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Abstract

The complement system, and specifically C5a, is involved in renal ischemia-reperfusion (IR) injury. 

The 2 receptors for complement anaphylatoxin C5a (C5aR1 and C5aR2) are expressed on leukocytes 

as well as on renal epithelium. Extensive evidence shows that C5aR1 inhibition protects kidneys from 

IR injury; however, the role of C5aR2 in IR injury is less clear as initial studies proposed the hypothesis 

that C5aR2 functions as a decoy receptor. By using wild-type, C5aR1–/–, and C5aR2–/– mice in a model 

of renal IR injury, we found that a deficiency of either of these receptors protected mice from renal IR 

injury. Surprisingly, C5aR2–/– mice were most protected and had lower creatinine levels and reduced 

acute tubular necrosis. Next, an in vivo migration study demonstrated that leukocyte chemotaxis was 

unaffected in C5aR2–/– mice, whereas neutrophil activation was reduced by C5aR2 deficiency. To 

further investigate the contribution of renal cell-expressed C5aR2 vs leukocyte-expressed C5aR2 to 

renal IR injury, bone marrow chimeras were created. Our data show that both renal cell-expressed 

C5aR2 and leukocyte-expressed C5aR2 mediate IR-induced renal dysfunction. These studies reveal the 

importance of C5aR2 in renal IR injury. They further show that C5aR2 is a functional receptor, rather 

than a decoy receptor, and may provide a new target for intervention
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Introduction

Renal ischemia-reperfusion (IR) injury occurs in different clinical conditions and leads to the 

development of acute kidney injury.1,2 The pathophysiology of IR injury is complex and characterized 

by three components: infiltration of neutrophils, reactive oxygen species formation, and innate immune 

activation.3–6 Regarding innate immune activation in renal IR injury, a critical role has been established 

for complement activation.7,8 Currently, there are no approved therapies for renal IR injury, although 

complement inhibition is recognized as a potential therapeutic strategy.9

 Complement activation leads to the generation of anaphylatoxins, opsonins and the membrane 

attack complex (MAC).10,11 Yet, C5a is the most potent chemotactic and proinflammatory peptide.12 C5a 

and degradation product C5adesArg interacts with two receptors; the C5a receptor (C5aR/C5aR1) and 

C5a-like receptor 2 (C5L2/C5aR2).13,14 Both receptors are expressed on a wide variety of cells.12,15,16 In 

human kidney biopsies, we have demonstrated the expression of both receptors on renal cells.17 Although 

these receptors share characteristics, clear differences exist. Binding affinity for C5a is similar for 

both receptors, while only C5aR2 is capable of binding C5adesArg with high affinity.18,19 Furthermore, 

unlike C5aR1, C5aR2 is uncoupled from G proteins and lacks receptor internalization.14,18–20 These 

differences have led to the assumption that C5aR2 is a decoy receptor.

 Earlier studies, using mice deficient in complement components, have shown that complement 

activation contributes to the pathogenesis of renal IR injury.5 A central role was put forward for the 

formation of MAC.21 More recently, studies have suggested that C5a-C5aR1 axis is crucial in the 

pathogenesis of this type of injury. In mice inhibition of C5 or C5aR1 resulted in improved renal 

outcome after renal IR.22–25 It has been suggested that the protective effect of blocking C5aR1 occurs 

independent of neutrophil influx, indicating a direct effect of C5a-C5aR1 signaling in the kidney.26 In 

accordance, we have shown that stimulation of renal tissue with C5a induces a potent local inflammatory 

response.27 However, the role of C5aR2 in renal IR injury is less clear. 

 Given the importance of C5a-C5aR1 signaling during renal IR injury, it is essential to explore 

the function of C5aR2 in this type of injury. To address this question, we used an in vivo model of renal 

IR injury, using C5aR2–/– mice. Subsequently, we performed an in vivo migration study to investigate 

the role of C5aR2 in leukocyte migration and neutrophil activation. Finally, bone marrow chimeras 

were used to study the contribution in renal IR injury of the C5aR2 receptor expressed on renal cells 

and leukocytes. Here, we report an important pro-inflammatory role for C5aR2 in IR-induced kidney 

injury.

Methods

Animals

Wild type (WT), C5aR1–/–28 and C5aR2–/–29 mice all had C57Bl/6 backgrounds. Knockout mice were 

provided by B. Lu, Harvard Medical School, Boston, USA. Animals received food ad libitum. Male 
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mice aged 8 to 15 weeks were used. The Institutional Animal Care Committee approved the study. 

Renal ischemia/reperfusion model

Mice were anesthetized using 5% isoflurane/O
2
 and maintained by 2% isoflurane/O

2 
after induction. 

During the procedure, mice were placed on a heating pad to maintain body temperature. Under aseptic 

conditions, through an abdominal midline incision, bilateral renal ischemia was induced by 2 non-

traumatic vascular clamps for 40 min. After removal of the clamps, the kidneys were inspected for 

the restoration of blood flow. The abdomen was closed in two layers and buprenorphine (0.1 mg/kg) 

was applied. The animals were sacrificed at 1, 3 or 7 days after surgery. Sham-operated animals were 

anesthetized and operated according to the protocol described above, but no vascular clamps were 

placed. Blood and kidneys were collected for analysis. The number of animals per group was 8.

In vivo migration model

Mice were intraperitoneally injected with PBS or 2μM of mouse C5a (Hycult Biotechnology) 

C5adesArg (Hycult Biotechnology), or C3a (MyBioSource). Peritoneal lavage (PL) was performed 

6 hours later under general anesthesia. For PL, PBS was injected into the peritoneal cavity, after 

which the peritoneal fluid was collected via a small midline abdominal incision. Thereafter, blood was 

collected via heart puncture. 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). 

Additionally, cytospins were made from a representative sample of the peritoneal lavage fluid. The 

number of animals per group and per injection was 5.

Bone marrow donors

Bone marrow donors were sacrificed under aseptic conditions. Femurs, tibiae, pelvic bones, sternum, 

and spine were harvested and crushed in Dulbecco’s PBS (DPBS) and 0.2% BSA Fraction V. The 

suspension was filtered using EASYstrainer filters 100μm (Greiner Bio-One). Red blood cells were 

lysed and centrifuged. Bone marrow cells were suspended in DPBS / 0.2% BSA and filtered using cell 

restrainer caps (Falcon). Cells were counted using Medonic CA620 cell counter (Boule Medical). The 

number of donor animals used per group was 8. 

Bone marrow recipients

Ciprofloxacin (100mg/L) was added to the drinking water as antibiotic prophylaxis starting at one day 

before irradiation until 2 weeks after the bone marrow transplantation (BMT). Total body irradiation 

(9 Gy) was given using the X-RAD320. One day after irradiation, BMT was performed, with each 

recipient receiving between 8.5 - 10 x 106 cells in 200 μl DPBS, via retro-orbital injection under general 

anesthesia with 3.5% isoflurane/O
2
. 

Nine weeks after BMT, the percentage of chimerism was determined using a blood sample acquired 

by retro-orbital puncture. Erythrocytes were lysed and centrifuged. The remaining leukocytes were 

washed using DPBS / 0.2% BSA. Leukocytes were stained using Pacific Blue-labeled anti-mouse 

CD45.1 (BioLegend) and PE-labeled anti-mouse CD45.2 (BioLegend) for 30 min at 4°C in the dark. 
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Cells were washed using DPBS / 0.2% BSA. Dead cells were stained by propidium iodide (1 mg/

ml, Sigma-Aldrich). Cells were analyzed by FACS Verse flow cytometer (BD). A minimum of 92% 

chimerism was observed by FACS analysis in all animals (supplemental data). The number of animals 

per group was 8.

Renal function

Creatinine was measured in EDTA-plasma obtained at the time of sacrifice, using a Roche Modular P 

system. 

Renal morphology

Sections (4 μm) of formalin-fixed paraffin embedded left kidneys were stained with Periodic Acid 

Schiff. Renal damage was scored as a percentage of ATN in the cortical area, by 2 individual observers. 

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).   

Complement activity

Mouse complement pathway activity was assessed with functional complement ELISAs for each 

pathway, i.e. classical (CP), lectin (LP) and alternative (AP) pathway, as recently described.30

Immunohistochemistry

Sections (4 μm) from formalin fixed paraffin embedded kidneys were deparaffinized and antigen retrieval 

was performed. Endogenous peroxidases were blocked and sections were incubated with primary 

antibodies directed against Ly-6G (eBioscience) for neutrophils, F4/80 (Serotec) for macrophages or 

CD3 (Dako) for T cells. Sections were incubated with appropriate secondary and tertiary antibodies 

(Dako). The reaction was developed by addition of 3-amino-9-ethylcarbazole (AEC) and sections 

were embedded. Quantification of infiltrating cells was scored as percentages of the total area was and 

performed using Aperio ImageScope (Leico Biosystems) and ImageJ software (National Institutes of 

Health).  

Cytology

Cytospins were fixed in acetone and permeabilized with 0.1% Tween-20 in PBS. Cytology was 

performed using primary antibodies directed against myeloperoxidase (MPO) (Hycult) and Ly-

6G (eBioscience) for neutrophils. Primary antibody controls for double stainings were performed 

using PBS controls. Sections were incubated with appropriate horseradish peroxidase-conjugated 

and FITC-conjugated secondary antibodies. Binding of primary antibodies detected by horseradish 

peroxidase-conjugated secondary antibodies was visualized using TSA Tetramethylrhodamine System 

(PerkinElmer LAS). Sections were counterstained and embedded using Vectashield with DAPI (Vector 

Laboratories). Positive control cryosections of mouse spleen (known to express Ly6G and MPO) were 

stained at the same time as the cytospins. Quantification of MPO positive neutrophils was done by 

manual counting and scored as the percentages of the total amount of neutrophils.
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RNA isolation and cDNA synthesis

Cryosections were lysed in TRIzol Reagent (Invitrogen). Chloroform was added to separate the RNA 

from DNA and protein content. Subsequently, isopropanol was added to precipitate the RNA and next, 

the pellet was washed 3x with 75% ethanol. RNA pellet was dried and dissolved in sterile water. RNA 

samples were treated with DNase Amplification Grade (Sigma-Aldrich) following the manufacturer’s 

instructions. The absence of contamination with genomic DNA was verified by RT-PCR reaction 

using β-actin primers. For cDNA synthesis, oligo-dT (0.5 μg, Invitrogen) and mRNA (1 μg) were 

incubated for 10 min at 70◦C and cooled directly after that. cDNA was synthesized by adding a mixture 

containing sterile water, 5x First strand buffer (Invitrogen), DTT (Invitrogen), dNTP’s (Invitrogen), 

RNaseOut Ribonuclease inhibitor (Invitrogen) and M-MLV Reverse Transcriptase (Invitrogen). The 

mixture was incubated for 50 min at 37ąC. Subsequently, reverse transcriptase was inactivated by 

incubating the mixture for 15 min at 70◦C. 

Real-Time PCR

mRNA transcripts were amplified with the primer sets outlined in the supplemental data (S1). For 

Real-Time PCR, SYBR Green mastermix (Applied biosystems), primer (50 μM stock concentration), 

nuclease free water and 10 ng cDNA were mixed. Thermal cycling was performed on the TaqMan 

Applied Biosystems 7900HT real-time PCR System. Samples 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 StatsDirect (v 3.0.133, Cheshire, UK). The Mann-Whitney-U 

test or Kruskall Wallis test with an option for multiple comparisons was performed. All statistical tests 

were 2-tailed with P<0.05 regarded as significant. Results are presented as a median and interquartile 

range.
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Results

C5aR2-/- mice are protected from renal ischemia–reperfusion injury

In WT mice renal IR markedly increased creatinine, while the renal function was protected in C5aR1–

/– mice (Fig. 1A). C5aR2/– mice (Fig. 1A). C5aR2/– –/– mice showed significantly lower creatinine levels after renal IR injury –/– mice showed significantly lower creatinine levels after renal IR injury –/–

compared to WT mice. Three days after reperfusion, C5aR2–/– mice had even lower creatinine levels –/– mice had even lower creatinine levels –/–

than C5aR1–/– IR mice. Renal function in both knockouts was reduced to values observed in sham-–/– IR mice. Renal function in both knockouts was reduced to values observed in sham-–/–

operated animals 7 days after reperfusion, while WT mice still showed mild renal impairment. Similar 

results were found with BUN levels (data not shown).

Figure 1 Deficiency of C5aR2 protects mice from renal ischemia-reperfusion injury.	

I/R - WT 

I/R - C5aR2-/- 

D 

B

A

C 

Sham - WT 

200 
µM 

I/R - C5aR1-/- 

Renal ischemia-reperfusion (IR) was induced 
bilaterally for 40 minutes in three groups 
of mice: WT, C5aR1−/−/−/ , and C5aR2−/−/−/ . 
Animals were sacrificed at 1, 3 and 7 days after 
reperfusion. (A) Plasma creatinine levels at 1, 
3 and 7 days after renal ischemia-reperfusion 
injury in wildtype (WT), C5aR1-/- and C5aR2-

/- mice. (B) Representative light microscopic 
images of periodic acid-Schiff (PAS) staining 
of the kidney, at 1 day after reperfusion, 
magnification 100x. (C) Histopathologic 
scoring of tubular damage. Tubular damage 
was scored as percentage of necrotic tubuli 
(acute tubular necrosis, ATN) in the cortical 
area using a semi-quantitative method (0 = 0% 
ATN, 1 = <10% ATN, 2 = 10-25% ATN, 3 = 
25-50% ATN and 4 = >50% ATN). (D) KIM-
1 gene expression in kidneys 3 days after IR. 
Quantitative real-time RT-PCR was performed. 
Relative fold increase in sham WT mice of KIM-
1 expression relative to β-actin was set at 1. 
Data are shown as median and interquartile 
range and were analyzed by Kruskall Wallis 
test with an option for multiple comparisons 
(*P<0.05, **P<0.01, ***P<0.001). Asterisks 
above the bars denote significant differences 
between IR and sham animals of the same strain, 
while asterisks above the capped line indicate 
significant differences between IR groups from 
different mouse strains. N is 8 per group, except 
for one animal in the C5aR1-/- IR group, which 
was excluded due to a technical error.
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 To determine renal tubular damage, histologic analysis was performed (Fig. 1B). Acute 

tubular necrosis (ATN) was significantly reduced in C5aR2–/– mice compared to WT and C5aR1–/– mice 

after reperfusion (Fig. 1C). In line with histology, renal expression of KIM-1 was significantly lower 

in C5aR2–/– mice than the WT (Fig. 1D). Hence, altogether these results demonstrate that the lack of 

C5aR2 receptor provides both functional and structural protection against renal IR injury. In addition, 

protective effects of C5aR2 deficiency on renal IR injury were greater than C5aR1 deficiency.

Systemic complement activation after renal ischemia-reperfusion

Next, we investigated complement pathway activity after renal IR. Complement activity was found to 

be similar in all mouse strains (Figure S1). One day after reperfusion decreased complement activity 

was found in WT mice for all 3 pathways compared with sham-operated mice (Figure 2). The decreased 

complement activity in vitro shows tremendous consumption of complement components during IR 

in vivo. Most profound decrease by renal IR injury was found for the Alternative pathway with an 

83% decrease in functional activity, compared to 47% and 51% for the Classical pathway and Lectin 

pathway. Complement activity was fully restored to baseline 7 days after IR.

Figure 2 
Systemic complement consumption of the classical, lectin and 
alternative pathway in wildtype mice after renal ischemia-reperfusion.  

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, 3 and 
7 after ischemia-reperfusion are shown as a median and interquartile 
range (n=8 per group). The complement activity was measured 
by C9 deposition and the optical density (OD) of wildtype sham-
operated animals was set at 100% (y-axis) and the rest was calculated 
accordingly. Significant differences of IR group compared to the sham 
group is indicated as *P<0.05, **P<0.01, ***P<0.001. Data were 
analyzed by Mann-Whitney-U test. 
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C5aR2 deficiency leads to reduced renal inflammatory gene expression after ischemia-reperfusion

Subsequently, we assessed the gene expression of pro-inflammatory cytokines (IL-6, TNF-α, IL-

1β), chemokine’s (IL-8, MCP-1), and adhesion molecules (P-selectin). One day after reperfusion, a 

significant induction of IL-6, IL-1β, TNF-α, MCP-1, IL-8, and P-selectin was observed in WT mice 

(Figure 3). After renal IR, C5aR1–/– and C5aR2–/– and C5aR2–/– –/– mice showed significantly lower expression of IL-6 –/– mice showed significantly lower expression of IL-6 –/–

and IL-1β compared to WT (Fig. 3A-B). In addition, C5aR1–/– mice displayed decreased MCP-1 –/– mice displayed decreased MCP-1 –/–

expression compared to WT mice 1 day after reperfusion (Fig. 3D). At 3 days after reperfusion, IL-8 

expression was significantly lower in C5aR2-–/– IR injury kidneys compared to WT (Table 1). Taken –/– IR injury kidneys compared to WT (Table 1). Taken –/–

together, our results show that C5aR1 and C5aR2 are partially required for the production of pro-

inflammatory mediators by renal tissue in IR. 

Figure 3
Renal gene expression of inflammatory mediators one day after renal ischemia-reperfusion injury.

Gene expression of inflammatory markers in kidneys one day after renal ischemia-reperfusion (IR) injury in wildtype (WT), C5aR1-
/- and C5aR2-/- mice, determined by quantitative real-time RT-PCR. (A) IL-6, (B) IL-1β, (C) IL-8, (D) TNFa, (E) MCP-1, (F) 
P-selectin expression. Data are shown as expression relative to β-actin, were sham WT are set at 1 and the rest is calculated 
accordingly. Median and interquartile range are displayed and were analyzed by Kruskall Wallis test with an option for multiple 
comparison (*P<0.05, **P<0.01, ***P<0.001). N is 8 per group, except for one animal in the C5aR1-/- IR group, which was 
excluded due to a technical error.



Chapter 10

176

Table 1
Renal gene expression of inflammatory mediators 3 days after renal ischemia/reperfusion injury.

Gene Group
Relative fold induction

Sham IR

IL-1β
WT
C5aR1-/-
C5aR2-/-

1.00 [0.92-1.23]
0.90 [0.65-1.30]
1.17 [1.07-1.31]

1.09 [0.86-1.17]
0.88 [0.79-1.00]
1.07 [1.00-1.30]

IL-6
WT
C5aR1-/-
C5aR2-/-

1.00 [0.47-1.15]
1.05 [0.78-1.92]
1.01 [0.73-1.35]

16.55 [10.14-26.81] *
11.84 [7.40-22.07] *
  9.60 [6.17-14.97] *

TNF-a
WT
C5aR1-/-
C5aR2-/-

1.00 [0.74-1.29]
0.88 [0.85-1.24]
0.91 [0.83-1.16]

2.54 [2.27-2.86] *
2.60 [1.72-3.43] *
2.65 [1.92-3.24] *

IL-8
WT
C5aR1-/-
C5aR2-/-

1.00 [0.84-1.30]
1.03 [0.80-1.92]
1.17 [0.66-1.77]

10.89 [9.33-11.60] *
  8.03 [4.48-11.55] *
  6.09 [3.31-9.76] * #

MCP-1
WT
C5aR1-/-
C5aR2-/-

1.00 [0.89-1.15]
1.26 [0.93-1.72]
1.34 [1.16-1.82]

7.24 [6.26-8.91] *
5.21 [3.54-10.96] *
5.31 [3.86-7.30] *

P-selectin
WT
C5aR1-/-
C5aR2-/-

1.00 [0.62-1.26]
1.39 [1. 01-1.83]
1.46 [1.07-1.71]

4.57 [3.01-5.61] *
4.04 [2.70-4.65] *
3.24 [2.83-4.26] *

Data are shown as relative fold induction compared to housekeeping gene β-actin and expressed as median [interquartile range] 
and are analyzed by Kruskal–Wallis test with an option for multiple comparisons. The median of the sham WT group is set at 1 
and the other groups are calculated accordingly. * Significant difference compared to sham-operated animals of the same strain. # 
Significant difference compared to WT IR injury. 

Reduced neutrophil influx by C5aR2 deficiency in renal ischemia–reperfusion injury

Cellular infiltration was determined to characterize the role of C5aR2 in postischemic leukocyte 

infiltration (Figure 4 – 6). After IR, increased numbers of neutrophils in renal tissue of WT animals 

were found compared to sham-operated WT mice, although statistical significance was not reached due 

to variation (Fig. 4B). C5aR2–/– and C5aR1–/– mice tended towards lower mean neutrophil infiltration 

at 1 day after reperfusion compared to WT mice, however, no statistical significance was reached. A 

significant increase of infiltrating macrophages and T-cells was observed 7 days after reperfusion for 

WT mice (Figure 5, 6). No reduction was seen in either macrophage or T-cell influx for mice deficient 

in C5aR2. However, a trend was observed towards lower T-cell influx in C5aR2–/– mice as well as a 

higher trend for macrophage influx. As expected, C5aR1 deficiency prevented both macrophage and 

T-cell influx. Thus, it appears that C5aR2 might be involved in post-ischemic infiltration of neutrophils 

in kidneys. 

No involvement for C5aR2 in neutrophil migration in vivo by C5a and C5adesArg

We further investigated the contribution of C5aR2 in leukocyte migration to clarify whether the lower 

leukocyte infiltration number was due to the reduced inflammatory gene expression or because of a 

direct effect of the C5aR2 on leukocytes, using an in vivo migration study (Figure 7). PBS-injected WT, 

C5aR1–/– and C5aR2–/– mice showed similar numbers of leukocytes in the peritoneal cavity (Fig. 7A-

C). Injections of C3a, C5a or C5adesArg in WT mice increased the total amount of white blood cells 

(WBC) in the peritoneal fluid, reaching statistical significance for C3a and C5adesArg. This increase 
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in total WBC was absent for C5a or C5adesArg in C5aR1–/– mice. However, C5aR2–/– mice. However, C5aR2–/– –/– mice had similar –/– mice had similar –/–

WBC migration compared to WT mice. The percentage of neutrophils from total WBC present in 

the peritoneal cavity increased from 3% in PBS WT injected mice, to 64% in C3a, 55% in C5a and 

48% in C5adesArg injected WT mice respectively (Fig. 7D-F). C3a, C5a or C5adesArg, all resulted 

in significantly increased number of neutrophils in WT mice, which was inhibited in C5aR1-/- mice 

in response to C5a and C5adesArg. C5aR2–/– mice had similar neutrophil migration as WT mice. No –/– mice had similar neutrophil migration as WT mice. No –/–

effect was seen on lymphocyte migration in response to C3a, C5a or C5adesArg in WT mice, although 

C5aR2–/– mice showed a significant increase in numbers of lymphocytes in the peritoneal cavity (Fig. –/– mice showed a significant increase in numbers of lymphocytes in the peritoneal cavity (Fig. –/–

7G-I). Lastly, monocytes influx was determined but no migration was seen in all three strains for all 

injections (data not shown). These data show that deficiency of C5aR2 did not impair overall migration, 

except for a minor effect on lymphocytes.

	

Sham – WT I/R – WT 

I/R – C5aR1-/- I/R – C5aR2-/- 

A 

B 

Figure 4 
Infiltrated neutrophils after renal 
ischemia-reperfusion injury in WT, 
C5aR1-/- and C5aR2-/- mice. 

(A) Immunohistochemical staining of 
Ly-6G (a marker of neutrophils) in 
kidney sections at 1 day after ischemia-
reperfusion (IR). Representative light 
microscopic images are shown at an 
original magnification of × 200 from 
each group. (B) Quantification of the 
influx of Ly-6G+ cells, one day after 
IR. Data are shown as percentages of 
total area staining and displayed as 
median plus interquartile range and 
were analyzed by Kruskall Wallis test 
with an option for multiple comparison 
(*P<0.05). Asterisks above the bars 
denote significant differences between 
IR and sham animals of the same strain. 
There was no significant difference 
between the IR groups from the different 
mouse strains. N is 8 per group, expect 
for the C5aR1-/- IR group where one 
animal was excluded due to a technical 
error.
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Figure 5 Infiltrated macrophages after renal ischemia-reperfusion injury in WT, C5aR1-/- and C5aR2-/- mice. 
 

 

	

Sham – WT I/R – WT 

I/R – C5aR1-/- I/R – C5aR2-/- 

A B 

C 

(A) Immunohistochemical staining of F4/80 (a marker of macrophages) in kidney sections at 7 days after ischemia-reperfusion (IR). 
Representative light microscopic images are shown at an original magnification of × 200 from each group. (B, C) Quantification 
of the influx of F4/80+ cells, 3 and 7 days after IR. Data are shown as percentages of total area staining and displayed as median 
plus interquartile range and were analyzed by Kruskall Wallis test with an option for multiple comparison (*P<0.05, **P<0.01). 
Asterisks above the bars denote significant differences between IR and sham animals of the same strain. There was no significant 
difference between the IR groups from the different mouse strains. N is 8 per group.

Figure 6 Infiltrated T cells after renal ischemia-reperfusion injury in WT, C5aR1-/- and C5aR2-/- mice. 

 
 

	

Sham – WT I/R – WT 

I/R – C5aR1-/- I/R – C5aR2-/- 

A B 

C 

(A) Immunohistochemical staining of CD3 (a marker of T cells) in kidney sections at 7 days after ischemia-reperfusion (IR). 
Representative light microscopic images are shown at an original magnification of × 200 from each group. (B, C) Quantification 
of the influx of CD3+ cells, 3 and 7 days after IR. Data are shown as percentages of total area staining and displayed as median 
plus interquartile range and were analyzed by Kruskall Wallis test with an option for multiple comparison (*P<0.05, **P<0.01). 
Asterisks above the bars denote significant differences between IR and sham animals of the same strain. There was no significant 
difference between the IR groups from the different mouse strains. N is 8 per group.
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Figure 7
Total white blood cells, neutrophils and T-cells in the intraperitoneal cavity after complement ligand injection. 

 

PBS, C3a, C5a or C5a
desArg

 were injected intraperitoneally in wildtype (A,D,G), C5aR1-/- (B,E,H) and C5aR2-/- (C,F,I) mice. 
Leukocytes were harvested 6 hours post injection by peritoneal lavage (PL). The total amount of (A-C) white blood cells and (D-F) 
neutrophils and (G-I) T-cells were determined. Data are shown as individual values and their median and were analyzed by Kruskall 
Wallis test with an option for multiple comparison (*P<0.05, **P<0.01, ***P<0.001). N is 5 per group per injection, expect for WT 
injected with C5adesArg and C5aR2-/- mice injected with C5a. In both cases, one animal was excluded due to a technical error.

C5aR2 deficiency attenuates in vivo neutrophil activation by C5a and C5adesArg

To determine the role of the C5aR2 in neutrophil activation, the percentage of MPO-positive PMNs was 

determined in the peritoneal cavity after injections with PBS, C5a or C5adesArg (Figure 8). No MPO-

positive neutrophils were seen in the peritoneal cavity of PBS-injected WT and C5aR2–/– mice (Fig. 

8A). However, in C5a or C5adesArg injected WT mice the majority of neutrophils was MPO-positive 

(Fig. 8B). There was no difference between C5a and C5adesArg injected WT mice (data not shown). 

In C5aR1-/- mice, the percentage of MPO-positive neutrophils was not determined, since the influx of 

PMNs was absent after injection with C5a or C5adesArg. MPO-positive neutrophils were observed in 

the peritoneal cavity of C5aR2-/- mice injected with C5a or C5adesArg (Fig. 8D), with no significant 
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difference between the two ligands (data not shown). Moreover, the percentage of MPO-positive 

neutrophils was significantly lower in C5aR2-/- mice compared to WT mice (Fig. 8E). In WT mice 

86.4% of the neutrophils was MPO-positive, whereas in the C5aR2–/– mice 55.1% of the neutrophils 

was MPO-positive. These findings suggest that the C5aR2 has a functional role on neutrophils and that 

C5aR2 deficiency limits their activation in response to C5a or C5adesArg.

Figure 8
The percentage myeloperoxidase positive neutrophils in the intraperitoneal cavity after complement ligand injection.

 
 
	

A B 

C 

D 

E 

PBS, C5a or C5adesArg were injected intraperitoneally in wildtype and C5aR2-/- mice. Leukocytes were harvested 6 hours post 
injection by peritoneal lavage and cytospins were made from a representative sample of the peritoneal lavage fluid. The percentage 
of myeloperoxidase (MPO) positive neutrophils was determined by immunofluorescence cytology with MPO (TRITC, red) and Ly6G 
(FITC, green). Sections were counterstained using Vectashield (DAPI, blue). Quantification of MPO positive neutrophils was done 
by manual counting and scored as the percentages of the total amount of neutrophils. (A) No MPO-positive neutrophils were seen in 
the peritoneal cavity of PBS-injected WT mice. A representative image is shown at an original magnification of × 200 of a WT mouse 
injected with PBS. (B) C5a and C5adesArg injection in WT mice resulted in the influx of predominant MPO positive neutrophils. 
A representative image is shown at an original magnification of × 200 of a WT mouse injected with C5adesArg. Additionally, a 
representative image is shown of a WT mouse (C) and C5aR2-/- mice (D) injected with C5a at an original magnification of × 600. 
(E) The percentage of MPO positive neutrophils was significantly lower after injection with C5a or C5adesArg in the C5aR2-/- 
mice compared to the WT mice. Data are shown as the percentage MPO positive neutrophils of total neutrophils and displayed as 
individual values and their median. Statistical analysis was done by Mann-Whitney-U test (**P<0.01). N is 7 per group per injection.
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Contribution of both C5aR2 on renal cells and circulating leukocytes to renal ischemia–reperfusion 

injury

 To further investigate the contribution of renal-expressed C5aR2 versus leukocyte-expressed 

C5aR2 in renal IR injury, we generated mice lacking C5aR2 on renal cells and mice lacking C5aR2 on 

bone marrow (BM) derived cells (Figure 9). Renal IR was induced and mice were sacrificed 3 days after 

reperfusion.

Figure 9
Renal function three days after renal ischemia/reperfusion injury in bone marrow chimeras. 

(A) Plasma creatinine levels at three days after bilateral renal ischemia/reperfusion injury in WT bone marrow chimeras with WT, 
C5aR1-/- or C5aR2-/- bone marrow (CD45.2) as indicated in the graph. The kidney was always of WT origin (CD45.1). (B) Plasma 
creatinine levels at 3 days after bilateral renal ischemia/reperfusion injury in WT, C5aR1-/- or C5aR2-/- bone marrow chimeras 
with WT CD45.1 bone marrow. The kidney was WT, C5aR1-/- or C5aR2-/- as indicated in the graph (CD45.2). Data are shown 
as median and interquartile range and were analyzed by Kruskall Wallis test with an option for multiple comparison (*P<0.05, 
**P<0.01, ***P<0.001). Asterisks above the bars denote significant differences between IR and sham animals of the same strain, 
while asterisks above the capped line indicate significant differences between IR groups from different mouse strains. N is 8 per 
group, expect for graph A, where one animal in the WT sham group was excluded due to a technical error.

 First, the role of leukocyte-expressed C5aR2 in renal IR injury was determined by using 

WT mice (CD45.1) with WT, C5aR1–/– or C5aR2–/– BM (CD45.2) (Fig. 9A). WT mice with either WT 
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or C5aR1–/– BM showed no protection against renal IR injury reflected by the significant increase in 

creatinine. In contrast, WT mice with C5aR2–/– BM displayed significantly lower creatinine compared 

to WT mice with WT or C5aR1–/– BM. Furthermore; creatinine levels in WT mice with C5aR2–/– BM 

were reduced to values observed in sham-operated animals. 

 Secondly, the contribution of renal C5aR2 expression was assessed in renal IR by using WT, 

C5aR1–/– or C5aR2–/– mice (CD45.2) with WT BM (CD45.1) (Fig. 9B). All groups showed a significant 

increase in creatinine levels between sham-operated and renal IR groups. However, despite the presence 

of WT leukocytes, renal C5aR2 deficiency resulted in significantly lower levels of creatinine and BUN 

compared to WT mice suffering from IR injury. Similar results were found for renal C5aR1 deficiency 

in renal IR injury. Noteworthy, WT CD45.1 mice with BM from WT CD45.2 showed similar creatinine 

levels 3 days after IR as WT mice without BM (Fig. 1A, Fig. 9A), 27 and 22 μM, respectively. While 

3 days after IR WT CD45.2 mice with BM from WT CD45.1 had creatinine levels of 94 μM (Fig. 9B). 

No significant differences were observed in tubular damage score between the different bone marrow 

chimeras (Figure S2). Collectively, these observations show that the lack of C5aR2 on renal cells and 

circulating bone marrow-derived cells, both protect against to renal IR injury. 

Discussion

Our results document a critical role for the complement receptor C5aR2 during renal ischemia-

reperfusion (IR) injury. Previous studies demonstrated that renal IR gives rise to complement activation 

in humans,31,32 as well as animal models.7,33 Regarding complement activation, it has been shown that 

C5a and MAC are both involved in the pathogenesis of renal IR injury.22,23,25,26,34–36 Although much 

progress has been made in understanding the role of C5a-C5aR1 interaction, the role of C5aR2 in the 

pathogenesis of renal IR injury is less clear. Here, we report that C5aR2 contributes to renal injury after 

bilateral IR and that this effect is most likely achieved through its pro-inflammatory properties. C5aR2 

deficiency led to better renal function accompanied by reduced tubular damage and reduced renal 

inflammatory gene expression. Additionally, an in vivo migration study showed that C5aR2 stimulation 

with C3a, C5adesArg or C5a is not required for leukocyte migration but C5aR2 deficiency decreases 

neutrophil activation. We also demonstrated that both renal-expressed, as well as leukocyte-expressed 

C5aR2, mediate IR injury-induced renal dysfunction. The present study provides clear evidence that 

C5aR2 has a functional detrimental role in the pathogenesis of renal IR injury.

 The observations made in this study strongly oppose the hypothesis that C5aR2 is a non-

signaling decoy receptor. C5aR2 remains a controversial receptor within the complement system 

and is poorly understood within health and disease. Currently, two separate functions for the C5aR2 

receptor have been reported; namely anti- and pro-inflammatory. C5aR2 has been demonstrated to be 

a recycling decoy receptor as well as an inhibitor of C5aR1-mediated response to C5a.20,37 In contrast, 

C5aR2 has also been shown to work together with the C5aR1 or C3aR and C5aR2 stimulation can 

cause HMGB1 release, confirming a pro-inflammatory role.38 For the anti-inflammatory hypotheses 
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of C5aR2, co-localization of C5aR1 and C5aR2 on the same cell seems vital. However, in the kidney, 

both receptors are not expressed on the same individual cell.17 Thus the distinct renal expression pattern 

makes it illogical for C5aR2 to act as an anti-inflammatory receptor in the kidney. C5aR2 presumably 

has different roles and functions in different systems. However, in renal IR C5aR2 seems to have a 

profound pro-inflammatory effect. 

 Since both renal-expressed and leukocyte-expressed C5aR2 can protect against renal IR 

injury, the question arises through which mechanism C5aR2 mediates renal IR injury. Considering 

the functional activity of C5a and the expression of C5aR2, a direct effect of C5a and C5aR2 in the 

pathogenesis of renal IR injury seems reasonable. C5a-C5aR2 interaction could lead to induction of 

inflammation, making it a promising target for therapeutic intervention in renal IR injury. In line with 

this, we found reduced functional complement levels indicating vast complement activation and thereby 

generation of C5a. All pathways were significantly activated by renal IR, but the AP is predominantly 

involved.39,40

 Consistent with the above results, renal expression of inflammatory mediators was 

significantly reduced after renal IR in C5aR2–/– mice. In WT mice, gene upregulation of cytokines, 

chemokine’s, and adhesion molecule P-selectin occurred which is likely to contribute to cell damage 

in the kidney. In C5aR2–/– mice, induction of IL-6 and IL-1β expression by IR was significantly lower 

compared to WT. IL-1β is a promoter of inflammation and has been shown to contribute to renal 

IR injury.41–43 In addition, IL-6 exacerbates the degree of renal injury, dysfunction, and inflammation 

caused by IR, making IL-6 a prominent pro-inflammatory cytokine in renal dysfunction by IR injury.44,45 

In the present study we observed differential expression profiles of inflammatory genes in kidneys 

from C5aR1–/– and C5aR2–/– mice. Where C5aR1–/– mice showed reduced MCP-1 expression after IR, 

C5aR2-/- mice showed reduced IL-8 expression. These results implicate, at least in part, that renal 

C5aR1 and C5aR2 initiate a different intracellular response. 

 Cellular infiltration is a pathologic change in renal IR injury. C5a is crucial in this process as 

a potent chemoattractant for leukocytes.12 C5a-C5aR1 interaction leads to chemotaxis of neutrophils, 

macrophages/monocytes, and T-cells (46-48). In accordance with this, IR in C5aR1–/– mice prevented 

cellular infiltration after reperfusion. Less is known about the role of C5a-C5aR2 interaction on 

chemotaxis. Interestingly, C5aR2–/– mice showed lower absolute numbers of neutrophil infiltration 

compared to WT mice after IR. We studied the role of C5aR2 in leukocyte migration further by an 

in vivo migration assay. Migration induced by C5adesArg was mediated via C5aR1, since C5aR1–/– 

mice showed no response in total WBC in contrast to C5aR2–/– mice. This is surprising since C5aR2 

is known to have a much higher binding affinity to C5adesArg than C5aR1.19 However, Lee et al. 

described similar results when C5aR1 and C5aR2 were independently blocked.49 In addition, C3a, C5a, 

and C5adesArg induced neutrophil migration. Once again, C5a and C5adesARg neutrophil migration 

was completely dependent on C5aR1. Therefore, involvement for C5aR2 in neutrophil migration is 

unlikely and the reduction seen in neutrophil influx after IR is most likely secondary to the decreased 

renal expression of inflammatory mediators. 

 Recent data have provided evidence for a functional role of the C5aR2 in the inflammatory 

response of neutrophils.50 Increased levels of MPO are a hallmark of systemic inflammation and MPO 
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is viewed as a neutrophil activation marker.50–52 Our results show that although C5aR2 deficiency did 

not affect neutrophil migration, lack of the C5aR2 resulted in a lower percentage of MPO+ neutrophils. 

This is line with previous findings that blocking the C5aR2 reduces MPO production of C5a-primed 

neutrophils.53 Furthermore, blocking the C5aR2 decreased the respiratory burst and degranulation 

of C5a-primed neutrophils.53 In addition, several studies have shown that the cytokine expression of 

C5aR2–/– neutrophils differs from WT neutrophils. Firstly, Chen et al. described diminished TNF-α and 

IL-6 production by C5aR2–/– neutrophils in response to C5a and LPS.54 In sepsis, the C5aR2 has been 

postulated to be essential for the release of cytokines from circulating leukocytes.38 In conclusion, the 

current finding demonstrates that the C5aR2 is involved in the activation of neutrophils by C5a and 

C5adesAeg.

 The absence of C5aR2 expression on renal cells as well as circulating bone marrow-derived 

cells, both resulted in protection against renal IR injury. These results indicate an important role for 

C5aR2 in renal IR injury. C5aR2 expression on circulating bone marrow-derived cells could contribute 

via different mechanisms. Predominantly, C5aR2 contributes to mediator release in the inflammatory 

response, thereby being crucial in the functionality of leukocytes. Lack of C5aR2 would thereby not 

affect migration but instead, dampen the immune responses of infiltrating leukocytes. However, we 

cannot exclude an additional mechanism via platelet as platelets are known to express C5aR255 and they 

are also involved in the pathogenesis of renal IR injury.56,57 Unlike C5aR2, deficiency of C5aR1 on bone 

marrow-derived cells did not protect against renal IR injury, which was also reported earlier. 26 Lastly, 

it has to be taken into account that worsening in renal function was seen in WT CD45.2 mice with WT 

CD45.1 BM compared to WT CD45.1 mice with WT CD45.2 BM. Differences in sensitivity of CD45.1 

and CD45.2 mice to renal IR injury has not been studied. However, previous studies have shown that 

CD45.1 BM has an inherent disadvantage over CD45.2 BM with reported defects in homing efficiency, 

reduction in transplantable long-term hematopoietic stem cells, and a cell-intrinsic engraftment defect.58

 In conclusion, our data provide new insights into the molecular mechanisms of renal injury 

in IR by identifying complement receptor C5aR2 as an essential receptor on leukocytes as well as in 

the kidney. In addition, we propose that C5aR2–/– mice mediate protection against renal IR injury via 

mechanisms independent of C5aR1. C5aR2 could, therefore, be an effective target for intervention 

during IR injury, and possibly more favorable than C5aR1. Future studies should focus on the 

functional role of the C5aR2 receptor in the pathogenesis of renal IR injury and the most effective way 

of inhibition.
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