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ABSTRACT

Objective: Complement activation is involved in the development of anti-neutrophil cytoplasmic 

autoantibody (ANCA)-associated vasculitis and crescentic glomerulonephritis in mice. Recent 

fi ndings suggest that the complement component C5a, acting through its receptor C5aR, is 

particularly important for mediating disease. Evidence for the involvement of complement in 

human ANCA-associated glomerulonephritis is less clear. Our objective was to further explore the 

contribution of C5a and C5aR to the pathogenesis of ANCA-associated glomerulonephritis.

Methods: We analyzed whether C5a-mediated priming of human neutrophils for ANCA-induced 

neutrophil activation involved p38 mitogen activated protein kinase (p38MAPK) and whether C5a 

was able to activate human glomerular endothelial cells to produce chemokines. In addition, the 

renal C5aR expression pattern was analyzed upon induction and progression of ANCA-associated 

glomerulonephritis in a mouse model of anti-MPO IgG-induced glomerulonephritis and in ANCA 

patient renal biopsies.

Results: C5a primed human neutrophils for both Pr3-ANCA- and MPO-ANCA-induced respiratory 

burst in a p38MAPK-dependent manner. C5a also increased neutrophil membrane expression of Pr3 

in a p38MAPK-dependent manner. In glomerular endothelial cells, C5a increased the production of 

the chemokines interleukin (IL)-8 and monocyte chemoattractant protein (MCP)-1. Furthermore, 

the expression of C5aR was increased in kidneys from mice and patients with ANCA-associated 

glomerulonephritis. Renal C5aR expression was localized predominantly to neutrophils and 

macrophages.

Conclusion: In this study, we show that C5a aff ects a number of pathogenic features that prevail 

in ANCA-associated glomerulonephritis and that C5aR expression is increased in renal biopsies of 

patients and kidneys of mice with ANCA-associated glomerulonephritis. Our data, together with 

previous studies, indicate that the C5aR may serve as a target for therapeutic interventions in ANCA-

associated glomerulonephritis.
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INTRODUCTION

Circulating anti-neutrophil cytoplasmic autoantibodies (ANCA) directed against the neutrophilic 

enzymes myeloperoxidase (MPO) or proteinase 3 (Pr3) are associated with small vessel vasculitis and 

crescentic glomerulonephritis.1 In vitro, ANCA bind to and activate cytokine-primed neutrophils to 

release toxic substances that can destroy endothelial cells.1 Priming of neutrophils by cytokines, e.g. 

tumor necrosis factor  (TNF), induces translocation of ANCA antigens to the neutrophil surface 

in a process involving the signaling kinase p38 mitogen activated protein kinase (p38MAPK).2 In 

vivo, antibodies against MPO were shown to cause vasculitis and glomerulonephritis in rodents.3-5 

In the mouse model of MPO-ANCA-associated glomerulonephritis, complement activation via the 

alternative pathway, was shown to play a crucial role in mediating disease.6

The complement system is a central component of the innate immune system in the defense 

against bacterial infection.7, 8 Complement can be activated via three pathways, i.c.,  the classical, 

the lectin and the alternative pathway. Activation of the classical and lectin pathways relies 

on recognition of antibody complexes or carbohydrate ligands on the surface of pathogens, 

respectively. Activation of the alternative pathway depends on the constitutive cleavage of 

C3 to C3a and C3b that occurs spontaneously at a low rate in a tightly regulated manner. In the 

presence of activating surfaces, such as IgG molecules and bacterial glycans, C3b is protected from 

inactivation by regulatory factors, resulting in activation of the complement cascade. All three 

pathways converge to a common terminal pathway in which C5 is cleaved to C5a and C5b. C5b 

initiates assembly of the membrane-attack complex (MAC), which causes lysis of bacteria. C5a 

functions as a potent anaphylatoxin and chemoattractant for neutrophils and macrophages via the 

C5a receptor (C5aR, CD88).9

C5aR is expressed on all cells of the myeloid lineage, but also on many other cell types, including 

endothelial cells.10-13 Although most of the C5a-induced functional eff ects are mediated by C5aR, C5a 

can interact with a second receptor, C5L2 (GPR77).9, 14 The physiological role of C5L2 is still unclear, 

but it has been postulated that C5L2 might serve as a “decoy” receptor for C5a, having no direct 

functional responses.15, 16 C5a and C5aR are of particular importance in the pathogenesis of ANCA-

associated glomerulonephritis in mice. Genetic ablation of C5aR on bone marrow-derived cells 

markedly attenuated development of experimental anti-MPO IgG-mediated glomerulonephritis.17 

Glomerulonephritis development was however not completely abrogated in all mice, suggesting 

that intrinsic cell C5aR may be involved as well.

Although a pathogenic role of complement in animal models of ANCA-associated vasculitis has 

been proven, evidence for the involvement of complement in human ANCA-associated vasculitis is 

less clear. Several studies have described deposits of C3 in vasculitic lesions in biopsies of patients 

with ANCA-associated vasculitis.18, 19 In addition, C5a is able to prime human neutrophils for ANCA-

induced respiratory burst in vitro.17 Our objective was to further explore the contribution of C5a 

and C5aR to the pathogenesis of ANCA-associated glomerulonephritis. We analyzed whether 

C5a-mediated priming of human neutrophils for ANCA-induced neutrophil activation involved 



30

Chapter 2

2

p38MAPK and whether C5a was able to activate human glomerular endothelial cells for production 

of chemokines. In addition, we analyzed whether C5aR expression was increased in kidneys of both 

mice and patients upon ANCA-mediated glomerulonephritis. 

MATERIALS AND METHODS

Neutrophil isolation

Neutrophils were isolated from heparinized venous blood of healthy donors by density gradient 

centrifugation on Lymphoprep (Axis-Shield, Oslo, Norway). Erythrocytes were lysed with ice-

cold ammonium chloride buff er, and neutrophils were washed in Hanks’s balanced salt solution 

without Ca2+/Mg2+ (HBSS-/-; Gibco/Life Technologies, Breda, the Netherlands). Neutrophils were 

then suspended in HBSS with Ca2+/Mg2+ (HBSS+/+; Gibco/Life Technologies) to a concentration of 

2.5 x 106 cells/ml and used for Pr3 and MPO membrane expression analyses or respiratory burst 

measurements. 

Neutrophil Pr3 and MPO membrane expression

Isolated neutrophils were incubated with the indicated concentrations of C5a (R&D Systems Europe, 

Abingdon, UK) for 15 min at 37C. All further steps were performed on ice and washing steps were 

carried out using HBSS+/+ containing 1% bovine serum albumin (BSA; Sigma-Aldrich, Zwijndrecht, 

the Netherlands). Neutrophils were incubated with 0.5 mg/ml heat-aggregated goat IgG (Sigma-

Aldrich) for 15 min to saturate Fc receptors. Next, cells were stained with a mouse monoclonal 

IgG1 antibody directed against human Pr3 or MPO (IQ Products, Groningen, the Netherlands) or 

with an irrelevant IgG1 control antibody (MCG1; IQ Products) for 30 min. Neutrophils were then 

incubated with phycoerythrin (PE)-conjugated goat anti-mouse antibody (Southern Biotechnology 

Associates, Birmingham, USA) in the presence of 0.5 mg/ml heat-aggregated goat IgG. Fluorescence 

intensity of PE was analyzed using fl ow cytometry.

p38MAPK inhibition

For the inhibition of p38MAPK in membrane Pr3 expression and respiratory burst measurements, 

neutrophils were incubated with 10 μM AR-447 (ArrayBioPharma Inc, Boulder, USA) or vehicle 

(DMSO) for 30 min at 37C prior to incubation with C5a. AR-447 is a selective p38MAPK inhibitor 

with low nanomolar potency against the  (IC50=21 nM) and  (IC50 = 84 nM) isoforms of p38MAPK.

Neutrophil respiratory burst measurements

Generation of oxygen radicals by neutrophils was measured by oxidation of the non-fl uorescent 

dihydrorhodamine-123 (DHR-123) to the fl uorescent rhodamine-123. Isolated neutrophils were 

gradually warmed to 37°C and incubated with 5 μg/ml cytochalasin B (Sigma-Aldrich) for 5 min at 

37°C. Cells were subsequently loaded with 0.05 mM DHR123 (Molecular Probes, Eugene, OR, USA) 

for 10 min at 37°C. Sodium azide  (2 mM) was added in order to prevent intracellular breakdown 
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of H2O2 by catalase. Then, neutrophils were primed with 100 ng/ml C5a for 15 min at 37°C and 

incubated with patient-derived ANCA IgG (200 μg/ml) for 1 hour at 37°C. ANCA-IgG was isolated 

from plasma samples obtained from ANCA-positive patients with active, biopsy-proven crescentic 

glomerulonephritis. Total IgG was isolated using a protein G column (HiTrapTM Protein G HP, GE 

Healthcare, Freiburg, Germany) according to the manufacturer’s instructions. After incubation 

of neutrophils with patient ANCA-IgG, neutrophils were washed and fl uorescence intensity of 

rhodamine-123 was measured by fl ow cytometry.

Culture and stimulation of glomerular endothelial cells

Human conditionally immortalized glomerular endothelial cells20 were cultured as described 

previously.21 Glomerular endothelial cells were propagated at 33°C, whereas experiments were 

carried out after 5-8 days of incubation at 37°C (non-proliferative phenotype). For stimulation 

experiments, cells were seeded at a density of 23 000 cells/cm2 and incubated at 33°C for 1 day 

before thermoswitching to 37°C. Cells were stimulated with 100 nM (=830 ng/ml) C5a or 1 μg/ml 

lipopolysaccharide (LPS; Escherichia Coli, serotype O26:B6, 300 000 EU/mg; Sigma-Aldrich) for the 

indicated time-periods.

Real-time reverse transcription (RT)-PCR, FACS, and ELISA on glomerular endothelial cells

RNA was isolated from stimulated endothelial cells using RNeasy Plus Mini kit (Qiagen, Benelux 

B.V, Venlo, the Netherlands). Reverse transcrip  tion was carried out using Superscript III reverse 

transcriptase (Invitrogen, Breda, the Netherlands) and random hexamer primers (Promega, Leiden, 

the Netherlands). Gene expression was measured using primer-probe sets specifi c for human C5aR 

(Hs00383718_m1), interleukin (IL)-8 (Hs00174103_m1), monocyte chemoattractant protein (MCP)-

1 (Hs00234140_m1), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Hs99999905_m1) 

on an ABI Prism 7900HT Sequence Detection System (all from Applied Biosystems, Nieuwerkerk a/d 

IJssel, the Netherlands). Relative mRNA levels were calculated as 2-ΔCT, in which ΔCT is CTgene of interest – 

CT gapdh. For FACS analysis of C5aR protein expression, glomerular endothelial cells and freshly isolated 

neutrophils were stained using mouse-anti-human C5aR (CD88, Clone W17/1, Hycult Biotechnology, 

Uden, the Netherlands) followed by rabbit anti-mouse FITC (Jackson Immunoresearch, West Grove, 

PA, USA). Fluorescent intensity was measured using fl ow cytometry. Protein levels of IL-8 and MCP-

1 in the medium of C5a-stimulated glomerular endothelial cells were determined using in-house 

sandwich ELISAs based on capture with monoclonal antibodies and detection with biotinylated 

polyclonal antibodies against human IL-8 and MCP-1 (all from R&D Systems Europe).

Mice

Mpo-/- mice were backcrossed to a C57BL/6 background seven times22 and bred in house. Female 

C57BL/6 wildtype mice were purchased from Harlan (Horst, the Netherlands). All animal experiments 

were performed according to national guidelines and upon approval of the Institutional Animal Care 

and Use Committee of the University of Groningen. 
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Induction of anti-MPO IgG/LPS-induced glomerulonephritis in mice

To produce polyclonal anti-MPO IgG, Mpo-/- mice were immunized with murine MPO that was purifi ed 

from WEHI-3 cells, as described previously.23 Total IgG was isolated from pooled sera of immunized 

Mpo-/- mice and the anti-MPO titer was checked by ELISA as reported previously.23 Crescentic 

glomerulonephritis was induced in wildtype C57BL/6 mice (aged 8-10 weeks) by intravenous 

injection of 50 g/g body weight of polyclonal anti-MPO IgG, followed by an intraperitoneal injection 

with 150 EU/g body weight of LPS (Escherichia Coli, serotype O26:B6) one hour later. Mice were killed 

after 1 or 7 days and development of glomerulonephritis was confi rmed by analysis of glomerular 

neutrophil infl ux, albuminuria, and glomerular crescent formation, as described previously.21

Real-time RT-PCR and immunohistochemistry on mouse kidneys

For C5aR mRNA expression analysis, we studied kidneys from untreated mice (n = 5), mice subjected 

to LPS for 1   day (n = 3) and 7 days (n = 4) and mice subjected to anti-MPO IgG/LPS-induced 

glomerulonephritis for 1 day (n = 6; 1.14  0.15 neutrophils/glomerular cross section; albuminuria 69.1 

 78.2 μg/17h) and 7 days (n = 6; 17.0  8.6 % crescents; albuminuria 541.9  447.0 μg/17h). RNA was 

isolated from whole kidney tissue using RNeasy Mini kit (Qiagen). From some animals (n = 4/group) 

460 glomeruli (range 410-553; equal to 2.72  0.24 x 106 μm2) and surrounding tubulo-interstitial 

tissue (2.88  0.25 x 106 μm2) were dissected using a Laser Robot Microbeam System (PALM Micro 

Laser Technology, Bernried, Germany). RNA from laser microdissected material was isolated using 

the RNeasy micro kit (Qiagen). Reverse transcription was carried out using Superscript III Reverse 

Transcriptase (Invitrogen) and random hexamer primers (Promega). Gene expression was measured 

using primer-probe sets specifi c for mouse C5aR (Mm00500292_s1) and GAPDH (Mm99999915_g1) 

on an ABI Prism 7900HT Sequence Detection System (Applied Biosystems). Relative mRNA levels 

were calculated as 2-ΔCT, in which ΔCT is CTgene of interest – CT gapdh. Immunohistochemistry for C5aR, 

neutrophils, and macrophages was performed on kidney cryosections from untreated mice (n = 

5) and mice subjected to anti-MPO IgG/LPS-induced glomerulonephritis for 1 day (n = 6; 1.56  

0.30 neutrophils/glomerular cross section; albuminuria 53.3  21.3 μg/17h) and 7 days (n = 6; 12.5 

 5.6 % crescents; albuminuria 337.3  415.2 μg/17h). Cryosections (5 μm) were fi xed in aceton 

and incubated with rat anti-mouse C5aR (Clone 10/92; AbD Serotec, Oxford, UK), rat anti-mouse 

Ly6G (clone 1A8; BD Biosciences, Breda, the Netherlands), rat anti-mouse CD68 (Clone FA11; AbD 

Serotec) or isotype control antibody (IgG2a; Antigenix America, Huntington Station, NY, USA) for 

30 minutes. Primary antibody incubation was followed by a 30-min incubation with unlabeled 

rabbit anti-rat secondary antibody (Vector Laboratories, Burlingame, CA, USA) and detected with 

anti-rabbit peroxidase and 3-amino-9-ethylcarbazole using Envision+ system (DakoCytomation, 

Carpinteria, CA, USA) according to the manufacturer’s protocol. Sections were counterstained with 

Mayer’s hematoxylin.
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Immunohistochemistry and immunofl uorescence on patient biopsies

Renal biopsies from patients diagnosed with ANCA-associated necrotizing glomerulonephritis (n 

= 5) and control renal tissue obtained from kidneys that were non-eligible for transplantation (n = 

5) were immunohistochemically stained for C5aR. Briefl y, frozen tissue sections (4 μm) were fi xed 

in acetone for 10 min and incubated for 1h with 7.5 μg/ml mouse anti-human C5a receptor (CD88, 

Clone S5/1, Hycult Biotechnology) diluted in 1% BSA/PBS. Endogenous peroxidase was blocked 

with 0.075% H2O2 in PBS (30 min). Binding of primary antibody was detected using sequential 

incubations (30 min) with peroxidase-labeled rabbit anti-mouse and goat anti-rabbit secondary 

antibodies (both 1:100; DakoCytomation), diluted in PBS with 1% BSA and 1% human serum. 

Peroxidase activity was analyzed using 3-amino-9-ethylcarbazole (10 min). Finally, sections were 

counterstained with Mayer’s hematoxylin. To investigate C5a receptor expression on diff erent 

leukocyte subsets, double-labeling immunofl uorescence was performed for C5a receptor with a 

macrophage (CD68) and neutrophil (elastase) marker. Briefl y, frozen tissue sections (4 μm) were 

fi xed in acetone for 10 min and incubated for 1h with a mixture of two primary antibodies, e.g. 15 

μg/ml mouse anti-human C5a receptor (IgG2a; CD88, Clone S5/1, Hycult Biotechnology) combined 

with 8.6 μg/ml mouse anti-human CD68 (IgG1; Clone EBM1, DakoCytomation) or 1.1 μg/ml mouse 

anti-human neutrophil elastase (IgG1; Clone NP57, DakoCytomation) diluted in 5% FCS/PBS. The 

secondary antibodies FITC-labeled goat anti-mouse IgG2a and TRITC-labeled goat anti-mouse 

IgG1 (both 1:100; Southern Biotech) were incubated for 30 min, followed by a 30-min incubation 

with ALEXA-488-labeled goat anti-fl uorescin/Oregon green (1:100, Molecular Probes). Dilutions 

were made in PBS with 5%FCS and 2% human serum. Nuclei were stained with DAPI and sections 

mounted with citifl uor (Agar Scientifi c, Stansted, UK). The appropriate isotype controls were used as 

a control for staining specifi city. Fluorescence microscopy was performed using a DMLB microscope, 

DC300F camera and QWin 2.8 software (Leica Microsystems). All procedures using human tissue 

were performed according to national ethical guidelines.

Statistical analysis

Statistical signifi cance was determined by one-way analysis of variance (ANOVA) using GraphPad 

Prism 4.03 (Graphpad Software, San Diego, CA, USA).

RESULTS

C5a primes neutrophils for ANCA-induced respiratory burst via p38MAPK activation

To explore the contribution of C5a to the pathogenesis of ANCA-associated vasculitis, we investigated 

whether C5a, like TNF,2 can increase neutrophil membrane expression of ANCA autoantigens in 

a p38MAPK-dependent manner. Human neutrophils were incubated with C5a in the presence or 

absence of the p38MAPK-specifi c inhibitor AR-447 and membrane expression of Pr3 and MPO was 

measured with fl ow cytometry. We found that C5a (1-1000 ng/ml) dose-dependently increased the 

membrane expression of Pr3 (Figure 1A and B). In the presence of AR-447, C5a (1000 ng/ml) did not 
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increase membrane expression of Pr3 (Figure 1C and D). Membrane expression of MPO was not 

detected in either resting or C5a-stimulated neutrophils. Thus, C5a increases neutrophil membrane 

expression of Pr3 in a p38MAPK-dependent manner.

We next determined whether C5a-mediated priming of neutrophils for ANCA-induced 

respiratory burst is also dependent on p38MAPK. ANCA-induced respiratory burst in C5a-stimulated 

neutrophils was measured in the presence and absence of AR-447 using the DHR-123 respiratory 

burst assay. We found that C5a (100 ng/ml) primed neutrophils for Pr3-ANCA- and MPO-ANCA-

induced respiratory burst (Figure 2). Upon p38MAPK inhibition, ANCA-induced respiratory burst 

was markedly diminished. Thus, C5a-mediated priming of neutrophils for ANCA-induced respiratory 

burst is to a large extent dependent on p38MAPK.

100 101 102 103 104

fluorescent intensity (PE)

E
ve

nt
s

0

64

32

BA
- (isotype moAb)

C5a (anti-Pr3)

- (anti-Pr3)

DC

100 101 102 103 104

E
ve

nt
s

0

32

16

- (isotype moAb)

0

50

100

150

200

250

300

P
r3

 e
xp

re
ss

io
n 

(%
 o

f c
on

tro
l)

0

50

100

150

200

250

C5a (100 ng/ml)
Vehicle / AR-447

- (anti-Pr3)

vehicle + C5a
(anti-Pr3)

AR-447 + C5a
(anti-Pr3)

- 101 100 1000

350

*

***

P
r3

 e
xp

re
ss

io
n 

(%
 o

f c
on

tro
l)

-               +               +
-             Veh            AR    

******

C5a (ng/ml)  

fluorescent intensity (PE)

Figure 1 C5a increases membrane proteinase 3 (Pr3) expression in human neutrophils in a p38MAPK-
dependent manner. (A and B) Human neutrophils were isolated and incubated with diff erent concentrations of 
C5a for 15 min. Membrane expression of Pr3 was measured with fl ow cytometry and calculated as a percentage 
of membrane Pr3 expression of non-stimulated cells (A). A representative histogram of increased Pr3 expression 
upon incubation with 1000 ng/ml C5a is shown in (B). Bars represent mean  sd of singular measurements in 
11 neutrophil donors. *P < 0.05 and ***P < 0.001 compared to non-stimulated cells. (C and D) Neutrophils were 
incubated with the p38MAPK-specifi c inhibitor AR-447 (10 μM) or vehicle (DMSO in buff er at same concentration 
as in AR-447 solution) for 30 min prior to incubation with C5a (100 ng/ml). Pr3 expression was measured with 
fl ow cytometry and calculated as percentage of non-stimulated cells (C). (D) shows a representative histogram 
of increased membrane Pr3 expression upon C5a, which is inhibited in the presence of AR-447. Bars represent 
mean  sd of triplicate measurements in three neutrophil donors. *** P < 0.001
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Figure 2 C5a primes neutrophils for ANCA-induced neutrophil activation in a p38MAPK-dependent 
manner. Neutrophil respiratory burst induced by patient-derived Pr3-ANCA (A) or MPO-ANCA (C) was measured 
by conversion of dihydrorhodamine-123 (DHR-123) to rhodamine-123 in C5a-primed cells in the presence and 
absence of AR-447. (B) and (D) are respresentative histograms showing that Pr3-ANCA (B) and MPO-ANCA (D) 
induce a respiratory burst in C5a-primed neutrophils and that inhibition of p38 MAPK reduces the ANCA-induced 
respiratory burst. Bars represent mean  sd of 4 MPO-ANCA and 4 Pr3-ANCA IgG preparations each measured in 
2 diff erent neutrophil donors. *P < 0.05, ***P < 0.001

C5a activates glomerular endothelial cells to produce IL-8 and MCP-1

In addition to its ability to prime neutrophils, C5a can activate certain types of endothelial cells, 

including human umbilical vein endothelial cells (HUVEC)11, 13 and dermal microvascular endothelial 

cells.11, 12 To investigate whether C5a can activate glomerular endothelial cells as well, we fi rst 

evaluated whether glomerular endothelial cells expressed C5aR under resting and infl ammatory 

conditions. C5aR mRNA expression levels were measured by real-time RT-PCR in non-stimulated 

and LPS-stimulated cells. In non-stimulated cells, C5aR mRNA could not be detected in two out of 

three experiments. Upon stimulation with LPS for 24 hours, C5aR mRNA was expressed to a low 

extent in glomerular endothelial cells (Figure 3A). C5aR protein expression was measured using fl ow 

cytometry on both glomerular endothelial cells and neutrophils. C5aR could not be detected on 

the membrane of resting and LPS-stimulated endothelial cells (Figure 3B and C), but was clearly 

present on neutrophils (Figure 3D). To confi rm that LPS indeed activated the glomerular endothelial 
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cells, we demonstrated that stimulation with LPS increased the expression of intercellular adhesion 

molecule (ICAM)-1 (Figure 3E and F). These results show that glomerular endothelial cells, in contrast 

to neutrophils, do not express detectable C5aR protein when analyzed by fl ow cytometry.

Next, we evaluated whether C5a can activate glomerular endothelial cells to produce the 

chemokines IL-8 and MCP-1. Glomerular endothelial cells were incubated with C5a and mRNA levels 

and protein release of IL-8 and MCP-1 were measured. We found that C5a stimulation increased 

the production of MCP-1 and IL-8 by glomerular endothelial cells, both at the mRNA and protein 

level (Figure 4). Together, these fi ndings indicate that, despite undetectable C5aR protein levels, C5a 

activates glomerular endothelial cells to produce the chemokines IL-8 and MCP-1.

Figure 3 Human glomerular endothelial cell and neutrophil C5aR expression. (A) Relative C5aR mRNA levels 
in glomerular endothelial cells as determined in 3 independent experiments. Cells were stimulated with 1 μg/
ml LPS for the indicated time-points. Bars represent mean  sd of triplicate samples. nd, not detected. (B and 
C) C5aR membrane protein expression could not be detected on resting and LPS-stimulated (1 μg/ml, 48h) 
glomerular endothelial cells. Filled histograms, isotype antibody; Open histograms, anti-C5aR antibody. (D) C5aR 
membrane expression on human neutrophils. Filled histogram, isotype antibody; Open histogram, anti-C5aR 
antibody  . (E and F) Activation of glomerular endothelial cells upon LPS was confi rmed by ICAM-1 expression. 
Filled histograms, isotype antibody; Open histograms, anti-ICAM-1 antibody. Each graph in B-F is representative 
for 3 independent experiments. Glom EC, glomerular endothelial cells.
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Figure 4 C5a activates glomerular endothelial cells to produce the chemokines interleukin (IL)-8 and 
monocyte chemoattractant protein (MCP)-1.  Glomerular endothelial cells were stimulated with 100 nM C5a 
for 3 and 24 hours. Relative mRNA levels of IL-8 and MCP-1 were determined in cell lysates and protein levels in 
the culture supernatant. Bars represent mean  sd of 4 independent experiments performed in triplicate. *P < 
0.05, ***P < 0.001 compared to unstimulated cells.
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Figure 5 C5aR mRNA expression is increased in the mouse model of anti-MPO IgG-mediated 
glomerulonephritis. Glomerulonephritis was induced in mice by co-administration of anti-MPO IgG and LPS. 
Mice were killed after 1 or 7 days. Relative C5aR mRNA levels were determined in whole kidney tissue (A) and in 
laser microdissected glomeruli and tubulo-interstitium (B). Bars represent mean  sd of n = 3-6 mice (A) or n = 4 
mice (B). **P < 0.01 and ***P < 0.001 compared to control mice (A) or the corresponding renal compartment in 
control mice (B). #P < 0.05 compared to mice that received LPS and were killed after 7 days.
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C5aR expression is increased in the mouse model of anti-MPO IgG-mediated glomerulo-

nephritis

Next, we determined the expression pattern of C5aR during the course of anti-MPO IgG-mediated 

glomerulonephritis in mice. Renal mRNA levels of C5aR were analyzed by real-time RT-PCR in whole 

kidney tissue and in laser microdissected glomeruli and tubulo-interstitium. Renal C5aR mRNA 

expression was increased 1 and 7 days after induction of glomerulonephritis by anti-MPO IgG and 

LPS (Figure 5A). Injection of LPS alone also resulted in an increased expression of C5aR 1 day after 

administration, but not after 7 days. The increase in renal C5aR mRNA levels at 1 and 7 days after 

anti-MPO IgG/LPS-mediated glomerulonephritis was observed both in the glomerular and the 

tubulo-interstitial compartments (Figure 5B), yet the most prominent increase was observed in 

the glomerular compartment. As we found increased C5aR expression at the mRNA level, we next 

analyzed C5aR protein with immunohistochemistry in renal sections of mice with anti-MPO IgG/LPS-

mediated glomerulonephritis. We found an increase in C5aR protein expression in both glomerular 

Day 7 – CD68Day 7 – C5aR

Day 1 – Ly6GDay 1 – C5aR

Day 7 – C5aRDay 1 – C5aRControl – C5aRA

B

C

Figure 6 C5aR protein expression is increased in the mouse model of anti-MPO IgG-mediated 
glomerulonephritis. Immunohistochemical staining for C5aR was performed on renal cryosections from 
untreated mice (n = 5) and mice subjected to anti-MPO IgG/LPS-induced glomerulonephritis for 1 day (n = 
6) and 7 days (n = 6). A representative image of each group is shown in (A). The C5aR expression pattern at 
each time point was compared to the presence of relevant leukocyte subsets, using immunohistochemical 
staining on serial sections. One day after anti-MPO IgG/LPS administration, expression of C5aR was compared to 
neutrophils (Ly6G) (B), whereas after 7 days C5aR expression was compared to macrophages (CD68) (C). Original 
magnifi cations, 200x (A and C), 400x (B). (color image on page  180)
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Figure 7 C5aR protein expression is increased in renal biopsies of ANCA-associated glomerulonephritis 
patients. Immunohistochemical staining of C5aR protein was performed on renal biopsies (n = 5) from 
patients diagnosed with ANCA-associated necrotizing glomerulonephritis and on control renal tissue (n = 5). 
Representative images are shown of (A) control renal tissue demonstrating minimal (peri-)glomerular and peri-
tubular C5aR expression and (B-D) biopsies of ANCA-associated glomerulonephritis patients, demonstrating 
marked C5aR expression in segmental glomerular lesions (black arrows) and in the tubulo-interstitial tissue 
(white arrows). Original magnifi cation, 100x. (color image on page  180)

lesions and in tubulo-interstitial infi ltrates, with highest expression after 7 days (Figure 6A). 

Important characteristics of the anti-MPO IgG/LPS-induced glomerulonephritis mouse model 

are the glomerular accumulation of neutrophils at day 1 and the infl ux of macrophages to both 

glomeruli and the interstitium at day 7. Because both neutrophils and macrophages express C5aR, 

we compared the location of C5aR expression in the tissue to the presence of the relevant leukocyte 

subset at each time point using serial sections. One day after anti-MPO IgG/LPS administration, 

C5aR expression was located predominantly to areas that were positive for neutrophils (Figure 6B). 

Likewise, 7 days after induction of glomerulonephritis, C5aR was expressed in areas that were 

positive for macrophages (Figure 6C). These data demonstrate that renal expression of C5aR is 

increased in the mouse model of MPO-ANCA glomerulonephritis, most likely due to infi ltration of 

C5aR-positive leukocytes.
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C5aR expression is increased in renal biopsies of patients with ANCA-associated 

glomerulonephritis

In addition to increased C5aR expression in the mouse model of ANCA-associated glomerulonephritis, 

we analyzed whether C5aR expression is increased in humans by immunohistochemical staining of 

C5aR on renal biopsies of patients with ANCA-associated necrotizing glomerulonephritis. As shown 

in Figure 7, C5aR expression was increased in patients with ANCA-associated glomerulonephritis, 

particularly in necrotic glomeruli and infl ammatory infi ltrates. We hypothesized that, similar to 

Figure 8 C5aR protein expression in renal biopsies of ANCA-associated glomerulonephritis patients 
predominantly co-localizes with infi ltrating leukocytes. In renal biopsies (n = 5) from patients diagnosed 
with ANCA-associated necrotizing glomerulonephritis, C5aR protein expression was compared to the presence 
of diff erent leukocyte subsets using immunofl uorescence double-labeling with neutrophil elastase (A and B) 
and macrophage CD68 (C and D). The results demonstrate that C5aR expression partly co-localizes with tubulo-
interstitial neutrophils (A, white arrowheads), as well as glomerular neutrophils (B, white arrowheads). In addition, 
C5aR expression markedly co-localizes with macrophages within the tubulo-interstitial compartment (C, yellow-
colored cells) and in glomeruli (D, white arrowheads). Original magnifi cation, 200x (A and C), 400x (B and D).  
(color image on page  181)
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the mouse model of anti-MPO glomerulonephritis, the increased renal C5aR expression in patient 

biopsies was predominantly caused by infi ltrating leukocytes. To investigate this hypothesis, we 

performed double-labeling immunofl uorescence for C5aR with both neutrophils and macrophages. 

As shown in Figure 8, C5aR protein expression co-localizes only partially with neutrophils, whereas 

a more marked co-localization with macrophages was observed. These data demonstrate that renal 

C5aR expression is increased in patients with ANCA-associated glomerulonephritis, predominantly 

caused by infi ltration of neutrophils and macrophages .

DISCUSSION

In this study, we show that C5a aff ects a number of pathogenic features that prevail in ANCA-

associated glomerulonephritis. C5a primed human neutrophils for ANCA-mediated respiratory burst 

in a p38MAPK-dependent manner and activated human glomerular endothelial cells to produce 

the chemokines IL-8 and MCP-1 in vitro. In addition, we demonstrate that renal C5aR expression is 

increased in ANCA-mediated glomerulonephritis in both mice and patients, which is most likely due 

to infi ltration of C5aR-positive leukocytes.

It has been reported previously that C5a can prime human neutrophils for ANCA-mediated 

respiratory burst.17 Here, we demonstrate that ANCA-mediated respiratory burst in C5a-primed 

neutrophils is dependent on p38MAPK. p38MAPK dependency has also been demonstrated for 

ANCA-mediated respiratory burst in TNF-primed neutrophils.2 The capacity of C5a to prime for 

Pr3-ANCA-mediated respiratory burst was described to involve the translocation of Pr3 to the 

neutrophil membrane.17 Indeed, we show that incubation of neutrophils with C5a increased the 

membrane expression of Pr3. Moreover, the increased Pr3 membrane expression was prevented 

by inhibition of p38MAPK, suggesting that C5a-induced Pr3 translocation is, similarly to TNF-

induced Pr3 translocation,2 dependent on p38MAPK. It is however uncertain whether C5a-induced 

priming for MPO-ANCA-mediated burst involves translocation of MPO to the membrane, as we 

could not demonstrate MPO membrane expression on resting or C5a-stimulated neutrophils. 

Comparable results have been obtained for TNF-mediated priming of neutrophils. The increase 

in MPO membrane expression induced by TNF is less pronounced compared to the increase in 

Pr3 membrane expression.2, 24-27 Possibly, a level of membrane MPO that is below the detection 

limit is suffi  cient for MPO-ANCA to induce neutrophil activation. Stimulation with C5a may also 

induce additional p38MAPK-dependent cellular changes that make neutrophils susceptible 

for MPO-ANCA-mediated respiratory burst. This hypothesis is in line with the fi nding that C5a-

mediated priming of neutrophils for Escherichia coli-induced respiratory burst (which does not 

require antigen translocation) also depends on p38MAPK.28 The exact role of p38MAPK in C5a-

induced priming of neutrophils for MPO-ANCA-mediated respiratory burst requires further study. 

In addition to p38MAPK, protein kinase C (PKC) is involved in C5a-induced priming for phorbol 

12-myristate 13-acetate (PMA)-mediated respiratory burst and extracellular regulated kinase1/2 

(ERK1/2) in priming for both E.coli- and PMA-mediated respiratory burst.28 Whether these kinases 
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are also involved in C5a-induced priming for ANCA-mediated respiratory burst is not known. Taken 

together, C5a primes neutrophils for both Pr3-ANCA- and MPO-ANCA-mediated respiratory burst 

in a p38MAPK-dependent manner and, in the case of Pr3-ANCA, via translocation of Pr3 to the 

neutrophil membrane.

In addition to C5aR expression on infl ammatory cells, C5aR is also expressed by certain 

endothelial cells, including HUVEC,11, 13 dermal microvascular endothelial cells11, 12 and endothelial 

cells of the lung.10, 12 Here we show that C5aR mRNA is expressed at a relatively low level in glomerular 

endothelial cells, whereas C5aR protein expression was below detection level as analyzed with 

fl ow cytometry. Despite undetectable protein levels, C5aR is functional on glomerular endothelial 

cells, as treatment with C5a increased the production of the chemokines IL-8 and MCP-1. Increased 

levels of IL-8 and the chemokine RANTES upon C5a were also observed in HUVEC.13 Although C5aR 

activation on glomerular endothelial cells may contribute to glomerular infl ammation, the relatively 

higher C5aR expression level on neutrophils suggests that leukocyte C5aR is more important. This 

hypothesis is strengthened by our fi nding that the increased C5aR expression in the kidney of anti-

MPO IgG-treated mice results predominantly from C5aR expression on infi ltrating leukocytes. Our 

data also fi t with a study from Schreiber et al,17 showing that ablation of bone marrow-derived C5aR 

markedly abrogates crescentic glomerulonephritis in a mouse model of MPO-ANCA vasculitis.

Previous studies have revealed a pivotal role for complement activation by the alternative 

pathway in experimental MPO-ANCA glomerulonephritis in mice.6 More specifi cally, the central 

complement component C5 and the receptor of its C5a split product, C5aR, were found to be 

important.17, 29 Accordingly, we found that C5aR expression is increased in aff ected glomeruli and 

infl ammatory infi ltrates in the tubulo-interstitium of mice that received anti-MPO IgG and LPS, 

which was predominantly caused by infi ltration of leukocytes. These results are in line with the 

hypothesis that C5aR is involved in experimental MPO-ANCA glomerulonephritis.

Furthermore, we provide evidence that C5aR expression is increased in renal tissue of patients 

with ANCA-associated glomerulonephritis, particularly in necrotic glomeruli and tubulo-interstitial 

infi ltrates. Double-labeling immunofl uorescence revealed that the increase in C5aR expression 

was predominantly caused by infl ammatory infi ltrates, consisting of neutrophils and, to a larger 

extent, macrophages. We observed that not all neutrophils and macrophages co-localized with 

C5aR. This fi nding may be explained by the fact that C5aR internalizes after ligand binding and is 

partially targeted for lysosomal degradation.30 With continuous presence of the ligand, this may 

result in complete degradation of C5aR. The increased renal C5aR expression in patients with 

ANCA-associated glomerulonephritis, together with the in vitro data on human cells, suggests that 

responses mediated by C5a and C5aR may also contribute to ANCA-associated vasculitis in humans.

The importance of C5a-mediated responses in various infl ammatory diseases has been 

recognized for many years.31, 32 Much eff ort has been put into the development of immunological and 

pharmacological agents that prevent C5a function. One such immunological agent is Eculizumab, 

an anti-C5 monoclonal antibody that prevents cleavage of C5 into C5a and C5b, thereby inhibiting 
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both C5a-mediated eff ects and C5b-dependent MAC formation. Eculizumab was approved in 

2007 by the U.S. Food and Drug Administration for the treatment of patients with paroxysomal 

nocturnal hemoglobinuria.33 A pharmacological agent that inhibits specifi cally the C5a-C5aR 

interaction has the advantage of preserving MAC-mediated pathogen killing in host defense. In 

recent years, a number of potent antagonists for C5aR have been developed, including nonpeptidic 

small molecules, C5a mutants, short peptides and cyclic peptides.14 Blockade of C5aR using a 

C5aR antagonist has been shown to be effi  cacious in several animal models of infl ammatory and 

autoimmune disease, including systemic lupus erythematosus,34 rheumatoid arthritis,35 ischemia/

reperfusion injury of small intestine and kidney,36, 37 sepsis38 and infl ammatory bowel disease.39 One 

of the most promising and experimentally widely used C5aR antagonist is the cyclic peptide PMX53, 

a compound that has exhibited safety and tolerability in human clinical trials.40 Thus, the C5a-C5aR 

interaction is an attractive therapeutic target for several infl ammatory and autoimmune disorders, 

including ANCA-associated glomerulonephritis, and specifi c C5aR antagonists are therefore being 

developed. 

In conclusion, we show that C5a aff ects a number of pathogenic features that prevail in ANCA-

associated glomerulonephritis and that C5aR expression is increased in renal biopsies of patients 

and kidneys of mice with ANCA-associated glomerulonephritis. Our data, together with previous 

studies, indicate that C5aR may serve as a target for therapeutic interventions in ANCA-associated 

vasculitis.

ACKNOWLEDGEMENTS

This research was funded by the Dutch Organization of Scientifi c Research (ZonMW VIDI 

917.066.341). We thank Martin Schipper and Arjen H. Petersen for excellent technical assistance 

and Dr. S.C. Satchell and Dr. P. Mathieson for providing the conditionally immortalized glomerular 

endothelial cells.

REFERENCES

1. Kallenberg CG, Heeringa P, Stegeman CA. Mechanisms of Disease: pathogenesis and treatment of ANCA-
associated vasculitides. Nat Clin Pract Rheumatol. 2006;2:661-70. 

2. Kettritz R, Schreiber A, Luft FC, Haller H. Role of mitogen-activated protein kinases in activation of human 
neutrophils by antineutrophil cytoplasmic antibodies. J Am Soc Nephrol. 2001;12:37-46. 

3. Xiao H, Heeringa P, Hu P, Liu Z, Zhao M, Aratani Y, Maeda N, Falk RJ, Jennette JC. Antineutrophil cytoplasmic 
autoantibodies specifi c for myeloperoxidase cause glomerulonephritis and vasculitis in mice. J Clin Invest. 
2002;110:955-63. 

4. Little MA, Smyth CL, Yadav R, Ambrose L, Cook HT, Nourshargh S, Pusey CD. Antineutrophil cytoplasm 
antibodies directed against myeloperoxidase augment leukocyte-microvascular interactions in vivo. 
Blood. 2005;106:2050-8. 

5. Schreiber A, Xiao H, Falk RJ, Jennette JC. Bone marrow-derived cells are suffi  cient and necessary targets to 
mediate glomerulonephritis and vasculitis induced by anti-myeloperoxidase antibodies. J Am Soc Nephrol. 
2006;17:3355-64. 



44

Chapter 2

2

6. Xiao H, Schreiber A, Heeringa P, Falk RJ, Jennette JC. Alternative complement pathway in the pathogenesis 
of disease mediated by anti-neutrophil cytoplasmic autoantibodies. Am J Pathol. 2007;170:52-64. 

7. Walport MJ. Complement. First of two parts. N Engl J Med. 2001;344:1058-66. 
8. Walport MJ. Complement. Second of two parts. N Engl J Med. 2001;344:1140-4. 
9. Ward PA. Functions of C5a receptors. J Mol Med. 2009;87:375-8. 
10. Haviland DL, McCoy RL, Whitehead WT, Akama H, Molmenti EP, Brown A, Haviland JC, Parks WC, Perlmutter 

DH, Wetsel RA. Cellular expression of the C5a anaphylatoxin receptor (C5aR): demonstration of C5aR on 
nonmyeloid cells of the liver and lung. J Immunol. 1995;154:1861-9. 

11. Schraufstatter IU, Trieu K, Sikora L, Sriramarao P, DiScipio R. Complement c3a and c5a induce diff erent 
signal transduction cascades in endothelial cells. J Immunol. 2002;169:2102-10. 

12. Laudes IJ, Chu JC, Huber-Lang M, Guo RF, Riedemann NC, Sarma JV, Mahdi F, Murphy HS, Speyer C, Lu 
KT, Lambris JD, Zetoune FS, Ward PA. Expression and function of C5a receptor in mouse microvascular 
endothelial cells. J Immunol. 2002;169:5962-70. 

13. Monsinjon T, Gasque P, Chan P, Ischenko A, Brady JJ, Fontaine MC. Regulation by complement C3a and C5a 
anaphylatoxins of cytokine production in human umbilical vein endothelial cells. Faseb J. 2003;17:1003-14. 

14. Lee H, Whitfeld PL, Mackay CR. Receptors for complement C5a. The importance of C5aR and the enigmatic 
role of C5L2. Immunol Cell Biol. 2008;86:153-60. 

15. Okinaga S, Slattery D, Humbles A, Zsengeller Z, Morteau O, Kinrade MB, Brodbeck RM, Krause JE, Choe HR, 
Gerard NP, Gerard C. C5L2, a nonsignaling C5A binding protein. Biochemistry. 2003;42:9406-15. 

16. Scola AM, Johswich KO, Morgan BP, Klos A, Monk PN. The human complement fragment receptor, C5L2, is 
a recycling decoy receptor. Mol Immunol. 2009;46:1149-62. 

17. Schreiber A, Xiao H, Jennette JC, Schneider W, Luft FC, Kettritz R. C5a receptor mediates neutrophil 
activation and ANCA-induced glomerulonephritis. J Am Soc Nephrol. 2009;20:289-98. 

18. Vizjak A, Rott T, Koselj-Kajtna M, Rozman B, Kaplan-Pavlovcic S, Ferluga D. Histologic and immunohistologic 
study and clinical presentation of ANCA-associated glomerulonephritis with correlation to ANCA antigen 
specifi city. Am J Kidney Dis. 2003;41:539-49. 

19. Haas M, Eustace JA. Immune complex deposits in ANCA-associated crescentic glomerulonephritis: a study 
of 126 cases. Kidney Int. 2004;65:2145-52. 

20. Satchell SC, Tasman CH, Singh A, Ni L, Geelen J, von Ruhland CJ, O’Hare MJ, Saleem MA, van den Heuvel LP, 
Mathieson PW. Conditionally immortalized human glomerular endothelial cells expressing fenestrations 
in response to VEGF. Kidney Int. 2006;69:1633-40. 

21. van der Veen BS, Petersen AH, Belperio JA, Satchell SC, Mathieson PW, Molema G, Heeringa P. Spatiotemporal 
expression of chemokines and chemokine receptors in experimental anti-myeloperoxidase antibody-
mediated glomerulonephritis. Clin Exp Immunol. 2009;158:143-53. 

22. Aratani Y, Koyama H, Nyui S, Suzuki K, Kura F, Maeda N. Severe impairment in early host defense against 
Candida albicans in mice defi cient in myeloperoxidase. Infect Immun. 1999;67:1828-36. 

23. Huugen D, Xiao H, van Esch A, Falk RJ, Peutz-Kootstra CJ, Buurman WA, Tervaert JW, Jennette JC, 
Heeringa P. Aggravation of anti-myeloperoxidase antibody-induced glomerulonephritis by bacterial 
lipopolysaccharide: role of tumor necrosis factor-alpha. Am J Pathol. 2005;167:47-58. 

24. Falk RJ, Terrell RS, Charles LA, Jennette JC. Anti-neutrophil cytoplasmic autoantibodies induce neutrophils 
to degranulate and produce oxygen radicals in vitro. Proc Natl Acad Sci U S A. 1990;87:4115-9. 

25. Porges AJ, Redecha PB, Kimberly WT, Csernok E, Gross WL, Kimberly RP. Anti-neutrophil cytoplasmic 
antibodies engage and activate human neutrophils via Fc gamma RIIa. J Immunol. 1994;153:1271-80. 

26. Csernok E, Ernst M, Schmitt W, Bainton DF, Gross WL. Activated neutrophils express proteinase 3 on their 
plasma membrane in vitro and in vivo. Clin Exp Immunol. 1994;95:244-50. 

27. Reumaux D, Vossebeld PJ, Roos D, Verhoeven AJ. Eff ect of tumor necrosis factor-induced integrin activation 
on Fc gamma receptor II-mediated signal transduction: relevance for activation of neutrophils by anti-
proteinase 3 or anti-myeloperoxidase antibodies. Blood. 1995;86:3189-95. 

28. Wrann CD, Winter SW, Barkhausen T, Hildebrand F, Krettek C, Riedemann NC. Distinct involvement of p38-, 
ERK1/2 and PKC signaling pathways in C5a-mediated priming of oxidative burst in phagocytic cells. Cell 
Immunol. 2007;245:63-9. 



45

2

C5a receptor activation in ANCA-associated glomerulonephritis

29. Huugen D, van Esch A, Xiao H, Peutz-Kootstra CJ, Buurman WA, Tervaert JW, Jennette JC, Heeringa 
P. Inhibition of complement factor C5 protects against anti-myeloperoxidase antibody-mediated 
glomerulonephritis in mice. Kidney Int. 2007;71:646-54. 

30. Suvorova ES, Gripentrog JM, Miettinen HM. Diff erent endocytosis pathways of the C5a receptor and the 
N-formyl peptide receptor. Traffi  c. 2005;6:100-15. 

31. Guo RF, Ward PA. Role of C5a in infl ammatory responses. Annu Rev Immunol. 2005;23:821-52. 
32. Kohl J. Anaphylatoxins and infectious and non-infectious infl ammatory diseases. Mol Immunol. 

2001;38:175-87. 
33. Hillmen P, Young NS, Schubert J, Brodsky RA, Socie G, Muus P, Roth A, Szer J, Elebute MO, Nakamura R, 

Browne P, Risitano AM, Hill A, Schrezenmeier H, Fu CL, Maciejewski J, Rollins SA, Mojcik CF, Rother RP, 
Luzzatto L. The complement inhibitor eculizumab in paroxysmal nocturnal hemoglobinuria. N Engl J Med. 
2006;355:1233-43. 

34. Bao L, Osawe I, Puri T, Lambris JD, Haas M, Quigg RJ. C5a promotes development of experimental lupus 
nephritis which can be blocked with a specifi c receptor antagonist. Eur J Immunol. 2005;35:2496-506. 

35. Woodruff  TM, Strachan AJ, Dryburgh N, Shiels IA, Reid RC, Fairlie DP, Taylor SM. Antiarthritic activity of an 
orally active C5a receptor antagonist against antigen-induced monarticular arthritis in the rat. Arthritis 
Rheum. 2002;46:2476-85. 

36. Arumugam TV, Shiels IA, Woodruff  TM, Reid RC, Fairlie DP, Taylor SM. Protective eff ect of a new C5a receptor 
antagonist against ischemia-reperfusion injury in the rat small intestine. J Surg Res. 2002;103:260-7. 

37. Arumugam TV, Shiels IA, Strachan AJ, Abbenante G, Fairlie DP, Taylor SM. A small molecule C5a receptor 
antagonist protects kidneys from ischemia/reperfusion injury in rats. Kidney Int. 2003;63:134-42. 

38. Huber-Lang MS, Riedeman NC, Sarma JV, Younkin EM, McGuire SR, Laudes IJ, Lu KT, Guo RF, Neff  TA, 
Padgaonkar VA, Lambris JD, Spruce L, Mastellos D, Zetoune FS, Ward PA. Protection of innate immunity by 
C5aR antagonist in septic mice. Faseb J. 2002;16:1567-74. 

39. Woodruff  TM, Arumugam TV, Shiels IA, Reid RC, Fairlie DP, Taylor SM. A potent human C5a receptor 
antagonist protects against disease pathology in a rat model of infl ammatory bowel disease. J Immunol. 
2003;171:5514-20. 

40. Kohl J. Drug evaluation: the C5a receptor antagonist PMX-53. Curr Opin Mol Ther. 2006;8:529-38. 



46




