjugated rabbit anti-mouse 
C9 (developed in-house, LUMC) and anti-DIG-POD, Fab fragments (Roche) diluted in PBT 
(PBS / 1% BSA / 0.05% Tween20), and colorimetric reaction developed with TMB XTRA 
(Kem-En-Tek, Taastrup, Denmark). The colorimetric substrate step was 15-30 min at RT and 
stopped with 50 µl 1 M H2SO4 and read at 450 nm with a BioRad 550 microplate reader 
(Tokyo, Japan).

Immunohistochemistry
Sections (4 µm) from formalin fixed paraffin embedded left kidneys were analyzed for 
infiltration of neutrophils, macrophages and T cells. Sections were deparaffinized and antigen 
retrieval was performed using 0.4% pepsin for neutrophils, 0.1% protease for macrophages 
and 0.1M Tris/HCl pH 9 for T cells. Endogenous peroxidases were blocked with 0.3% H2O2 
in PBS for 30 min at RT. Sections were incubated with primary antibodies directed against 
Ly-6G (eBioscience, San Diego, CA, USA) for neutrophils, F4/80 (Serotec, Oxford, UK) for 
macrophages or CD3 (Dako, Glostrup, Denmark) for T cells. Sections were incubated with 
appropriate horseradish peroxidase-conjugated secondary and tertiary antibodies (Dako). 
Antibodies were diluted in PBS with 1% bovine serum albumin (Sanquin, Amsterdam, the 
Netherlands) and, if appropriate, 1% normal mouse serum. The reaction was developed by 
addition of 3-amino-9-ethylcarbazole (AEC) and 0.03% H2O2. Sections were embedded in 
Aquatex mounting agent (Merck, Darmstadt, Germany). Quantification of infiltrating cells, 
scored as percentages of total area, was performed using Aperio ImageScope (Leico 
Biosystems, Nussloch, Germany) and ImageJ software (National Institutes of Health, 
Bethesda, MD, USA).  

RNA isolation and cDNA synthesis
Total RNA was isolated from left kidneys, snap frozen at time of sacrifice. Cryosections were 
lysed in TRIzol Reagent (Invitrogen, Carlsbad, CA, USA). Chloroform (Merck) was added 
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to separate the RNA from DNA and protein content. Subsequently, isopropanol (Biosolve, 
Dieuze, France) was added to precipitate the RNA and next, the pellet was washed 
thrice with 75% ethanol (Fresenius Kabi, Schelle, Belgium). RNA pellet was air dried and 
finally dissolved in sterile water (Fresenius Kabi). RNA samples were treated with DNase 
Amplification Grade (Sigma-Aldrich) following the manufacturer’s instructions. Absence of 
contamination with genomic DNA was verified by performing RT-PCR reaction, in which 
addition of reverse transcriptase was omitted, using b-actin primers. For cDNA synthesis 1 
µl oligo-dT (0.5 µg/µl, Invitrogen, Carlsbad, CA, USA) and 1 µg mRNA were incubated for 
10 min at 70ᵒC and cooled directly after that. cDNA was synthesized by adding a mixture 
containing 0.5 µl sterile water (Fresenius Kabi), 4 µl 5x First strand buffer (Invitrogen), 2 µl 
DTT (Invitrogen), 1 µl 20 mM dNTP’s (Invitrogen), 0.5 µl RNaseOut Ribonuclease inhibitor 
(Invitrogen) and 1 µl M-MLV Reverse Transcriptase (Invitrogen). The mixture was incubated 
for 50 min at 37ᵒC. Subsequently, reverse transcriptase was inactivated by incubating the 
mixture for 15 min at 70ᵒC. Samples were stored at -20ᵒC. 

Table 1: Primer sequences
Gene Primers Amplicon size (bp)
b-actin 5’- ACACCCTTTCTTTGACAAAACCTAA-3’

5’-GCCATGCCAATGTTGTCTCTTAT-3’
67

IL-1b 5’-GGACCCATATGAGCTGAAAGCT-3’
5’- TGGTTGATATTCTGTCCATTGAGGT-3’

51

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

76

KC 5’- GTGTCTAGTTGGTAGGGCATAATGC-3’
5’- TGTCCCGAGCGAGACGAG-3’

76

C3 5’-AGCTGTTGGATGATTTTGATGAGTAC-3’
5’-GAGCCTGACTTGATGACCTGCT-3’

60

TNFa 5’-AGGACCCAGTGTGGGAAGCT-3’
5’-CAAAAGAGGAGGCAACAAGGTAGAG-3’

101

IFNg 5’-CCAAGCGGCTGACTGAACTC-3’
5’-TCACTGCAGCTCTGAATGTTTCTTAT-3’

78

MCP-1 5’-GGTCTTCAGCACCTTTGAATGTG-3’ 
5’-TGAGGTGGTTGTGGAAAAGGTA-3’ 

79

KIM-1 5’-TGCATTCCCGAGCTGAAGA-3’
5’-CAGAGGGCCACTGGTACTCATT-3’

78

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

55

Real-Time PCR
mRNA transcripts were amplified with the primer sets outlined in Table 1. Real-Time PCR was 
carried out in reaction volumes of 15 µl containing 10 µl SYBR Green mastermix (Applied 
biosystems, Foster City, USA), 0.4 µl of each primer (50 µM stock concentration), 4.2 µl 
nuclease free water and 10 ng cDNA. In each sample, genes of interest were analyzed in 
triplicate. Primer sequences are depicted in Table 1.  Thermal cycling was performed on 
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the Taqman Applied Biosystems 7900HT real-time PCR System with a hot start for 2 min at 
50ᵒC, followed by 10 min 95ᵒC. Second stage started with 15 sec at 95ᵒC (denaturation) and 
60 sec at 60ᵒC (annealing and elongation). The latter stage was repeated 40 times. Stage 3 
was included to detect formation of primer dimers (melting curve) and began with 15 sec at 
95ᵒC, followed by 60 sec at 60ᵒC and 15 sec at 95ᵒC. CT values were corrected for β-actin 
(DCT) and a plate calibrator (DCT). Results were expressed as 2-ΔΔCT (CT: Threshold Cycle). 

Statistical analysis
Statistical analysis was performed with GraphPad Prism 5.00 (GraphPad Software Inc, 
La Jolla, CA, USA). For comparison of more than two groups, a Kruskall Wallis test was 
performed, followed by a Mann Whitney post-test. All statistical tests were 2-tailed with P < 
0.05 regarded as significant. Results are presented as mean values ± SD. 

RESULTS

C5L2-/- mice are protected against renal ischemia/reperfusion injury
To investigate the role of C5L2 in renal IRI, WT, C5aR-/- and C5L2-/- mice were subjected 
to 40 min bilateral renal warm ischemia followed by reperfusion, and were sacrificed 1, 3 
or 7 days after surgery. All mice survived up to termination, except for one animal in the 
C5aR-/- IRI group, due to a technical error. This animal was excluded from further analysis. 
Renal function, as measured by plasma creatinine and BUN levels, was assessed at all 
three time points. Both C5aR-/- and C5L2-/- mice showed attenuation of IRI-induced renal 
dysfunction at 1 day and 3 days after surgery, compared to WT mice (Figure 1, Table 2). 
For each mouse strain, plasma creatinine and BUN levels were significantly increased 1 day 
after IRI compared to sham-operated animals of the same strain. C5aR-/- IRI and C5L2-/- IRI 
mice tended to have lower plasma creatinine and BUN levels compared to WT 1 day after 
IRI (Table 2). At 3 days after IRI, plasma creatinine and BUN levels were still significantly 
increased in all IRI groups compared to sham-operated animals of the same strain (Figure 
1A and 1B). However, both C5aR-/- and C5L2-/- IRI groups now showed significant lower 
plasma creatinine and BUN levels compared to WT IRI. Moreover, C5L2-/- IRI mice even had 
a significantly lower plasma creatinine level compared to C5aR-/- IRI mice. At 7 days after 
IRI, plasma creatinine and BUN levels in all IRI mice reduced to values observed in sham-
operated animals, with a significant difference remaining between the BUN levels of WT 
sham-operated and WT IRI mice (Table 2). 
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C5L2-/- mice show reduced tubular damage after renal ischemia/reperfusion injury
To evaluate whether attenuation of IRI-induced renal dysfunction observed in C5aR-/- and 
C5L2-/- mice was in line with renal morphological damage, histological analysis was performed 
on kidneys collected at 1 day after IRI (Figure 2). Acute tubular necrosis (ATN) was observed 
in kidneys following IRI (Figure 2B), whereas sham-operated animals showed no ATN (Figure 
2A).  ATN was scored using a semi-quantitative scale, ranging from 0 to 4 (0 = 0% ATN, 
1 = <10% ATN, 2 = 10-25% ATN, 3 = 25-50% ATN and 4 = >50% ATN). Representative 
pictures of score 1, 2 and 3 are shown in Figure 2C, 2D and 2E respectively. Score 4 was 
not observed in kidneys following IRI. In line with attenuation of IRI-induced renal dysfunction 
observed in C5L2-/- mice, significantly less ATN was observed in C5L2-/- mice compared to 
WT and C5aR-/- mice 1 day after IRI (Figure 2F). 

Table 2: Plasma creatinine levels (µM) and Blood Urea Nitrogen (mM) at day 1, 3 and 7 after bilateral 
renal ischemia/reperfusion injury

Day 1 Day 3 Day 7
Sham IRI Sham IRI Sham IRI

Creatinine WT 8.9 ± 1.6 63.8 ± 44.6* 10.8 ± 2.1 30.0 ± 9.2* 11.8 ± 3.6 17.5 ± 5.0
C5aR-/- 7.0 ± 2.1 32.8 ± 26.7*   9.0 ± 1.9 20.0 ± 6.8* # 11.5 ± 3.0 13.0 ± 4.0
C5L2-/- 8.3 ± 2.0 39.4 ± 21.3* 10.0 ± 1.9 14.5 ± 2.8* # 10.8 ± 2.1 12.3 ± 3.6

BUN WT 7.2 ± 0.8 44.3 ± 21.5*   8.0 ± 0.7 24.4 ± 7.7* 9.8 ± 1.1 14.4 ± 3.0*
C5aR-/- 6.8 ± 0.6 26.9 ± 15.7*   8.5 ± 1.0 16.3 ± 7.1* # 9.8 ± 1.7 11.0 ± 1.7#
C5L2-/- 6.5 ± 1.2 23.8 ± 13.8*   9.5 ± 0.9 13.2 ± 2.9* # 9.8 ± 0.8 12.4 ± 2.8

Data are expressed as mean ± SD.
* Significant difference compared to sham-operated animal of the same strain
# Significant difference compared to WT IRI

Systemic complement activation in WT, C5aR-/- and C5L2-/- mice

Figure 1: Renal function 3 days after renal ischemia/reperfusion injury in WT, C5aR-/- and                   
C5L2-/- mice. 
(A) Plasma creatinine and (B) blood urea nitrogen levels at 3 days after bilateral renal ischemia/
reperfusion injury in WT, C5aR-/- and C5L2-/- mice. Data are shown as mean ± SD (*P<0.05, **P<0.01, 
***P<0.001).
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Differences in activity of the systemic complement system have been observed between 
mouse strains. To investigate whether differences in the systemic complement system could 
have caused attenuation of IRI-induced renal dysfunction in C5aR-/- an C5L2-/- mice compared 
to WT mice, we analyzed complement pathway activity of the three individual pathways using 
functional ELISA’s. In these assays, measuring decreased complement pathway activity in 
plasma of certain mice implicates systemic consumption of complement components in 
these mice, and therefore in vivo systemic complement activation. Complement pathway 
activity was similar in sham-operated animals of all three mouse strains at 1 day (Figure 3A, 3B 

Figure 2: Tubular damage 1 day after renal ischemia/reperfusion injury in WT, C5aR-/- and               
C5L2-/- mice. 
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). (A) Normal renal morphology was observed in sham-operated kidneys (score 0), 
while (B) IRI kidneys showed ATN. Computerized representative images of (C) score 1, (D) score 2 and 
(E) score 3 are shown, area with ATN marked in red. (F) Tubular damage scored at day 1 after IRI. Data 
are shown as mean ± SD (*P<0.05).
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and 3C, white bars), 3 days (not shown) and 7 days (Figure 3D, 3E and 3F, white bars) after 
surgery. This implicates that WT, C5aR-/- and C5L2-/- mice all show similar baseline systemic 
complement activity for each of the pathways. Therefore, functional systemic complement 
activity does not explain attenuation of IRI-induced renal dysfunction in C5aR-/- and C5L2-/- 
mice. 

Activation of the systemic complement system was observed after IRI in all three strains. 
Comparison of sham-operated animals with IRI animals revealed decreased complement 
activity (and therefore increased systemic complement activation in vivo) for all three 
pathways in all three mouse strains 1 day after IRI, reaching statistical significance for WT 
and C5L2-/- mice in CP, LP and AP and for C5aR-/- mice in AP (Figure 3A, 3B and 3C, black 
bars). At 1 day after IRI, reduced consumption of complement components was measured 
for AP in C5aR-/- and C5L2-/- compared to WT mice (Figure 3C). Systemic complement activity 
was fully restored to baseline levels in all animals at 7 days after IRI (Figure 3D, 3E and 3F, 
black bars).

Subtle differences in infiltrated leukocytes in C5aR-/- and C5L2-/- mice after renal IRI

Figure 3: Systemic complement consumption for the classical, lectin and alternative pathway in 
WT, C5aR-/- and C5L2-/- mice after renal ischemia/reperfusion injury.  
Consumption of systemic complement components was analyzed for each of the three individual 
pathways (i.e. classical (CP), lectin (LP) and alternative (AP)) by functional ELISA’s. Results for day 1 
(A-C) and day 7 (D-F) after IRI are shown as mean ± SD. Significant differences of IRI group compared 
to Sham group of the same strain is indicated as *P<0.05, **P<0.01, ***P<0.001. Significant differences 
of IRI group of a knockout strain compared to IRI group of WT is indicated as ##P<0.01.  
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Since C5a is a potent chemoattractant and C5aR is involved in leukocyte migration, infiltrating 
neutrophils, macrophages and T cells were quantified by immunohistochemistry (Figure 
4). As these types of leukocytes are known to display different infiltration dynamics (29), 
infiltrated neutrophils were scored at 1 day after renal IRI, while macrophages and T cells 
were scored at 3 and 7 days after renal IRI. 

Influx of neutrophils was observed in WT mice after IRI (Figure 4A), but did not reach statistical 
significance due to variation (Figure 4B). C5L2-/- mice showed significant influx of neutrophils 
after IRI, but C5aR-/- mice did not. Although both C5aR-/- and C5L2-/- strains tended towards 
lower mean neutrophil infiltration at 1 day after renal IRI compared to WT mice, no statistical 
significance was reached (Figure 4B). 

Infiltration of macrophages was observed at 7 days after IRI, reaching statistical significance 

Figure 4: Infiltrated leukocytes after renal ischemia/reperfusion injury in WT, C5aR-/- and C5L2-/- 
mice. 
Infiltrated leukocytes, i.e. (A) neutrophils, (C) macrophages and (F) T cells, were scored in paraffin 
embedded kidney sections at 1, 3 or 7 days after IRI. (B) Neutrophils 1 day after IRI, (D) macrophages 3 
days after IRI, (E) macrophages 7 days after IRI, (G) T cells 3 days after IRI and (H) T cells 7 days after 
IRI. (*P<0.05, **P<0.01).
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for WT and C5L2-/- mice (Figure 4C and 4E). However, although not significant, this trend was 
also observed in C5aR-/- mice. No significant infiltration of macrophages was observed in IRI 
kidneys at 3 days after IRI (Figure 4D). 

No significant infiltration of T cells was observed in IRI kidneys at 3 days after IRI (Figure 4G). 
However, a significant influx of T cells was observed in kidneys from WT and C5L2-/- mice at 
7 days after IRI (Figure 4F and 4H). In C5aR-/- mice, no influx of T cells was not observed at 7 
days after IRI. Moreover, the quantity of T cells in C5aR-/- IRI kidneys was significantly lower 
than in WT I/R kidneys (Figure 4H).

Differential inflammatory gene expression in C5aR-/- and C5L2-/- mice after renal I/R injury
To characterize the inflammatory profile of IRI kidneys from WT, C5aR-/- and C5L2-/- mice, gene 
expression analysis was performed on kidneys at 1 day and 3 days after renal IRI (Figure 5 and 
Figure 6 respectively). Since plasma creatinine and BUN levels restored to levels observed in 
sham-operated animals at 7 days after IRI, renal gene expression profiles at 7 days after IRI 
were not analyzed. 

At 1 day after renal IRI, a significant induction of IL-1β, IL-6, KC, TNFα, MCP-1, C3 and P-selectin 
was observed in WT mice (Figure 5A-5G). Although induction of IL-6, KC, TNFα, MCP-1 and 
P-selectin was observed in C5aR-/- and C5L2-/- mice as well, no significant induction of C3 was 
found in C5aR-/- mice (Figure 5F) and induction of IL-1β was absent in both C5aR-/- and C5L2-/- 
mice (Figure 5A). In addition, expression of IL-1β was significantly lower in C5aR-/- IRI kidneys 
compared to C5L2-/- IRI kidneys. When comparing WT IRI kidneys with knockout IRI kidneys, 
C5aR-/- mice showed decreased MCP-1 expression (Figure 5E), while C5L2-/- mice showed 
significantly lower IL-6 expression (Figure 5B) and significantly higher C3 expression (Figure 
5F). At 1 day after renal IRI, expression of IFNγ could not be detected.  

At 3 days after renal IRI, significant induction of IL-6, KC, TNFα, MCP-1, C3 and P-selectin 
remained in WT, C5aR-/- and C5L2-/- mice (Figure 6). Significant differential expression of IL-
6, MCP-1 and C3 between the three strains disappeared. In contrast, expression of KC was 
significantly lower in C5L2-/- IRI kidneys compared to WT I/R kidneys at 3 days after IRI, while 
this difference was not observed at 1 day after IRI (Figure 6C). 

In addition, KIM-1 expression was analyzed at 1 day and 3 days after renal IRI (Figure 5H 
and 6H). In line with plasma creatinine and BUN levels at 1 day and 3 days after IRI, KIM-
1 expression was significantly induced in IRI kidneys compared to their sham-operated 
counterparts from the same strain at both time points. However, at 3 days after IRI, KIM-1 
expression was significantly lower in C5L2-/- mice compared to WT mice.
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Figure 5: Renal gene expression of inflammatory mediators 1 day after renal ischemia/reperfusion 
injury. 
Gene expression of inflammatory markers in kidneys 1 day after renal ischemia/reperfusion injury. (A) 
IL-1b, (B) IL-6, (C) KC, (D) TNFa, (E) MCP-1, (F) C3, (G) P-selectin, (H) KIM-1. Data are shown as 
expression relative to β-actin (*P<0.05, **P<0.01, ***P<0.001).
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DISCUSSION

In the present study, we investigated the role of C5L2 in renal IRI by subjecting WT,              
C5aR-/- and C5L2-/- mice to 40 min of bilateral warm ischemia and examined the effects at 1, 
3 and 7 days after reperfusion. We are the first to show that, next to C5aR-/- mice, C5L2-/- mice 
are protected against renal IRI as well. In addition, we propose that the underlying protective 
mechanism may be different in the two knockout strains. 

Our observation that C5aR-/- mice are protected against renal IRI is in line with data from 
literature. Previous studies using various renal IRI animal models showed that inhibition of 

Figure 6: Renal gene expression of inflammatory mediators 3 days after renal ischemia/reperfusion 
injury. 
Gene expression of inflammatory markers in kidneys 3 days after renal ischemia/reperfusion injury. (A) 
IL-1b, (B) IL-6, (C) KC, (D) TNFa, (E) MCP-1, (F) C3, (G) P-selectin, (H) KIM-1. Data are shown as 
expression relative to β-actin (*P<0.05, **P<0.01, ***P<0.001).
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the C5a-C5aR axis attenuates IRI-induced renal dysfunction (21-25). Moreover, inhibition of 
the C5a-C5aR axis has not only been shown to be protective in IRI injury of the kidney, but 
also of the heart (2,30), liver (31), intestine (32) and brain (33). Also in renal transplantation 
models, C5aR inhibition has been shown to results in improved allograft survival and better 
renal function (34-36).

In addition to the protection in C5aR-/- mice, we showed that C5L2-/- mice are protected against 
renal IRI as well, resulting in attenuation of IRI-induced renal dysfunction and decreased 
tubular damage. Since activation of the systemic complement system is known to aggravate 
tubular damage after IRI, and functional systemic complement activity can differ between 
mouse strains, we determined systemic complement activity in WT, C5aR-/- and C5L2-/- mice. 
Hypothetically, diminished functional complement activity in the knockout strains could explain 
attenuation of IRI-induced renal dysfunction and reduced tubular damage compared to WT 
mice. However, baseline functional complement activity was similar in sham-operated animals 
at all three time points. Therefore, protection against renal IRI in C5aR-/- and C5L2-/- does not 
seem to be mediated by reduced activity of the systemic complement system. In addition, 
we observed that complement activation occurs in response to renal IRI. All three pathways 
were activated after IRI. As has been reported previously, the alternative pathway seemed to 
be the main pathway involved in renal IRI (37). Alternative pathway activation after IRI was 
significantly enhanced in WT mice compared to C5aR-/- and C5L2-/- mice, which is in line with 
the attenuation of IRI-induced renal dysfunction in these knockout strains. 

Next to systemic complement activation, leukocytes are involved in IRI-mediated damage. 
C5aR is known to mediate chemotaxis of PMNs and PBMCs (38,39), but the role of C5L2 in 
leukocyte migration is unknown. Indeed, C5aR-/- mice tended to show reduced neutrophil and 
macrophage infiltration compared to WT mice, but no statistical significance was reached. 
Kidneys from C5L2-/- mice did show a significant influx of neutrophils and macrophages after 
IRI, implicating that C5L2 is not involved in leukocyte migration. However, further research is 
required to determine the role of C5L2 in leukocyte chemotaxis. 

Previously we have shown that C5a stimulation of renal tissue induced a local inflammatory 
response (40). In the present study we observed differential expression profiles of 
inflammatory genes in kidneys from C5aR-/- and C5L2-/- compared to WT mice. Where       
C5aR-/- mice showed reduced IL-1β and MCP-1 expression after IRI, C5L2-/- mice showed 
reduced IL-6 and KC expression, and increased C3 expression. These results implicate 
that C5L2, like C5aR, has pro-inflammatory properties. With both pro- and anti-inflammatory 
properties reported for C5L2, Li et al posed that C5L2 might be the great masquerader 
in complement biology: its function depends on cell type, species and disease context 
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(15). Interestingly, most studies implicating anti-inflammatory functions for C5L2 seemed 
to be performed in isolated leukocytes, transfected cell lines or in disease models which 
originate by activating leukocytes (mainly granulocytes) in various ways.  On the contrary, 
multiple studies implicating pro-inflammatory functions for C5L2 are using models in which 
inflammation is initiated by inflicting damage directly to organs (41,42), including our study. 

Initially, C5L2 was postulated to serve as a non-signaling decoy receptor for C5a, thereby 
preventing C5a-C5aR-mediated signaling and thus exhibiting an anti-inflammatory function. 
Although both C5aR and C5L2 are seven-transmembrane receptors and C5aR has been 
shown to function in a G-protein coupled manner, intracellular signalling by G-proteins seems 
virtually impossible for C5L2. It lacks both the DRY motif in the third transmembrane segment, 
which is essential for G-protein coupling (11), and it lacks a NPXXY motif, which has been 
demonstrated to be important for phospholipase C (PLC) and mitogen-activated protein 
kinase (MAPK) activation in receptors belonging to the same receptor superfamily (14,15). 
Although phosphorylation of C5L2 upon C5a stimulation has been observed in transfected 
cells, C5L2 seemed unable to induce receptor internalization, ERK1/2 phosphorylation, 
intracellular calcium mobilization, degranulation, and mRNA expression of inflammatory 
genes in transfected cells, upon stimulation with C5a or C5adesArg (11,16,17). In addition to 
the decoy hypothesis, a secondary anti-inflammatory mechanism for C5L2 was proposed. 
Studies performed in human neutrophils by Bamberg et al showed that C5L2 reduces C5aR-
mediated phosphorylation of ERK1/2 in a G-protein independent manner via a C5aR-C5L2-b-
arrestin complex (18), which was supported by others (19,43). In this model, C5L2 does not 
function by scavenging C5a, but by negative modulating signalling downstream from C5aR. 
The potential anti-inflammatory property of C5L2 is supported by several animal studies. 
In a murine model of immune complex induced lung injury, C5L2-/- mice show enhanced 
inflammation indicated by increased leukocyte lung infiltration and elevated serum levels of 
TNFa and IL-6 (27). In a murine model of allergic contact dermatitis, C5L2-/- mice showed 
increased inflammation parameters (44). The only other study investigating C5L2 in the 
kidney was performed by Xiao et al, where crescentic glomerulonephritis was induced by 
anti-MPO injections. The investigators found that C5L2-/- mice displayed aggravated disease, 
suffering from an increased percentage of crescents compared to WT and C5aR-/- mice 
(45). In these animal studies, disease was initiated by activation of leukocytes, i.e. immune-
complex-induced lung injury, T cell-mediated skin inflammation or kidney injury-mediated via 
anti-MPO stimulated neutrophils. 

If C5L2 would only serve as a decoy receptor or would negatively modulate C5a-C5aR-
mediated signaling, we would have observed an aggravated inflammatory phenotype in 
C5L2-/- mice following renal IRI compared to WT and C5aR-/- mice. However, C5L2-/- mice were 
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protected against IRI suggesting a pro-inflammatory role for C5L2 in the kidney. In addition, 
in a previous study we showed distinct renal expression patterns for C5aR and C5L2, making 
a role for C5L2 as decoy receptor or negative modulator of C5a-C5aR-mediated signaling 
virtually impossible (13). In addition to our study, pro-inflammatory functions for C5L2 have 
been reported in other animal studies as well. Induction of sepsis using cecal ligation and 
puncture, resulted in increased survival rates in C5L2-/- mice compared to WT mice (46). 
In an ulcerative colitis model, C5L2-/- mice showed lower disease severity scores and less 
morphological damage of the colon compared to WT mice (47). Like in our studies, these 
animal studies initiated disease models by inflicting damage directly to organs, i.e. renal IRI, 
mechanical damage to the cecum and chemical damage to the colon. 

In addition to pro-inflammatory functions for both C5aR and C5L2, our results indicate that, 
at least partly, distinct mechanisms are responsible for preservation of renal function in 
C5aR-/- and C5L2-/- mice after IRI. Although numerous studies investigated C5aR-mediated 
signaling (14,48), it has to be taken into account that almost all of these studies were 
performed in leukocytes or leukocytic cell lines and that C5aR-mediated signaling might 
be different in non-immune cells. Concerning C5L2-mediated signaling, further elucidation 
of downstream signaling pathways is required on both immune and non-immune cells. In 
addition, ligands other than C5a, like C3adesArg, should be included when investigating C5L2-
mediated signaling, since C3adesArg was observed to have downstream effects on glucose 
and triglyceride metabolism in a C5L2 dependent manner (19,43).

In conclusion, our data show that C5L2 plays a significant detrimental role in renal IRI. 
Although the interaction between C5aR and C5L2 in this model remains to be investigated, 
these data suggest that distinct mechanisms mediate the protection against renal IRI in 
C5aR-/- and C5L2-/- mice. In addition, we suggest that C5L2 might have different roles in 
leukocyte-induced versus end-organ damage-induced inflammation, and future animal 
experiments using inflammatory models should take this into consideration. In the clinical 
setting, the C5L2 receptor might be considered as target for intervention before induction of 
ischemia, i.e. in the donor before organ retrieval, during cold storage or perhaps even early 
after reperfusion. It remains to be investigated whether inhibition of C5L2 during the renal 
transplant procedure will be beneficial for renal allograft outcome.  
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ABSTRACT

Complement activation products C3a and C5a are major mediators of leukocyte migration, 
with C5a having the most potent chemoattractant properties. Today, two receptors for C5a 
and its degradation product C5adesArg have been described, namely C5a receptor (C5aR) 
and C5a-like receptor 2 (C5L2). An increasing number of studies investigated the function 
of the recently discovered C5L2 in inflammatory processes, but controversy about its role 
in inflammation exits. Both receptors are abundantly expressed on leukocytes, mainly on 
neutrophils. Although the role of C5aR in leukocyte migration has been studied extensively, 
the role of C5L2 in leukocyte migration is largely unknown. Therefore, we performed an in vivo 
migration study in which wildtype (WT), C5aR-/- and C5L2-/- mice were injected intraperitoneally 
with PBS, recombinant C3a, C5a or C5adesArg. Subsequently, leukocyte migration towards 
the peritoneal cavity in response to these stimuli was analyzed six hours after injection by 
peritoneal lavage. Neutrophil, monocyte and lymphocyte migration capacity was determined. 
We observed that C5aR, but not C5L2, is involved in neutrophil migration in response to C5a 
and C5adesArg. No major differences were observed in monocyte or lymphocyte migration in 
response to the complement ligands. Our results indicate that C5L2 is not involved in C5a 
and C5adesArg-mediated neutrophil migration. 
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INTRODUCTION

Leukocytes play a key role in inflammatory processes, including elimination of micro-
organisms, removal and regeneration of damaged tissue, and in disease processes like auto-
immune disease and allograft rejection after solid organ transplantation. The recruitment of 
leukocytes to sites of inflammation has been studied extensively and the complement system 
has been shown to be a major mediator of leukocyte migration. Activation of the complement 
system results in formation of anaphylatoxins, namely C3a and C5a, of which C5a has been 
shown to be the most powerful chemoattractant (1).   

C5a is a 74 amino acid peptide which is formed upon C5 cleavage by C5 convertases 
(2,3). This ~11 kDa peptide has a potential glycosylation site in asparagine at position 64, 
but glycosylation is not essential for its function. While the N-terminus of C5a is essential for 
binding to its receptors, the agonist activity of C5a is retained in the C-terminal amino acid 
residues 69-74, in particular the arginyl residue at position 74 (4-6). This C-terminal arginine 
can be cleaved off by carboxypeptidase N present in serum (4,7) or by bacterial proteases 
(8), yielding its degradation product desarginated C5a or C5adesArg. Late 1960s, C5a was 
shown to induce responses resembling anaphylactic shock, like contraction of ileal smooth 
muscle cells (which was histamine dependent), and increase of vascular permeability in 
skin, whereas C5adesArg did not possess this capacity (9). However, both C5a and C5adesArg 
have shown to be effective chemoattractants for leukocytes (2,10,11). 

To date, two receptors are known that bind both C5a and C5adesArg, being the C5a receptor 
(C5aR, also known as CD88) (12) and C5a-like receptor 2 (C5L2, also known as GPR77) 
(13). Both receptors are abundantly expressed on leukocytes, especially on neutrophils, but 
expression has been shown on non-immune cells as well (14-16). C5aR and C5L2 have more 
or less the same binding affinity for C5a, but C5L2 has been reported to have a 10-50 fold 
higher affinity for C5adesArg compared to C5aR (15,17). In neutrophils, the C5a-C5aR interaction 
exerts multiple pro-inflammatory functions like chemotaxis, and release of superoxides, 
granula and cytokines. Although C5adesArg has been shown to induce neutrophil migration 
(2,18) and that C5adesArg-C5aR interaction induces cell activation in C5aR-transfected rat 
basophilic leukemia cells (5), it remains to be proven that C5adesArg is indeed able to induce 
neutrophil migration via C5aR ligation. 

Considerably less is known about the role of C5L2 in leukocyte migration. Indirect evidence 
from inflammatory disease models indicates that C5L2 inhibits C5aR-mediated neutrophil 
migration (19,20), which would support the hypothesis that C5L2 serves as a decoy receptor 
for C5a and C5adesArg (21). However, the direct involvement of C5L2 in leukocyte migration 
has not been studied.



132

C5a Receptors in Neutrophil MigrationChapter 7

Most studies investigating leukocyte migration used (a modification of) the in vitro Boyden 
chamber assay (22). Although this method is widely accepted, an in vivo model may 
resemble the physiological setting more closely. In addition, activated serum, with or without 
addition of a carboxypeptidase N inhibitor, was often used as source for C5a or C5adesArg. 
In these studies, presence of trace amounts of C5a in C5adesArg isolates, or vice versa, can 
not be excluded.  Therefore, to investigate the role of C5aR and C5L2 in leukocyte migration 
in response to C5a and C5adesArg, we performed an in vivo migration study in wildtype (WT), 
C5aR-/- and C5L2-/- mice following treatment with recombinant C5a and C5adesArg.   

MATERIALS AND METHODS

Animals
C57Bl/6 wildtype (WT), and C5aR-/- (23) and C5L2-/- (19) mice, both on C57Bl/6 background, 
were kindly provided by B. Lu, Harvard Medical School, Boston, USA. Mice were bred in 
the local animal facility at the University Medical Center Groningen. Animals were housed in 
groups in standard laboratory cages up to the experiments, and were housed individually 
after intraperitoneal injection up to sacrifice (see below). Animals were allowed free access 
to food and water throughout the experiment. The studies were carried out under a protocol 
approved by the Institutional Animal Care Committee of the University of Groningen (project 
number 6810AB).  

In vivo migration model
Male mice, aged 8 to 12 weeks, were injected intraperitoneally with 200 µl of PBS, 2 µM mouse 
recombinant C5a (Hycult Biotechnology, Uden, The Netherlands), 2 µM mouse recombinant 
C5adesArg (Hycult Biotechnology), or 2 µM mouse recombinant C3a (MyBioSource, San 
Diego, CA, USA). Recombinant C5a and C5adesArg were reconstituted in sterile water (B. 
Braun Melsungen AG, Melsungen, Germany), and recombinant C3a was reconstituted in 
sterile PBS (Pharmacy University Medical Center Groningen, Groningen, The Netherlands), 
according to the manufacturer’s instructions. For the injections, sterile BD Micro-Fine+ insulin 
syringes (BD, Franklin Lakes, NJ, USA) were used. 

Peritoneal lavage (PL) was performed 6 hours after injection under general anesthesia (2% 
isoflurane/O2), after which mice were sacrificed by exsanguination. PL was carried out as 
follows. Using a 23G needle, 5 ml ice cold PBS was injected into the peritoneal cavity, after 
which the belly was gently massaged to distribute the PBS throughout the peritoneal cavity. 
The peritoneal fluid was collected via a small midline abdominal incision. Thereafter, blood 
was collected via heart puncture and transferred to EDTA-collection tubes. 
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Cell counts
Different subsets of leukocytes in blood and PL were determined using Sysmex XN-10 and 
XN-20 cell counters in combination with SP-10 slide maker and stainer (Sysmex, Kobe, 
Japan). 

Statistical analysis
Statistical analysis was performed with GraphPad Prism 5.00 (GraphPad Software Inc, 
La Jolla, CA, USA). For comparison of more than two groups, a Kruskall Wallis test was 
performed, followed by a Mann Whitney post-test. All statistical tests were 2-tailed with P < 
0.05 regarded as significant. Results are presented as individual values and their means. 

RESULTS

Increased circulating neutrophils in C5aR-/- and C5L2-/- mice
Baseline characteristics of circulating red blood cells, leukocyte subtypes and platelets were 
determined for the three mouse strains. As can be observed in Table 1, WT, C5aR-/- and 
C5L2-/- mice contained similar levels of circulating red blood cells, total white blood cells, 
monocytes, lymphocytes and platelets. However, elevated levels of circulating neutrophils 
were observed in C5aR-/- and C5L2-/- mice compared to WT mice.

Table 1: Baseline circulating red blood cell, leukocyte and platelet counts in WT and knockout mice. 
Unit Wildtype mice

(n=5)
C5aR-/- mice
(n=5)

C5L2-/- mice
(n=5)

Red blood cells x1012/L 9.12 ± 0.59 9.63 ± 0.26 9.40 ± 0.36
White blood cells x109/L 4.02 ± 1.80 4.78 ± 0.62 6.26 ± 1.83
Neutrophils x109/L 0.29 ± 0.09 0.58 ± 0.21* 0.54 ± 0.11*
Lymphocytes x109/L 3.71 ± 1.73 4.18 ± 0.56 5.71 ± 1.79
Monocytes x109/L 0.02 ± 0.01 0.01 ± 0.01 0.01 ± 0.02
Blood platelets x109/L 980 ± 219 1186 ± 71 1104 ± 176

* P < 0.05 compared to wildtype mice

Total white blood cells 
To investigate the effect of C5aR and C5L2 on leukocyte migration in response to different 
complement ligands, WT, C5aR-/- and C5L2-/- mice were injected intraperitoneally with PBS, 
C3a, C5a or C5adesArg. Leukocytes migrated into the peritoneal cavity were harvested by 
peritoneal lavage (PL) 6 hours after injection. Total numbers of white blood cells in the 
peritoneal cavity were identical between PBS injected WT, C5aR-/- and C5L2-/- mice (Figure 
1).  In both WT and C5L2-/- mice, injections with C3a, C5a or C5adesArg increased the total 
amount of white blood cells in the peritoneal cavity, reaching statistical significance for C3a 
and C5adesArg (Figure 1A and 1C). On the contrary, while a significant increase of total white 
blood cells was also observed for C3a injected C5aR-/- mice, this increase in total white blood 
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cells was completely absent in C5a or C5adesArg injected C5aR-/- mice (Figure 1B).

Neutrophils
Subsequently, we determined which leukocyte subtypes migrated into the peritoneal cavity 
upon intraperitoneal injection with complement ligands. Neutrophils turned out to compose 
the major subset of leukocytes migrating towards C3a, C5a and C5adesArg. The percentage of 
neutrophils from total white blood cells present in the peritoneal cavity increased from 3.5% ± 
1.0 in PBS WT injected mice, to 62.8% ± 3.4 in C3a, 46.0% ± 17.5 in C5a, and 44.8% ± 16.1 
in C5adesArg injected WT mice respectively. Although elevated levels of circulating neutrophils 
were observed in C5aR-/- and C5L2-/- mice (Table 1), PBS injected WT, C5aR-/- and C5L2-/- 
mice all showed similar low numbers of neutrophils in the peritoneal cavity. Injection with C3a, 
C5a or C5adesArg resulted in significantly increased numbers of neutrophils in both WT and 
C5L2-/- mice (Figure 2A and 2C), and no significant differences were observed in neutrophil 
migration between WT and C5L2-/- mice in response to any of the complement ligands. 
Also in C5aR-/- mice, injection with C3a significantly increased numbers of neutrophils in 
the peritoneal cavity. However, neutrophil migration in response to C5a and C5adesArg was 

Figure 1: Total white blood cells in the intraperitoneal cavity after complement ligand injection. 
PBS, C3a, C5a or C5adesArg (5ARG) were injected intraperitoneally in (A) WT, (B) C5aR-/- and (C)          
C5L2-/- mice. Leukocytes were harvested 6h post injection by peritoneal lavage (PL). Data are shown as 
individual values and their mean (*P<0.05, **P<0.01).

Figure 2: Neutrophils in the intraperitoneal cavity after complement ligand injection. 
PBS, C3a, C5a or C5adesArg (5ARG) were injected intraperitoneally in (A) WT, (B) C5aR-/- and (C)          
C5L2-/- mice. Leukocytes were harvested 6h post injection by peritoneal lavage (PL). Data are shown as 
individual values and their mean (*P<0.05, **P<0.01).
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completely abrogated in C5aR-/- mice (Figure 2B).

Monocytes
PBS injected WT, C5aR-/- and C5L2-/- mice all showed similar numbers of monocytes in the 
peritoneal cavity (Figure 3). In our model, intraperitoneal injections with C3a, C5a or C5adesArg 
did not result in migration of monocytes into the peritoneal cavity in any of the mouse strains. 

Lymphocytes
In accordance with the results found for neutrophils and monocytes, PBS injected WT, C5aR-/- 
and C5L2-/- mice showed similar levels of lymphocytes in the peritoneal cavity (Figure 4). C3a 
and C5a were unable to induce migration of lymphocytes into the peritoneal cavity. Remarkably, 
injection of C5adesArg resulted in increased numbers of lymphocytes in the peritoneal cavity in 
C5L2-/- mice, but not in WT and C5aR-/- mice (Figure 4C, 4A and 4B respectively). With the 
techniques used, no discrimination between B and T lymphocytes could be made.

Figure 3: Monocytes in the intraperitoneal cavity after complement ligand injection. 
PBS, C3a, C5a or C5adesArg (5ARG) were injected intraperitoneally in (A) WT, (B) C5aR-/- and (C)          
C5L2-/- mice. Leukocytes were harvested 6h post injection by peritoneal lavage (PL). Data are shown as 
individual values and their mean.

Figure 4: Lymphocytes in the intraperitoneal cavity after complement ligand injection. 
PBS, C3a, C5a or C5adesArg (5ARG) were injected intraperitoneally in (A) WT, (B) C5aR-/- and (C)          
C5L2-/- mice. Leukocytes were harvested 6h post injection by peritoneal lavage (PL). Data are shown as 
individual values and their mean (*P<0.05).
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DISCUSSION

Leukocyte migration starts with cell polarization induced by chemoattractant-receptor 
interaction. Complement-activation products C3a, C5a and C5adesArg have been demonstrated 
to be strong inducers of leukocyte chemotaxis. For C5a and C5adesArg, leukocyte chemotaxis 
and activation has been attributed to interaction of these ligands with C5aR (24,25), although 
both ligands bind to C5L2 as well (17). In addition, C3a has been reported to bind to C5L2 
(17). C5L2 is thought to modulate C5aR-induced leukocyte activation responses (24,26), 
but less is known about the role of C5L2 in leukocyte chemotaxis. Using an in vivo migration 
assay, we showed that C5L2 is not involved in leukocyte, and more specific in neutrophil 
migration.  

Both C5aR and C5L2 are known to be abundantly expressed on diverse subsets of leukocytes, 
with expression of both receptors being reported on neutrophils (26), monocytes (15), natural 
killer cells (27), and dendritic cells (13,28). Additionally, C5aR expression has been reported 
on T lymphocytes (28,29) and hematopoietic stem/progenitor cells (30).  However, most 
research involving these receptors has been performed on neutrophils. Previously, Gerard 
et al suggested that deficiency in C5L2 might result in enhanced neutrophil chemotaxis 
(19). In a model of ovalbumin-induced immune complex lung injury, increased neutrophil 
infiltration was observed in C5L2-/- mice compared to WT mice. In line with these findings, 
we observed that C5a and C5adesArg were able to induce neutrophil chemotaxis in WT and 
C5L2-/- mice. However, in our in vivo assay, neutrophil chemotaxis in response to these 
complement ligands was not enhanced in C5L2-/- mice compared to WT mice. Therefore, 
the enhanced neutrophil infiltration observed by Gerard et al might be mediated by non-
complement derived chemotactic factors generated in the inflammatory disease model. In 
our model, C5a and C5adesArg were able to induce neutrophil migration to the same extend in 
WT and C5L2-/- mice, but not in C5aR-/- mice. In addition, we observed significant infiltration of 
neutrophils after renal ischemia/reperfusion (IRI) injury in C5L2-/- mice, but not in C5aR-/- mice 
(Chapter 6). Taken together, our data indicate that neutrophil migration in response to C5a or 
C5adesArg depends on C5aR, but not on C5L2. 

Although C3a has been reported to bind to C5L2, we did not observe decreased C3a-
induced neutrophil migration in C5L2-/- mice. Most likely, C3a-induced neutrophil migration 
occurred through interaction with C3a receptor (C3aR), and not via C5L2.

In contrast to neutrophils, no influx of monocytes into the peritoneal cavity was observed 
in response to any of the complement ligands. Although C3a and C5a are known to be 
important in monocyte and macrophage chemotaxis (24), the short 6h time frame might 
explain our findings. It is known that different subsets of leukocytes display different infiltration 
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dynamics (31). Indeed, Chen et al observed peritonitis induced migration of macrophages 
at 72h, but not on the short term (19,24). In line with these findings, we observed renal 
infiltration of macrophages at 7 days, but not at 3 days after renal IRI (Chapter 6). Since we 
observed attenuation of IRI-induced renal dysfunction in C5L2-/- mice as early as 1 day after 
IRI (Chapter 6), we focused on neutrophils.

T lymphocytes have been shown to express C3aR and C5aR. Together, C3a and C5a are 
reported to regulate T cell differentiation, maturation and proliferation (reviewed in (32)), but 
not migration. In concordance with these findings, C5L2 was not involved in C3a-mediated 
migration of bone marrow derived lymphocytes (33). Surprisingly, we observed increased 
numbers of lymphocytes in the peritoneal cavity of C5L2-/- mice after injection with C5adesArg. 
Hypothetically, C5adesArg might alter the apoptosis/proliferation balance in C5L2-/- mice. In 
addition, C5L2 in lymphocytes might function as a decoy receptor or as negative modulator of 
C5aR-induced responses, as has been described for neutrophils (15,21,26). C5L2 deficiency 
might enhance C5adesArg-C5aR-induced migration. Whether the increased numbers of C5L2-/- 
lymphocytes in PL in response to C5adesArg are due to an altered apoptosis/proliferation balance, 
an actual migration effect or another mechanism remains to be investigated. 

Taken together, the current study indicates that C5L2 is not involved in C5a and C5adesArg-
mediated neutrophil migration. 
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ABSTRACT

Renal ischemia/reperfusion injury (IRI) is inevitable in the clinical course of kidney 
transplantation. Previously, we showed that receptors for complement component C5a, i.e. 
C5aR and C5L2, are involved in renal IRI. We observed that C5L2-/- mice show attenuation 
of IRI-induced renal dysfunction to an even greater extent than C5aR-/- mice. In this study, 
we investigated the contribution of renal-expressed C5aR and C5L2 versus leukocyte-
expressed C5aR and C5L2 by creating bone marrow chimeras. To explore the role of renal-
expressed C5aR and C5L2 in renal IRI, WT, C5aR-/- and C5L2-/- mice were reconstituted 
with WT bone marrow. To determine the role of leukocyte-expressed C5aR and C5L2, WT 
mice were reconstituted with either WT, C5aR-/- or C5L2-/- bone marrow. Nine weeks after 
bone marrow transplantation, mice were subjected to 40 min of bilateral warm ischemia, and 
sacrificed 3 days after reperfusion. We observed that only renal-expressed C5aR, and both 
renal-expressed and leukocyte-expressed C5L2 mediate IRI-induced renal dysfunction. 
We propose that therapeutic interventions directed at inhibition of C5L2 during static cold 
storage or machine perfusion of renal allografts should be explored in order to improve long-
term post-transplant renal allograft survival and function.
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INTRODUCTION

Renal ischemia/reperfusion injury (IRI) is inevitable in the clinical course of kidney 
transplantation. Multiple components of the innate immune system, including the complement 
system, toll-like receptors (TLRs), NOD-like receptors and inflammasomes are involved 
in renal IRI (1-4). The complement system comprises over thirty soluble and membrane-
bound proteins (5,6), and can be activated via three different pathways, i.e. the classical 
(CP), lectin (LP) and alternative (AP) pathway. Activation of each of the three pathways 
results in activation of the central complement component C3, and subsequent activation 
of the common terminal pathway leading to formation of the membrane attack complex 
(MAC, C5b-9). Inherent to activation of the common terminal pathway is the generation of 
the anaphylatoxins C3a and C5a, of which C5a has the most potent chemotactic and pro-
inflammatory properties. 

C5a receptor (C5aR) (7) and C5a-like receptor 2 (C5L2) (8) are the two known receptors 
for C5a and its degradation product C5adesArg. These receptors were initially identified on 
leukocytes, but expression of these two receptors has been shown on epithelial cells as well 
(9,10). We have shown that both receptors are expressed in the distal part of the nephron, but 
on different cell types (11). The role of C5aR in renal IRI has been studied using various animal 
models, showing that inhibition of the C5a-C5aR axis results in improved renal outcome after 
renal IRI (12-16). In Chapter 6, we investigated the contribution of C5L2 to renal IRI-mediated 
damage. Using mice with targeted deletion of C5aR or C5L2, we assessed the effect of 40 
min bilateral renal ischemia on impairment of renal function and renal histological damage. 
We found that C5L2-/- mice showed attenuation of IRI-induced renal dysfunction to an even 
greater extent than C5aR-/- mice. In addition, C5L2-/- mice showed reduced acute tubular 
necrosis (ATN) compared to WT and C5aR-/- mice. 

Since C5aR and C5L2 are expressed on leukocytes but also on renal tubular epithelium, one 
of the remaining questions is whether the protective phenotype in the knockout mice can be 
conferred to the absence of renal-expressed C5aR and C5L2 or leukocyte-expressed C5aR 
and C5L2. C5aR is known to induce leukocyte chemotaxis and activation in response to C5a 
and C5adesArg (17-20). Abrogated leukocyte chemotaxis in C5aR-/- mice might explain the 
observed protection after renal IRI. We recently showed that C5L2 seems not be involved in 
leukocyte, especially neutrophil, migration (Chapter 7). Therefore, it is unlikely that leukocyte-
expressed C5L2 contributes to renal IRI-induced injury. 

Discrimination between the role of renal-expressed versus leukocyte-expressed C5aR and 
C5L2 in renal IRI will have implications for future use of inhibitors of these receptors in the 
clinical setting. Therefore, we investigated the contribution of renal-expressed C5aR and 
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C5L2 versus leukocyte-expressed C5aR and C5L2 by creating bone marrow chimeras. 
Bone marrow of WT, C5aR-/- and C5L2-/- mice was replaced with WT bone marrow, and 
bone marrow of WT mice was replaced with either WT, C5aR-/- or C5L2-/- bone marrow. Bone 
marrow chimerism was confirmed 9 weeks after bone marrow transplantation. Thereafter, 
mice were subjected to 40 min bilateral warm ischemia, and effects on renal function and 
renal histological damage were assessed at 3 days after reperfusion. 

MATERIALS AND METHODS

Mouse strains
C57Bl/6 wildtype (WT), and C5aR-/- (21) and C5L2-/- (22) mice, both on C57Bl/6 background, 
were kindly provided by B. Lu, Harvard Medical School, Boston, USA. These mice and 
C57Bl/6 CD45.1 mice were bred in the local animal facility of the University Medical Center 
Groningen. Animals were housed in groups in standard laboratory cages up to surgery. After 
surgery, mice were housed individually up to sacrifice. Animals were allowed free access to 
food and water throughout the experiments. The studies were carried out under a protocol 
approved by the Institutional Animal Care Committee of the University of Groningen (project 
number 6810AC).  

Bone marrow donors
Bone marrow donors (male mice, aged 10-13 weeks) were sacrificed under general 
anesthesia using 3.5% isoflurane/O2. Under aseptic conditions, femurs, tibiae, pelvic bones, 
sternum and spine were harvested and crushed in Dulbecco’s PBS (DPBS, Lonza, Verviers, 
Belgium) and 0.2% BSA Fraction V (Gibco). Suspension was filtered using EASYstrainer 
filters 100 µm (Greiner Bio-One, Alphen a/d Rijn, the Netherlands). Red blood cells were 
lysed using ammonium chloride solution (0.15 M NH4Cl, 0.13 mM EDTA, and 17 mM NaCl), 
incubated for 10 min at RT, followed by centrifugation for 5 min, 447xg at 4°C. Bone marrow 
cells were resuspended in DPBS / 0.2% BSA, and filtered using cell restrainer caps (Falcon). 
Cells were counted using Medonic CA620 cell counter (Boule Medical, Stockholm, Sweden). 

Bone marrow recipients
Bone marrow recipients (male mice, aged 8-15 weeks at start of experiment) were placed 
in isolated ventilated cages one week before irradiation. Ciprofloxacin (Fresenius Kabi, 
Schelle, Belgium) 100 mg/L was added to drinking water as antibiotic prophylaxis started 1 
day before irradiation and continued for two weeks after bone marrow transplantation. 9 Gy 
total body irradiation was performed using X-RAD320. One day after irradiation, whole bone 
marrow transplantation was performed, with each recipient receiving between 8.5x106 and 
10x106 cells in 200 µl DPBS, via retro-orbital injection under general anesthesia with 3.5% 
isoflurane/O2. Mice were kept in isolated ventilated cages for three weeks and were given 
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breeding diet up to two weeks after bone marrow transplantation. Thereafter, mice were 
housed conventionally and provided with standard diet. 

Nine weeks after bone marrow transplantation, percentage of chimerism was determined 
using a blood sample acquired by retro-orbital puncture. Erythrocytes were lyzed using 
ammonium chloride solution (0.15 M NH4Cl, 0.13 mM EDTA, and 17 mM NaCl), incubated for 
10 min at RT, followed by centrifugation for 5 min, 447xg at 4°C. The remaining leukocytes 
were washed using DPBS / 0.2% BSA. Leukocytes were stained using Pacific Blue labeled 
anti-mouse CD45.1 (BioLegend, San Diego, CA, USA) and PE-labeled anti-mouse CD45.2 
(BioLegend) for 30 min at 4°C in the dark. Cells were washed using DPBS / 0.2% BSA. Dead 
cells were stained by propidium iodide (1 mg/ml, Sigma-Aldrich, St. Louis, MO, USA). Cells 
were analyzed using a FACS Verse flow cytometer (BD, Franklin Lakes, NJ, USA). 

Experimental renal ischemia/reperfusion model
Mice were anesthetized using 5% isoflurane/O2. After induction, anesthesia was maintained 
by 2% isoflurane/O2. Body temperature was maintained at 37°C by a heating pad during 
surgery, and in an incubator for neonates during ischemia. Under aseptic conditions, an 
abdominal midline incision was made and bilateral renal ischemia was induced by applying 
two non-traumatic vascular clamps per renal pedicle for 40 minutes. During ischemia, the 
abdominal cavity was covered with cotton soaked in sterile saline. After removal of the clamps, 
the kidneys were inspected for restoration of blood flow. The abdomen was closed in two 
layers and buprenorphine (0.1 mg/kg) was applied once subcutaneously for postoperative 
pain management. The animals were sacrificed at 3 days after ischemia/reperfusion surgery 
(n=8 per group). Sham operated animals were anesthetized and operated according to the 
protocol described above, but no vascular clamps were placed (n=8 per group). At time of 
sacrifice, blood and kidneys were collected for analysis. 

Renal function
Creatinine and blood urea nitrogen (BUN) were measured in EDTA-plasma obtained at time 
of sacrifice, using a Roche Modular P system (Roche, Basel, Switzerland). 

Renal morphology
Sections (4 µm) of formalin-fixed paraffin embedded left kidneys were stained with Periodic 
Acid Schiff. Renal damage was scored as percentage of necrotic tubuli (acute tubular 
necrosis, ATN) in the cortical area, by two individual observers using a semi-quantitative 
method. A scoring system ranging from 0 to 4 was applied (0 = 0% ATN, 1 = <10% ATN, 2 
= 10-25% ATN, 3 = 25-50% ATN and 4 = >50% ATN).   
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Statistical analysis
Statistical analysis was performed with GraphPad Prism 5.00 (GraphPad Software Inc, 
La Jolla, CA, USA). For comparison of more than two groups, a Kruskall Wallis test was 
performed, followed by a Mann Whitney post-test. All statistical tests were 2-tailed with P < 
0.05 regarded as significant. Results are presented as mean values ± SD. 

RESULTS

Bone marrow chimeras
To discriminate between the contribution of renal-expressed C5aR and C5L2 versus leukocyte-
expressed C5aR and C5L2 in renal ischemia/reperfusion injury, bone marrow chimeras were 
created. CD45 is an antigen expressed by all leukocytes. Mouse strains expressing different 
isoforms of CD45 were used, i.e. CD45.1 and CD45.2. The bone marrow of WT, C5aR-/- and 
C5L2-/- mice (all CD45.2) was replaced with WT bone marrow (CD45.1), and bone marrow of 
WT mice (CD45.1), was replaced with WT, C5aR-/- or C5L2-/- bone marrow (all CD45.2). Nine 
weeks after the bone marrow transplantation, percentage of chimerism was determined by 
FACS analysis (Figure 1 and Table 1). In Figure 1A, a representative picture is presented for 
CD45.1 bone marrow chimerism in a CD45.2 mouse. In Figure 1B, a representative picture 
is presented for CD45.2 bone marrow chimerism in a CD45.1 mouse. A minimum of 92% 
chimerism was observed in all animals. 

Figure 1: FACS analysis in bone marrow chimeras. 
Bone marrow of WT, C5aR-/- and C5L2-/- mice (all CD45.2) was replaced with WT bone marrow (CD45.1), 
and bone marrow of WT mice (CD45.1), was replaced with WT, C5aR-/- or C5L2-/- bone marrow (all 
CD45.2). Nine weeks after the bone marrow transplantation, percentage of chimerism was determined 
by FACS analysis. (A) Representative picture for CD45.1 bone marrow chimerism in CD45.2 mouse. (B) 
Representative picture for CD45.2 bone marrow chimerism in CD45.1 mouse.
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Table 1: Percentage of bone marrow chimerism
Mice Bone marrow replaced with Percentage of chimerism
WT (CD45.2) WT (CD45.1) 93.3 ± 0.9
C5aR-/- (CD45.2) WT (CD45.1) 93.3 ± 1.2
C5L2-/- (CD45.2) WT (CD45.1) 92.6 ± 0.7
WT (CD45.1) WT (CD45.2) 94.8 ± 0.5
WT (CD45.1) C5aR-/- (CD45.2) 95.3 ± 1.1
WT (CD45.1) C5L2-/- (CD45.2) 94.6 ± 0.6

Renal C5aR or C5L2 deficiency protects against renal ischemia/reperfusion injury
WT, C5aR-/- and C5L2-/- mice with WT CD45.1 bone marrow were subjected to 40 min bilateral 
renal warm ischemia followed by reperfusion. Mice were sacrificed after 3 days. All mice 
survived up to termination, except for one animal in the WT sham group, due to a technical 
error. This animal was excluded from further analysis. Renal function was measured as 
plasma creatinine and blood urea nitrogen (BUN) levels (Figure 2A and 2C respectively). All 
groups showed a significant increase in plasma creatinine and BUN levels between sham-
operated and renal IRI groups. However, despite the presence of WT leukocytes, renal C5aR 
or C5L2 deficiency resulted in a significantly diminished increase in plasma creatinine and 
BUN levels compared to WT animals (Figure 2A and 2C respectively). 

Leukocyte C5L2 deficiency protects against renal ischemia/reperfusion injury
Subsequently the reverse experiment was performed. WT CD45.1 mice with WT, C5aR-/- or 
C5L2-/- (all CD45.2) bone marrow were again subjected to 40 min of bilateral warm ischemia 
and sacrificed after 3 days of reperfusion. All mice in these groups survived up to termination, 
and no animals were excluded from analysis. Renal function parameters, as measured by 
plasma creatinine and blood urea nitrogen (BUN) levels, are depicted in Figure 2B and 2D 
respectively. Like in the previous experiment, WT mice with WT or C5aR-/- leukocytes showed 
a significant deterioration of renal function after renal IRI, displayed by a significant increase 
in plasma creatinine and BUN levels between sham-operated and IRI groups. However, we 
observed that WT CD45.1 mice with WT CD45.2 bone marrow showed a diminished increase 
in plasma creatinine and BUN compared to WT CD45.2 mice with WT CD45.1 bone marrow 
(Figure 2A vs 2C and 2B vs 2D). Where WT mice with C5L2-/- leukocytes showed a significant 
increase in BUN levels after IRI compared to sham-operated animals as well (Figure 2D), no 
significant increase in plasma creatinine was observed between the sham-operated and IRI 
group (Figure 2B). In addition, plasma creatinine and BUN levels were similar in WT mice 
with WT or C5aR-/- leukocytes (Figure 2B and 2D respectively). In contrast, WT mice with 
C5L2-/- leukocytes displayed significantly lower plasma creatinine and BUN levels compared 
to  WT mice with WT or C5aR-/- leukocytes.
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Similar tubular damage after renal ischemia/reperfusion injury
In Chapter 6, we observed reduced acute tubular necrosis (ATN) in full C5L2-/- mice 
compared to WT and C5aR-/- mice 1 day after renal IRI. Here, we examined the morphological 
damage in kidneys of bone marrow chimeras at 3 days after renal IRI. ATN was scored 
semi-quantitatively as described in Chapter 6, ranging from 0 to 4 (0 = 0% ATN, 1 = <10% 
ATN, 2 = 10-25% ATN, 3 = 25-50% ATN and 4 = >50% ATN). ATN was observed in kidneys 
following IRI (Figure 3), whereas sham-operated animals showed no ATN. At 3 days after 
IRI, no significant differences were observed in tubular damage score between the different 
bone marrow chimeras (Figure 3). 

Figure 2: Renal function 3 days after renal ischemia/reperfusion injury in bone marrow chimeras. 
(A) Plasma creatinine and (B) blood urea nitrogen levels at 3 days after bilateral renal ischemia/
reperfusion injury in WT, C5aR-/- or C5L2-/- bone marrow chimeras with WT CD45.1 bone marrow. (C) 
Plasma creatinine and (D) blood urea nitrogen levels at 3 days after bilateral renal ischemia/reperfusion 
injury in WT bone marrow chimeras with WT, C5aR-/- or C5L2-/- bone marrow. Data are shown as mean ± 
SD (*P<0.05, **P<0.01).
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Figure 3: Tubular damage 3 days after renal ischemia/reperfusion injury in bone marrow chimeras. 
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 mean ± SD.

DISCUSSION

In the present study, we investigated the contribution of renal-expressed C5aR and C5L2 
versus leukocyte-expressed C5aR and C5L2 in renal IRI by subjecting bone marrow chimeras 
to 40 min of bilateral warm ischemia. We showed that only renal-expressed C5aR, and both 
renal-expressed and leukocyte-expressed C5L2 mediate IRI-induced renal dysfunction. This 
makes renal-expressed C5aR and C5L2, and leukocyte-expressed C5L2 interesting targets 
for therapeutic intervention during the renal allograft ischemia and subsequent reperfusion 
phase. 

C5aR and C5L2 are seven-transmembrane receptors and coherent with its structure, 
C5aR has been shown to function in a G-protein coupled manner, and exerts multiple pro-
inflammatory functions via G-proteins. However, C5L2 lacks several receptor characteristics 
which are known to be essential for G-protein coupling making intracellular signaling via 
G-proteins virtually impossible for C5L2. Therefore, C5L2 was postulated to serve as a 
non-signaling decoy receptor for C5a, preventing C5a-C5aR-mediated signaling and thus 
exhibiting an anti-inflammatory function. An alternative anti-inflammatory function for C5L2 
was proposed by Bamberg et al (23). They observed that C5L2 reduces C5aR-mediated 
phosphorylation of ERK1/2 in a G-protein independent manner via a C5aR-C5L2-b-arrestin 
complex (23). In this model, C5L2 does not function by scavenging C5a, but by negatively 
modulating signaling downstream from C5aR. 
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In line with the pro-inflammatory functions reported for C5aR, we previously observed that full 
C5aR-/- mice are protected against renal IRI (Chapter 6). Although C5aR mediates neutrophil 
migration (Chapter 7), no significant differences were observed in neutrophil infiltration 
between WT and full C5aR-/- mice after IRI (Chapter 6), which suggests that leukocyte-
expressed C5aR does not play a major role in IRI-induced renal damage. Consistent with 
these findings, here we observed that indeed renal-expressed C5aR, but not leukocyte-
expressed C5aR, is involved in IRI-mediated renal dysfunction. This observation makes 
renal-expressed C5aR a potential target for intervention during renal allograft ischemia. 

The anti-inflammatory hypotheses for C5L2, i.e. function as a decoy receptor or negative 
modulator of C5aR-mediated signaling, imply that C5aR and C5L2 are present on the same 
cell and, in the latter case, are even able to establish a molecular complex. Although in the 
kidney C5aR and C5L2 are both expressed in the distal nephron, they are not expressed 
on the same individual cell (11). Although the anti-inflammatory hypotheses might be true 
for leukocyte-expressed C5L2, the distinct renal expression pattern makes it practically 
impossible for C5L2 to act as a non-signaling decoy receptor or negative modulator 
of C5a-C5aR-mediated signaling in the kidney. We previously observed that full C5L2-/- 
mice were protected against IRI suggesting a pro-inflammatory role for C5L2 in the kidney 
(Chapter 6). In this study, we showed that absence of C5L2 in the kidney (in the presence 
of WT leukocytes) is sufficient to protect kidneys from IRI injury. If C5L2 would only serve as 
a decoy receptor or would negatively modulate C5a-C5aR-mediated signaling, we would 
have observed an aggravated inflammatory phenotype in renal C5L2-/- and full C5L2-/- mice 
following renal IRI compared to WT mice. 

Inhibition of renal-expressed C5aR or C5L2 in the course of IRI during renal transplantation 
could be accomplished during static cold storage or during machine perfusion (24) of the 
donor kidney. Blocking of receptors can be realized via small molecule receptor antagonists 
or receptor blocking antibodies. Inhibition of C5aR has recently been reviewed by Woodruff 
et al (25). Cyclic hexapeptide PMX53 (synonyms 3D53; AcF-[OPdChaWR]) is the most 
widely used small molecule C5aR antagonist. It has been shown to be a full C5aR antagonist 
by preventing binding of C5a and C5adesArg to C5aR. (25-27). Lewis et al performed a mouse 
renal transplantation study in which a C5aR antagonist was applied during cold storage 
(28). They showed that recipient survival was significantly higher in the C5aR antagonist 
treatment group versus the untreated group. Gueler et al showed that when recipient mice 
were treated with a C5aR antagonist before transplantation, long-term renal allograft survival 
was markedly improved compared with untreated animals (29). These studies show that 
inhibition of C5aR in the course of IRI indeed improve post-transplant allograft survival. 
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Our previous data suggest that C5L2 might be an even better target for intervention than C5aR 
to inhibit IRI-mediated renal dysfunction. In Chapter 6 we showed that C5L2-/- mice display 
reduced ATN compared to C5aR-/- mice. In addition, C5L2-/- mice showed reduced expression 
of pro-inflammatory mediators after donor brain death compared to C5aR-/- mice (Chapter 
4). Therefore, applying a C5L2 antagonist during static cold storage or during machine 
perfusion might have greater beneficial effects than a C5aR antagonist. Unfortunately, C5L2 
antagonists do not exist to date. Although the ligand binding sites of C5aR and C5L2 for 
C5a and C5adesArg are almost identical, PMX53 does not prevent C5a or C5adesArg binding to 
C5L2 (27). However, in 2004, Otto et al reported that a C5a mutant named A8D71-73 prevented 
binding C5a and C5adesArg to both C5aR and C5L2 (27). This compound might be the start to 
explore simultaneous C5aR and C5L2 inhibition during renal IRI. 

In addition, we observed that leukocyte-expressed C5L2 also mediates IRI-induced renal 
dysfunction. Moreover, where C5L2-/- mice with WT (CD45.1) bone marrow did show an 
increase in plasma creatinine and BUN after IRI, WT (CD45.1) mice with C5L2-/- bone marrow 
only showed a significant increase in BUN but not in plasma creatinine. The absence of 
an increase in plasma creatinine after IRI compared to sham-operated  in WT mice with 
C5L2-/- bone marrow, would suggest that leukocyte-expressed C5L2 would have a larger 
contribution to IRI-induced renal dysfunction compared to renal-expressed C5L2. However, 
it has to be taken into account that WT CD45.1 mice with WT CD45.2 bone marrow showed 
a diminished increase in plasma creatinine and BUN compared to WT CD45.2 mice with 
WT CD45.1 bone marrow (Figure 2A vs 2C and 2B vs 2D). This suggests that, although all 
mouse strains used are C57Bl/6, different renal IRI sensitivity exits among the mouse strains. 
Although not significantly different, a trend towards reduced tubular damage was observed in 
the WT CD45.1 mice, compared to the CD45.2 strains. Where the C5aR-/- and C5L2-/- mouse 
strains originate from the WT CD45.2 C57Bl/6 mouse strain, WT CD45.1 mice were a separate 
C57Bl/6 mouse strain. Therefore, genetic differences among these different C57Bl/6 strains 
might explain the reduced renal IRI sensitivity in the WT CD45.2 mice compared to the other 
mouse strains. The reduced renal IRI sensitivity of the WT CD45.2 mice might explain the 
absence of increase in plasma creatinine in WT CD45.2 mice with C5L2-/- bone marrow. This 
leads us to the conclusion that indeed leukocyte-expressed C5L2 is involved in IRI-induced 
renal dysfunction, but probably not to a greater extent than renal-expressed C5L2. 

The observation that leukocyte-expressed C5L2 is involved in IRI-induced renal dysfunction, 
but leukocyte-expressed C5aR is not, again contradicts the anti-inflammatory hypotheses for 
C5L2, i.e. function as a decoy receptor or negative modulator of C5aR-mediated signaling. 
If in leukocytes C5L2 would only function as a decoy receptor or as a negative modulator 
of C5aR-mediated signaling, again an aggravated phenotype would have been observed 
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in WT mice with C5L2-/- bone marrow compared to WT mice with WT or C5aR-/- bone 
marrow. Combining this with the observation that leukocyte-expressed C5aR does not seem 
to be involved in IRI-induced renal damage, even in leukocytes C5L2 might have C5aR-
independent functions which yet have to be revealed.  

During organ retrieval, donor blood is flushed from the kidneys among others to reduce 
numbers of donor leukocytes being transplanted alongside the renal allograft into the 
recipient. Therefore, targeting leukocyte-expressed C5L2 will not be effective during static 
cold storage or machine perfusion of the renal allograft. However, inhibition of C5L2 in the 
recipient prior to or after transplantation might have beneficial effects on post-transplant 
renal allograft outcome. 

In conclusion, our data show that renal-expressed C5aR and C5L2 and leukocyte-expressed 
C5L2 mediate IRI-induced renal dysfunction. Combining these data with reduced inflammation 
in kidneys from C5L2-/- mice after donor brain death compared to WT and C5aR-/- mice 
(Chapter 4), C5L2 might turn out to be a more effective target for intervention during donor 
brain death and IRI than C5aR. Since the effect of C5L2 inhibition on other organs remains 
to be investigated, targeting renal-expressed C5L2 during the renal allograft ischemic phase 
after organ retrieval, will not influence other organs of the multi-organ donor. We propose 
that therapeutic interventions inhibiting C5L2 during static cold storage or machine perfusion 
of renal allografts should be explored in order to improve long-term post-transplant renal 
allograft survival and function. 
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Although numerous kidney transplantations are performed each year, the average waiting 
time for a renal allograft in the Netherlands is currently five years due to shortage of donor 
organs (1). During these years, dialysis is lifesaving, but each year a substantial number of 
patients die on the waiting list, the majority from dialysis-related complications. Since renal 
transplantation is the first choice of treatment for end-stage renal disease, it is essential that 
renal transplant recipients benefit from their renal allograft as long as possible. During the 
last few decades, development of immunosuppressive drugs has greatly improved first-year 
and long-term allograft survival (1,2). However, further improvement of these survival rates 
remains necessary in order to postpone or even prevent development of chronic transplant 
dysfunction and subsequent return to dialysis. In order to improve organ quality in the peri-
operative period, identification of new therapeutic targets in organ donors, during allograft 
ischemia and during reperfusion in renal transplant recipients is crucial. The complement 
system emerges as a promising target to serve this purpose. With activation of the complement 
system during donor brain death (3,4), renal ischemia/reperfusion injury (5,6) and allograft 
rejection, activated complement components could establish damage in the renal allograft, 
causing deterioration of organ function. Complement component 5a (C5a), the most potent 
anaphylatoxin produced during complement activation, can bind to two receptors: the 
C5a receptor (C5aR) and C5a-like receptor 2 (C5L2). In Chapter 1 detailed information 
was provided about C5aR and C5L2 on molecular characteristics, tissue expression, and 
intracellular signaling mediated by these receptors. In addition, the involvement of the 
complement system in renal disease, donor brain death and ischemia/reperfusion injury was 
discussed. The aim of this thesis was to explore the role of C5aR and C5L2 in different stages 
throughout the renal transplant procedure and investigate whether therapeutic targeting of 
these receptors might improve renal allograft outcome after transplantation. 

C5aR and C5L2 in the kidney
In Chapter 2, the expression and localization of C5aR and C5L2 in the human kidney was 
investigated. We observed that renal C5aR expression is restricted to the thick ascending 
limb of Henle’s loop (TAL) and the first part of the distal convoluted tubule (DCT1) under 
native conditions, and is inducible on proximal tubular epithelial cells under inflammatory 
conditions. In addition, we showed that C5L2 is expressed in the kidney as well, with the 
expression being restricted to DCT1, the second part of the distal convoluted tubule (DCT2) 
and the connecting tubule (CNT). Although C5aR and C5L2 are both expressed in the distal 
nephron, they are not expressed on identical cells. This makes it for C5L2 unlikely to act as 
a non-signaling decoy receptor, and virtually impossible to act as a negative modulator of 
C5a-C5aR-mediated signaling in the kidney.
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C5aR and C5L2 in donor brain death
Next, we investigated the role of C5aR and C5L2 in donor brain death. In Chapter 3, systemic 
release of C5a in human deceased brain-dead (DBD) donors, the expression dynamics of 
C5aR in human renal biopsies obtained from living and brain-dead donors and the direct 
effects of C5a on human renal tissue were analyzed. We observed that indeed increased 
circulating levels of C5a can be detected in human brain-dead donors compared to living 
donors. In addition, renal C5aR protein expression was increased in kidney biopsies from 
brain-dead donors compared to living donors. Moreover, C5a stimulation of human renal 
tissue slices resulted in increased local gene expression levels of pro-inflammatory cytokines, 
including IL-1β, IL-6 and IL-8. Since renal C5aR expression seems restricted to tubuli, we 
hypothesized that the observed induced expression of inflammatory cytokines occurred in 
the tubular epithelium as well. Combining systemically generated C5a and induction of renal 
C5aR expression in DBD donors, with local production of inflammatory cytokines upon C5a 
stimulation of human renal tissue, we hypothesized that the C5a-C5aR interaction in the 
kidney induces priming of the renal allograft to be. Possibly, renal inflammation of tubular 
origin initiated by donor brain death could explain the inferior function and graft survival of 
DBD donor-derived renal allografts after transplantation. 

In Chapter 4, the contribution of C5aR and C5L2 to donor brain death-induced renal 
inflammation was studied. We developed a mouse brain death model in which a stable 3h 
brain death period and continuous blood pressure measurement was achieved. In addition, 
we confirmed activation of the complement system upon mouse brain death, as reflected 
by elevated circulating levels of C3 fragments after donor brain death. Subsequently,                
C5aR-/- and C5L2-/- mice were subjected to this brain death procedure. Compared to WT 
mice, C5L2-/- mice showed reduced renal inflammation upon donor brain death, as reflected 
by significant reduced expression of KC, TNFα, MCP-1 and P-selectin, with the same trend 
observed for IL-1β, IL-6 and KIM-1. Possibly, the C5a-induced local renal production of pro-
inflammatory mediators as observed in Chapter 3 was due to C5a-C5L2 interaction, and 
not C5a-C5aR interaction. Although the results obtained in studies with human renal tissue 
in Chapter 3 suggest that C5aR might be a potential target for intervention, the results from 
mouse brain death studies in Chapter 4 suggest that inhibition of C5L2 would be a strategy 
for intervention to prevent renal allograft priming in brain-dead donors.   

C5aR and C5L2 in renal ischemia/reperfusion injury
In Chapter 5, the development of assays measuring systemic complement pathway 
activation in mice was described. A sensitive and specific sandwich ELISA detecting C3 
activation fragments C3b/C3c/iC3b was developed, as well as functional ELISAs detecting 
specific pathway activity of the classical, lectin and alternative pathway at the level of 
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C3 and C9. We used these assays to characterize complement activation during murine 
ischemia/reperfusion injury (IRI). At 1 day after renal IRI, an increase in plasma C3 fragments 
was observed, alongside systemic complement activation of each of the three pathways 
measured at the level of C9. 

In Chapter 6, we investigated the role of C5aR and C5L2 in renal IRI by subjecting  C5aR-/- 
and C5L2-/- mice to 40 minutes warm bilateral renal IRI, followed by reperfusion for 1, 3 and 
7 days. We observed that both C5aR-/- and C5L2-/- mice showed attenuation of IRI-induced 
renal dysfunction, resulting in significant lower plasma creatinine and BUN levels compared 
to WT mice. Moreover, C5L2-/- mice displayed reduced acute tubular necrosis at 1 day after 
renal IRI compared to WT and C5aR-/- mice. In order to deduce the protective mechanism 
in C5L2-/- mice, systemic complement activation, leukocyte influx and renal gene expression 
profiles were analyzed.  Upon renal IRI, systemic complement activation occurred in all 
three mouse strains and only subtle differences in quantities of infiltrated leukocytes were 
observed. However, differential gene expression profiles of inflammatory mediators were 
observed between kidneys from C5aR-/- and C5L2-/- mice compared to WT mice.  In line with 
our findings of Chapter 2 and 4, again these results suggest that renal C5L2 exerts pro-
inflammatory functions of its own, rather than being a decoy receptor. 

Since C5aR and C5L2 are expressed on leukocytes, especially neutrophils, as well as on 
renal distal tubular epithelial cells, it remained to be investigated whether the protected 
phenotype in C5aR-/- and C5L2-/- mice observed after IRI can be conferred to the absence of 
renal-expressed C5aR and C5L2 or leukocyte-expressed C5aR and C5L2. It is known that 
C5aR induces leukocyte migration and leukocyte activation in response to C5a and C5adesArg. 
Inhibition of leukocyte migration in C5aR-/- mice might explain the observed protection after 
renal IRI. However, the role of C5L2 in leukocyte chemotaxis is largely unknown. Therefore, 
as described in Chapter 7, we performed an in vivo migration study, in which neutrophil 
chemotaxis in WT, C5aR-/- and C5L2-/- mice in response to C5a and C5adesArg was investigated. 
We observed that, unlike C5aR, C5L2 is not involved in neutrophil chemotaxis in response 
to C5a and C5adesArg. 

To discriminate between the role of renal-expressed C5aR and C5L2 versus leukocyte-
expressed C5L2 in renal IRI, bone marrow chimeras were generated as described in Chapter 
8. Bone marrow from WT, C5aR-/- and C5L2-/- mice was replaced with WT bone marrow, 
and bone marrow from WT mice was replaced with WT, C5aR-/- or C5L2-/- bone marrow, 
resulting in bone marrow chimerism of at least 92%. We observed that only renal-expressed 
C5aR, and both renal-expressed and leukocyte-expressed C5L2 mediate IRI-induced renal 
dysfunction. These results make renal-expressed C5aR and C5L2, and leukocyte-expressed 
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C5L2 interesting targets for therapeutic intervention during renal allograft ischemia and the 
subsequent reperfusion phase. 

FUTURE PERSPECTIVES

The results described in this thesis indicate that C5L2 might be an interesting target for 
therapeutic intervention in organ donors, during allograft ischemia and subsequent 
reperfusion in renal transplant recipients. In addition, inhibition of C5aR during allograft 
ischemia might prove beneficial in order to improve renal allograft survival. It remains to be 
investigated whether intervention on ligand or receptor level will be most successful in the 
clinical setting. 

Preventing formation of the ligands C5a and C5adesArg in the brain-dead donor or in the recipient 
could be achieved by administration of eculizumab. Eculizumab is a humanized monoclonal 
antibody directed against C5, preventing cleavage of C5 into C5a and C5b, thereby inhibiting 
generation of C5a, C5adesArg and formation of C5b-9 (7). Although eculizumab seems an 
effective treatment option in AMR, it remains to be investigated whether C5a and/or C5adesArg 
are indeed the ligands responsible for C5L2-mediated renal dysfunction and inflammation 
upon IRI and donor brain death. Potentially, C3adesArg-C5L2 signaling could cause local 
renal inflammation as well. For example, C3adesArg has been shown to induce C5L2 
phosphorylation and internalization (8), and C3adesArg-C5L2 interaction results in glucose 
transport and triglyceride synthesis in transfected HEK293 cells and adipocyte cell lines 
(9). In line with previous reports, Maslowska et al showed that G-proteins and PLD were not 
involved in C3adesArg-induced triglyceride synthesis (10). However, their studies suggested 
that PLC, PI-3K/Akt, MAPK and calcium-dependent phospholipase A2 (PLA2) are involved 
in C3adesArg-C5L2-mediated signaling. Whether C3adesArg initiates intracellular signaling 
via C5L2 in the kidney as well remains to be investigated, but since eculizumab inhibits 
cleavage of C5, generation of C3a and C3adesArg is not prevented. Therefore, eculizumab 
won’t be effective if C3adesArg proves to be the causative ligand. In addition, it has to be 
taken into account that inhibition of C5a and C5adesArg generation prevents chemotaxis of 
leukocytes as well, affecting host defense against pathogens. On top, lysis of encapsulated 
bacteria by formation of C5b-9 is prevented, and this is why vaccination against Neisseria 
meningitidis is now recommended for all patients prior to administration of eculizumab. 

Inhibition on receptor level can be realized via small molecule receptor antagonists or receptor 
blocking antibodies. Cyclic hexapeptide PMX53 (synonyms 3D53; AcF-[OPdChaWR]) is the 
most widely used small molecule C5aR antagonist. It has been shown to be a full C5aR 
antagonist by preventing binding of C5a and C5adesArg to C5aR (11-13). Potentially, a small 
molecule C5aR antagonist may be applied during static cold storage or during machine 
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perfusion (14) of the renal allograft to be. By doing so, the C5aR molecules in the kidney will 
be blocked by C5aR antagonists during ischemia, preventing detrimental C5a- or C5adesArg-
initiated signaling after reperfusion. 

Although inhibition of C5aR during renal IRI might contribute to renal allograft quality after 
transplantation, our results indicate that C5L2 may be an even better target for intervention 
during renal IRI than C5aR. In addition, donor pre-treatment with a C5L2 inhibitor during 
donor brain death might reduce renal allograft priming prior to organ retrieval. Unfortunately, 
specific C5L2 antagonists do not exist to date. Although the ligand binding sites of C5aR and 
C5L2 for C5a and C5adesArg are almost identical, PMX53 does not prevent C5a or C5adesArg 
binding to C5L2 (13). However, in 2004, Otto et al reported that a C5a mutant named A8D71-73 
prevented binding of C5a and C5adesArg to both C5aR and C5L2 (13). Since C5L2 appears 
to have distinct binding sites for C5a/C5adesArg and C3a/C3adesArg, studies with A8D71-73 might 
provide insight in the effects of C3adesArg on renal tissue as well. This compound might be the 
start to explore C5L2 inhibition in a renal transplant setting. 

In an animal experimental setting, administration of A8D71-73 to WT mice before induction of 
brain death or after confirmation of brain death may indicate whether simultaneous inhibition 
of C5aR and C5L2 will reduce brain death-induced renal inflammation to the same extend 
as in C5L2-/- mice. In addition, this study would provide insight in the role of C5aR in donor 
brain death. If kidneys originating from A8D71-73-treated mouse donors would subsequently 
be transplanted using a mouse renal transplantation model, the potential beneficial effects of 
C5aR and C5L2 inhibition in the donor on renal allograft outcome may be revealed. However, 
since this compound should be administrated to the potential organ donor, the effects of 
systemic simultaneous C5aR and C5L2 inhibition on other potential donor organs should be 
investigated as well. 

In addition, we showed that both renal-expressed C5aR and C5L2 play a detrimental role in 
ischemia/reperfusion-induced renal dysfunction. Therefore, simultaneous inhibition of these 
receptors should be explored in an animal experimental setting. If proven beneficial in animal 
studies, clinical studies may follow. The compound A8D71-73 could be applied during static 
cold storage or during machine perfusion of the donor kidney, as has been suggested for 
small molecule C5aR antagonists before. Treatment of kidneys with A8D71-73 in the isolated 
perfused kidney model, the animal experimental equivalent of machine perfusion of human 
donor kidneys, in combination with subsequent transplantation, might show whether 
the results described in this thesis are clinically applicable. Since absence of leukocyte-
expressed C5L2 attenuated ischemia/reperfusion injury-induced renal dysfunction as well, 
the relevance of A8D71-73 administration to the recipient prior to or during reperfusion should 
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be analyzed. Additionally to simultaneous C5aR and C5L2 blockade, development of a 
specific small molecule C5L2 antagonist should be initiated.

CONCLUSION

In order to improve renal allograft function and survival, identification of new potential 
targets for therapeutic intervention in the organ donor, during allograft ischemia or during 
reperfusion in the recipient is crucial. Results obtained in this thesis suggest that C5aR and 
C5L2 could serve this purpose. Inhibition of C5L2 in the brain-dead donor or in the recipient, 
and inhibition of C5aR and C5L2 during allograft preservation might improve renal allograft 
quality. Efficacy of C5aR and C5L2 inhibition by small molecule antagonists in the renal 
transplant setting should be explored. 
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Ondanks de vele niertransplantaties die ieder jaar plaatsvinden, is door een tekort aan 
donororganen de wachttijd in Nederland voor een transplantatienier opgelopen tot vijf jaar. 
Tijdens deze jaren is dialyse levensreddend. Echter, ieder jaar sterft een substantieel aantal 
patiënten op de wachtlijst, voor een belangrijk deel als gevolg van dialyse-gerelateerde 
complicaties. Aangezien niertransplantatie de eerste keus behandeling is voor patiënten 
met eindstadium nierfalen, is het essentieel dat ontvangers zo lang mogelijk kunnen 
beschikken over een goed functionerend transplantaat. De afgelopen decennia heeft de 
ontwikkeling van immunosuppressiva geleid tot een verbetering van de eerstejaars- en 
lange termijn overleving van getransplanteerde nieren. Echter, het blijft noodzakelijk om de 
transplantaatoverleving verder te verbeteren om te voorkomen dat de patiënt getroffen wordt 
door chronisch transplantaatfalen en weer afhankelijk wordt van dialyse. Om de kwaliteit van 
getransplanteerde organen te verbeteren is het essentieel dat er nieuwe aangrijpingspunten 
voor interventie worden geïdentificeerd in de orgaandonoren, tijdens de ischemische 
periode van de te transplanteren nier en in de ontvangers. Het complement systeem, dat 
onderdeel is van het aangeboren immuunsysteem, lijkt hiervoor een veelbelovend doelwit. 
Dit aangezien er activatie van het complement systeem plaats vindt in hersendode donoren, 
tijdens ischemie/reperfusie schade (IRI) van de te transplanteren nier en tijdens rejectie. 
Geactiveerde complement componenten zouden schade in het niertransplantaat kunnen 
veroorzaken, met verslechtering van functie als gevolg. Complement component 5a (C5a) 
is de meest krachtige anafylatoxine die geproduceerd wordt tijdens complement activatie. 
Dit molecuul kan binden aan twee receptoren: de C5a receptor (C5aR) en een receptor die 
daar op lijkt, C5a-like receptor 2 (C5L2). In Hoofdstuk 1 werd gedetailleerde informatie over 
de moleculaire karakteristieken, weefselexpressie en intracellulaire signaaltransductie van 
C5aR en C5L2 gegeven. Daarnaast werd de betrokkenheid van het complement systeem 
bij nierziekten, donor hersendood en IRI besproken. Het doel van dit proefschrift was om de 
rol van C5aR en C5L2 in de verschillende stadia van niertransplantatie te bestuderen en te 
onderzoeken of therapeutische interventie van deze twee receptoren de transplantaatuitkomst 
na niertransplantatie zou kunnen verbeteren. 

C5aR en C5L2 in de nier
In hoofdstuk 2 werd de expressie en lokalisatie van C5aR en C5L2 in de nier onderzocht. 
Wij vonden dat onder gezonde condities, de C5aR expressie in de nier beperkt is tot het 
dikke opstijgende been van de lis van Henle en het eerste gekronkelde deel van de distale 
tubulus. Bovendien kan C5aR expressie geïnduceerd worden in de proximale tubulus onder 
inflammatoire condities. Daarnaast hebben we laten zien dat C5L2 ook tot expressie komt 
in de nier, maar dan op een ander locatie. C5L2 expressie werd gevonden in zowel het 
eerste als het tweede gekronkelde deel van de distale tubulus en in de verbindingstubulus. 
Ondanks dat C5aR en C5L2 dus beide tot expressie komen in het distale deel van het 
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nefron, komen ze niet op hetzelfde celtype tot expressie. Er bestaan twee hypothesen 
waarbij C5L2 een remmende werking zou hebben op signaaltransductie geïnduceerd door 
de C5a-C5aR interactie. Een hypothese waarbij C5L2 alleen C5a wegvangt voor C5aR 
zonder zelf intracellulaire signaaltransductie te induceren (als ‘lokaas’-receptor) wordt 
door de verschillende renale lokalisatie van beide receptoren onwaarschijnlijk. Een andere 
hypothese waarbij C5L2 een direct remmend effect heeft op C5aR door een gezamenlijk 
C5a-C5aR-C5L2-complex aan te gaan lijkt in de nier nu zo goed als onmogelijk.

C5aR en C5L2 in de hersendode donor
Vervolgens hebben we de rol van C5aR en C5L2 in de hersendode donor onderzocht. In 
Hoofdstuk 3 werden de systemische vorming van C5a in humane hersendode donoren, de 
expressiedynamica van C5aR in humane nierbiopten van levende en hersendode donoren 
en de directe effecten van C5a op humaan nierweefsel geanalyseerd. De circulerende 
concentraties van C5a in hersendode donoren waren verhoogd ten opzichte van levende 
donoren. Daarnaast was de C5aR eiwit expressie verhoogd in nierbiopten van hersendode 
donoren in vergelijking met levende donoren. Bovendien leidde directe stimulatie van 
humaan nierweefsel met C5a tot lokale genexpressie van pro-inflammatiore cytokines als IL-
1b, IL-6 en IL-8. Aangezien renale expressie van C5aR beperkt is tot de tubuli, vermoedden 
wij dat deze verhoogde expressie van pro-inflammatoire genen ook plaatsvindt in het 
tubulaire epitheel. De verhoogde circulerende concentraties van C5a en verhoogde renale 
C5aR expressie in de hersendode donor in combinatie met C5a-geïnduceerde lokale renale 
productie van inflammatoire cytokines leidden tot de hypothese dat de renale C5a-C5aR 
interactie het toekomstige niertransplantaat al in de hersendode donor op scherp zou kunnen 
zetten. Lokale inflammatie in de nier geïnduceerd door hersendood in de donor zou de 
slechtere functie en transplantaatoverleving van niertransplantaten afkomstig uit hersendode 
donor kunnen verklaren. 

In Hoofdstuk 4 werd het aandeel van C5aR en C5L2 in hersendood-geïnduceerde renale 
inflammatie onderzocht. We ontwikkelden een muis hersendood model, waarbij een stabiele 
periode van 3 uur hersendood in combinatie met continue bloeddrukmeting kon worden 
gerealiseerd. Net als in de humane situatie werd in dit muis hersendood model het complement 
systeem geactiveerd, wat werd gemeten als verhoogde circulerende concentraties van C3 
fragmenten. Daarna werd dit model toegepast in muizen die respectievelijk C5aR (C5aR-/-) of 
C5L2 (C5L2-/-) niet tot expressie brengen. Vergeleken met wildtype (WT) muizen vertoonden 
de C5L2-/- muizen minder inflammatie in de nier na inductie van hersendood. Er werd een 
significant verlaagde expressie van KC, TNFa, MCP-1 en P-selectine en dezelfde trend voor 
IL-1b, IL-6 en KIM-1 gevonden in de nieren van hersendode C5L2-/- muizen ten opzichte van 
hersendode WT muizen. Mogelijk dat de C5a-geïnduceerde lokale inflammatie in de nier 
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gezien in Hoofdstuk 3 eigenlijk toebedeeld zou moeten worden aan C5a-C5L2 interactie in 
plaats van C5a-C5aR interactie. Ondanks dat de resultaten uit Hoofdstuk 3 suggereerden dat 
de C5aR een mogelijk aangrijpingspunt voor interventie in de hersendode donor zou kunnen 
zijn, wijzen de resultaten van de muis hersendood experimenten uit Hoofdstuk 4 meer in de 
richting van C5L2 als mogelijk aangrijpingspunt om schade aan en de inflammatoire status 
van het niertransplantaat in de hersendode donor te verminderen. 

C5aR en C5L2 in renale ischemie/reperfusie schade
In Hoofdstuk 5 werd de ontwikkeling van een methode om systemische complement activatie 
in muizen te meten beschreven. Zowel een sensitieve en specifieke sandwich ELISA die 
de C3 activatie fragmenten C3b/C3c/iC3b meet, als functionele ELISA’s die activatie van 
specifiek de klassieke, lectine of alternatieve route kunnen meten op het niveau van C3 of C9 
werden ontwikkeld. Deze technieken hebben we gebruikt om complement activatie tijdens 
renale IRI in de muis te karakteriseren. Op dag 1 na IRI werden verhoogde circulerende 
concentraties van C3 fragmenten en activatie van alle drie de routes op het niveau van C9 
in het plasma gemeten.

In Hoofdstuk 6 hebben we de rol van C5aR en C5L2 in renale IRI onderzocht door                 
C5aR-/- en C5L2-/- muizen te onderwerpen aan 40 minuten bilaterale warme ischemie, 
gevolgd door reperfusie gedurende 1, 3 en 7 dagen. We zagen dat zowel C5aR-/- als C5L2-/- 
muizen beschermd waren tegen renale IRI in vergelijking met WT muizen. De verslechtering 
van nierfunctie na IRI was bij WT muizen significant meer uitgesproken dan bij C5aR-/- en                
C5L2-/- muizen. Daarnaast toonden C5L2-/- muizen verminderde acute tubulaire necrose 
op dag 1 na renale IRI in vergelijking met WT en C5aR-/- muizen. Om het beschermende 
mechanisme in C5L2-/- muizen te ontcijferen, hebben we systemische complement activatie, 
infiltratie van leukocyten en renale genexpressie profiel onderzocht. Renale IRI veroorzaakte 
systemische complement activatie in alle drie de muizenstammen en er werden slechts 
kleine verschillen in infiltratie van leukocyten waargenomen. Echter, er werden verschillen 
in genexpressie van inflammatoire mediatoren geconstateerd tussen C5aR-/- en C5L2-/- 
muizen in vergelijking met WT muizen. Coherent met onze bevindingen in Hoofdstuk 2 en 
4 suggereerden deze resultaten wederom dat renaal C5L2 zelf pro-inflammatoire functies 
bezit, in tegenstelling tot de hypothesen van ‘lokaas’-receptor of negatief modulerende rol in 
een receptor complex. 

Aangezien C5aR en C5L2 zowel op leukocyten, in het bijzonder neutrofielen, als op distaal 
tubulus epitheel tot expressie komen, bleef het de vraag of het beschermde fenotype van de 
C5aR-/- en C5L2-/- muizen na IRI toegeschreven kon worden aan de afwezigheid van C5aR en 
C5L2 in de nier of afwezigheid van deze receptoren op leukocyten. Het was bekend dat C5a 
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en C5adesArg migratie en activatie van leukocyten induceert. Remming van leukocytmigratie 
in C5aR-/- muizen zou het beschermde fenotype in C5aR-/- muizen kunnen verklaren. Echter, 
de rol van C5L2 in leukocytmigratie is nagenoeg onbekend. Daarom hebben we, zoals 
beschreven Hoofdstuk 7, een in vivo migratie studie verricht, waarbij chemotaxie van 
neutrofielen in WT, C5aR-/- en C5L2-/- muizen in reactie op C5a en C5adesArg werd onderzocht. 
We constateerden dat, in tegenstelling tot C5aR, C5L2 niet betrokken is bij chemotaxie van 
neutrofielen in reactie op C5a en C5adesArg. 

Om het onderscheid te kunnen maken tussen de rol van renaal C5aR en C5L2 versus C5aR 
en C5L2 op de leukocyten in IRI werden beenmerg chimeren gegenereerd, zoals werd 
beschreven in Hoofdstuk 8. Beenmerg van WT, C5aR-/- en C5L2-/- muizen werd vervangen 
door WT beenmerg en beenmerg van WT muizen werd vervangen door WT, C5aR-/- of            
C5L2-/- beenmerg. Alle dieren behaalden een chimerisme van minimaal 92%. Alleen C5aR in 
de nier, maar zowel C5L2 in de nier als op leukocyten bleek IRI-geïnduceerd nierfunctieverlies 
te bewerkstelligen. Deze resultaten suggereren dat C5aR en C5L2 in de nier én C5L2 op 
leukocyten interessante aangrijpingspunten voor therapeutische interventie zouden kunnen 
zijn tijdens de ischemische en de daaropvolgende reperfusiefase van niertransplantaten. 

TOEKOMSTPERSPECTIEVEN

De resultaten beschreven in dit proefschrift duiden erop dat C5L2 een interessant 
aangrijpingspunt zou kunnen zijn voor therapeutische interventie in orgaandonoren en tijdens 
de ischemische en daaropvolgende reperfusiefase van niertransplantaten. Daarnaast zou ook 
remming van C5aR tijdens ischemie kunnen leiden tot een betere transplantaatoverleving. 
Ook moet het nog worden onderzocht of interventie op het niveau van het ligand of op het 
niveau van de receptor het meest succesvol zal zijn in een klinische setting. 

Het voorkomen van de vorming van de liganden C5a en C5adesArg in de hersendode donor of in 
de ontvanger zou bereikt kunnen worden met eculizumab. Eculizumab is een gehumaniseerd 
monoklonaal antilichaam gericht tegen C5 en voorkomt de splitsing van C5 in C5a en C5b, 
waardoor de vorming van C5a, C5adesArg en C5b-9 voorkomen wordt. Ondanks dat eculizumab 
een effectieve behandeling lijkt te zijn voor acute antilichaam-gemedieerde rejectie, dient 
het nog onderzocht te worden of C5a en/of C5adesArg ook inderdaad de verantwoordelijke 
liganden zijn voor C5L2-gemedieerd nierfunctieverlies en renale inflammatie bij IRI en in de 
hersendode donor. Mogelijk dat de C3adesArg-C5L2 interactie renale inflammatie tot gevolg 
kan hebben. Men heeft bijvoorbeeld laten zien dat C3adesArg fosforylatie en internalisatie van 
C5L2 te weeg kan brengen. Daarnaast leidt de C3adesArg-C5L2 interactie tot glucosetransport 
en synthese van triglyceriden in getransfecteerde HEK293 cellen en adipocytcellijnen. In 
lijn met voorgaande literatuur hebben Maslowska en collega’s laten zien dat G-eiwitten en 
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PLD niet betrokken zijn bij C3adesArg-geïnduceerde triglyceridesynthese. Echter, deze studies 
suggereren dat PLC, PI-3K/Akt, MAPK en PLA2 betrokken zijn bij C3adesArg-C5L2 gemedieerde 
signaaltransductie. Of C3adesArg ook intracellulaire signaaltransductie via C5L2 in de nier kan 
bewerkstelligen moet nog worden onderzocht. Aangezien eculizumab de splitsing van C5 
remt, wordt de generatie van C3a en C3adesArg hierbij niet voorkomen. Daarom zou eculizumab 
geen effectieve behandeloptie zijn als blijkt dat C3adesArg het betrokken ligand is. Hierbij dient 
in ogenschouw genomen te worden dat wanneer de vorming van C5a en C5adesArg geremd 
wordt, de chemotaxie van leukocyten ook voorkomen wordt, wat de afweer tegen pathogenen 
beïnvloed. Daarnaast wordt voorkomen dat gekapselde bacteriën gelyseerd kunnen worden 
door C5b-9 en dit is waarom vaccinatie tegen Neisseria meningitidis nu aanbevolen wordt 
voor alle patiënten voorafgaand aan toediening van eculizumab. 

Remming op receptor niveau kan gerealiseerd worden door gebruik te maken van kleine 
moleculaire receptor antagonisten of receptor blokkerende antilichamen. Cyclisch 
hexapeptide PMX53 (synoniemen 3D53; AcF-[OPdChaWR]) is wereldwijd de meest gebruikte 
C5aR antagonist. Het blokkeert de functie van C5aR volledig door de binding van C5a en 
C5adesArg aan C5aR te voorkomen. Een C5aR antagonist zou toegepast kunnen worden tijdens 
opslag op ijs of machineperfusie van het niertransplantaat. Hierdoor zullen C5aR moleculen 
geblokkeerd worden tijdens de ischemische periode waardoor nadelige effecten van C5a- of 
C5adesArg-geïnitieerde signaaltransductie na reperfusie voorkomen zouden kunnen worden. 

Ondanks dat remming van C5aR tijdens IRI de kwaliteit van het niertransplantaat na 
transplantatie zou kunnen verbeteren, duiden onze resultaten erop dat C5L2 wellicht 
een beter aangrijpingspunt voor interventie is dan C5aR. Daarnaast zou remming van 
C5L2 in de hersendode donor de pro-inflammatoire status van niertransplantaten kunnen 
verminderen nog voordat de organen uitgenomen worden. Helaas zijn er momenteel nog 
geen specifieke C5L2 antagonisten beschikbaar. Hoewel de bindingsplaatsen van C5aR 
en C5L2 voor C5a en C5adesArg nagenoeg identiek zijn, voorkomt PMX53 de binding van 
C5a en C5adesArg aan C5L2 niet. In 2004 hebben Otto en collega’s een mutant van C5a 
beschreven genaamd A8D71-73, die de binding van C5a en C5adesArg aan zowel C5aR als C5L2 
voorkomt. Aangezien C5L2 verschillende bindingsplaatsen heeft voor C5a/C5adesArg en C3a/
C3adesArg zouden studies met A8D71-73 ook inzicht kunnen geven in de effecten van C3adesArg 
op nierweefsel. Met A8D71-73 zou een start gemaakt kunnen worden om remming van C5L2 
rondom niertransplantatie te onderzoeken. 

In een dierexperimentele setting zou toediening van A8D71-73 in WT muizen voor inductie 
van hersendood of net na bevestiging van hersendood kunnen verhelderen of gelijktijdige 
remming van C5aR en C5L2 hersendood-geïnduceerde renale inflammatie vermindert 
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in dezelfde mate als in C5L2-/- muizen. Daarnaast zou een dergelijke studie meer inzicht 
kunnen verschaffen in de rol van C5aR in hersendood. Indien nieren van A8D71-73-behandelde 
hersendode muizen vervolgens getransplanteerd worden met behulp van een muis 
niertransplantatie model, zouden de mogelijk gunstige effecten van C5aR en C5L2 remming 
in de donor op transplantaatuitkomst na transplantatie aan het licht kunnen komen. Echter, 
het dient gerealiseerd te worden dat dit middel systemisch toegediend zal moeten worden 
aan de potentiële hersendode donor, waardoor het effect van systemische gelijktijdige 
remming van C5aR en C5L2 op andere donororganen ook onderzocht zal moeten worden. 

We hebben ook aangetoond dat zowel C5aR als C5L2 in de nier een ongunstige rol lijken 
te spelen in IRI-geïnduceerde nierfunctiestoornissen. Daarom zou gelijktijdige remming van 
deze receptoren allereerst in een dierexperimentele setting onderzocht moeten worden. Bij 
positief resultaat zouden klinische studies kunnen volgen. A8D71-73 zou toegediend kunnen 
worden tijdens opslag op ijs of machineperfusie van het niertransplantaat, zoals eerder 
gesuggereerd werd voor de C5aR antagonist. Behandeling van nieren met  A8D71-73 in 
het geïsoleerde nierperfusie model, de dierexperimentele equivalent van machineperfusie, 
in combinatie met een dierexperimenteel transplantatiemodel zou kunnen aantonen of de 
resultaten behaald in dit proefschrift ook klinisch toepasbaar zijn. Aangezien afwezigheid 
van C5L2 op leukocyten ook een gunstig effect heeft op IRI-geïnduceerd nierfunctieverlies, 
zou het effect van A8D71-73 in de ontvanger voorafgaand aan of tijdens reperfusie ook 
geanalyseerd kunnen worden. Naast studies met gelijktijdige C5aR en C5L2 remming, zou 
de ontwikkeling van een specifieke C5L2 antagonist geïnitieerd moeten worden. 

CONCLUSIE

Om de functie en overleving van niertransplantaten te verbeteren is identificatie van nieuwe 
aangrijpingspunten voor therapeutische interventie in de hersendode donor, tijdens de 
ischemische periode en de daaropvolgende reperfusiefase noodzakelijk. De resultaten 
beschreven in dit proefschrift duiden erop dat met name C5L2, maar ook C5aR, hiervoor 
in aanmerking komen. Remming van C5L2 in de hersendode donor of in de ontvanger 
en remming van zowel C5aR als C5L2 tijdens orgaanpreservatie zou de kwaliteit van 
niertransplantaten kunnen verbeteren. De effectiviteit van C5aR en C5L2 remming door 
receptor antagonisten in een niertransplantatie setting zou onderzocht moeten worden. 
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geplukt. Bedankt voor alle keren dat ik vol enthousiasme je kamer mocht binnenstormen als 
(ik weer eens dacht dat) er goede resultaten behaald waren, maar ook voor alle keren dat ik 
niet meer zo zeker wist of het allemaal goed ging komen. Ondanks dat je me de prachtige 
kanten van het Groningse hebt laten ervaren, heeft een vigerende reden mij uiteindelijk doen 
besluiten naar de Zaanstreek terug te keren. Waarschijnlijk ben ik de eerste promovendus 
die kan zeggen: “ik heb mijn promotor letterlijk op handen gedragen!” Beste Willem, bedankt 
voor alles!

Mijn promotor prof. dr. J.L. Hillebrands. Beste Jan-Luuk, dankzij jou heeft in mijn traject 
de biologie kunnen floreren tussen de medici. Je bracht onmisbare (technische) kennis van 
zaken en moleculaire diepgang in mijn promotieonderzoek. Ook jouw kritische blik bij het 
perfectioneren van figuren en het schrijven van manuscripten heb ik altijd erg gewaardeerd. 
Ik kon onderzoeksvreugde en -zorgen met je delen. Bedankt voor jouw fijne manier van 
supervisie!

Mijn copromotor, dr. M.A.J. Seelen. Beste Marc, ideeën en inspiratie waren bij jou altijd 
in overvloed aanwezig. Vele ideeën hebben de labtafel gehaald en dankzij jou heb ik de 
stap naar de dierexperimenten gezet. Een gouden sprong in het diepe. Daar waar de 
dierexperimenten een groot deel van mijn promotieonderzoek hebben uitgemaakt, mag hier 
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toch ook niet ontbreken dat ik de ELISA’s altijd heb weten te ontlopen! Je hebt me altijd 
gestimuleerd om me te ontwikkelen tot een zelfstandige onderzoeker en om op mezelf te 
durven vertrouwen. Bedankt daarvoor.

Mijn copromotor, dr. J. Damman. Beste Jeffrey, in mijn eerste onderzoeksjaar hebben we 
samen menig lab onveilig gemaakt. Door ons gezamenlijke enthousiasme voor het onderzoek 
hadden we een versterkende werking op elkaar. Dat resulteerde in het kleuren van ontelbare 
coupes in het weekend, het liefst met tientallen (zelfs meer dan honderd) tegelijk, en ook 
het slicen van nierweefsel tot diep in de nacht staat mij nog helder voor de geest! Ook wil ik 
je bedanken voor jouw inzet om de knockout muizen naar Groningen te halen; we zouden 
anders niet de eerste voorzichtige stappen richting klinische toepasbaarheid hebben kunnen 
zetten. 

Prof. dr. M.R. Daha, beste Moh, bedankt dat we in Groningen mochten putten uit jouw 
onbeschrijfelijke hoeveelheid kennis. Jouw parate overzicht van de literatuur is niet te 
evenaren. Bedankt voor alle adviezen die je me hebt gegeven!   

Herewith, I would like to thank the members of the reading committee, prof. dr. C.A.J.M. 
Gaillard, prof. dr. J. Köhl and prof. dr. B.A. Yard, for carefully reading and reviewing this 
thesis. 

Uiteraard wil ik ook mijn collega’s van de Complement Groep bedanken. Allereerst Anita 
Meter-Arkema. Lieve Anita, jouw onbevangen enthousiasme en vrolijkheid ga ik zeker 
missen: je bent de bron van gezelligheid in de groep! Ik mocht bij experimenten altijd een 
beroep doen op jouw onmisbare paar handen. Bedankt daarvoor! Felix Poppelaars, ik kan 
het niet laten om hier te noemen dat ik nooit meer zo’n bijzondere waardering heb gekregen 
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onbegrensde mogelijkheden die een laboratorium te bieden heeft. Isabel Stribos, bedankt 
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en uiteraard ook Aukje Brat, veel succes met jullie verdere promotietrajecten. In addition, 
I would like to thank all students which have been part, are part or even will stay part of the 
Complement Group: Cordelia Hempel, Edwin de Vrij, Esther Klein-Hesselink, Ivo van der 
Peppel, Julian Kok, Laura Kist de Ruijter, Luud Roorda, Maartje ten Brinke, Marcella 
Pedroso Peternelli, Mariana Gaya Costa, Rianne Kroes, Saskia Italianer, Stefan Broeren, 
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Reznichenko, Azadeh Zaferani, Carolien Doorenbos, Ditmer Talsma, Jaap van den Born, 
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Ook is de hulp van de medewerkers van de Centrale Dienst Proefdieren (CDP) essentieel 
geweest voor het voltooien van dit promotietraject. Bij deze wil ik Juul Baller en Yvonne 
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Annemieke Smit - van Oosten, Bianca Meijeringh, Michel Weij en Pieter Klok: bedankt 
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en stiptheid hebben doorstaan. Tot slot wil ik ook alle dierverzorgers bedanken, in het 
bijzonder Sander Twickler en Maurice Kwint: ik kon altijd bij jullie terecht voor advies, extra 
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kooiverrijking, beetje fokvoer en warmtematjes. Bedankt daarvoor!

Door de unieke techniek die beschikbaar is op de afdeling Farmaceutische Technologie en 
Biofarmacie, werd jullie lab door mij al snel omgedoopt tot ‘het slice-lab’. Beste dr. P. Olinga, 
beste Peter, Bao Tung Pham, Dorenda Oosterhuis, Rick Mutsaers, Tobias van Haaften 
en later ook Theerut Luangmonkong en Raditya Iswandana bedankt voor al jullie hulp en 
(zelfs nachtelijke) gastvrijheid op jullie lab! Jullie vanzelfsprekende laagdrempeligheid heb 
ik ontzettend gewaardeerd. 

De experimenten op het slice-lab had ik niet kunnen uitvoeren zonder hulp van prof. dr. I.J. 
de Jong en dr. A. Leliveld van de afdeling Urologie. Bedankt voor jullie bereidwilligheid en 
enthousiasme voor onderzoek dat niet direct binnen jullie klinische werkveld ligt!

Van de afdeling pathologie wil ik dr. M.C.R.F. van Dijk, prof. dr. H. van Goor, en Marian 
Bulthuis bedanken. Beste Marcory en Harry, bedankt voor al jullie lessen in de histologie 
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Dr. R.P van Os en Bertien Dethmers-Ausema van het Laboratory of Ageing Biology and 
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