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Abstract: The complement anaphylatoxin C5a contributes to host defense against
Staphylococcus aureus. In this study, we investigated the functional role of the two known
C5a receptors, C5aR1 and C5aR2, in the host response to S. aureus. We found that C5aR17"~
mice exhibited greater susceptibility to S. aureus bloodstream infection than wild type and
C5aR27" mice, as demonstrated by the significantly higher bacterial loads in the kidneys
and heart at 24 h of infection, and by the higher levels of inflammatory IL-6 in serum.
Histological and immunohistochemistry investigation of infected kidneys at 24 h after
bacterial inoculation revealed a discrete infiltration of neutrophils in wild type mice but
already well-developed abscesses consisting of bacterial clusters surrounded by a large
number of neutrophils in both C5aR17~ and C5aR2™ mice. Furthermore, blood neutrophils
from C5aR17" mice were less efficient than those from wild type or C5aR2™ mice at killing
S. aureus. The requirement of C5aR1 for efficient killing of S. aureus was also demonstrated
in human blood after disrupting C5a-C5aR 1 signaling using specific inhibitors. These results
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demonstrated a role for C5aR1 in S. aureus clearance as well as a role for both C5aR1 and
C5aR2 in the orchestration of the inflammatory response during infection.
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1. Introduction

The complement system is an important component of the innate immune response and plays a crucial
role in host defense against pathogens. Activation of the complement cascade leads to the formation of
bioactive molecules such as C3a, C5a and C5b-9 that promote recruitment of immune cells to the site of
infection and cell activation, the opsonophagocytosis of pathogens, and lysis of susceptible pathogens [1].
The relevance of the complement system in host defense against pathogens is emphasized by the
increased susceptibility of patients with deficiency in the complement system to bacterial infections [2].

Staphylococcus aureus is an important pathogen as demonstrated by the severity of infections it can
cause, its rising incidence, and increasing antibiotic resistance [3]. Like most other bacterial pathogens,
invasion of the host by S. aureus generally results in the activation of the complement system. In a
previous study, we have provided compelling evidence that complement activation and generation of
anaphylatoxin C5a contributes to host defense against S. aureus bloodstream infection [4]. Thus, mice
deficient in complement C5 were less able to control bacterial growth and exhibited higher levels of
tissue damage in infected organs than C5-sufficient mice [4]. The protective role of C5 during S. aureus
infections was demonstrated to be entirely mediated by the generation of C5a, since impairment of the
membrane attack complex (MAC) formation, which is initiated by C5b, did not affect the resistance of
mice to S. aureus infection [4]. The relevance of C5a for host defense against S. aureus is also
exemplified by the multiple factors produced by this pathogen to interfere with this mediator or with its
receptors. For example, the extracellular fibrinogen-binding protein (Efb) and its homologous
extracellular complement-binding protein (Ecb) have been shown to block C5a generation and
C5a-mediated neutrophil activation in vitro, as well as neutrophil recruitment into the peritoneal cavity
in a mouse model of peritonitis [5]. Furthermore, staphylococcal superantigen-like 7 (SSL7) has been
reported to inhibit C5a-mediated processes important for staphylococcal clearance [6].

C5a anaphylatoxin is a potent chemoattractant for phagocytic cells [7] and can stimulate oxidative
burst in neutrophils thereby enhancing phagocytosis and bacterial killing in these cells [8]. It also has
immunomodulatory properties such as regulation of cytokine expression in diverse cell types [9-11].
C5a exerts its biological functions after binding to the high-aftinity receptors C5aR1 (CD88, C5aR) [12] and
C5a-receptor-like-2 (C5aR2, C5L2) [13]. C5aR1 belongs to the family of G-protein-coupled receptors
encompassing seven transmebrane segments and its binding to C5a results in calcium mobilization and
triggering of several downstream signaling pathways [14,15]. In contrast, C5aR2 does not couple to G
proteins and, partly for this reason, early studies proposed that C5aR2 is a nonsignaling decoy receptor
competing with C5aR1 for C5a binding and thus preventing C5aR1 activation by removing C5a from
the extracellular milieu [16—18]. Later studies however suggested an anti-inflammatory function for
C5aR2 since it has been observed that blockades of C5aR2 with anti-C5aR2 antibody increased the levels
of inflammatory IL-6 in septic rats [19] and genetic deletion of C5aR2 in mice enhanced the
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inflammatory responses to C5a [20]. Along the same lines, Bamberg and colleagues [21] showed that
C5aR2 is predominantly intracellularly located, whereas C5aR1 is expressed on the plasma membrane.
They also demonstrated that inhibition of C5aR2 by blocking antibodies did not alter the uptake or
internalization of C5a [21]. These authors proposed that C5aR2 acts as an intracellular receptor that
negatively modulates C5aR 1-mediated response through the B-arrestin pathway [21]. On the other hand,
evidence has been provided supporting a pro-inflammatory function of C5aR2 [22,23]. The functional
role of C5aR2 in the inflammatory responses is at present highly controversial and may certainly have
different roles in different systems and infection models [24].

Given the importance of C5a-dependent control of S. aureus, the objective of this study was to
elucidate the role of C5aR1 and C5aR2 in host defense against S. aureus.

2. Results
2.1. Expression of C5aR1 and C5aR2 by Murine Neutrophils

As we used a murine infection model to investigate the role of C5aR1 and C5aR2 in the host response
to S. aureus in this study, we first determined the expression pattern of both anaphylatoxin receptors on
murine neutrophils. For this purpose, neutrophils were isolated from murine bone marrow and the levels
of intracellular and surface expression of C5aR1 and C5aR2 was determined by flow cytometry using
specific antibodies. As shown in Figure 1A, C5aR1 was predominantly expressed on the surface of
neutrophils. In contrast, most of C5aR2 molecules were intracellularly located in murine neutrophils
with a very low level of C5aR2 detectable on the cell surface (Figure 1B). Thus, the pattern distribution
of C5aR1 and C5aR2 in murine neutrophils is highly similar to that reported in human neutrophils [21].

2.2. C5aR1 But not C5aR2 Contributes to Bacterial Clearance in a Murine Model S. Aureus
Bloodstream Infection

As we previously showed that C5a has a protective role during S. aureus infection in mice, we
investigated the specific C5a receptor mediating this protective effect. Wild type, C5aR17", and
C5aR2™" mice were intravenously infected with S. aureus and bacterial loads in kidneys and heart were
determined at 24 h after bacterial inoculation. While the bacterial loads did not differ between C5aR2 ™~
and wild type mice, C5aR1~~ mice exhibited significant higher bacterial loads in kidneys (Figure 2A)
and heart (Figure 2B) than wild type and C5aR2™" mice.

As high serum levels of pro-inflammatory cytokine IL-6 have been shown to contribute to severity
of S. aureus infection [25], we determined the levels of serum IL-6 in wild type, C5aR17", and C5aR27~
mice at 24 h after intravenous infection with S. aureus. The results in Figure 2C indicate that although
the serum levels of IL-6 were increased in all S. aureus-infected groups, the IL-6 levels in serum of
C5aR17" were significantly higher than those in serum of wild type or C5aR2™" mice.

Together, these results indicate that C5a signaling through C5aR1 contribute to S. aureus clearance
in this model of infection.
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Figure 1. Expression patterns of C5aR1 and C5aR2 in murine neutrophils. (A) Histogram
analysis (left) and the corresponding mean fluorescence intensity (MFI) quantification
(right) of total C5aR1 expressed intracellularly/surface (solid grey histogram) or only on the
surface (open red histogram) of murine neutrophils. (B) Histogram analysis (left) and the
corresponding mean fluorescence intensity (MFI) quantification (right) of total C5aR2
expressed intracellularly/surface (solid grey histogram) or only on the surface (open red
histogram) of murine neutrophils. In (A) and (B), open black histograms represent unstained
control neutrophils and blue histograms represent neutrophils stained with irrelevant
antibody (A) or with the secondary antibody alone (B). Histograms are representative of
three independent experiments.
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Figure 2. C5aR1 deficiency in mice is associated with greater bacterial loads. Bacterial loads
in kidneys (A) and heart (B) of wild type (circles), C5aR1™" (squares), and C5aR2™"~
(triangles) mice at 24 h after intravenous infection with S. aureus. Each symbol represents
one individual animal. Results from three independent experiments are shown. Horizontal

lines indicate mean values. (C) Levels of IL-6 in serum of wild type (white bars), C5aR1

7/7

(hatched bars) and C5aR27~ (black bars) mice at 24 h after intravenous infection with S.
aureus. Each bar represents the mean + SD of three independent experiments (n = 16).
*, p<0.05; ** p<0.01; *** p<0.005.

2.3. 8. Aureus Abscess Formation is Accelerated in the Absence of C5aR1 or C5aR2

We next performed a histological examination of kidneys isolated from wild type, C5aR17", and
C5aR2™" mice at 24 h after S. aureus inoculation. While only small foci of inflammatory infiltrate cells
with incipient abscess formation were observed in the kidneys of wild type mice (Figure 3B and F),
multiple well-organized bigger abscesses exhibiting the typical central zone of a bacterial cluster
surrounded by a cuff of inflammatory cells were visible in the kidneys of C5aR1~~ (Figure 3C and G)
and C5aR27~ (Figure 3D and H) mice already at this early time of infection.
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Figure 3. Accelerated abscess formation in the kidneys of S. aureus-infected C5aR1~~ and
C5aR2” mice. H&E stained kidney sections of (A) and (E) uninfected control mice, (B)
and (F) infected wild type, (C) and (G) infected C5aR17", (D) and (H) infected C5aR2™~
mice obtained at 24 h after intravenous S. aureus inoculation. Abscesses are indicated by
black arrows. Bacterial clusters are indicated by red arrows. Magnification, X10 in (A), (B),
(C) and (D); x40 in (E), (F), (G) and (H).

The larger abscesses in the kidneys of C5aR17~ and C5aR2™ mice induced higher levels of tissue
destruction than the small emerging abscesses of wild type mice. Staining of kidney tissue with
antibodies against Ly6G, a neutrophil surface marker, demonstrated that a large amount of inflammatory
cells in the abscesses of C5aR17~ and C5aR2”" mice were neutrophils (Figure 4A-D). The
quantification of neutrophils (Ly6G™ cells) infiltration into the kidneys of wild type, C5aR17" and
C5aR2™" mice is shown in Figure 4E. These observations were very interesting but a bit perplexing
since one of the roles of C5a in the host response to pathogens is to contribute to the recruitment of
neutrophils to the site of infection. An increased bacterial load cannot provide a satisfying explanation
because that load was not increased in C5aR2~" mice as compared to wild type mice.

As CXCLI1 is one of the major attractants of neutrophils in the mouse [26] and its production has
been reported to be modulated by the C5a/C5aR1 signaling axis [27], we speculated that an increased
production of this chemokine in the absence of either C5aR1 or C5aR2 might be responsible for the
increased amount of neutrophils recruited to the kidneys of infected C5aR1~~ and C5aR2™~ mice. To
test this hypothesis, we compared the levels of CXCLI in kidneys homogenates of C5aR1~ and
C5aR2™~ mice with that of wild type mice at 12 h of infection. A significant increase in CXCL1 produced
within the kidneys was demonstrated for all three groups of infected mice relative to uninfected controls
(Figure 4F). However, comparison between mouse strains revealed that the levels of CXCL1 were
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significantly higher in the kidneys of C5aR1”~ and C5aR2™"" than in kidneys of wild type mice (Figure
4F). Thus, expression of CXCLI preceded and positively correlated with the extent of neutrophil
infiltration in the kidneys of the different groups of mice. These observations suggested that both C5a
receptors might play an important role in the regulation of CXCL1 production in response to S. aureus
and thereby in the coordination of the recruitment of neutrophils to the site of infection.
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Figure 4. Increased infiltration of neutrophils in the kidneys of S. aureus-infected C5aR17~
and C5aR2™"~ mice. Kidney tissue obtained from (A) uninfected, (B) infected wild type, (C)
infected C5aR17" and (D) infected C5aR2”" mice at 24 h after intravenous S. aureus
inoculation was stained with anti-Ly6G antibodies. Original magnification, x40 in (A), (C)
and (D); x20 in (B). (E) Quantification of Ly6G immunostaining in kidney sections of
uninfected or S. aureus-infected wild type (white bars), C5aR1™ (hatched bars) and
C5aR27" (black bars) mice at 24 h after bacterial inoculation. Ly6G-staining in kidneys was
quantified by digitalizing the section with a color video camera mounted on an Axiophot
microscope with a 10x objective. In total, four fields per section were evaluated. Data are
presented as percentage of stained area per kidney. *, p <0.05. (F) Concentration of CXCLI1
in kidney homogenates of uninfected or S. aureus-infected wild type (white bars), C5aR17
(hatched bars) and C5aR27~ (black bars) mice at 12 h after bacterial inoculation. Data are
given as pg/mL of tissue homogenate and reported as mean + SD. *, p <0.05.
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2.4. Signaling through C5aR1 is Required for Optimal Bactericidal Effect of Murine and Human Blood

Since both C5aR17~ and C5aR2™" mice exhibited large numbers of neutrophils recruited to the
infected kidneys but the amount of bacteria in this organ was significantly higher than in C5aR1~ mice,
we hypothesized that neutrophils of C5aR17~ mice were less effective at killing S. aureus than those
from C5aR2™" and wild type mice. To test this hypothesis, we compared the bactericidal capacity of
blood neutrophils from C5aR17~ with that of C5aR2™" and wild type mice using a lepirudin anti-
coagulated whole blood assay. The results in Figure SA show that while S. aureus growth was controlled
in blood samples from wild type and C5aR2™" mice, the bactericidal capacity of blood from C5aR17~
mice against S. aureus was impaired and resulted in progressive bacterial growth.

To confirm that the bactericidal activity in the whole blood assay was mediated by neutrophils, blood
cells were harvested by centrifugation at 0.5 and 3 h after S. aureus inoculation, treated with
5 pg/mL lysostaphin to kill extracellular bacteria, and the amount of viable intracellular staphylococci
was determined after lysing the neutrophils. The amount of intracellular viable bacteria did not differ
between wild type, C5aR17 and C5aR2™ mice at 0.5 h after bacteria inoculation, indicating that neither
C5aR1 nor C5aR2 influenced the phagocytic uptake of S. aureus by neutrophils (Figure 5B). However,
the amount of viable intracellular S. aureus bacteria was significantly higher in blood neutrophils from
C5aR17" mice than in those from wild type or C5aR27" mice (Figure 5C).

These results indicate that deletion of C5aR1 impaired the intracellular killing of S. aureus in
neutrophils. The superior bactericidal effect of neutrophils from wild type and C5aR2”" mice was
mediated by ROS since addition of DPI, an inhibitor of ROS production by NADPH oxidase
(nicotinamide adenine dinucleotide phosphate-oxidase), significantly decreased the capacity of wild type
and C5aR27" to kill S. aureus but it didn’t affect the amount of intracellular viable bacteria in neutrophils
of C5aR17" mice (Figure 5C). The results imply that C5aR1 signaling enhanced the intracellular killing
of S. aureus in neutrophils and that this process is dependent on ROS production.

We validated the results obtained in the murine model in the human system by evaluating the effect
of agents capable of blocking specifically C5aR1 (cyclic peptide) or both C5aR1 and C5aR2 (A8471-73)
on the bactericidal capacity of human blood against S. aureus. Like the murine experimental system, the
bactericidal effect of human blood against S. aureus was significantly impaired after blockage of C5aR1
alone or both C5aR1 and C5aR2 (Figure 6).
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Figure 5. C5aR1 but not C5aR2 contributes to the bactericidal activity of murine blood
neutrophils against S. aureus. (A) Kinetic of S. aureus growth in murine
lepirudin-anti-coagulated whole blood drained from either wild type (circles), C5aR1"~
(squares), or C5aR27" (triangles) mice. Each symbol represents the mean + SD of five
independent experiments. *, p < 0.05 for C5aR17" versus wild type; **, p < 0.01 for
C5aR17" versus C5aR27". (B) Viable intracellular S. aureus at 0.5 h after bacterial
inoculation of anti-coagulated murine whole blood. Data are expressed as the total number
of bacteria per 10° blood neutrophils. Bars represent mean + SD from three independent
experiments. (C) Viable intracellular S. aureus at 3 h after bacterial inoculation of
anti-coagulated murine whole blood in the presence of the ROS inhibitor DPI (black bars)
or incubated with vehicle alone (white bars). Data are expressed as the total number of
bacteria per 10° blood neutrophils. Bars represent mean = SD from three independent

experiments. *, p <0.05; **, p <0.005.
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Figure 6. C5aR1 but not C5aR2 contributes to bactericidal activity of human blood against
S. aureus. Viable S. aureus after 2 h incubation in lepirudin-anti-coagulated human blood in
the presence of PBS (squares), the C5aR1 antagonists A8%7!"7 (triangles), or cyclic peptide
(circles). Each symbol represents one donor. Cumulative data from three independent
experiments is shown. Horizontal lines represent mean values. ***, p < 0.005.

3. Discussion

The complement component C5a plays an important role in host defense against S. aureus infection [4].
In the present study, we investigated the role of the C5a receptors C5aR1 and C5aR2 in mediating the
protective effect of C5a in a murine model of S. aureus bloodstream infection. Our results provide clear
evidence for a role of C5aR1 but not of C5aR2 in bacterial clearance. Thus, while C5aR17" mice
exhibited higher bacterial loads in systemic organs than wild type or C5aR2~ mice, the bacterial loads
in the organs of wild type and C5aR2™" mice were comparable. Using a whole blood assay as well as
isolated blood neutrophils, we demonstrated that phagocytosis of S. aureus was preserved in C5aR17"
neutrophils but the capacity to kill internalized S. aureus bacteria was highly impaired in comparison to
that of neutrophils of wild type and C5aR2”" mice. These results also indicated that C5aR1 signaling
boosted the bactericidal capacity of neutrophils as reported in other experimental settings [28]. By using
specific inhibitors capable of blocking C5a-C5aR1 signaling, we could also show that C5aR1 was
required for the killing of S. aureus in human blood. Deletion of C5aR2 did not affect bacterial clearance
in infected mice, or the capacity of blood neutrophils to eliminate intracellular S. aureus.

More interesting was the observation that genetic deletion of either C5aR1 or C5aR2 resulted in
enhanced production of neutrophil chemoattractant CXCL1 and in the infiltration of neutrophils into the
infected kidneys, accelerated abscess formation and increased tissue damage. These results were rather
unexpected since one of the functions of C5a is to promote the influx of neutrophils to the site of
infection [29] and therefore we envisioned that disruption of C5a signaling after deletion of its receptor
would impair neutrophil recruitment to the site of infection. A potential explanation for this
inconsistency is that C5a receptors need to cooperate with other innate immune recognition receptors to
mount an appropriate immune response during S. aureus infection. For example, it has been reported that
C5a enhanced secretion of TLR4-induced inflammatory cytokines such as IL-6 and TNF-alpha by human
monocytes, and in human macrophages through the crosstalk with other TLRs, such as TLR3 and
TLR7 [30]. Therefore, it seems that the outcome of the C5a receptor/TLR crosstalk strongly depends on
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the cell type, on the specific TLR involved in pathogen recognition and on the particular C5a receptor
engaged. The integration of signaling pathways triggered by the different receptors may be required for
tailoring the immune response to the specific pathogen and for maintaining the fine balance between
protective immunity and inflammatory pathology. Disruption of this network by deletion of C5a
receptors could result in the shifting of the immune response from bacterial clearance to exacerbate
inflammation and associated tissue damage as observed in our study. Due to the relevance of these
immune networks, many pathogens have developed strategies to subvert host immunity and promote
their survival through manipulation of the crosstalk interactions between the different immune
receptors [31]. This is well exemplified by the diverse mechanisms evolved by S. aureus to highjack the
C5a receptors and dysregulate the innate immune response for its own benefit. Thus, the Panton-
Valentine leukocidin PVL and the y-hemolysin HlgC/HlgB bind to the human C5aR1 and C5aR2 and,
in particular, the binding of the PVL component, LukS-PV to C5aR1 induces potent inhibition of C5a-
induced immune cell activation [32—34]. Several strains of S. aureus can also release an exoprotein called
CHIPS for chemotaxis inhibitory protein (CHIPS), which acts as a potent and specific inhibitor of
neutrophil and monocyte chemotaxis toward anaphylatoxin C5a and formylated peptides [35,36]. CHIPS
has been reported to exert its inhibitory functions by binding to C5aR1 [37]. An alternative explanation
could be that both C5a receptors cooperated somehow during S. aureus infection as suggested by others
in different settings [21,22] and blockage of C5aR1 might enhance the effect of an isolated C5aR.

In summary, the results of our study demonstrated that both C5aR1 and C5aR2 are required for an
appropriate host response to S. aureus bloodstream infection. While only C5aR1 is involved in bacterial
clearance, both C5aR1 and C5aR2 seem to be important for the orchestration of the inflammatory
response during infection.

4. Experimental Section
4.1. Bacteria

The S. aureus strain SH1000 used in this study expresses y-hemolysin, a virulent determinant capable
of binding C5aR1 and C5aR2 [33], and low levels of exoproteins in a similar way to that observed for
many clinical isolates [38,39]. S. aureus was grown to Mid-Log phase in brain heart infusion medium
(BHI, Roth, Karlsruhe, Germany) at 37 °C with shaking (120 rpm), collected by centrifugation, washed
with sterile PBS, and diluted to the required concentration. The number of viable bacteria was determined
after serial diluting and plating on BHI-agar.

4.2. Mice and Infection

Specific pathogen-free, 8—12 weeks-old C57BL/6 female mice were purchased from Harlan
Winkelmann (Borchen, Germany). C5aR1”~ mice (C57BL/6-C5aR11(tm1-Cge)) [40] and C5aR2 ™"~
(C57BL/6-Gpr77(tm1-Cge)) [20] mice were bred in house under pathogen free conditions. All animals
were provided with food and water ad libitum, and housed in groups of up to 5 mice per cage in
individually ventilated cages. Mice were infected with 1 x 107 CFU of S. aureus in 100 pL of PBS via
a tail vein and sacrificed at 24 h after bacterial inoculation by COz asphyxiation. The bacterial load was
enumerated in kidney and heart homogenates in PBS plating 10-fold serial dilutions on blood agar plates.
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Animal experiments were performed in strict accordance with the German regulations of the Society
for Laboratory Animal Science (GV-SOLAS) and the European Health Law of the Federation of
Laboratory Animal Science Associations (FELASA). The animal experiments included in this study
comply with the ‘3R’. Thus, the minimum amount of mice absolutely necessary for running statistical
analysis was included in each experiment (Reduction). Mice were monitored in daily basis for weight
loss and sign of pain or distress. However, these parameters were marginal during the short time of
infection selected for this study (24 h) (Refinement). When possible, infections were performed in vitro
using murine blood (Replacement). All experiments were approved by the ethical board
Niederséchsisches Landesamt fiir Verbraucherschutz und Lebensmittelsicherheit, Oldenburg in
Germany (LAVES; permit N. 33.9-42502-04-10/0296).

4.3. Staining of C5aR1 and C5aR?2

Myeloid cells were obtained by flushing the bone marrow from tibiae and femurs of healthy mice.
Neutrophils were isolated using the “Neutrophil Isolation Kit” according to the manufacturer’s
instruction (Miltenyi Biotec, Bergisch Gladbach, Germany). C5aR1 and C5aR2 expression was
determined using rabbit PE-conjugated anti-mouse C5aR1 (Biolegend, San Diego, USA), or rabbit anti-
mouse C5aR2 (Hycult Biotechnology, Uden, The Netherlands) combined with FITC-conjugated anti-
rabbit-1gG (Sigma, St. Louis, USA) as secondary antibody. Neutrophils were incubated for 30 min at
4°C in the dark in PBS/2% FCS and analyzed using a FACSCalibur flow cytometer (BD Biosciences,
Heidelberg, Germany). For intracellular staining, neutrophils were fixed with 4% paraformaldehyde and
permeabilized with 0.5% saponin in PBS/2% FCS.

4.4. Cytokine Determination

Levels of IL-6 in the serum and of CXCL1 in kidneys homogenates of S. aureus-infected mice were
determined by ELISA according to the manufacturer’s recommendations (BD Biosciences).

4.5. Histology and Immunohistochemistry

Mice were euthanized and whole kidneys were excised, fixed in 10% formalin, embedded in paraffin,
sectioned at a thickness of 5 um and stained with hematoxylin and eosin (H&E) for histological examination.

Immunohistochemistry was performed using a monoclonal rat anti-mouse Ly6G-specific antibody
(clone 1A8; BioLegend), which is a surface marker expressed predominantly by neutrophils. For
blocking of the endogenous peroxidase, formalin-fixed, paraffin-embedded tissue sections were treated
with 0.5% H20:2 diluted in methanol for 30 min at room temperature. Subsequently, sections were heated
in 10 mM Na-citrate buffer pH 6.0 for 20 min in a microwave oven (800 W). Following blocking with
20% goat serum for 30 min, sections were incubated with the primary antibody (dilution 1:500) for 1.5
h at room temperature followed by incubation with the secondary antibody (biotinylated rabbit-anti-rat
immunoglobulin; BA 4001; Vector Laboratories, Peterborough, UK) also for 30 min at room
temperature. Slides were subsequently incubated with the peroxidase-conjugated avidin-biotin complex
(PK 6100; Vector Laboratories) for 30 min. After visualization of the positive antigen-antibody reaction
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by incubation with 3.3-diaminobenzidine-tetrachloride (DAB) for 5 min, sections were counterstained
with hematoxylin and evaluated by light microscopy.

Ly6G-staining in kidneys was quantified by digital image analysis of stained kidney sections using a
color video camera (Color View II, 3.3 Megapixel CCD; Soft Imaging System, Miinster, Germany)
mounted on an Axiophot microscope (Zeiss, Oberkochen, Germany) with a 10x objective. In total, four
fields per section from three independent samples were evaluated. The immunolabeled areas were
measured using the analysis 3.1 software package (Soft Imaging System) and expressed as percentage
of stained area per kidney [41,42].

4.6. Bactericidal Assay in Murine Blood

A total of 10* S. aureus bacteria were added to 1 ml of murine blood treated with the anti-coagulant
lepirudin (50 pg/mL), which does not interfere with complement activation [8]. Blood was incubated at
37°C under rolling conditions (6 rpm) in borosilicate glass tubes with silicone rubber seal. Bacterial
killing was assessed by plating aliquots on agar plates at 1, 2 and 3 h after inoculation. Percentage of
bacterial survival was calculated referred to the starting inoculum.

For intracellular killing, blood cells were harvested by centrifugation for 5 min at 500 x g 0.5 and 3
h after inoculation with S. aureus. The pellet was treated with 5 pg/mL lysostaphin for 5-10 min at room
temperature to kill extracellular bacteria, washed twice with PBS and cells were lysed using 0.1% Triton-
X in dH20. Bacterial counts were enumerated by plating serial dilutions on blood agar plates and results
were expressed as number of intracellular bacteria per 10° neutrophils. The number of neutrophils in
blood samples was determined using a VetScan HM5 Hematology System (Abaxis).

In some experiments, ROS production was inhibited by adding 10 pg/mL of Diphenyleneiodonium
(DPI) to blood samples 30 min prior to bacterial inoculation.

4.7. Bactericidal assay in Human Blood

A total of 2 x 10° bacteria were added to 1 ml of lepirudin-anticoagulated (50 pg/mL) whole human
blood obtained from healthy volunteers after obtaining signed informed consent and incubated for 2h at
37°C under rolling conditions in glass tubes in the presence or absence of 6.4 uM C5aR1 antagonists
A8 a gift from Jorg Kohl (University of Liibeck, Liibeck, Germany), or 5 uM cyclic peptide
AcF-[OPdChaWR], provided by Werner Tegge (HZI, Braunschweig, Germany). The optimal
concentrations of these inhibitors were determined in preliminary experiments. The number of viable
bacteria was determined in serially diluted blood on blood agar. Bacterial survival was expressed as
percentage of the original number of inoculated bacteria.
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4.8. Statistical analysis

Data were analyzed using GraphPad Prism 5. Results are presented as mean + SD. Comparison
between groups was performed by one-way ANOVA and Tukey’s post hoc test. P values < 0.05 were
considered as significant.

Acknowledgments

The authors wish to thank Jorg Kohl (University of Liibeck, Liibeck, Germany) for providing
A8271"7 a5 well as Sabine Lehne and Claudia Héltje for excellent technical assistance.

Financial support for this study was provided by the BMBF-Suszeptibilitit bei Infektionen: SkinStaph
(FKZ 01KI1009B).

Author Contributions

S.A.H. and E.M. conceived and designed the experiments; S.A.H and A.I. performed the experiments;
A.B. performed histology and immunohistochemistry; S.A.H., A.I, A.B. and E.M. analyzed the data;
A K. contributed reagents/materials/analysis tools; S.A.H and E.M. wrote the paper.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Merle, N.S.; Church, S.E.; Fremeaux-Bacchi, V.; Roumenina, L.T. Complement system
part [—Molecular mechanisms of activation and regulation. Front. Immunol. 2015,
doi:10.3389/fimmu.2015.00262.

2. Figueroa, J.E.; Densen, P. Infectious diseases associated with complement deficiencies. Clin.
Microbiol. Rev. 1991, 4, 359-395.

3. Tong, S.Y.; Davis, J.S.; Eichenberger, E.; Holland, T.L.; Fowler, V.G., Jr. Staphylococcus aureus
infections: Epidemiology, pathophysiology, clinical manifestations, and management.
Clin. Microbiol. Rev. 2015, 28, 603—-661.

4. Von Kockritz-Blickwede, M.; Konrad, S.; Foster, S.; Gessner, J.E.; Medina, E. Protective role of
complement C5a in an experimental model of Staphylococcus aureus bacteremia. J. Innate Immun.
2010, 2, 87-92.

5. Jongerius, I.; Kohl, J.; Pandey, M.K.; Ruyken, M.; van Kessel, K.P.; van Strijp, J.A.; Rooijakkers,
S.H. Staphylococcal complement evasion by various convertase-blocking molecules. J. Exp. Med.
2007, 204, 2461-2471.

6. Bestebroer, J.; Aerts, P.C.; Rooijakkers, S.H.; Pandey, M.K.; Kohl, J.; van Strijp, J.A.; de Haas, C.J.
Functional basis for complement evasion by staphylococcal superantigen-like 7.
Cell. Microbiol. 2010, 12, 1506—1516.

7. Guo, R.F.; Ward, P.A. Role of C5a in inflammatory responses. Annu. Rev. Immunol. 2005,
23, 821-852.



Pathogens 2015, 4 736

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Mollnes, T.E.; Brekke, O.L.; Fung, M.; Fure, H.; Christiansen, D.; Bergseth, G.; Videm, V_;
Lappegard, K.T.; Kohl, J.; Lambris, J.D. Essential role of the C5a receptor in E. coli-induced
oxidative burst and phagocytosis revealed by a novel lepirudin-based human whole blood model of
inflammation. Blood 2002, 100, 1869—-1877.

Monsinjon, T.; Gasque, P.; Chan, P.; Ischenko, A.; Brady, J.J.; Fontaine, M.C. Regulation by
complement C3a and C5a anaphylatoxins of cytokine production in human umbilical vein
endothelial cells. FASEB J. 2003, /7, 1003—-1014.

Shuster, D.E.; Kehrli, M.E., Jr.; Rainard, P.; Paape, M. Complement fragment C5a and
inflammatory cytokines in neutrophil recruitment during intramammary infection with Escherichia
coli. Infect. Immun. 1997, 65, 3286-3292.

Bosmann, M.; Sarma, J.V.; Atefi, G.; Zetoune, F.S.; Ward, P.A. Evidence for anti-inflammatory
effects of C5a on the innate I1-L.7a/IL-23 axis. FASEB J. 2012, 26, 1640-1651.

Gerard, N.P.; Gerard, C. The chemotactic receptor for human C5a anaphylatoxin. Nature 1991, 349,
614-617.

Ohno, M.; Hirata, T.; Enomoto, M.; Araki, T.; Ishimaru, H.; Takahashi, T.A. A putative
chemoattractant receptor, C5L2, is expressed in granulocyte and immature dendritic cells, but not
in mature dendritic cells. Mol. Immunol. 2000, 37, 407—412.

Ward, P.A. Functions of C5a receptors. J. Mol. Med. (Berl) 2009, 87, 375-378.

Monk, P.N.; Scola, A.M.; Madala, P.; Fairlie, D.P. Function, structure and therapeutic potential of
complement C5a receptors. Br. J. Pharmacol. 2007, 152, 429—-448.

Okinaga, S.; Slattery, D.; Humbles, A.; Zsengeller, Z.; Morteau, O.; Kinrade, M.B.; Brodbeck,
R.M.; Krause, J.E.; Choe, H.R.; Gerard, N.P.; ef al. C5L2, a nonsignaling C5a binding protein.
Biochemistry 2003, 42, 9406-9415.

Cain, S.A.; Monk, P.N. The orphan receptor C5AR2 has high affinity binding sites for complement
fragments C5a and C5a des-arg(74). J. Biol. Chem. 2002, 277, 7165-7169.

Johswich, K.; Martin, M.; Thalmann, J.; Rheinheimer, C.; Monk, P.N.; Klos, A. Ligand specificity
of the anaphylatoxin C5L2 receptor and its regulation on myeloid and epithelial cell lines. J. Biol.
Chem. 2006, 281, 39088-39095.

Gao, H.; Neff, T.A.; Guo, R.F.; Speyer, C.L.; Sarma, J.V.; Tomlins, S.; Man, Y.; Riedemann, N.C.;
Hoesel, L.M.; Younkin, E.; ef al. Evidence for a functional role of the second C5a receptor C5AR2.
FASEB J. 2005, 19, 1003—-1005.

Gerard, N.P.; Lu, B.; Liu, P.; Craig, S.; Fujiwara, Y.; Okinaga, S.; Gerard, C.
An anti-inflammatory function for the complement anaphylatoxin C5a-binding protein, C5L2.
J. Biol. Chem. 2005, 280, 39677-39680.

Bamberg, C.E.; Mackay, C.R.; Lee, H.; Zahra, D.; Jackson, J.; Lim, Y.S.; Whitfeld, P.L.; Craig, S.;
Corsini, E.; Lu, B.; ef al. The C5a receptor (C5aR1) C5L2 is a modulator of C5aR1-mediated signal
transduction. J. Biol. Chem. 2010, 285, 7633-7644.

Chen, N.J.; Mirtsos, C.; Suh, D.; Lu, Y.C.; Lin, W.J.; McKerlie, C.; Lee, T.; Baribault, H.; Tian,
H.; Yeh, W.C. C5AR?2 is critical for the biological activities of the anaphylatoxins C5a and C3a.
Nature 2007, 446, 203-207.



Pathogens 2015, 4 737

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Rittirsch, D.; Flierl, M.A.; Nadeau, B.A.; Day, D.E.; Huber-Lang, M.; Mackay, C.R.; Zetoune, F.S.;
Gerard, N.P.; Cianflone, K.; Kohl, J.; et al. Functional roles for C5a receptors in sepsis.
Nat. Med. 2008, 14, 551-557.

Li, R.; Coulthard, L.G.; Wu, M.C.; Taylor, S.M.; Woodruff, T.M. C5L2: A controversial receptor
of complement anaphylatoxin, C5a. FASEB J. 2013, 27, 855-864.

von Kockritz-Blickwede, M.; Rohde, M.; Oechmcke, S.; Miller, L.S.; Cheung, A.L.; Herwald, H.;
Foster, S.; Medina, E. Immunological mechanisms underlying the genetic predisposition to severe
Staphylococcus aureus infection in the mouse model. Am. J. Pathol. 2008, 173, 1657-1668.
Bozic, C.R.; Kolakowski, L.F., Jr.; Gerard, N.P.; Garcia-Rodriguez, C.; von Uexkull-Guldenband,
C.; Conklyn, M.J.; Breslow, R.; Showell, H.J.; Gerard, C. Expression and biologic characterization
of the murine chemokine KC. J. Immunol. 1995, 154, 6048-6057.

Borders, C.W.; Courtney, A.; Ronen, K.; Pilar Laborde-Lahoz, M.; Guidry, T.V.; Hwang, S.A.;
Olsen, M.; Hunter, R.L., Jr.; Hollmann, T.J.; Wetsel, R.A.; et al. Requisite role for complement C5
and the C5a receptor in granulomatous response to mycobacterial glycolipid trehalose
6,6'-dimycolate. Scand. J. Immunol. 2005, 62, 123-130.

Huber-Lang, M.S.; Riedeman, N.C.; Sarma, J.V.; Younkin, E.M.; McGuire, S.R.; Laudes, 1.J.; Lu,
K.T.; Guo, R.F.; Neft, T.A.; Padgaonkar, V.A.; et al. Protection of innate immunity by C5aR1
antagonist in septic mice. FASEB J. 2002, 16, 1567-1574.

Ehrengruber, M.U.; Geiser, T.; Deranleau, D.A. Activation of human neutrophils by C3a and C5a.
Comparison of the effects on shape changes, chemotaxis, secretion, and respiratory burst.
FEBS Lett. 1994, 346, 181-184.

Seow, V.; Lim, J.; Iyer, A.; Suen, J.Y.; Ariffin, J.K.; Hohenhaus, D.M.; Sweet, M.J.; Fairlie, D.P.
Inflammatory responses induced by lipopolysaccharide are amplified in primary human monocytes
but suppressed in macrophages by complement protein CS5a. J. Immunol. 2013,
191,4308-4316.

Hajishengallis, G.; Lambris, J.D. Microbial manipulation of receptor crosstalk in innate immunity.
Nat. Rev. Immunol. 2011, 11, 187-200.

Spaan, A.N.; Henry, T.; van Rooijen, W.J.; Perret, M.; Badiou, C.; Aerts, P.C.; Kemmink, J.; de
Haas, C.J.; van Kessel, K.P.; Vandenesch, F.; et al. The staphylococcal toxin panton-valentine
leukocidin targets human C5a receptors. Cell Host Microbe. 2013, 13, 584-594.

Spaan, A.N.; Schiepers, A.; de Haas, C.J.; van Hooijdonk, D.D.; Badiou, C.; Contamin, H.;
Vandenesch, F.; Lina, G.; Gerard, N.P.; Gerard, C.; et al. Differential interaction of the
staphylococcal toxins Panton-Valentine leukocidin and gamma-hemolysin CB with human C5a
receptors. J. Immunol. 2015, 195, 1034—-1043.

Spaan, A.N.; Vrieling, M.; Wallet, P.; Badiou, C.; Reyes-Robles, T.; Ohneck, E.A.; Benito, Y.; de
Haas, C.J.; Day, C.J.; Jennings, M.P.; ef al. The staphylococcal toxins gamma-haemolysin AB and
CB differentially target phagocytes by employing specific chemokine receptors. Nat. Commun.
2014, 5, 5438.

de Haas, C.J.; Veldkamp, K.E.; Peschel, A.; Weerkamp, F.; Van Wamel, W.J.; Heezius, E.C.;
Poppelier, M.J.; Van Kessel, K.P.; van Strijp, J.A. Chemotaxis inhibitory protein of Staphylococcus
aureus, a bacterial antiinflammatory agent. J. Exp. Med. 2004, 199, 687—695.



Pathogens 2015, 4 738

36.

37.

38.

39.

40.

41.

42.

Veldkamp, K.E.; Heezius, H.C.; Verhoef, J.; van Strijp, J.A.; van Kessel, K.P. Modulation of
neutrophil chemokine receptors by Staphylococcus aureus supernate. Infect. Immun. 2000, 68,
5908-5913.

Postma, B.; Poppelier, M.J.; van Galen, J.C.; Prossnitz, E.R.; van Strijp, J.A.; de Haas, C.J.; van
Kessel, K.P. Chemotaxis inhibitory protein of Staphylococcus aureus binds specifically to the C5a
and formylated peptide receptor. J. Immunol. 2004, 172, 6994-7001.

Jonsson, [.LM.; Arvidson, S.; Foster, S.; Tarkowski, A. Sigma factor b and rsbu are required for
virulence in staphylococcus aureus-induced arthritis and sepsis. Infect. Immun 2004, 72, 6106—6111.
Horsburgh, M.J.; Aish, J.L.; White, .J.; Shaw, L.; Lithgow, J.K.; Foster, S.J. Sigmab modulates
virulence determinant expression and stress resistance: Characterization of a functional rsbu strain
derived from staphylococcus aureus 8325-4. J. Bacteriol. 2002, 184, 5457-5467.

Hopken, U.E.; Lu, B.; Gerard, N.P.; Gerard, C. The C5a chemoattractant receptor mediates mucosal
defence to infection. Nature 1996, 383, 86—89.

Ulrich, R.; Seeliger, F.; Kreutzer, M.; Germann, P.G.; Baumgartner, W. Limited remyelination in
theiler's murine encephalomyelitis due to insufficient oligodendroglial differentiation of nerve/glial
antigen 2 (ng2)-positive putative oligodendroglial progenitor cells. Neuropathol. Appl. Neurobiol.
2008, 34, 603-620.

Kummerfeld, M.; Seechusen, F.; Klein, S.; Ulrich, R.; Kreutzer, R.; Gerhauser, 1.; Herder, V.;
Baumgartner, W.; Beineke, A. Periventricular demyelination and axonal pathology is associated
with subependymal virus spread in a murine model for multiple sclerosis. Intervirology 2012,
55,401-416.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



