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Complement factor C5a was originally identified as a powerful
promoter of inflammation through activation of the C5a recep-
tor 1 (C5ar1). Recent evidence suggests involvement of C5a not
only in pro- but also in anti-inflammatory signaling. The pre-
sent study aims to unveil the role of C5ar1 as potential thera-
peutic target in a murine sepsis model. Our study discloses a
significantly increased survival in models of mild to moderate
but not severe sepsis of C5ar1-deficient mice. The decreased
mortality of C5ar1-deficient mice is accompanied by improved
pathogen clearance and largely preserved liver function. C5ar1-
deficient mice exhibited a significantly increased production of
the pro-inflammatory mediator interferon-g (IFN-g) and a
decreased production of the anti-inflammatory cytokine inter-
leukin-10 (IL-10). Together, these data uncover C5a signaling
as a mediator of immunosuppressive processes during sepsis
and describe the C5ar1 and related changes of the IFN-g to
IL-10 ratio as markers for the immunological (dys)function
accompanying sepsis.
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INTRODUCTION
The immune system gathers a wide range of adaptive and innate re-
sponses in order to protect against external and internal threats
encountered by the human body. The innate immune response con-
sisting of both cellular components and humoral factors acts as the
first line of defense against invading pathogens. The complement sys-
tem as part of the humoral innate immune response contributes pri-
marily to clearance of cell debris.1 However, in systemic inflammatory
states, including sepsis, a profound activation of the complement sys-
tem has been observed contributing to organ damage.2 On the other
hand, the complement adds to organ regeneration, neuroprotection,
and the generation of hematopoietic stem cells.3 Besides its role in
pro-inflammatory responses, complement activation has also been
described to promote immunosuppressive effects, indicating a crucial
role of the complement system during immune homeostasis in health
and disease.4
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During complement activation, complement factor C5 is enzymati-
cally cleaved and gives rise to multiple products, including the ana-
phylatoxins C5a and C5b. C5a typically functions as a pro-inflamma-
tory peptide and exerts its effects by interacting with C5a receptor 1
(C5ar1, also known as CD88) and C5a receptor 2 (C5ar2, also known
as C5L2 and GPR77).5

After activation of C5ar1, several downstream cascades are initiated,
depending on the cell type. In neutrophils, phosphoinositide 3-kinase
(PI3K) is activated, provoking nicotinamide adenine dinucleotide
(phosphate) (NAD(P)H) oxidase assembly, which contributes to
the clearance of invading pathogens.6,7 Previous work revealed that
the exposure of neutrophils to high doses of C5a perturbed C5ar1
downstream signaling and neutrophil function.8–10 Interestingly,
treatment of macrophages with high amounts of C5a led to the release
of anti-inflammatory mediators, indicating ambivalent functions of
the anaphylatoxin in the inflammatory response.11,12 Notably, some
bacteria use strategies for blocking the complement system in order
to persist in their host.13 For instance, de Haas and co-workers13 sub-
jected mice to intravenous injections of chemotaxis inhibitory protein
of Staphylococcus aureus followed by intraperitoneal injection of C5a,
which resulted in inhibition of the C5a/C5ar1 interaction with
chemotaxis inhibitory proteins (CHIPS) and prevented the recruit-
ment of phagocytic cells in this mouse peritonitis model.

These observations are consistent with the presence of a second C5a
receptor, C5ar2, with anti-inflammatory function. The exact function
of C5ar2 receptor is less well understood, and previous studies (Gao
et al.,14 Rittirsch et al.,15 and Wang et al.16) suggest its function as a
decoy receptor as well as a receptor for C5a-associated
.
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Figure 1. C5ar1 Deficiency Improves Survival in a Mild Sepsis Model

(A) Survival rate of C5ar1 knockout (C5aR�/�) mice compared to wild-type mice

subjected to low pathogen load (7.76 � 105 total CFU/g body weight; mild to

moderate sepsis) or high pathogen load (1.21� 106 total CFU/g bodyweight; severe

sepsis) of a polymicrobial human fecal slurry. **Statistical difference between indi-

cated groups (p < 0.05, log-rank test, low pathogen load: 25 mice/group; high

pathogen load: 10 mice/group). (B) Beneficial outcome and less clinical severity

(CSS Score) were observed in C5aR�/� mice under low pathogen load. Data are

displayed as mean barplot + SEM. xC5aR�/� or #wild-type significant to respective

time point 0, p < 0.05, one-way ANOVA with Tukey test correction; *significant

difference between C5aR�/� and wild-type at individual time points, p < 0.05

Student’s t test, 15 mice/group.
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immunosuppression. The C5a/C5ar2 signaling is also crucial during
lipopolysaccharide (LPS)-induced shock and leads to an increased
susceptibility to LPS.17

C5ar1 and C5ar2 expression increases in the lung, kidney, heart, and
liver tissue early after polymicrobial sepsis in mice.14,18 The develop-
ment of multiple organ failure during sepsis includes or is even
propagated by liver dysfunction, and this is associated with a poor
outcome.19 Complement components including C5a are central acti-
vators of Kupffer cells (KCs), which subsequently release interleukin-
1b (IL-1b) and IL-6, further promoting the infiltration of neutrophils,
a hallmark of liver injury associated with sepsis.20,21 The ensuing he-
patocellular injury develops rapidly, resulting in excretory dysfunc-
tion of the liver and subsequent cholestasis.22–24 Previous studies
linked early liver dysfunction in sepsis to increased PI3K signaling,
and knockout of the PI3K species gamma (PI3Kg) was shown to pro-
tect against liver dysfunction in sepsis.24 Previously, a clinical study
revealed that high levels of C5a correlate with increased mortality
in human sepsis.25 The importance of the C5a receptors (C5ar1
and C5ar2 [C5L2]) has been further highlighted in a mid-grade cecal
ligation and puncture sepsis model. In these studies, the knock-out or
blockage of the receptors individually (before sepsis) protected
against development of multiorgan failure and reduced mortality.9,15

Among the complement components, the anaphylatoxin C5a has
been proven to elicit one of the strongest inflammatory responses.
However, previous studies also indicate immunosuppressive effects,
primarily attributed to signaling through C5ar2.16 Our current study
aims to elaborate involvement of these opposing functions of C5a
signaling in septic organ failure. Unexpectedly, the data disclose
C5ar1 as a mediator of the immunosuppressive activities of the com-
plement system in septic mice.

RESULTS
Effects of C5ar1 Knockout (C5aR–/–) on Survival and Disease

Progression

BALB/c mice were infected with two different loads of character-
ized polymicrobial feces (7.76 � 105 total colony-forming units
[CFU] versus 1.21 � 106 total CFU per g body weight [BW]; Table
S1), leading to different mortality rates of 30% versus 70% after 48
h, respectively. Subjecting C5ar knockout mice to the same two
pathogen loads caused a decreased survival in the high-dose but
a significantly increased survival in the low-dose sepsis model (Fig-
ure 1). Fortifying these results, C5aR�/� improves the overall clin-
ical condition (assessed by means of the established clinical
severity score26 of the animals infected with a low pathogen
load) (Figure 1B). To scrutinize the pathogen load or the host
response as causes of the opposing effects of different pathogen
doses, we investigated the effects of an antibiotic treatment on
the high-dose sepsis model 6 h after infection. The eradication
of the bacteria by meropenem increased the 48-h survival of
both wild-type and knockouts but did not alter the relation of
the mortality of wild-type and C5aR�/� observed in the absence
of antibiotics (Figures S1 versus 1). These findings suggest an
ambivalent role of C5ar1 in the host response during sepsis de-
pending on the initial pathogen load.

C5aR–/– Prevents Liver Failure in Sepsis

C5ar1 is widely expressed in the immune system and upregulated
during inflammation (Figures S2A and S2B; Riedemann et al.18).
Our results depicted that apart from immune cells, hepatocytes ex-
press C5ar1 during sepsis (Figure S2C).

Even though knockout mice are immunocompromised, the pathogen
clearance from blood during sepsis is not affected, whereas the bacterial
translocation to the liver parenchyma is reduced (Figure 2A). Since
liver failure was previously associated with poor survival in the perito-
neal contamination and infection (PCI) model used,24 we investigated
effects of the C5aR�/� on tissue damage, especially in the liver. The
C5aR�/� mice subjected to low pathogen loads revealed slightly
elevated alanine aminotransferase (ALT) and albumin values, which
did not differ from wild-type mice (Figure 2B). The histological assess-
ment of the tissue showed no obvious signs of liver tissue damage (Fig-
ure 2C). We noticed that C5aR�/� shammice had reduced amounts of
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Figure 2. C5ar1 Deficiency (C5aR–/–) Improves

Bacterial Clearance and Attenuates Liver Damage

in a Mild Sepsis Model

(A) For bacteremia no differences were observed,

whereas lower bacterial translocation into liver tissue was

found in C5aR�/� mice compared to wild-type mice

subjected to a low pathogen load. Individual data (points),

mean (line) and error (SEM) is presented. **Significance

(p < 0.05), Student’s t test. (B) Established clinical

parameter (alanine aminotransferase) to monitor liver

dysfunction or organ damage during septic insult indi-

cated minor differences over time between wild-type and

C5aR�/� mice. Mean barplot + SEM and individual data

points presented. #Significant (p < 0.05) to wild-type

sham control, one-way ANOVA (Tukey test correction).

(C) Histological staining of liver tissue showed no hepa-

tocellular necrosis in wild-type and C5aR�/� mice sub-

jected to a low pathogen load.
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local neutrophils in the liver, but 6 h after infection the cell number
already increased to the level of wild-type mice with sepsis. At a late
time point in this model (96 h), which is dominated by organ damage,
the infiltration of polymorph nuclear positive (PMN+) cells was signif-
340 Molecular Therapy Vol. 29 No 1 January 2021
icantly increased in wild-type mice compared to
C5aRs�/� (Figure S3). The liver function was
impaired in wild-type mice despite that no histo-
logically evident damage occurred
(Figure 2C).19,27

Bilirubin was not significantly altered, con-
firming previous observations that identify to-
tal bilirubin as a marker with rather low sensi-
tivity (Figure 3A). Mass spectroscopic analysis
of conjugated and unconjugated bile acids in
liver tissue and plasma from wild-type and
knockout mice depicted an early drop of con-
jugated bile acids followed by an accumulation
of conjugated and unconjugated bile acids,
which was absent in C5aR�/� mice (Figures
3B and S4).

At 24 h after peritoneal infection, a significantly
decreased metabolic activity (i.e., bile acid
conjugation) in wild-type but not C5aR�/� an-
imals was observed (Figure 3C).

The metabolic and excretory capacity of the
hepatocytes was investigated additionally by
intravital microscopy. Hepatic NAD(P)H
autofluorescence and the hepatic elimination
of DY-63527 had been quantified by intravital
microscopy to further investigate hepatocellu-
lar damage and dysfunction. Both the inten-
sities of NAD(P)H and DY-635 were objec-
tively quantified by an automated image analysis procedure based
on the segmentation of hepatocytes and evaluating the kinetics of
DY-635 uptake and elimination over time by the classification of
the curve shapes (Figure 3D).



Figure 3. C5aR–/– Attenuates Excretory Liver Dysfunction in a Mild Sepsis Model in Mice

(A) Whereas total bilirubin showed no differences, (B) a higher increase of unconjugated and total conjugated bile acids was monitored in wild-type mice compared to

C5aR�/� mice subjected to low pathogen load in serum and liver. Data depicted as mean bar plot + SEM and indivudal data points. (C) The ratio of unconjugated to

conjugated bile acids (Tukey’s boxplot with individual data points) displayed a significant decrease in wild-type mice. Excretory liver dysfunction was more pronounced in

wild-type mice compared to C5aR�/� mice. (D) Schematic illustration of basic image processing workflow to obtain NADPH autofluorescence intensities and DY-635

elimination curves. The curve shape had been classified according to their biomedical interpretation and plotted according to their relative occurrence over all analyzed

animals. A constant linear increase reflects a continuous DY-635 accumulation in hepatocytes and diminished elimination. An efficient DY-635 elimination is depicted by a

homeostasis of DY-635 uptake and elimination in hepatocytes within 45min. #Significant to wild-type sham control, $significant to wild-type 6 h, xsignificant to C5aR�/� sham

control with p < 0.05, (A) one-way ANOVA (Tukey test correction), or (B–D) Kruskal-Wallis test (Dunn’s test correction). *Statistical significance (p < 0.05) between wild-type

and C5aR�/� applying (C) Student’s t test or (D) Wilcoxon-Mann-Whitney.
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The elimination of DY-635 was observed over 45 min by confocal
intravital microscopy. After intravenous injection, DY-635 is
rapidly accumulating in the liver. While DY-635 plasma levels
are decreasing, the hepatocellular concentration is increasing. If
the hepatocytes efficiently eliminate DY-635, equilibrium of up-
take (into hepatocytes) and elimination (from hepatocytes into
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Figure 4. C5ar1 Deficiency Promotes the Shift from

Innate to Adaptive Immune Response

(A and B) Significantly higher plasma IFN-g (A) and

significantly lower plasma IL-10 (B) levels were found in

C5aR�/� mice compared to wild-type mice subjected to

low pathogen load, whereas C5aR�/�mice and wild-type

mice showed minor differences when subjected to high

pathogen load. (C) IFN-g /IL-10 ratio, described as

biomarker for the assessment of immune dysfunction,

continued to decrease from mild to severe infection in

wild-type mice. In C5aR�/� mice subjected to low path-

ogen load, a significantly higher ratio was found, whereas

the ratio did not differ between the groups when sub-

jected to high pathogen load. (D) Survival rate and anti-

C5ar1 treatment (anti-C5ar1 injection 4 h after PCI, anti-

C5ar1 injection 4 h and 24 h after PCI, vehicle control) in

mice subjected to low (mild to moderate sepsis) and high

pathogen load (severe sepsis). Blocking C5ar1 is asso-

ciated with a beneficial outcome in mild to moderate

sepsis. (A-C) Data are depicted as Tukey boxplot with

overlayed individual data points. #Significant to wild-type

sham control, $significant to wild-type 6 h, xsignificant to
C5aR�/� sham control, +significant to C5aR�/� 6 h with

p < 0.05 (A and B) Kruskal-Wallis test (Dunn’s test

correction), or (C) one-way ANOVA (Tukey test correc-

tion). *Statistical significance (p < 0.05) between wild-type

and C5aR�/� by means of (A and B) Wilcoxon-Mann-

Whitney test or (C) Student’s t test; (D) log-rank test, p <

0.05, 15 mice/group.
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the bile) is reached. The occurrence of this homeostasis is charac-
teristic of a physiologic biotransformation in the liver. In case of
excretory liver failure, the hepatocytes will accumulate DY-635.
Being unable to eliminate the dye into the bile, the intracellular
concentration in this experiment is constantly rising over the
observation period (45 min), resulting in a constant linear in-
crease. Curves that reach a saturation (representing the equilib-
rium of DY-635 uptake and elimination) and those that constantly
increase (diminished elimination) are then automatically detected
and classified from the intensity analysis. Their frequency of
occurrence was plotted afterward and reflects changes in the over-
all elimination capacity of the liver.

Our analysis indicates a protection of the excretory liver function at
24 h in C5aR�/� mice in comparison to wild-type animals (Fig-
ure 3D). These observations are in line with and further supported
by the results obtained in the quantification of bile acids (i.e., the accu-
mulation of unconjugated bile acid in wild-type but not C5aR�/�

mice after 24 h).

The NAD(P)H autofluorescence may be interpreted as surrogate for
the hepatocellular redox potential and thus metabolic activity or vital-
ity.27 A drop in NAD(P)H auto-fluorescence was observed in both
BALB/c wild-type and C5aR�/� mice. NAD(P)H levels in the liver
of wild-type mice were further significantly lower after 6 h sepsis
compared to C5aR�/�, which supports the notion of reduced meta-
342 Molecular Therapy Vol. 29 No 1 January 2021
bolic activity leading to the subsequent drop in bile acid conjugation
observed in wild-type mice after 24 h (Figure 3C).

Together, these findings suggest the protection of C5aR�/�mice from
excretory liver failure during the course of infection, which is most
likely due to different immune responses that the animals have to
cope with during infection.

C5ar1 Function Correlates with the Pro-inflammatory to Anti-

inflammatory Switch in Sepsis

The pro-inflammatory response did not differ between wild-type and
C5aR knockout mice, as shown by the levels of circulating cytokines
(IL-6, tumor necrosis factor alpha [TNF-a], andMCP-1) or C5a (Fig-
ure S5). However, a significant decrease of IL-10 and an increase of
interferon-g [IFN-g] might indicate an early switch to the adaptive
immune response in C5aR knockouts. Notably, this switch in the im-
mune response did not occur in animals subjected to high pathogen
loads (Figures 4A and 4B). The ratio of IFN-g to IL-10 was previously
described as a measure for the general inflammatory response during
systemic infections and the ability of the immune cell to control path-
ogen invasion.28,29 Figure 4C depicts this ratio for the models with
low and high load, indicating protection of C5aR�/� mice from a de-
regulated host response caused by a mild infection. During severe
infection, however, this protection disappears in accordance with a
lack of survival benefit (Figures 1B and 1C). To corroborate these re-
sults, animals have been subjected to a low or high pathogen burden
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with an anti-C5ar1-blocking antibody (Figure 1D). Similar to the ex-
periments in knockout mice, treatment with the antibody protected
animals subjected to a low pathogen burden but did not affect severely
sick animals (Figure 4D). Together, the survival benefits of the
C5aR�/� mice and the anti-C5ar1-treated BALB/c mice in the low-
dose PCI model correlate with a fortified immune response of the
C5ar1-deficient animals, suggesting an immunosuppressive function
of C5a signaling in these settings.

DISCUSSION
Efficient treatment of the deregulated host response is a long-term
goal in sepsis research. Many clinical trials targeting the initial over-
whelming immune response (e.g., by sequestering cytokines) finally
failed.30 Previous studies in animal models of sepsis suggest the com-
plement system as a promising target for the development of novel
therapeutic approaches.31

The knockout or blocking of C5a receptors before inducing experi-
mental sepsis through cecal ligation and puncture or intraperitoneal
Neisseria meningitides and iron-dextran co-administration reduced
mortality in mice.15,32 Also blocking the anaphylatoxin C5a protected
from the development of multiorgan failure in rats.9 In contrast, a 12-
h delayed anti-C5ar1 treatment did not exert beneficial effects.15 Our
data depict that C5aR�/� mice are protected from sepsis in a low-
pathogen-dose sepsis model. When mice were infected with high
pathogen loads, the C5aR�/� (or the anti-C5ar1 block) did not exert
protective effects. C5ar1 block in wild-type mice after 4 h, as well as 4
and 24 h, after inducing sepsis by peritoneal contamination and infec-
tion confirmed the positive influence on the outcome in C5aR�/�

mice administered to low pathogen loads only. These findings high-
light the importance of the early timing of a C5ar1 blocking strategy
and motivate an individualized approach according to the severity of
the infection.

In a prospective observational study circulating IL-10, soluble CD25,
and IFN-g were found to add prognostic value for an early diagnosis
of bacteremia.33 Recently, particularly the IFN-g/IL-10-ratio was
described as a marker indicating the host’s control over the immune
response and infection.28,29 The increased IFN-g/IL-10 ratio and
cytokine profiles in C5ar1-deficient mice, challenged by the low-
dose sepsis model, supports the idea that C5a signaling under the
given conditions is fulfilling an immunosuppressive function. Under
these immunosuppressive conditions, pathogen-induced organ dam-
age might cause increased mortality of wild-type animals. In contrast,
the increased survival of C5aR�/� animals might be explained by
more efficient resistance responses of the innate and adaptive im-
mune system emerging at high IFN-g/IL-10 ratios. This hypothesis
is strongly supported by the lower bacterial load in C5ar1-deficient
animals, at least in the liver.

The effective control of infection in C5aR�/�mice might be primarily
attributed to decreased receptor signaling in immune cells and also
parenchymal cells. The presence of the C5ar1 on parenchymal cells
was reported before by several authors,18,20,34,35 and we showed its in-
duction also in hepatocytes during infection. The given studies sug-
gest that both C5ar1-dependent and -independent complement
signaling activities are important mediators of inflammation in im-
mune and parenchymal cells during sepsis. C5ar1 independent effects
might be mediated through activation of the C5ar2 receptor. The
C5ar2 receptor was described as a decoy receptor and negative regu-
lator of C5ar1 leading to immunosuppression. However, the mecha-
nisms of how the activation of C5ar2 leads to a negative regulation of
C5a-induced immune functions are not yet elucidated.14,16 In addi-
tion, the physiologic effects of its activation are currently controver-
sially discussed and vary between different animal models of
inflammation.15,17

The dysregulation of the immune response during systemic infec-
tion leads to organ impairment and failure. Liver function in sepsis
is affected indirectly by resident and invading macrophages and
neutrophils during an infection-causing tissue necrosis.22,24 Early
liver failure in sepsis, especially in models with low severity, is rarely
accompanied by tissue necrosis but rather by direct effects on path-
ophysiologic signaling mechanisms in hepatocytes. Our study de-
picts that the C5ar1 is upregulated on immune cells but also on
parenchymal hepatocytes in the liver. Lower bacterial translocation
into liver tissue accompanied by decreased immune cell recruitment
reduces the harmful effects on the liver of C5a in the C5aR�/�. The
C5aR�/� also maintains bile acid conjugation in a low-dose sepsis
model during the acute phase. However, the activation of the adap-
tive immune response, exemplified by an increased IFNg/IL-10 ra-
tio, reduced protective effects of the C5aR�/� in the later phase (24
h) and is accompanied by decreased excretory liver function.

The activation of C5a receptors by C5a exhibits ambivalent effects on
the immune response during the acute phase of inflammation.4 The
loss of these overall protective effects with reduced tissue damage
and retained organ function during infection in the high-dose model
of the C5aR�/� mice underline the concept of pathogen dose-related
effects and other stressors in infectious diseases, where the interaction
of hyperinflammation and immunosuppression play a crucial role.36

Thus, under conditions where the infection does not immediately
overwhelm the host and an adequate adaptive immune response is
achieved, the C5aR�/� leads to an overall beneficial effect.

Our results uncover an immunosuppressive function of C5ar1 in
sepsis. The data propose the IFN-g/IL-10 ratio as a promising
biomarker to identify the immune status of sepsis patients. In addi-
tion, C5ar1 blocking therapy was introduced as a novel therapeutic
concept in sepsis.

MATERIALS AND METHODS
Animals

Handling of mice and experimental procedures were conducted in
accordance with the animal welfare legislation of the state of Thurin-
gia. BALB/c and C.129S4(B6)-C5ar1tm1Cge/J (C5aR�/�) were bred
and housed at the animal facility of the Jena University Hospital.
The genotypes were confirmed by genotyping.
Molecular Therapy Vol. 29 No 1 January 2021 343
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Peritoneal Contamination and Infection

BALB/c and C5aR�/� mice were infected by injecting a standardized
human stool suspension, adapting severity by using several doses per
g BW. In some groups, animals received adjunctive treatment with
meropenem or an anti-C5aR [clone 20/70] antibody. For the low-
dose sepsis model, 0.8 mL per g BWwas used. For the high-dose sepsis
model, 1.25 mL per g BW without antibiotic treatment and 3.5 mL per
g BW with antibiotic treatment (meropenem: 25 mg per kg BW in
10 mL per g BW) were applied, starting 6 h after infection, every
12 h for 3 days after sepsis induction. 0.6 mg kg�1 anti-C5aR1 ([clone
20/70] (immunoglobulin G2b [IgG2b] to mouse C5AR1 (LifeSpan
Bioscience, USA) or vehicle (PBS) was administered intravenously
4 h or 4 and 24 h after infection. The anti-C5aR1 [20/70] antibody
used is well established for in vivo C5ar1-blocking experiments
(e.g., Rittirsch et al.15). Different representative lots have been tested
and shown to neutralize complement receptor C5ar activation (e.g.,
Godau et al.37 and Mehta et al.38). Animals were scored every 3 h,
applying the clinical severity score described before.26 Plasma and tis-
sue were harvested in animals 6 and 24 h after the infection was estab-
lished. Anesthetized mice (Isoflurane, 2.5 vol%) were laparotomized,
blood was taken by heart puncture, and further tissue was harvested.

Intravital Microscopy and Image Analysis

Intravital microscopy was performed on BALB/c and C5aR�/� mice 6
and 24 h after infection, as described previously, using DY-635 as a
marker to analyze liver function.23,27,39 Microscopy image analysis
wasdoneby a customizedPythonpipelinewith thehelpof the scikit-im-
age library.40 Intensities of DY-635 and NAD(P)H autofluorescence
were analyzed at different time points. In order to exclude contributions
from the background, the tissue (hepatocytes) area was segmented
based on the NADPH autofluorescence channel by (1) smoothing
each image with a Gaussian filter (with width s = 1 mm), (2) threshold-
ing the intensities byOtsu’smethod, and (3) performingmorphological
opening and closing. TheDY-635 andNAD(P)H intensities in each im-
age were characterized by themedian intensities computed over the tis-
sue area. The integrated DY-635 intensity was computed for each time
series as the average of DY-635 intensities of all time points from 0 to
60 min. The autofluorescence ratio was computed as the ratio between
the average NAD(P)H intensity in the interval from 45 to 60 min and
NAD(P)H intensity at time point 0min. To analyze the DY-635 uptake
dynamics and the DY-635 curve shape, the median DY-635 intensities
were grouped into time intervals of 15 min (0 min, 0.5–15 min, 15.5–
30 min, 30.5–45 min, 45.5–60 min), and the average intensity was
computed for each time interval. The curves were classified into three
groups according to their shape. The curveswithmaximumDY-635 in-
tensity less than or equal to 10 gray levels (out of 255, 8 bit) were clas-
sified as “nouptake.”The curveswere considered to be “saturated” if the
maximum intensitywas achievedduring thefirst 15minor the intensity
at 15minwashigher than80%of themaximum intensity. All remaining
curves were classified as “linear increase.”

Histological Staining

Representative liver tissue was formalin fixed from sham and septic
BALB/c and C5aR�/�mice for 12–24 h in neutral-buffered formalde-
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hyde and paraffin embedded (FFPE). Dehydration and paraffin
embedding were automatically processed (Hypercenter; Shandon,
Frankfurt, Germany). 4-mm-thick sections from formalin-fixed and
paraffin-embedded organ tissues were cut, mounted, and deparaffi-
nized. Hematoxylin and eosin-stained liver sections were imaged
on a NanoZoomer (Hamamatsu). Neutrophils were stained 1 h at
room temperature using rabbit polyclonal PMN (Gentaur GmbH,
Germany) diluted 1:200 in 10% BSA in Tris-buffered saline (TBS).
Then, the tissue was washed and incubated for another hour with
AlexaFluor568 conjugated donkey anti-rabbit IgG (H+L) (Thermo
Fisher Scientific) diluted in 10% BSA in TBS. Slides were washed
again and counterstained with H33342 (Sigma Aldrich) for 5 min
before mounting using RotiMount (Carl Roth). C5ar1 was stained
in spleen and liver tissue of sham and septic BALB/c and C5aR�/�

mice. From the paraffin blocks, 4 mm sections were prepared and
floated onto positively charged slides. C5ar1 immunostaining was
performed by an indirect peroxidase labeling method as previously
described.41 Briefly, sections were dewaxed, microwaved in 10 mM
citric acid (pH 6.0) for 16 min at 600 W, and then incubated with
the primary antibody (rabbit anti-mouse C5aR1 antibody 5474,
Thermo Fisher Scientific, Waltham, MA, USA; concentration:
0.5 mg/mL) at 4�C overnight.

Cytokine Quantification

Cytokines were quantified from EDTA plasma. Samples were
analyzed from sham and septic animals (n R 3/group/time point)
for quantification of IL-6, IL-10, TNF-a, MCP-1, and IFN-g using
the flow cytometric bead assay kit (CBA) according to the manufac-
turer’s instructions (mouse inflammation kit; BD Biosciences, Heidel-
berg, Germany). Samples were measured using the flow cytometer BD
FACSCalibur (BD Biosciences, San Jose, CA, USA). Data were calcu-
lated with FCAP Array v1.0.1 from BD Biosciences for CBA.

Biochemical Analysis

For plasma, the collected supernatant was centrifuged at 2,000� g for
10 min at 4�C and stored at �80�C for later analyses. The activity of
liver enzymes ALT, aspartate aminotransferase (AST), lactate dehy-
drogenase (LDH), lactate, albumin, and total bilirubin were analyzed
using the automated clinical chemistry analyzer (Fuji Dri-Chem
3500i, Sysmex, Norderstedt, Germany).

Bacterial Burden

Blood and liver tissue were collected from BALB/c and C5ar knockout
mice 24 h following PCI (n = 4/group) for analysis of the bacterial
burden. 20 mL of whole blood, and dilutions, were inoculated on
CBA and Schaedler agar. CBA plates were incubated at 37�C for
24 h under aerobic conditions. Schaedler agar plates were incubated
at 37�C for 48 h under anaerobic conditions. Total CFU counts
were evaluated with consideration of blood volume or normalized
to wet weight of organs.

Bile Acid Analysis

20 bile acids were determined in serum and from liver tissue lysates
according to the manufacturer`s protocol (Bile Acids kit, Biocrates
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Life Science AG, Innsbruck, Austria) on an Agilent 1200 high-perfor-
mance liquid chromatography system (Agilent Technologies GmbH,
Santa Clara, CA, USA) with a CTC-PAL autosampler (CTC Analytics
AG, Zwingen, Switzerland) coupled to an API 4000 Triple Quadru-
pole mass spectrometer with electrospray ionization source (AB
Sciex, Framingham, MA, USA) and the Analyst 1.6.2 software (AB
Sciex, Framingham, MA, USA). In brief, 10 mL internal standards
were pipetted onto the spots of the kit plate and were dried 5 min
at room temperature in a nitrogen evaporator drying unit. After add-
ing 10 mL calibration standard, quality control, serum or liver tissue
lysate (supernatant of in a ball mill homogenized tissue [30 mg]
with a 90 mL mixture of ethanol/0.01 M phosphate puffer [85/15 v/
v]; Merck, Darmstadt, Germany) the plate was dried again 20min un-
der nitrogen. 100 mL methanol (high performance liquid chromatog-
raphy [HPLC] grade, Carl Roth, Karlsruhe, Germany) was pipetted to
each spot and incubated for 20 min at 600 rpm at room temperature.
The plate was centrifuged at 500 � g for 2 min. The upper filter plate
was removed, 60 mL water (HPLC grade) was added to each well of the
lower capture plate, and the plate was incubated on a shaker for 5 min
at 450 rpm. Sample (10 mL) was injected onto the ultra-high perfor-
mance liquid chromatography (UHPLC) column included into the
kit coupled to a C18/XB-C18 precolumn and eluted with solvent A
(475 mL water [HPLC grade] + 25 mL 200mMNH4Ac stock solution
[in water, Merck, Darmstadt, Germany]) + 75 mL formic acid (Merck,
Darmstadt, Germany) and solvent B (325 mL acetonitrile [LC-MS
grade, Roth, Karlsruhe, Germany] + 150 mL methanol [HPLC grade,
Roth, Karlsruhe, Germany] + 25 mL 200 mM NH4Ac stock solution
[in water, Merck, Darmstadt, Germany] + 75 ml formic acid [Merck,
Darmstadt, Germany]). Peaks were integrated and concentrations
were obtained with Analyst 1.6.2. Evaluation of calibration curves,
blanks, quality controls, and samples were accomplished in the Me-
tIDQ software, an integral part of the kit.

Statistics

Statistical analyses were done with GraphPad Prism Software v8.3.1
(San Diego, CA, USA). Descriptive statistical analyzes were per-
formed for all obtained data. Survival data were displayed in Ka-
plan-Meier curves and analyzed by log rank test. Depending on
assumed normality (Kolmogorov-Smirnov test) and number of
groups, parametric tests or non-parametric tests were applied. The
significance level was defined as a = 0.05. Detailed information on
the tests is given within the individual figure legends. Results are de-
picted as bar plots (mean + SEM) or boxplots (interquartile range
[IQR], 0.25, 0.75; whiskers: min, max). Individual data points (n)
are plotted over the bars/boxes, or the n was specified otherwise in
the figure legend.
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