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Severe ischemia reperfusion injury (IRI) results in rapid complement activation, acute kidney 

injury and progressive renal fibrosis.  Little is known about the roles of the C5aR1 and C5aR2 

complement receptors in IRI. In this study C5aR1-/- and C5aR2-/- mice were compared to 

wild type (WT) in a renal IRI model leading to renal fibrosis.  

We investigated C5a receptor expression, kidney morphology, inflammation, and fibrosis in 

different mouse strains 1, 7 and 21 days after IRI. Renal perfusion was evaluated by 

functional magnetic resonance imaging (fMRI). Protein abundance and phosphorylation were 

assessed with high content antibody microarrays and Western blotting.  

C5aR1 and C5aR2 increased in damaged tubuli and even more in infiltrating leukocytes after 

IRI in WT mice. C5aR1-/- and C5aR2-/- animals developed less IRI-induced inflammation 

and showed better renal perfusion than WT mice. C5aR2-/- mice, in particular, had enhanced 

tubular and capillary regeneration with less renal fibrosis. IL-10 and AKT levels were 

especially high in C5aR2 -/- IRI kidneys. LPS caused bone marrow derived macrophages 

from C5aR2-/- mice to release anti-inflammatory IL-10 and to express HO-1.  

Our data suggest that C5aR1 and C5aR2 have overlapping actions following renal IRI in 

mice. C5aR2-/- kidneys regenerate better than those in C5aR1-/- mice after IRI.  This is 

mediated, in part at least, by differential production of IL-10, HO-1 and AKT.  

 

Keywords: ischemia reperfusion injury, complement, fibrosis, regeneration, IL-10, AKT, 

renal perfusion, HO-1 
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INTRODUCTION 

The complement system modulates immune responses in a number of renal diseases including 

acute kidney injury (AKI)1,2,3, atypical hemolytic uremic syndrome (aHUS)4, 

glomerulonephritis5,6 and renal allograft rejection7,8. The complement cascade can be activated 

by the classical, lectin or alternative pathway3,9 leading to formation of C3 convertase, which 

generates the membrane attack complex (MAC C5b-9) and anaphylatoxins C3a and C5a. C5a in 

particular is a key mediator of inflammatory kidney diseases3,10,11. The two receptors, C5aR1 and 

C5aR2, orchestrate the inflammatory response. C5aR2 (formerly C5L2) is not coupled to G-

proteins and was presumed to be a non-signalling decoy receptor regulating the function of 

C5aR1.  Recently, C5aR2, but not C5aR1, was found to be required for mast cell adhesion and 

pro-inflammatory cytokine production in a model of allergic inflammation12. Finally, two 

C5aR2-specific ligands (P32 and P59 based on the C-terminus of C5a) in human monocyte-

derived macrophages have been identified13. Both C5a receptors are expressed on the surface of 

myeloid14,15, dendritic16 and T-cells17,18,19;  and different expression patterns of C5aR1 and 

C5aR2 have been observed in human kidney transplant biopsies20,21.  

Cellular functions such as chemotaxis and activation of inflammatory leukocytes are modulated 

by C5aR activation. In models of delayed graft function and acute allograft rejection11, hepatic22 

IRI, and intestinal23 IRI in mice, C5aR inhibitor treatment attenuated renal inflammation. C5aR 

deficiency has been linked to reduced leukocyte infiltration after myocardial infarctions24 and in 

renal IRI22. However, these studies did not differentiate between the two C5aRs. In a recent 

study C5aR2-/- mice had attenuated inflammation in a mild model of transient AKI25. Our aim 

was to determine whether C5aR1-/- and C5aR2-/- mice develop different phenotypes in a model 

of unilateral severe IRI which progresses to renal fibrosis. This reflects the clinical situation in 

major surgeries where severe AKI can lead to chronic kidney disease (CKD)26. The unilateral 

IRI-CKD model can be used to study disease progression in the clamped kidney because the 

contralateral organ allows the animal to survive. Inflammation and fibrosis were studied 
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longitudinally and compared to changes in renal perfusion assessed by fMRI. To learn more 

about the distinct functions of the two C5aRs, a proteomic approach was done which revealed 

changes in the levels and phosphorylation status of several proteins in the receptor deficient mice 

in response to IRI.  

 

RESULTS 

C5aR1 and C5aR2 are up-regulated in the IRI-CKD model 

First, we characterized C5aR1 and C5aR2 expression in the model of IRI-induced renal 

fibrosis in WT mice. Within 24 hours, C5aR1 and C5aR2 mRNA levels increased 

significantly in IRI kidneys compared to contralateral control kidneys, which had transcript 

levels similar to those in kidneys from sham-operated mice. The mRNA levels of both C5aRs 

remained elevated in IRI kidneys for the whole observation period of 21 days (Fig. 1A and 

B). Activation of complement in EDTA plasma through the alternative (AP), classical (CP) 

and lectin (LP) pathway did not differ between mouse strains at baseline (Fig. 1C). C3 

fragments as split products of complement activation were increased in all mouse strains at d1 

and normalized around d7 (Fig 1D). Since no specific mouse antibodies for the two distinct 

mouse C5aRs are available, in situ hybridization on IRI WT kidneys was used to characterize 

the spatial and temporal distribution of C5aR1 and C5aR2 expressing cells. One day after IRI 

there was no evident increase of the mRNA in the tubule system for both receptors (Fig.1 E, 

I). Occasionally, immune cells expressing both receptors were detected in the perivascular 

space of large vessels. By d7, receptor-positive immune cells surrounded the vessels and 

tubules, and there were faint to moderate levels of C5aR1 and C5aR2 mRNAs (Fig. 1F and J) 

in the proximal tubules themselves. Twenty-one days after IRI, there was a marked increase 

in receptor mRNA staining in the proximal tubules (stars) and immune cells (arrows Fig. 1G, 

K). In contralateral WT control kidneys low-level expression of both receptors, C5aR1 (H) 
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and C5aR2 (L) in the proximal tubule was observed. As expected, knock out mice did not 

express the receptors that had been knocked out in their control kidneys.  

 

Inflammation after IRI 

Complement activation has been implicated in rapid attraction of myeloid cells to sites of 

injury. Gr-1+ neutrophils were found in the outer medulla one day after IRI and were replaced 

by F4/80+ macrophages on d7 (Fig. 2). WT and C5aR1-/- IRI kidneys showed similar Gr-1+ 

neutrophil infiltration one day after IRI. Much less infiltration was observed in C5aR2-/- IRI 

kidneys (Gr-1 scores: C5aR2-/-: 1.2 ±0.16 vs WT: 2.6 ±0.125, ***p<0.001; C5aR2-/- vs 

C5aR1-/-: 2.25 ±0.144, **p<0.01, Fig. 2). At d7 F4/80+ macrophages were predominant in 

WT IRI kidneys. In C5aR1-/- and especially in C5aR2-/- IRI kidneys F4/80+ cells were 

markedly reduced (F4/80 scores: WT: 3 ±0 vs C5aR1-/-: 2.3 ±0.14, ***p<0.001, WT vs 

C5aR2-/-: 1.7±0.17, ***p<0.001; C5aR1-/- vs C5aR2-/- **p<0.01 Fig 2). We confirmed this 

finding by using flow cytometry to determine the number of CD11b+/F4/80+ cells per 100 mg 

of tissue (WT vs C5aR1-/- *p<0.05;  WT vs C5aR2-/- **p<0.01, Fig 2). Control kidneys 

showed similar expression of myeloid cells in all mouse strains at baseline. 

Inflammation compromises microcirculation; therefore, patency of peritubular capillaries 

(PTC) was investigated by lectin staining in vivo. There was normal patency at d1 (Fig. 2K) 

and a marked reduction in WT mice at d7.  PTC patency was enhanced in C5aR1-/- and even 

more in C5aR2-/- IRI kidneys at d7 (Fig. 2N).  

 

Cytokine expression and IL-10 and HO-1 signalling after IRI 

Pro- and anti-inflammatory cytokines are important mediators of inflammation. Therefore, 

expression of IL-1β and IL-6 mRNA in IRI kidneys was studied in the different mouse strains 

after IRI. At d1 the pro-inflammatory IL-1β was significantly upregulated  in WT kidneys but 

not in C5aR1-/- and C5aR2-/- IRI kidneys. The differences were less pronounced at d7 but 
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appeared to return again by d21 (Fig. 3A-C). IL-6 expression increased significantly in all 

mouse strains at d1 and remained elevated in WT mice at d7. C5aR1-/- and C5aR2-/- mice 

had less IL-6 expression at d7. At d21 no significant differences between the three mouse 

strains were present but IL-6 expression remained higher than in control kidneys (Fig. 3D-F). 

Based on antibody array results, the anti-inflammatory IL-10 protein was increased in C5aR2 

-/- IRI kidneys on d1. To confirm this, IL-10 mRNA expression in C5aR2-/-, C5aR1-/-, and 

WT IRI kidneys was measured on days 1, 7 and 21 (Fig. 3G-I). Since IL-10 is a strong 

inducer of the anti-inflammatory hemoxygenase-1 (HO-1), this protein was studied using 

immunohistochemistry. HO-1 expression was up-regulated in the macrophages and proximal 

tubuli of C5aR2-/- IRI kidneys on d1 (Fig. 3J-L). IL-10 is produced by myeloid cells and 

affects macrophage function. Therefore, bone marrow derived macrophages (BMM) were 

isolated from WT and C5aR2-/- mice and stimulated with LPS. In the supernatant IL-10 

protein abundance was much higher in C5aR2-/- BMM than in WT cells (*p<0.05 Fig. 3M). 

In addition, HO-1 was significantly upregulated in C5aR2-/- BMM (Fig. 3N).  These cells had 

higher levels of CD206, a marker of anti-inflammatory macrophages (Fig. 3O).  

 

Renal inflammation and integrity of the peritubular capillary network 21 days after IRI 

Three weeks after IRI, >75% of the WT tubuli still showed signs of AKI.  In C5aR1-/- and 

even more in C5aR2-/- IRI kidneys, AKI was reduced compared to WT (Fig. 4, first column). 

F4/80+ macrophages were the predominant infiltrating cell type 21 days after IRI, but a 

reduction in F4/80+ cells was seen in C5aR1-/- IRI kidneys  vs WT controls.  An even greater 

decrease was found in kidneys from C5aR2-/- mice. (F4/80 scores: WTvs C5aR1-/- *p<0.05; 

WT vs C5aR2-/- ***p<0.001 Fig. 4 middle column). Inflammation and AKI might cause loss 

of PTCs27. To investigate the integrity of the capillary network after IRI in vivo lectin 

labelling was done 5 min prior to sacrifice. IRI WT kidneys showed loss of PTCs within 7 

days (Fig. 2N), which increased towards d21 (Fig. 4 last column). The areas with the highest 
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accumulation of leukocytes showed the largest reduction of patent PTCs. In comparison, in 

the contralateral kidneys all PTCs were patent. C5aR2-/- IRI kidneys had significantly 

enhanced numbers of patent PTCs at d7 compared to WT (WT: 45% ±2.89 vs C5aR2-/-: 71% 

±1.25, ***p<0.001).  C5aR1-/- IRI kidneys had also more patent PTCs on d7 than WT 

(C5aR1-/-: 58% ±3.33 vs WT *p<0.05, vs C5aR2-/- **p<0.01, Fig. 2N). 21 days after IRI 

differences between WT and C5aR2-/- kidneys were still high (WT: 59% ±1.64 vs C5aR1-/-: 

71% ±2.79, **p<0.01; vs C5aR2-/-: 79% ±2.39, ***p<0.001).  

 

Renal perfusion impairment after IRI 

Renal perfusion was studied in vivo with fMRI on d1, 7 and 21 (Fig. 5). All mouse strains 

showed similar impairment of renal perfusion at d1. Differences between strains became 

obvious at d7: C5aR1-/- and C5aR2-/- mice showed significantly better renal perfusion than 

WT mice (WT: 219 ±48 vs C5aR1-/-: 352 ±19,5 ml/min/100g, *p<0.05; WT vs C5aR2-/-351 

±45,4 ml/min/100g, *p<0.05, control kidneys: 943 ±41 ml/min/100g). Three weeks after IRI, 

renal perfusion was nearly normal in C5aR2-/- mice and improved in C5aR1-/- compared to 

WT mice (WT: 410 ±58 ml/min/100g vs C5aR1-/-: 599 ±39 ml/min/100g, *p<0.05; WT vs 

C5aR2-/-: 723 ±47 ml/min/100g, **p<0.01).  In C5aR2-/- mice, this correlated with enhanced 

integrity of the PTC network and attenuated inflammation. Similarly, glomerular filtration 

rate (GFR) measured by inulin clearance after nephrectomy of the healthy contralateral 

kidney on d21 was significantly better in C5aR2-/- than in WT IRI kidneys (WT: 11.4±2.32 

µl/min vs C5aR2-/-: 49±5.1 µl/min ***p<0.001, Fig. 5C). C5aR1-/- mice also had improved 

GFR compared to WT mice (44±16 µl/min, *p<0.05). 

 

Renal fibrosis after IRI 

Severe IRI causes progressive renal fibrosis with loss of kidney volume and renal 

function28,29. Morphometric MRI studies revealed that the kidney volumes of WT mice were 
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reduced by 45% 21 days after IRI. Both C5aR1-/- and C5aR2-/- mice had smaller reductions 

in kidney volume suggesting better regeneration and less renal scaring (WT: 54.2 ±2.9% vs 

C5aR1-/-: 58.6 ±2.7%; WT vs C5aR2-/-: 65.9±1.3%, **p<0.01, Fig. 6).  

WT and C5aR1-/- mice showed similar interstitial collagen accumulation based on sirius red 

(SR) staining at d21. C5aR2-/- mice were almost completely protected from interstitial 

fibrosis (SR+ tubulointerstitial area: WT: 32 ±2.82% vs C5aR1-/-: 27 ±6.57%; WT vs C5aR2-

/-: 9 ±2,95% ***p<0.001, Fig. 6).  These data show that C5aR1-/- and C5aR2-/- differed in 

their responses to IRI. 

 

C5aR2-/- mice had enhanced tubular epithelial cell proliferation  

IRI causes cell death, but renal regeneration starts rapidly following injuries. Tubular 

epithelial cell proliferation was studied by Ki-67 staining. 24 hours after IRI, C5aR2-/- 

kidneys showed significantly more Ki-67+ proliferating tubular epithelial cells than WT and 

C5aR1-/- kidneys (C5aR2-/-: 945 ±188 vs WT: 418 ±103, *p<0.05; C5aR2 vs C5aR1-/-: 258 

±48, *p<0.05 Fig. 7A, B). Seven days after IRI significant differences were still present  

(C5aR2-/- 926 ±35 vs WT 635 ±48 **p<0.01; C5aR2-/- vs C5aR1-/-: 493 ±37 ***p<0.001).  

 

C5aR2-/- IRI kidneys have enhanced AKT protein expression after IRI 

To assess the molecular mechanisms responsible for improved regeneration in C5aR-deficient 

mice further, a high-content antibody microarray study30,31 was performed.  The abundance 

and phosphorylation status of 897 proteins were determined  1 day after IRI. Significantly 

higher levels of AKT1 were detected in C5aR2-/- compared to C5aR1-/- IRI kidneys (logFC 

= 0.36, p = 0.014 ). To verify the array results on AKT1, Western blotting of p-AKT and 

AKT were performed and showed enhanced relative expression and phosphorylation of AKT 

in C5aR2-/- IRI kidneys compared to WT a day after IRI (Fig. 7C-F). Collectively, the 

differentially expressed proteins and phospho proteins were compared by the pathway 
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analysis database string. The comparison of IRI WT and IRI C5aR2-/- kidneys pointed 

towards differences in AKT1 and IL-10 dependent signaling (Fig. 7G). MMP and MAPkinase 

signaling proteins were also differentially expressed. In addition, many proteins were 

differentially expressed between IRI C5aR1-/- and IRI C5aR2-/- kidneys including AKT1, 

mediators of apoptosis and fibrosis, and several cytokines (Fig. 7H).  

 

 DISCUSSION 

Activation of the complement system, which occurs rapidly after IRI, drives inflammation 

and fibrosis. The anaphylatoxin receptor C5aR has been identified to be crucial in IRI, and 

blocking C5aRs decreased apoptosis and inflammation22,23. Until recently, C5a was thought to 

signal only via C5aR1. Now, a second receptor, C5aR2 (former C5L2), with functions distinct 

from those of C5aR112,13,25,32 is recognized to be an important C5a mediator too. 

In the current study, we examined the effects of 45min renal IRI which progresses to CKD 

within 21 days of follow up. We showed that C5aR1 and C5aR2 mRNAs quickly increased in 

renal tissue and remained elevated throughout the observation period of 21 days. Both C5aR1 

and C5aR2 mRNAs were expressed by infiltrating immune cells and damaged proximal tubuli. 

We studied WT, C5aR1-/-, and C5aR2-/- male mice. It is worth mentioning, that complement 

female C57BL/6  mice show lower baseline activity of CP-C9 activity, LP-C9 activity and AP-

C9 activity compared to male mice. These observations are also strain specific and are less 

pronounced in BALBcJ or CD1 mice33. Both C5aR1-/- and C5aR2-/- mice were partially 

protected from IRI-induced renal inflammation and fibrosis. This is consistent with previous 

findings of attenuated renal damage by C5aR blockade11. The protection was due to different 

baseline complement activation which was proven by complement activity and C3 fragment 

measurements34. C5aR2-/- IRI kidneys showed markedly better tubular regeneration with 

enhanced Ki-67 expression after IRI. Furthermore, the integrity of the peritubular capillary 

network was significantly better in C5aR2-/- mice 7 and 21 days after IRI. This was confirmed 



10 

 

by fMRI, which revealed enhanced renal perfusion from d7 onwards in these mice. In line with 

previous observations, mRNA expression of the pro-inflammatory cytokine IL-1β was reduced 

at d1, 7 and 21 after IRI in C5aR1-/- and C5aR2-/- kidneys25. IL-6 expression was decreased in 

both C5aR deficient mouse strains. By proteomics a differential expression of anti-

inflammatory IL-10 protein expression was detected and could be verified in renal tissue and in 

isolated BMM. In IL-10 deficient mice aggravation of IRI has been observed together with 

enhanced macrophage influx and decreased proliferation. These findings support an important 

protective role of IL-10 up-regulation in C5aR2-/- IRI kidneys which might have contributed to 

reduced inflammation and better regeneration in our model. Our in vitro studies on BMM 

indicated that macrophages were a potential source of IL-10. IL-10 and HO-1 are 

interconnected by positive feedback loops and are both anti-inflammatory35.  HO-1 is known 

to have immunomodulatory properties and directs a phenotypic shift towards anti-

inflammatory macrophages36. Previously, we have shown that statin treatment in experimental 

IRI attenuated renal damage via enhanced HO-1 expression of infiltrating macrophages at the 

time of the injury37. Enhanced HO-1 expression was not only observed in macrophages but 

also in the proximal tubuli of C5aR2-/- mice at d1 and might have contributed to renal 

protection. In line with our findings in a previous study, HO-1 deficiency was linked to 

enhanced renal injury and up-regulated expression of the pro-inflammatory IL-638,. HO-1 

protects cells and tissues via antioxidative and anti-inflammatory actions.  It also helps 

maintain microcirculation39. These effects improve regeneration after IRI, and the enhanced Ki-

67+ tubular epithelial cell numbers in C5aR2-/- mice after IRI reflect this40. 

We could show in vivo by fMRI that the initial IRI-induced renal perfusion impairment at d1 

was similar among strains. By day 7, restoration of renal perfusion was enhanced in C5aR1-/- 

and even more in C5aR2-/- mice. We have reported previously that there is a strong 

correlation of impaired renal perfusion at d7 after IRI and progressive renal fibrosis in mice41. 

Furthermore, we showed that impaired renal perfusion in patients at 14 days after kidney 
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transplantation correlated with decreased renal function at 12 months42. The better integrity of 

the peritubular capillary network in C5aR2-/- IRI kidneys is a good explanation for the 

improved renal perfusion detected by fMRI and could be due to reduced inflammation. We 

detected an increase in AKT and p-AKT in C5aR2-/- kidneys at all time points. AKT is a 

survival factor43 and plays an important role in tissue regeneration. Moreover, studies showed 

that AKT is involved in HO-1 dependent pathways. In immune cells HO-1 gene expression was 

increased via PI3K/AKT signaling in response to prostaglandins44,45,46,47. The protection from 

IRI induced renal fibrosis in C5aR2-/- mice is striking, but unfortunately, no specific C5aR2 

inhibitors are currently available.  We believe that it would be useful to synthesize and test such 

compounds. 

Taken together, this study shows distinct roles of C5aR1 and C5aR2 in a model of renal IRI with 

progressive renal fibrosis. Both C5aR1-/- and C5aR2-/- mouse strains showed attenuated 

inflammation and fibrosis after IRI compared to WT. By proteomic approaches a differential 

expression of IL-10 and AKT in C5aR2-/- IRI was identified and confirmed.  Along with 

enhanced HO-1 expression these may contribute to better regeneration of C5aR2-/- IRI kidneys.  

 

METHODS 

Animals 

Adult male mice (11-13 weeks of age; weight 23-28 g) were used. C5aR1-/-, C5aR2-/- were 

backcrossed more than ten generations on a C57BL/6J background and compared to WT 

controls. Mice were kept in a 14/10 h light/dark cycle under conventional conditions. They 

had free access to tap water and food (Altromin 1324). Mice were monitored daily for 

physical condition. The German guidelines are in accordance with the NIH guidelines for 

animal welfare.  
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Induction of renal ischemia reperfusion injury 

Anesthesia was induced with isoflurane (3% induction and 1.5% maintenance). Butorphanol 1 

mg/kg s.c48 was used for analgesia. Renal IRI was induced by left renal pedicle clamping 

using a micro aneurysm clip (Aesculap, Germany) for 45min. The physical condition of the 

mice was assessed daily. Mice were anesthetized and sacrificed by total body perfusion with 

ice cold PBS via the left ventricle causing circulatory arrest. The contralateral kidney was 

used as a control.  

 

Magnetic resonance imaging to measure renal perfusion and kidney volume 

MRI was performed on day 1, 7 and 21 after IRI using a 7 Tesla small animal scanner 

(Bruker, Pharmascan, PHS701, Ettlingen, Germany). Animals were anesthetized with 3% and 

maintained with 1-2% isoflurane, respiration was kept between 50-60 breaths per minute.  

Morphological images were acquired with routine respiratory-triggered T2-weighted turbo 

spin echo sequences in axial and coronal planes. Kidney volumes were quantified by manual 

segmentation of axial images using OsiriX software (v.6.0.2; Pixmeo, Switzerland). Relative 

kidney volumes of the IRI kidney were given in relation to the contralateral kidney in the 

same animal on day 1 after IRI (the volume between d1 unclipped control and baseline did 

not differ). For quantitation of renal perfusion, a respiratory-triggered, fat-saturated flow-

alternating inversion-recovery (FAIR) ASL-sequence with an echo-planar readout was used 

as described previously29. This method allows contrast media free longitudinal studies of renal 

perfusion. Maps of renal perfusion were calculated and mean perfusion values (in ml /minute 

and 100 g renal tissue) of renal cortex were determined for each kidney in regions of interest.  

Mouse strains at the single time points were compared statistically, n=5-6 mice/group. 
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Renal morphology and immunohistochemistry 

At day 1, 7 and 21 mice were sacrificed, kidneys fixed in 4% paraformaldehyde (PFA) and 

embedded in paraffin. AKI scoring was done semi-quantitatively after periodic acid Schiff 

(PAS) staining: 0 = focal AKI with <5% of tubuli of the cortex affected, 1 = mild AKI 5-25% 

of tubuli affected, 2 = moderate AKI 26-50% of tubuli affected, 3 = severe AKI 51-75% of 

the tubuli affected, 4 = very severe AKI > 75% of tubuli affected. To quantify renal fibrosis 

interstitial collagen deposition was stained by sirius red (SR)29 and quantification of  SR+ area 

was done automatically using Image J software (blood vessels and glomeruli were excluded). 

Immunohistochemistry was done to detect neutrophils (GR-1), macrophages (F4/80), tubular 

regeneration (Ki-67). Blinded analysis was done. Ki-67+ tubuli in 10 different view fields per 

renal section were counted at 400 fold magnification. Gr-1+ and F4/80+ leukocytes were 

scored semiquantitatively. 0= <5 cells/view field (VF); 1 = mild infiltrates < 10 cells/VF, 2 = 

moderate infiltration 11-20 cells /VF, 3 = 21-50 cells/VF, 4  >50 cells/VF. To investigate 

patent peritubular capillaries (PTC) 5 min prior sacrifice 100µl tomato lectin was injected 

intravenously. Lectin+ PTC were assessed semi-quantitatively in % of the affected area in 10 

view fields. PTCs in healthy kidneys were set as 100%. All images were captured with the 

same window size by a Keyence microscope, n=6-7 mice/group. 

 

In situ RT-PCR 

Kidney paraffin sections from WT mice after IRI at 1, 7 and 21 days and controls were fixed 

on 3-chamber slides and developed as described previously49. Briefly, in a two-step protocol 

with reverse transcription and PCR amplification, C5aR1 and C5aR2 mRNA were detected 

with mouse C5aR1 and C5aR2 specific primer in a specific thermal cycler. Gene specific 

primers for C5aR1 (Accession-N°: NM_007577) and for C5aR2 (Accession-N°: 

NM_001173550) were designed (for sequences refer to expanded methods). Detection of 

incorporated digoxigenin-labelled nucleotides was performed by incubation with an anti-
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digoxigenin antibody labeled with alkaline phosphatase (AP). AP activity was detected by 

BCIP/NBT color reaction and counterstained with hematoxylin50. 

 

Complement activity measurement in plasma 

EDTA-plasma was collected at baseline, day 1 and 7 to measure complement actvation was 

performed as described previously34. In brief, complement activation was induced by 

incubation of serial dilutions of plasma in ELISA plates (Nunc Maxisorp plates, Thermo 

Fisher Scientific) coated with human IgM, mannan and LPS to induce the classical, lectin and 

alternative pathway, respectively. Activation of complement was quantified at the level of C9 

deposition, using a rabbit anti-mouse C9 polyclonal Ab, making it comparable to hemolytic 

assays. Complement activity in experimental samples was calculated using CD1 serum as a 

standard which was set to 100 AU/ml.  

Activation of the complement system upon IRI was quantified in EDTA-plasma samples 

using a specific sandwich ELISA for the C3b/C3c/iC3b activation fragment, as previously 

described34.  

 

mRNA isolation and quantitative PCR  

Kidney sections were fixed immediately after organ retrieval in RNA-later. Total RNA was 

extracted using the RNeasy mini kit system (Qiagen, Hilden, Germany). Then, 1µg of DNase-

treated total RNA was reverse transcribed using PrimeScript Reverse Transcriptase Reagent 

Kit (Takara) and qPCR was performed on an Lightcycler 420 II (Roche Diagnostics, 

Penzberg, Germany) using FastStart Sybr-Green chemistry. The following gene-specific 

primers were used C5aR1, C5aR2 , IL-10 , IL-6, IL-1β (for details refer to expanded 

methods). β-actin was used as house keeper for normalization. n=5-6 mice/group. 
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Bone marrow derived macrophage culture and IL-10 ELISA 

Bone marrow cells were isolated as previously described51. 25 ng/ml of recombinant mouse 

MCSF (PeproTech, Hamburg, Germany) was added to DMEM supplemented with 10% FBS, 

100 U/ml penicillin, and 100 μg/ml streptomycin to differentiate bone marrow cells to 

macrophages. After 7 days, the differentiated macrophages were detached using accutase and 

plated for further experiments. For LPS stimulation, 5x105 cells were plated in 12 well plates 

and cultured overnight. Then cells were stimulated with LPS (1 µg/ml) for 16h. The 

supernatant collected was used for mouse IL-10 ELISA (ThermoFischer Scientific, Waltham, 

USA) according to the manufacturer’s protocol. Cell lysates were used for protein estimation 

and subsequent Western blot analysis. Concentration of IL-10 measured in the supernatant 

was normalized to protein concentration measured in cell lysates and expressed as pg/mg 

protein. Cells were stained with CD206 (clone: C068C2) or the respective isotype control 

antibodies (Biolegend, San Diego, CA) and analyzed by flow cytometry. 

 

Protein isolation and Western blotting 

Shock frozen kidneys were re-suspended in 2 ml RIPA lysis buffer and sonificated on ice. 50 

µg protein was separated on a 10% polyacrylamide gel. Proteins were transferred to PVDF 

membranes (Milipore, Darmstadt, Germany) and blocked in 3% BSA. Incubation in primary 

antibody against p-AKT (60 kDa, Ser473 D9E rabbit), AKT (56 kDa, 2H10 mouse), and 14-

3-3 (28 kDa, K-19 rabbit) was applied over night at 4°C.  Antibodies were from Santa Cruz 

Biotechnology, Dallas, USA and Cell Signaling Technologies, Cambridge, GB. After washing 

with TBST buffer membranes were incubated with horseradish peroxidase conjugated goat 

anti rabbit secondary antibody (Dianova, Hamburg, Germany) for 1 hour. Proteins were 

detected with SuperSignal™ West Pico Chemiluminescent Substrate (Thermo Fisher 

Scientific, Waltham, Massachusetts, USA) and SuperSignal™ West Femto Maximum 

Sensitivity Substrate (Thermo Fisher Scientific, Waltham, Massachusetts, USA) according to 
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the manufacturer’s instructions (VersaDoc MP 400 System, Bio-Rad). Relative densities were 

quantified by Image J software. n=5 mice/group.  

 

 

Flow cytometry  

At 7 days after IRI kidneys were homogenized with a gentleMACS dissociator (Miltenyi 

Biotec, San Diego USA) according to manufacturer’s instructions. Before and after 

homogenization, digestion with Collagenase II (500U/ml; Worthington) was performed. Red 

blood cell lysis of single cell suspensions was done in RBC lysis buffer (420301, Biolegend, 

San Diego). Antibody staining was performed as described previously52. For analysis the 

following anti-mouse antibodies were used: CD45 (clone 30-F11), CD49b (clone DX5), 

CD11c (clone N418), F4/80 (clone BM8), CD11b (clone M1/70) and fixable viability dye 

eFluor 506 (65-0866) from ebioscience, Santa Clara, CA. Ly6-C (clone HK1.4), Ly6G (clone 

1A8) from Biolegend, San Diego, CA. FACS CantoII (BD Biosciences) was used for flow 

cytometry and data analysis was done using Kaluza software 1.3 (Beckmann Coulter, 

Krefeld), n=5 mice/ group. 

 

High content antibody arrays  

To identify differentially expressed proteins and phospho-proteins, renal tissue at d1 after IRI 

was shock frozen and subjected to protein isolation using scioExtract Pro (Sciomics, 

Germany).  Protein content was measured by BCA and adjusted to 1 mg/ml. Subsequently, 

the protein fraction was labeled with scioDye 1 (Sciomics) and incubated for 3 hours on 

scioDiscover arrays (Sciomics) according to standard protocols for microarray analysis. For 

detection of the phosphorylation status scioPhospho detection mix (Sciomics) was added for 1 

hour after washing with PBST. After washing, slides were scanned using a Powerscanner 
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(Tecan). Data were analyzed using the linear models for microarray data (LIMMA) package 

of R-Bioconductor for differential protein expression and phosphorylation status. 

 

 

 

Statistical analysis 

GraphPad prism software (GraphPad Software Inc. 5.0, San Diego, CA) was used for 

statistical analysis. One way ANOVA was used to compare parameters between mice strains. 

Adjustment for multiple comparisons was performed by a Tukey post-hoc-test. Data are 

presented as mean ± standard error (SEM). Significant differences were defined as *p < 0.05, 

**p < 0.01, ***p < 0.001. 
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 FIGURE LEGENDS 

Figure 1:  C5aR1 and C5aR2 mRNA expression increases after renal IRI  

Following IRI, C5aR1 (A) and C5aR2 (B) mRNA levels were significantly upregulated at all 

time points studied compared to levels in control kidneys (n=5-6, β-actin was used for 

normalization, mean±SEM ***p < 0.001).  Complement activity was measured at baseline in 

EDTA plasma of WT, C5aR1-/- and C5aR2-/- mice. Activity of the classical (CP), alternative 

(AP) and the mannose-binding lectin pathway (LP) did not differ between groups (C, n=6-8 per 

group). C3 fragmentation was measured by ELISA and was enhanced at d1 after IRI in all 

groups (D). In situ RT-PCR for C5aR1 (upper row), and C5aR2 (lower row) mRNA expression 

was done at day 1, 7  and 21 after IRI in WT kidneys. After IRI expression of C5aR1 and C5aR2 

mRNA especially in the parenchymal cells of the proximal tubuli (star) were markedly increased 

from a moderate expression at day 7 (F, J) to a high, dense expression at day 21 (G, K). 

Additionally, the immune cell infiltration (arrow), starting at day 1 only in the perivascular space 

of some greater vessels and reaching a severe infiltration at day 21, showed a dense mRNA 

expression of both receptors (bar 50µm).  
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Figure 2: Myeloid cell infiltration is reduced in C5aRs deficient IRI kidneys at d1 and d7 

Myeloid cell infiltration was attenuated in C5aR-deficient mice after IRI. In WT mice Gr-1+ 

neutrophils (red) accumulated in the outer medulla at d1 after IRI. C5aR1-/- and C5aR2-/- IRI 

kidneys showed significantly reduced Gr-1+ neutrophil accumulation (left column).  The effect 

was greater in C5aR2-/- animals.  Seven days after IRI, F4/80+ macrophages (red) were the 

predominant cells in the outer medulla. Again, kidneys of C5aR1-/- mice and, to a greater 

degree, C5aR2-/- mice had attenuated F4/80+ macrophage infiltration (middle column, 

magnification: 200x). Flow cytometry at d7 after IRI confirmed the attenuated CD11b+/ F4/80+ 

macrophage infiltration in C5aR1-/- and C5aR2-/- IRI kidneys compared to WT (C gating, F 

quantification). In vivo lectin staining revealed enhanced loss of in PTCs in WT IRI kidneys at 

d7 compared to C5aR2-/- or C5aR1-/- IRI kidneys (N, bar 100µm, mean±SEM. *p < 0.05, **p 

< 0.01, ***p < 0.001 for C5aR2-/- and C5aR1-/-).  At d1 the PTC patency rate was not yet 

reduced (K). 

 

Figure 3: Cytokine, IL-10 and HO-1 expression after IRI 

IL-1β mRNA increase was attenuated in C5aR1-/- and C5aR2-/- IRI kidneys compared to WT 

(A-C). IL-6 mRNA up-regulation was similar at d1 in all groups but significantly less at d7 in 

C5aR1-/- and C5aR2-/- IRI kidneys (D-F). The anti-inflammatory IL-10 mRNA was up-

regulated in C5aR2-/- IRI kidneys at day 1, 7 and 21 (G-I; mean± SEM, *p < 0.05, **p < 0.01 

n=6-8 per group). Immunohistochemistry revealed significantly more HO-1 expression in 

C5aR2-/- proximal tubuli at d1 compared to WT at d1 after IRI. C5aR1-/- IRI kidneys did not 

differ from WT. (J-L: bar 100µm, mean±SEM. **p < 0.01).  

BMM from C5aR2-/- mice showed enhanced IL-10 production after LPS stimulation compared 

to WT (M). Western Blot revealed enhanced HO-1 expression in C5aR2-/- derived BMM after 

stimulation (N). Flow cytometry showed enhanced expression of CD 206 in C5aR2-/- derived 
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BMM compared to WT after stimulation (mean±SEM, *p < 0.05 experiments were repeated 3 

times).  

 

Figure 4: C5aR-deficient IRI kidneys have less renal injury and inflammation at d21  

Acute kidney injury (AKI) was enhanced in IRI kidneys of WT mice compared to control at d21 

after IRI (PAS stain, first column with AKI score). In C5aR1-/- and especially C5aR2-/- IRI 

kidneys AKI was significantly attenuated compared to WT at d21. Control kidneys displayed no 

signs of AKI (J). WT IRI kidneys showed persistent increased F4/80+ macrophage infiltration 

(red) at d21 (middle column). C5aR1-/- IRI kidneys had significantly less F4/80+ macrophage 

infiltration. In C5aR2-/- IRI kidneys the macrophage accumulation was only focal. Lectin 

staining revealed enhanced loss of patent peritubular capillaries (PTC) in WT IRI kidneys at d21 

(last column). C5aR2-/- IRI kidneys had markedly enhanced patent PTCs compared to WT. To a 

minor degree also C5aR1-/- IRI kidneys had larger proportion of patent PTC (bar 100µm, 

mean±SEM. *p < 0.05, **p < 0.01, ***p < 0.001 for C5aR2-/- and *p for C5aR1-/-).   

 

Figure 5: C5aR2-/- mice had significantly better renal perfusion after IRI 

Representative parameter maps of renal perfusion generated from fMRI (arterial spin labelling, 

ASL) of the IRI kidney are shown in WT (upper row), C5aR1 -/- (middle row) and C5aR2 -/- 

mice (lower row) at d1, 7 and 21 (A). For comparison, the contralateral kidney on d1 served as a 

reference control (left lower corner, A). Quantification of perfusion values is depicted as 

mean+SEM and was calculated per 100g renal tissue (B). On d1 after IRI, perfusion was mildly 

impaired in all groups compared to the contralateral control kidney. From d7 onwards, C5aR1-/- 

and even more C5aR2 -/- mice showed significantly improved perfusion compared to WT mice 

at d7 and  d21 (B; C5aR2-/- vs WT *p<0.05, **p<0.01, C5aR1-/- vs WT *p<0.05). Better 

perfusion also resulted in improved glomerular filtration rate measured by inulin clearance after 

contralateral nephrectomy in  C5aR2-/- > C5aR1-/- IRI kidneys compared to WT at d21 (C, 
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mean±SEM.  C5aR2-/- vs WT: **p < 0.01, ***p < 0.001, C5aR1-/- vs WT:  *p<0.05). 

 

 

Figure 6: Renal fibrosis and kidney volume loss were attenuated in C5aR2-/- IRI kidneys 

21 days after IRI 

Collagen deposition (sirius red) was markedly reduced in C5aR2-/- compared to WT IRI kidneys 

at d21 and almost comparable to sham (sham, A, Keyence Z stack; IRI second column, bar 

100µm). By morphometric MRI at the volume of the IRI kidney d21 was compared to the 

volume of the control kidney (contralateral kidney on d1, F) to calculate the relative kidney 

volume. Volume loss at d21was attenuated in C5aR2-/- IRI kidneys compared to WT (last 

column).  

 

Figure 7: C5aR2-/- kidneys after IRI had more Ki-67+ tubular epithelial cells and 

enhanced AKT expression and activation  

Enhanced numbers of Ki-67+ tubular epithelial cell nuclei (red) were observed in C5aR2-/- IRI 

kidneys at d1 and 7 representing enhanced proliferation (A: C5aR2-/- IRI d1; bar 50µm, B: 

quantification, mean ± SEM.  *p < 0.05, **p < 0.01, ***p <0.001). Western blotting (C) 

revealed higher AKT protein and abundance and phosphorylation in C5aR2-/- IRI kidneys (D-E, 

normalization to 14-3-3, F normalization p-AKT/AKT; three representative samples are shown 

in each group and n=5-6 kidneys per group were compared, mean ± SEM *p < 0.05, **p < 0.01, 

***p < 0.001). Differentially expressed proteins between WT and C5aR2-/- (G) and between 

C5aR1-/- and C5aR2-/- (H) IRI kidneys at d1 revealed strong evidence for AKT1 and IL-10 

signaaling dependent mechanisms (STRING pathway analysis tool).  
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