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B-1 cells constitute a unique subpopulation of lymphocytes residing mainly in body cav-
ities like the peritoneal cavity (PerC) but are also found in spleen and bone marrow (BM).
As innate-like B cells, they mediate first line immune defense through low-affinity natural
IgM (nlgM) antibodies. PerC B-1 cells can egress to the spleen and differentiate into nigM
antibody-secreting plasma cells that recognize conserved exogenous and endogenous
cellular structures. Homing to and homeostasis within the PerC are regulated by the
chemokine CXCL13 released by PerC macrophages and stroma cells. However, the
exact mechanisms underlying the regulation of CXCL13 and B-1 homeostasis are not
fully explored. B-1 cells play important roles in the inflammatory response to infection,
autoimmunity, ischemia/reperfusion injury, obesity, and atherosclerosis. Remarkably, this
list of inflammatory entities has a strong overlap with diseases that are regulated by com-
plement suggesting a link between B-1 cells and the complement system. Interestingly,
up to now, no data exist regarding the role of complement in B-1 cell biology. Here, we
demonstrate for the first time that C5a regulates B-1 cell steady-state dynamics within
the peritoneum, the spleen, and the BM. We found decreased B-1a cell numbers in
the peritoneum and the spleen of C5aR1~~ mice associated with increased B1-a and
B1-b numbers in the spleen and high serum titers of nlgM antibodies directed against
phosphorylcholine and several pneumococcal polysaccharides. Similarly, peritoneal
B-1a cells were decreased in the peritoneum and splenic B-1a and B-1b cells were
increased in C5aR2~~ mice. The decrease in peritoneal B-1 cell numbers was associ-
ated with decreased peritoneal CXCL13 levels in C5aR1~- and C5aR2~~ mice. In search
for mechanisms, we found that combined TLR2 and IL-10 receptor activation in PerC
macrophages induced strong CXCL13 production, which was significantly reduced
in cells from C5aR1- and C5aR2-deficient mice and after combined Cb5aR-targeting.
Such stimulation also induced marked local C5 production by PerC macrophages and
Cba generation. Importantly, peritoneal in vivo administration of C5a increased CXCL13
production. Taken together, our findings suggest that local non-canonical C5 activation
in PerC macrophages fuels CXCL13 production as a novel mechanism to control B-1
cell homeostasis.
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INTRODUCTION

B-1 lymphocytes are innate-like B cells that mediate first broad
and unspecific, antibody-based immune responses as well as
long-lasting T cell-independent (TT) protective immunity against
infections (1, 2). Most B-1 cells reside in body cavities such as
the peritoneum or the pleura. Further, they can be found in
lower numbers in spleen and bone marrow (BM) (3-6) where
they spontaneously secrete high levels of natural IgM (nIgM)
antibodies (6, 7). Phenotypically, B-1 cells are characterized as
CD45R", surface IgM", sIgD', CD19", and CD43* cells. They can
be divided into CD5* B-1a cells and CD5~ B-1b cells (1). Further,
some peritoneal cavity (PerC) B-1 cells are positive for the aM
integrin (CD11b), which defines sequential stages of B-1 cells (8).

B-1a cells serve as the main source of low affinity, polyreactive
nlgM antibodies against conserved exogenous and endogenous
structures like the bacterial antigen phosphorylcholine (PC)
(9, 10), which are present in the circulation even without previous
antigen exposure (11). B-1b cells produce antibodies in a TI man-
ner, e.g., against LPS or other polysaccharides from encapsulated
pathogens (12). In line with these functional properties, B-1 cells
are critical for the early control of infections with encapsulated
bacteria like Streptococcus pneumoniae (12), mediate protection
from bacterial infection with Borrelia hermsii (13), viral infec-
tion with Influenza (14) or fungi (15). Further, B-1 cell-derived
nlgM antibodies exhibit a protective role in atherosclerosis by
mediating clearance of altered self-antigens (16-18). In addition,
several findings suggest a role of B-1 cells in autoimmune diseases
including type I diabetes (19) or systemic lupus erythematosus
(20) through interaction with other cell types. Despite their
importance in warding off pathogens, controlling autoimmune
diseases and atherosclerosis, the exact mechanisms regulating
B-1 cell homeostasis are still ill-defined.

Previous findings suggest that B-1 cell homing to body
cavities is strongly dependent on CXCL13 (21). Lymphocyte-
rich follicles express high levels of this chemokine, which directs
circulating CXCR5* B-1 cells to the PerC. Consequently, mice
lacking CXCL13 have a substantially reduced pool of peritoneal
and pleural B-1a and B-1b cells. On the other hand, stimulation
with exogenous cytokines such as IL-10 and IL-5 (22) or TLR
ligands (4, 5, 23) as well as infection with S. prneumoniae (24) or
the Influenza virus (25) promote trafficking of body cavity B-1
cells to secondary lymphoid organs and mucosal sites.

First-line host defense includes the recognition of patho-
gens by several pattern recognition receptors (PRRs). These
PRRs sense potential threats that compromise the integrity of
host cells, tissues, or even the entire body. They can either be
membrane-bound, like TLRs, or soluble. The latter include Clq
and mannan-binding lectins of the complement system, among
others (26). Upon target binding, they activate the system
through a sequence of proteolytic events eventually resulting
in multiple cleavage fragments that either fuel the cascade or
bind to specific complement receptors on a variety of innate
or adaptive immune cells (27). The C3b cleavage fragment and
derivatives thereof serve as opsonins to facilitate phagocytosis
of microbes. In contrast, C3a and the small cleavage fragment
of C5, C5a bind to their cognate C3aR, C5aR1, and C5aR2 and

exert pro-inflammatory and many immunoregulatory functions
[reviewed in Ref. (28)]. Both receptors for C5a, i.e., C5aR1 and
C5aR2 are expressed on several innate immune cells including
neutrophils, macrophages, dendritic cells, and on non-immune
cells (29-31). In addition to the canonical generation by the
classical, lectin, or alternative pathway, C3a and C5a may
also be produced locally by cell-derived proteases (32). Many
exogenous and endogenous structures such as LPS, glycolipids,
phosphatidylserine, and modified LDL are recognized by both,
complement-derived danger sensors and TLRs, suggesting that
complement receptor pathways may intersect with TLR path-
ways. Indeed, cross talk between TLRs and C5aR1 regulates the
development of Th1/Th2/Th17 and regulatory T cell responses
critical for infection with intracellular parasites (33, 34), autoim-
mune diseases (34-37), and allergic asthma (38, 39). The expres-
sion of C5aRs on B-1 cells and the impact of a potential cross talk
between TLRs and complement receptors on B-1 cell immunity
has not been investigated yet.

Here, we specifically addressed regulatory effects of the ana-
phylatoxin C5a and its receptors on B-1 cell biology. We found
that C5a controls B-1 cell homeostasis in the PerC, spleen, and
BM. B-1a cell numbers in the PerC were significantly decreased
in C5aR1- and C5aR2-deficient mice, which was associated,
at least in C5aR17~ mice, with decreased CXCL13 levels.
Further, B-1b cells were lower in the BM of C5aR1~"~ mice. This
decrease in B-1 cells in the PerC and the BM of C5aR-deficient
mice was associated with increased B-1 cell numbers in the
spleen. Importantly, C5aR1-deficient mice exhibit elevated
levels of nIgM antibodies reactive with S. pneumoniae antigens.
Mechanistically, we uncovered that peritoneal macrophages
produce C5 and cleave it into C5a by a cell-derived protease in
response to IL-10 and TLR2 ligation. Such C5a is required to
drive CXCL13 production by peritoneal macrophages, thereby
contributing to B-1 cell homeostasis in the PerC. In line with
this view, we found that i.p. injection of C5a increased peritoneal
CXCL13 levels. Thus, our findings demonstrate a novel role for
C5a and its receptors in the regulation of B-1 cell biology under
steady-state conditions.

MATERIALS AND METHODS

Reagents

The monoclonal BV421-labeled Ab against CD43 (S7) was
purchased from BD Biosciences; AF700-labeled Ab against
CD11b (M1/70), unlabeled Ab against CD16/32 (Fc-Block,
93), eF450-labeled Ab against CD24 (M1/69), APC-labeled Ab
against CD45R/B220 (RA3-6B2), PerCP-Cy-Cy5.5-labeled Ab
against CD5 (53-7.3.), PE-labeled Ab against CD5 (53-7.3.) as
well as PE-Cy7-labeled Ab against IgM (II/41) were purchased
from eBioscience (Affymetrix). Further, APC-labeled Ab
against CD19 (6D5) and C5aR1/CD88 (20/70), PB-labeled Ab
against CD23 (B3B4), FITC-labeled Ab against CD43 (S11), and
AF700-labeled Ab against IgD (11-26¢.2a) were purchased
from BioLegend. The C5-specific Ab (BB5.1) was purchased from
Hycult Biotech and labeled with AF647 using kit A20186 from
Thermo Fisher Scientific.
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Red blood cell lysis (RBCL) buffer was prepared using
155 mM NH,CI, 10 mM KHCO;, and 0.1 mM EDTA (all from
Sigma-Aldrich). DMEM, PBS, HEPES, 1-glutamine, penicillin,
and streptomycin were from Life Technologies. FCS was from
PAA. Pam3CSK4 was purchased from Invivogen, IL-10 from
R&D Systems, and human C5 from Complement Technologies.
The C5aR antagonist (A847"7*) was generated as described previ-
ously (40). The Stat-3 inhibitor Stattic was from Calbiochem/
Merck. Cytofix/Cytoperm was purchased from BD Biosciences,
Fluoromount-G from Southern Biotech, and DAPI from Life
Technologies. ELISA Kits for detection of CXCL12, CXCL13, and
IL-10 were purchased from R&D Systems. 1-Step™ Ultra TMB-
ELISA substrate was purchased from Thermo Scientific. Goat
anti-mouse IgM and IgM-horseradish peroxidase (HRP) were
from Southern Biotech. BSA and Tween® 20 were from Sigma-
Aldrich. PC was from Biosearch Technologies, pneumococcal
polysaccharides (PP) were purchased from ATCC. For SDS PAGE
and Western blot analysis, we used Mini-Protean TGX Precast
gels (4-15%), Precision™ Western C Standard, Streptactin-HRP,
all purchased from Bio-Rad. Streptavidin-HRP was from R&D
Systems and milk powder from Rockland. Human C5a was from
Complement Technologies. Biotin-conjugated mAb 557 against
C5a/C5 was from Hycult Biotech. DNase I for mRNA generation
was from Fermentas. Primers for real-time RT-PCR, and all other
reagents for RT-PCR were from ThermoFisher.

Animals

Wild-type (wt) C57BL/6] mice were purchased from JANVIER
LABS. Wt BALB/c mice were purchased from Charles River.
C5aR17-, C5aR27~, floxed GFP-C5aR1 knock-in (30), and
C57~ as well as MyD88~'~ and TLR27~ mice on the C57BL/6]
background and C5aR17~ and C5aR27~ mice on the BALB/c
background were bred and maintained in an SPF animal facil-
ity of the University of Liibeck. The C57~ mice originate from
B10.D27nSn] mice and have been backcrossed in the Lambris
laboratory for 10 generations on the C57BL/6] background.
IL 10-reporter (VertX mice) and B-cell-specific IL-107~ mice
(and corresponding litter mate controls) were kindly provided
by C. Karp (41). All animals were used at 8-12 weeks of age
and handled in accordance with the appropriate institutional
and national guidelines. All animal studies were reviewed
and approved [number: V242—81505/2016 (19-2/17)] by
local authorities of the Animal Care and Use Committee
(Ministerium fir Energiewende, Landwirtschaft, Umwelt, Natur
und Digitalisierung, Kiel, Germany) and performed by certified
personnel. Both, male and female mice were equally used for the
experiments.

Preparation of Serum, Peritoneal,
Splenic, and BM Cells

Blood was taken by puncture of the submandibular vein and
was directly collected in serum-separating tubes (BD). All mice
were killed by cervical dislocation under anesthesia before organ
removal. For isolation of peritoneal cells, the PerC was flushed
with 5 ml of ice-cold PBS. For BM preparation, femurs, tibias,

and humeri were removed and flushed with PBS. Splenic cells
were isolated by mechanical disruption. Single cell suspensions
were obtained by pressing the cells through a cell strainer (40 pm
nylon, BD) using the plunger of a 5 ml syringe. Cell strainers
were then flushed three times with PBS. If necessary, RBCs were
removed by incubating the cells in RBCL buffer for 3 min and
washing in PBS to stop lysis.

Flow Cytometry

Phenotypic characterization of the cells was performed using a
LSRII cytometer or an Aria III cytometer (both BD). Cells were
incubated in PBS 1% BSA with Fc block (anti-CD16/32) for
15 min at 4°C and subsequently stained with the corresponding
antibodies as outlined below for 15 min at 4°C and then washed
with PBS. Staining of peritoneal cells was performed with
anti-CD11b-AF700, anti-CD45R-APC, anti-CD5-PE or anti-
CD5-PerCPCy5.5, anti-CD43-BV421, anti-IgM-PECy7 anti-
bodies. Anti-CD19-APC, anti-CD23-Pacific Blue, anti-CD43-
BV421, anti-IgD-AF700, anti-IgM-PECy7, and anti-CD5-PE
antibodies were used for staining of splenic cells. BM cells were
stained with anti-CD19-APC, anti-IgM-PeCy7, anti-CD24-
Pacific Blue, anti-CD43-FITC, and anti-CD5-PE antibodies.

Culture and Stimulation of Peritoneal Cells
For phenotypical characterization of peritoneal macrophages,
PerC cells were resuspended in complete medium (DMEM
supplemented with 10% heat-inactivated FCS, 1% L-glutamine,
100 IU/ml penicillin, 100 pg/ml streptomycin, 10 mM HEPES),
transferred into a 24-well-plate (0.6 X 10°/ml) and incubated
overnight to separate adherent PerC cells. Non-adherent PerC
cells were then collected and adherent PerC cells were washed
twice with PBS. Supernatants (SNs) from these washing steps
were collected together with non-adherent PerC cells. Adherent
PerC cells were supplemented with 250 pl of fresh medium;
non-adherent PerC cells were transferred to a 96-well-plate
(0.5 x 10%/ml). Adherent PerC cells were stimulated with
Pam3CSK4 (40 ng/ml, Invivogen) and/or IL-10 (4 ng/ml, R&D
Systems) in the presence or absence of the C5aR antagonist
A8477 [5 uM (40)]. Non-adherent PerC cells were stimulated
with Pam3CSK4 (400 ng/ml, Invivogen). Cells were incubated
for 24 h, and cell culture SNs were collected for further analysis.
In some experiments, Stat-3 signaling in adherent PerC cells
was blocked before TLR2 stimulation using the Stat-3 inhibi-
tor Stattic (50 uM, 60 min, Calbiochem/Merck). Incubation of
cells with DMSO served as negative control. In experiments,
where we determined exogenous production of C5 in peritoneal
macrophages, adherent PerC cells were cultured in serum-free
medium (DMEM, 1% L-glutamine, 100 IU/ml penicillin, 100 pg/
ml streptomycin, 10 mM HEPES).

Determination of Peritoneal Chemokine
and Cytokine Production

IL-10, CXCL12, and CXCL13 levels in peritoneal lavage fluid as
well as in cell culture SNs were determined using Duo Set ELISA
Kits (R&D systems) following the manufacturer’s protocol. In
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some experiments, mice were injected i.p. with 200 nM Cb5a
(Hycult Biotech) in PBS 6 h before peritoneal lavage and analysis
of peritoneal CXCL13 levels.

Assessment of In Vivo Antibody

Production

To determine serum levels of total as well as specific nlgM
antibodies for PC and PP of different serotypes (PP1, PP2, PP4,
PP51), plates were coated with 5 pg/ml of the respective antigen
overnight at 4°C. Plates were blocked with PBS 1% BSA for 1 h
and then incubated with sera for another hour (both at 37°C). IgM
antibodies were detected using HRP-conjugated goat anti-mouse
IgM specific antibodies (1:5,000, Southern Biotech), which were
incubated for 1 h at 37°C and substrate reagent. All washing steps
were performed with PBS/0.05% Tween.

Intracellular C5 Staining

To determine intracellular expression of C5 in peritoneal mac-
rophages, total peritoneal cells from wt and MyD88~'~ mice were
incubated in six-well chamber slides (Sarstedt). Adherent cells
were separated and stimulated as described above. Cells were
then washed three times with PBS and permeabilized by incuba-
tion in Cytofix/Cytoperm buffer (BD) for a minimum of 30 min.
Cells were stained with DAPI and the anti-C5 antibody (BB5.1)
in Perm/Wash buffer (BD) for 15 min, washed three times with
PBS and mounted with Fluoromount-G (Southern Biotech). C5
expression was analyzed using an Olympus FV 1000 confocal
microscope and the Imaris 8.0 software.

RNA Isolation and Real-time PCR

To determine C5 mRNA expression, peritoneal macrophages
were isolated and stimulated as described above and RNA isola-
tion was performed using the RNeasy Kit (Qiagen) according
to the manufacturer’s instructions. Primers, TagMan probes,
and TagMan assay reagents for murine C5 (Mmo00439275_m1)
and GAPDH (Mm99999915_g1) were purchased from Thermo
Fisher. The RNA was diluted to 5 ng/pl, and contaminating
DNA was removed by DNA digestion (DNAfree™, Ambion).
C5 and GAPDH real-time RT-PCR assay were performed using
TagMan One Step RT-PCR Master Mix reagent plus forward
primer, reverse primer, C5 and GAPDH TagMan probe (total
10 pmol), and 50 ng RNA. Amplification and detection were
performed using a CFX96 Real Time System (Bio-Rad) with the
following profile: 25°C for 2 min, then, 53°C for 10 min, and
95°C for 2 min, followed by 45 cycles at 95°C for 15 s, and 60°C
for 30 s. Results were based on relative quantification with the
comparator CT method. For final examination, the target group
(unstimulated cells) was set as reference with a value of 1. The
treated test group was set as being x-fold difference relative to
the reference.

C5 Cleavage Assay and Western

Blot for C5a

Peritoneal cells from wt C57BL/6] mice (6 X 10°/ml) were incu-
bated overnight in adherent 24-well-plates in complete medium
without FCS (DMEM supplemented with 1% L-glutamine,

100 IU/ml penicillin, 100 pg/ml streptomycin, 10 mM HEPES)
in order to separate adherent and non-adherent cells. Adherent
cells were washed twice and supplemented with 250 ul of fresh
medium without FCS. Cells were stimulated with Pam3CSK4
(40 ng/ml, Invivogen) and IL-10 (4 ng/ml, R&D Systems) and
incubated for 4 h in the presence or absence of C5 (60 pg,
Complement Technology). Cell culture SNs were collected and
used for Western Blot analysis of C5a production. Cell culture
SNs were separated by SDS-PAGE according to standard proce-
dures using Mini-Protean TGX Precast gels (4-15%) (Bio-Rad).
Protein was subsequently transferred onto a Trans-Blot nitro-
cellulose membrane using a Trans-Blot SD system (both from
Bio-Rad). Western Blot analysis was then performed according
to standard procedures. Briefly, the membrane was incubated
with a biotinylated C5/C5a-specific antibody (Hycult Biotech,
clone 557; 4 pg/ml) in TBS 4+ Tween + milk powder for 2 h at
room temperature. After washing, the membrane was incubated
with streptavidin HRP (R&D Systems) in TBS + Tween + milk
powder for 2 h at room temperature. Detection was performed
using the Immun Star WesternC Kit (Bio-Rad) and Fusion SL
(Vilber Lourmat).

Statistical Analysis

Statistical analysis was performed using the GraphPad Prism
version 5.0c (GraphPad Software, Inc., USA). Each dot depicted
in the graphs represents one individual (donor) mouse. Normal
distribution of data was tested using the D’Agostino and Pearson
omnibus normality test. If two independent groups were not
normally distributed and could not be transformed to a normal
distribution by logarithmic transformation, we used the non-
parametric Mann-Whitney test (Figures 2D, 3C, 4D and 5B;
Figure S1 in Supplementary Material). If two independent, nor-
mally distributed groups were compared, we used an unpaired
t-test (Figures 1B, 2A,B,E,LJ, 3B, 5D and 6). The paired ¢-test
was used in case that one measurement variable and two nomi-
nal variables were compared (Figures 2C,F-H, 3D,E and 4B,F;
Figure S3 in Supplementary Material). To assess differences
between multiple groups, non-parametric one-way ANOVA on
ranks (Kruskal-Wallis) test was used with Dunn’s post hoc evalu-
ation (Figures 3A and 4A,E).

RESULTS

The C5a/C5aR Axes Control the Steady-
State Dynamics of Peritoneal B-1a Cells

Germ-free mice have increased numbers of B-1 cells in their
PerC as compared with SPF-housed mice, suggesting that micro-
bial signatures control B-1 cell homeostasis in the peritoneum
(23). Microbial patterns are strong activators of the complement
system, which plays an important role in early defense against
microbial invaders. In line with this view, we assessed whether
complement activation regulates the dynamics of B-1 cells
under steady-state conditions. For this purpose, we determined
the numbers and composition of B-1 cells in the PerC of wt,
C5aR177, C5aR277, and C57~, mice. After excluding CD11b"
macrophages and CD5" T cells, we identified peritoneal B-1 cells
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FIGURE 1 | B-1 cell numbers in the peritoneal cavity (PerC) of wild-type (wt), C5aR1-"-, C6aR2~/~, and C5~~ mice. (A) Gating strategy to identify total B-1, B-1a and
B-1b cells in the PerC. (B) Total B-1, B-1a and B-1b cell numbers in the peritoneum of wt, C5aR1~~, C5aR2~-, and C5~~ mice (all on C57BL/6J background).
Values shown are the mean + SD. Statistical differences between wt and C5- or C5aR-deficient mice were determined by unpaired t-test. **p < 0.01, **p < 0.001.

as CD43* and IgM* cells. Among these cells, CD5% and CD5" cells
were considered as B-1a and B-1b cells, respectively (Figure 1A).
In C5aR17~ and C5aR27"~, but not in C5~'~ mice, we found a
significant reduction of total B-1 cell numbers under steady-state
conditions as compared with wt mice. The reduction of total
B-1 cells resulted mainly from a decrease in B-1a cell numbers,
whereas B-1b cell numbers were in the same range (Figure 1B).
Our findings suggest that the activation of the complement
system, generation of C5a, and activation of the C5a/C5aR axes
control the dynamics of peritoneal B-1a cells under steady-state
conditions.

The C5a/C5aR1 Axis Drives CXCL13
Production in the PerC under Steady-

State Conditions

Previously, it has been demonstrated that CXCL13 production
from cells in the omentum and from peritoneal macrophages
is critical for B-1 cell homing into the peritoneum (21). To
assess a potential impact of the C5a/C5aR axes on peritoneal
CXCL13 production, we determined CXCL13 concentrations
under steady-state conditions in the peritoneal lavage fluid
from C5aR17~, C5aR27/~, and C5~/~ mice and compared them
to those of wt mice. In mice lacking C5aR1 or C5, we found
significantly reduced levels of CXCL13 in the PerC under
steady-state conditions as compared with wt mice. The knock-
out of C5aR2 also resulted in a slight reduction of CXCL13;
however, this reduction did not reach the level of statistical
significance (Figure 2A). The same phenomenon was observed
using wt and C5aR1- and C5aR2-deficient mice on the BALB/c
background (Figure 2B). CXCL12 levels in the peritoneal lav-
age fluid were in the range of the detection limit of the assay
(data not shown).

The TLR2 Ligand Pam3CSK4 and IL-10
Drive CXCL13 Production from Peritoneal
Macrophages through a C5-Dependent
Mechanism

Previous findings demonstrated that stimulation of human den-
dritic cells with either a TLR ligand or IL-10 resulted in CXCL13
production, which was enhanced in the presence of both ligands
(42). As PerC macrophages are an important source of intraperi-
toneal CXCL13 (21), we determined the production of CXCL13
by adherent PerC cells, i.e., mainly macrophages, ex vivo after
stimulation with the TLR2 ligand Pam3CSK4 and/or IL-10. We
selected IL-10 as it is a major cytokine produced by PerC B-1
cells (43) and Pam3CSK4 as a prototypic bacterial pathogen-
associated molecular pattern. We found that Pam3CSK4 and
IL-10 induced CXCL13 production from wt adherent PerC
cells, which was markedly enhanced when both molecules were
administered simultaneoulsy (Figure 2C). Non-adherent PerC
cells from wt mice, comprising mainly B and T cells, which
were stimulated with Pam3CSK4 did not secrete any detectable
CXCL13 (Figure S1 in Supplementary Material), suggesting that
it is the dominant fraction of macrophages within the adherent
PerC cells that produces CXCL13 in response to Pam3CSK4
and/or IL-10 stimulation. Importantly, CXCL13 production
from adherent PerC cells, which was minor without stimula-
tion (Figure S2 in Supplementary Material), was significantly
reduced when we stimulated C5aR1-, C5aR2, or C5-deficient
cells with Pam3CSK4 and IL-10 (Figure 2D). These findings
suggest that C5a drives CXCL13 production from adherent PerC
macrophages through activation of C5aR1 and C5aR2. To test the
relevance of this pathway in vivo, we injected C5a into the PerC
of wt mice. Indeed, we found significantly increased peritoneal
CXCL13 levels 6 h after C5a administration in vivo (Figure 2E).
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To better mimic the steady-state situation in the PerC, we = When we targeted the IL-10R with a blocking Ab, we observed
stimulated total PerC cells with Pam3CSK4. As expected, we  a significant reduction of the CXCL13 production (Figure 2F;
found significant CXCL13 production (Figure 2F; left panel).  right panel), strongly suggesting that intrinsically produced

Frontiers in Immunology | www.frontiersin.org 6 February 2018 | Volume 9 | Article 258


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Broker et al.

Cba in B-1 Cell Homeostasis

A
— .
4000 o ® unstim
£ 3000 O Pam3CSK4
E
9 2000
= oo °
o
non-adherent adherent
cells cells
B
B-la | B-1b | | B-2 g
- o 5
. . - &
G
© o] T
=
3 "1
b . "
D\C' 10° 0 10° o 10 0 ° 0 0 10 B-la B-lb
unstim
c 3 * 25 * 1.0
— ’ — ° e |L-10lCD19"
z | % 20 % 08 o IL-107CD19Ce
x 2 g £ o
JEE S FP Wi
g 1 § 1.0 E 0.4:
3 8 o5 8 02
ol— . 0.01— - 0.01— y
B-1 B-1a B-1b
D wt C5aR1-- C5aR2- C57 E
40007 |, 4000 4000 4000 2500
£ 3000 E 3000 E 3000 E 3000 ~ 2000 —
2 E 2 2 = £ 1500
© 2000 © 2000 o 2000 o 2000 g
- - - - o
=) b= = = < 1000
1000 1000 1000 1000 =
500
0 0 0; 0 o
RS L & o RS L NS
& & ARG &€ S
MR e MR MRS PBS C5aRA
F
i coame coaRe
o 0,79 © 2,14
] & —_—
x| ]
@S | g
= . .
—_— —_—
GFP-C5aR1 Surface C5aR1
FIGURE 3 | Impact of the C5/C5a/C5aR axes on IL-10 production from peritoneal B-1 cells under steady-state and inflammatory conditions. (A) IL-10 production
from non-adherent and adherent PerC cells in response to Pam3CSK4. (B) Determination of IL-10 production in peritoneal B-1a, B-1b, and B-2 cells using
GFP-IL-10 knockin mice (Vert-X) (grey histogram = wildtype control, blue line = unstimulated Vert-X mouse). The right panel shows the quantification of IL-10
production (shown as MFI of the GFP signal) from B-1a and B-1b cells. (C) Impact of IL-10 deletion in CD19* B cells on the number of peritoneal B-1 (left), B-1a
(middle), and B-1b (right) cells under steady-state conditions. (D) Impact of C5, C5aR1, or C5aR2 deficiency on IL-10 production from non-adherent PerC cells in
response to Pam3CSK4 stimulation. (E) Impact of C5aR1/2 blockade (using the C5aRA A847-7%) on Pam3CSK4-induced IL-10 production. (F) GFP-C5aR1
expression (left panel) or C5aR1 surface expression (right panel) in peritoneal B-1 cells. Values shown in (A-C) are the mean + SD. Statistical differences between
non-adherent and adherent PerC cells with or without stimulation were determined using Kruskal-Wallis test with Dunn’s post hoc test (A). Statistical differences
between MFI expression in B-1a and B-1b cells were determined using unpaired t-test (B); statistical differences in B-1 cell numbers between control mice and
B cell-specific IL-10 knockout mice were determined using Mann-Whitney test (C); statistical differences between different stimulation conditions were determined
using a paired t-test (D,E). *p < 0.05, *p < 0.01, **p < 0.001.

Frontiers in Immunology | www.frontiersin.org

February 2018 | Volume 9 | Article 258


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Broker et al.

Cba in B-1 Cell Homeostasis

B-1 cell-derived IL-10 synergizes with Pam3CSK4 to drive
CXCL13 production from peritoneal macrophages. In contrast,
the IgG isotype control Ab had no inhibitory effect (Figure S3A
in Supplementary Material). Also, Pam3CSK4-mediated IL-10
production from total PerC cells was not affected by IL-10R
blockage or isotype control Ab treatment (Figure 2G; Figure
S3B in Supplementary Material). Furthermore, we assessed the
impact of C5aR1/2 signaling on combined Pam3CSK4 and IL-10-
driven CXCL13 production by pharmacological targeting using
the C5aR antagonist A8%”'"* (C5aRA), which targets C5aR1 and
C5aR2. Simultaneous blockade of C5aR1 and C5aR2, which
had no effect on unstimulated adherent PerC cells, significantly
reduced Pam3CSK4 + IL-10-induced CXCL13 production from
such cells (Figure 2H). In line with these findings, we found
reduced peritoneal CXCL13 levels (Figure 2I) as well as reduced
total B-1, B-1a, and B-1b cell numbers (Figure 2J) in the PerC
of TLR27~ mice as compared with wt mice under steady-state
conditions. These data suggest that synergistic TLR2 and IL-10
receptor activation drive C5 production and generation, which
in turn activates C5aR1 and C5aR2 to produce CXCL13 from
peritoneal macrophages.

TLR2 Activation Drives IL-10 Production
by B-1a Cells Independent of the C5a/
C5aR Axes

Since IL-10 is an important co-stimulus to drive CXCL13 produc-
tion by peritoneal macrophages, we next assessed, if altered IL-10
production from peritoneal cells may account for the reduced
CXCL13 levels that we observed in response to combined
Pam3CSK4 and IL-10 stimulation of adherent PerC in mice defi-
cient for C5, C5aR1, or C5aR2. In a first step, we confirmed non-
adherent PerC cells as the main IL-10 source after Pam3CSK4
stimulation (Figure 3A). To identify the IL-10-producing cell
type within the group of non-adherent PerC cells, we isolated
peritoneal cells from IL-10 GFP-reporter mice (VertX mice) and
determined their GFP expression under steady-state conditions.
Under these conditions, we observed GFP (IL-10) expression
mainly in B-1a cells and to a minor extent in B-1b cells, but not
in B-2 cells (Figure 3B) or other cell types including T cells (data
not shown). In B-cell-specific IL-10 knockouts (IL-101CD19<),
total B-1 cells and more specifically B-1a but not B-1b cells were
significantly reduced as compared with litter mate control mice
(IL-10°CD19"), suggesting that B-1a cell-derived IL-10 is neces-
sary for their homeostasis in the PerC (Figure 3C). Finally, we
determined the impact of C5aR1-, C5aR2-, and C5-deficiency on
TLR2-driven IL-10 production from B-1 cells. We found a strong
but similar upregulation of IL-10 in non-adherent PerC cells from
all mouse strains (Figure 3D). Further, blocking the C5aR axes by
the C5aRA had no impact on Pam3CSK4-induced IL-10 produc-
tion (Figure 3E). These data suggest that the reduced CXCL13
production in response to combined IL-10 receptor/TLR2 activa-
tion in C5aR1-, C5aR2-, and C5-deficient mice (Figure 2D) is not
regulated at the level of B-1 cells. In support of this view, we found
at best a very minor expression of C5aR1 in peritoneal B-1 cells
using GFP-C5aR1 knock-in mice or staining for C5aR1 surface
expression (Figure 3F).

TLR2 and IL-10 Receptor Activation
Synergize to Induce C5 Production
and Subsequent Generation of C5a

by Peritoneal Macrophages

As the C5a/C5aR axes did not regulate IL-10 release from B-1
cells, we hypothesized that CXCL13 production from peritoneal
macrophages is regulated through paracrine C5 production in
response to combined IL-10 and TLR2 stimulation. We deter-
mined C5 production in peritoneal macrophages after stimula-
tion with Pam3CSK4 and/or IL-10 using confocal microscopy.
We found a significant induction of intracellular C5 only when
Pam3CSK4 and IL-10 were administered together (Figure 4A).
The strong upregulation of C5 after stimulation, which we
observed by confocal microscopy was confirmed by real-time
RT-PCR in peritoneal macrophages, where we found a four-
fold upregulation of C5 expression 24 h after stimulation with
Pam3CSK4 + IL-10 (Figure 4B). In a next step, we incubated
Pam3CSK4 + IL-10-stimulated wt macrophages (using DMEM
medium without FBS) or SNs of such macrophages with C5 as
previously described (32). We found C5 cleavage into C5a, sug-
gesting the presence of a soluble protease expressed by the stimu-
lated macrophages (Figure 4C). To test whether the activation
of MyD88 downstream of TLR2 and activation of IL-10 receptor
is critical for C5 production, we used MyD88-deficient mice or
blocked IL-10 receptor signaling using the Stat-3 inhibitor Stattic.
Both, intracellular production of C5 as well as CXCL13 release
by peritoneal macrophages were dependent on MyD88 signaling
(Figures 4D,E). CXCL13 production was additionally depend-
ent on Stat-3 signaling (Figure 4F). Thus, combined IL-10R and
TLR2 stimulation of peritoneal macrophages drives paracrine C5
production and non-canonical generation of C5a by a secreted,
cell-specific protease.

C5aR Deficiency Leads to Increased B-1

Cell Numbers in the Spleen

To assess whether the observed reduction of B-1a cells in the
PerC is associated with changes of B-1 cells in other compart-
ments, we determined B-1 cell numbers in the spleen and BM.
The gating strategy for B-1 cells and their subsets in spleen and
BM was adapted from Yenson and Baumgarth (44). In the spleen,
we characterized B-1 cells as CD19*, CD43*, CD23", IgM*, IgD",
CD5*~ (Figure 5A). In contrast to the decreased B-1 cell num-
bers in the PerC, we found increased numbers of total splenic
B-1 cells in C5aR17~, C5aR27~, and C5~~ mice (Figure 5B).
This increase resulted from a higher number of the B-la cell
subpopulation (Figure 5B). In contrast to our observation in
the peritoneum, C5aR1 and C5aR2 deficiency did also affect
splenic B-1b cell numbers, which increased similar to B-1a cells
(Figure 5B). Additionally, we determined the impact of the C5a/
C5aR axes on B-1 cell numbers in the BM. We characterized B-1
cells as CD19%, IgM*, CD43*, CD24", CD5*~ cells (Figure 5C).
We observed a significant reduction of total B-1 cells in C5aR17~
mice, whereas they were not affected by C5aR2 or C5 deficiency
(Figure 5D). The drop in B-1 cells in C5aR1-deficient mice was
mainly due to a reduced number of B-1b cells. Taken together, our
findings suggest that the activation of the complement system,
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FIGURE 4 | C5 production and non-canonical C5a generation in peritoneal macrophages following IL-10 and Pam3CSK4 stimulation. (A) Immunohistochemical
analysis of C5 production from wild-type (wt) peritoneal macrophages (C57BL/6J background) in response to 24 h PBS, Pam3CSK4 or combined Pam3CSK4 + IL-
10 stimulation (three pictures on the left). Quantification of C5 production based on the immunohistochemical analysis of C5 production (right panel). (B) Real-time
RT-PCR for C5 using wt peritoneal macrophages (C57BL/6J background) 24 h after in vitro Pam3CSK4 + IL-10 stimulation compared to unstimulated controls.

(C) Western Blot to determine C5 cleavage and C5a generation from wt peritoneal macrophages (C57BL/6J background) or their supernatant (SN) 24 h after in vitro
Pam3CSK4 + IL-10 stimulation. Lane 1 = marker; lane 2 = Pam3CSK4 + IL-10-stimulated peritoneal macrophages in the presence of exogenous hC5; lane 3 = as in
lane 2 but without cells; lane 4 = SN of Pam3CSK4 + IL-10-activated peritoneal macrophages incubated 4 h with exogenous hC5; lane 5 = as in lane 4 but without
SN; lane 6 = hCba purified from serum. The arrow depicts the monomeric C5a band. (D) Impact of MyD88-dependent cell signaling on Pam3CKS4 + IL-10-induced
C5 production from peritoneal macrophages. The immunohistochemical analysis of C5 production from wt and MyD88~/~ peritoneal macrophages (both C57BL/6J

background) is shown on the left. On the right, the quantification of the C5 production based on the evaluation of the immunohistochemical staining is shown.

(E) CXCL13 production from unstimulated MyD88~"~ adherent PerC cells as well as after stimulation with IL-10, Pam3CSK4, or both compared to wt cells (both
C57BL/6J background) and (F) from unstimulated (left panel) and Pam3CSK4 + IL-10-stimulated (right panel) wt adherent PerC cells in the presence or absence of
the Stat-3 inhibitor Stattic (50 pM). Values shown in (A,B,D,E) are the mean + SD. Statistical differences between unstimulated and stimulated samples or between
wt and knockout cells were determined by Kruskal-Wallis test with Dunn’s post hoc test (A,E), paired t-test (B,F), or Mann-Whitney test (D). *p < 0.05, **p < 0.01.

generation of C5a, and activation of the C5a/C5aR axes control
the dynamics of B-1a cells under steady-state conditions, i.e., the
migration between PerC, spleen, and BM. Further, our data imply
a synergistic role for C5aR1 and C5aR2 in the control of B-1a cell
homing into the peritoneum and B-1a and B-1b cell homing into
the spleen. In contrast, C5aR1, but not C5aR2, activation appears
to be critical for the presence of B-1b cells in the BM.

C5aR1-Deficient Mice Show Increased
Serum Levels of nigM Antibodies Specific
for Phosphorylcholine and PP

An important function of B-1 cells in the spleen and the BM is
the secretion of nIgM antibodies (7), which not only serve as a
first shield against invading pathogens but play important roles
in tissue homeostasis. As we found significantly increased B-1
cells in the spleen of C5aR17~"~ mice, we next determined whether
this increase in B-1 cell numbers is associated with increased
nlgM antibody titers in the circulation. Indeed, C5aR17~~ mice
had markedly elevated levels of nIgM antibodies specific for
PC (Figure 6A) or PP of serotypes 1, 2, 4, and 51 (Figure 6B,
upper row) as compared with wt control sera, whereas the total
serum IgM titers in the sera of wt and C5aR1~~ mice were similar
(Figure 6C, left graph). Further, we found slightly increased nlgM
antibody titers against PP1, PP2, and PP51 in the sera of C57/~
mice and PP2 in the sera of C5aR27/~ mice (Figure 6B, middle
and lower row). Total IgM serum titers in the sera of C5aR2™'~ and
C57~ mice were only slightly increased (Figure 6C, middle and
right graph).

DISCUSSION

B-1 cells comprise a heterogeneous population of cells that
reside in body cavities, BM, spleen, and skin. They develop in
several waves first from yolk sac and paraaortic splanchnopleura,
followed by fetal BM and liver and eventually after birth from
the BM (45). Out of the B-1 cell pool, non-terminally differenti-
ated B-1a and B-1b cells within the spleen and the BM, but not
the PerC, produce nIgM antibodies. At this point, it is unclear
whether B-1 cells from the PerC or the BM migrate to the spleen
during homeostatic conditions to produce nIgM antibodies or a
constant pool of nIgM-producing B-1 cells resides within the BM
and the spleen that is replenished by self-renewal. We found that

complement and, in particular, the C5a/C5aR axes have a signifi-
cant impact on B-1a cell numbers in the PerC and the spleen and
on B-1b numbers in the spleen and BM. The reduced number of
PerC B-1a cells and the concurrent increase in splenic B-1a cells
in C5aR17~ and C5aR2~~ mice suggests that C5a generation and
activation of these receptors regulates the trafficking between the
two compartments and/or self-renewal of B-1a cells in opposing
ways. In contrast to the initial view that C5aR2 solely acts as a
decoy receptor simply counteracting C5aR1-mediated effector
functions, recent results show that C5aR2 exerts pro- as well
anti-inflammatory effects either in concert with or independent
of C5aR1 (46-48). In CLP-driven sepsis, for example, only the
combined inhibition of C5aR1 and C5aR2 improves animal sur-
vival (49). Our findings that C5aR1 and C5aR2 control peritoneal
and splenic B-1 cell numbers adds to the growing body of data
demonstrating joint regulatory functions. Strikingly, we also
observed a marked increase of B-1b cells in the spleen of C5aR17/~
mice that was associated with a decrease in BM B-1b cells, which
may indicate that the C5a/C5aR1 axis controls the egress of B-1b
cells from the BM into the spleen under steady-state conditions.
In support of this view, we found a substantial increase of nIgM
antibody production in C5aR17~ mice recognizing PC and sev-
eral S. pneumoniae-derived polysaccharides. Indeed, the available
data from the literature suggest that splenic plasma cells from
B-1a and B-1b cells contribute to nIgM production (50).
CXCL13 produced by peritoneal macrophages and the omen-
tum drives B-1 cell homing into the PerC (21). In line with the
data generated by Perrier et al. (42), we found that IL-10 induces
some CXCL13 production from peritoneal macrophages that can
be markedly enhanced by additional stimulation with the TLR2-
ligand Pam3CSK4. Data obtained with germ-free mice suggest
that leakage of TLR ligands from commensal intestinal micro-
biota into the PerC is critical for peritoneal CXCL13 production,
as the number of B-1 cells is much higher in germ-free mice than
in mice housed under SPF (23). Using IL-10 reporter mice, we
confirmed that B-1 and, in particular, B-1a cells are the main
source of IL-10 in the PerC (43). Our data further confirmed that
such IL-10 is of major importance for B-1a cells, as the number
of PerC B-1 cells was significantly reduced in B cell-specific
IL-10-deficient mice. Interestingly, C5 and the C5a/C5aR axes
were not involved in TLR2-driven IL-10 production, but had a
strong impact on CXCL13 production under steady-state condi-
tions. More specifically, the lack of C5aR1 was associated with a
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background). (C) Gating strategy to identify total B-1, B-1a, and B-1b cells in the BM. (D) Total B-1, B-1a, and B-1b cell numbers in the BM of wt, C5aR1-"-,
C5aR2-'-, and C5~~ mice. Values shown in (B) and (D) are the mean + SD. Statistical differences between wt and knockout mice were determined by Mann—
Whitney test (B) or unpaired t-test (D). *p < 0.05, **p < 0.01, ***p < 0.001.

significant reduction of CXCL13 levels in the peritoneum under
steady-state conditions. In line with this view, i.p. injection with
C5a resulted in increased intraperitoneal CXCLI13 levels. In
search for mechanisms, we found that peritoneal macrophages
need at least three signals to efficiently produce CXCL13, i.e.,
IL-10 receptor, TLR, and C5aR activation. Our findings suggest
a model in which IL-10 receptor and TLR2 activation induce
the production and the non-canonical cleavage of C5 into C5a
in PerC macrophages by a cell-derived protease. Surprisingly,
it is the combined interaction of C5a with C5aR1 and C5aR2
that is necessary for CXCL13 production. C5 production from
extrahepatic sources has been described before in human alveolar
macrophages in response to LPS stimulation (51) and in murine

thioglycollate-elicited macrophages (52). Further, alveolar
macrophages from rats were shown to cleave C5 into C5a by a
cell-specific protease (32). Our data that non-canonical C5a
generation and C5aR activation regulates chemokine produc-
tion from peritoneal macrophages adds to the growing body of
evidence that local, cellular complement activation is of major
importance for tissue homeostasis (53).

In summary, we uncovered an unexpected, novel role for
complement in the regulation of the B-1 cell compartment that
affects both the distribution of B-1a and B-1b B cells in the
PerC, spleen, and BM during steady-state and the production
of nIgM antibodies. We describe a novel mechanism, by which
TLR2-driven IL-10 production from B-la cells synergizes
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FIGURE 6 | Total IgM and antigen-specific natural IgM (nigM) serum titers in naive wild-type (wt), C5aR1~~, C5aR2~/~, and C5~~ mice. (A) Serum titers of aPC-nigM
antibodies in wt, C5aR1~~, C5aR2~~, and C5~~ mice (all on C57BL/6J background). Serum dilutions were 1:20, 1:60, 1:180, and 1:540. (B) Serum titers of anti-PP1, 2, 4,
and 51 nigM antibodies in wt, C5aR1-~, C5aR2~/-, and C5~~ mice. Serum dilutions were 1:100, 1:200, 1:400, 1:800, and 1:1,600 for anti-pneumococcal polysaccharides
nigM. (C) Serum titers of total IgM antibodies in wt, C5aR1~'-, C5aR2~'~, and C5~~ mice. Serum dilutions were 1:1,000, 1:2,000, 1:4,000, 1:8,000, and 1:16,000. Values
shown are the mean + SEM. Statistical differences between wt and knockout mice were determined by an unpaired t-test. *p < 0.05, *p < 0.01, **p < 0.001.
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with TLR2-driven activation of PerC macrophages to induce
non-canonical C5a production as an important signal to
promote CXCL13 production from such macrophages. Since
their initial description in the 1990s, a body of evidence has

accumulated that B-1 cells play important roles in the inflam-
matory response to infection, autoimmunity, ischemia/reper-

fusion injury, obesity, and atherosclerosis (54). Remarkably,
this list of inflammatory entities has a strong overlap with
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diseases that are regulated by complement (26) suggesting an
unanticipated link between B-1 cell/complement interactions
that awaits further exploration.

ETHICS STATEMENT

All animal studies were reviewed and approved [number:
V242—81505/2016 (19-2/17)] by local authorities of the Animal
Care and Use Committee (Ministerium fiir Energiewende, Land-
wirtschaft, Umwelt, Natur und Digitalisierung, Kiel, Germany)
and performed by certified personnel.

AUTHOR CONTRIBUTIONS

KB, JE, and AM conducted key studies and analyzed the data. RM
provided VertX mice. CK and JK designed and coordinated the
study, analyzed the data and wrote the manuscript.

ACKNOWLEDGMENTS

We thank John D. Lambris and Robert A. deAngelis (University
of Pennsylvania) for providing the C5-deficient mice. Further, we
thank Lana Pohle for excellent technical assistance.

REFERENCES

1. Baumgarth N. The double life of a B-1 cell: self-reactivity selects for pro-
tective effector functions. Nat Rev Immunol (2011) 11:34-46. doi:10.1038/
nri2901

2. Baumgarth N, Waffarn EE, Nguyen TT. Natural and induced B-1 cell immu-
nity to infections raises questions of nature versus nurture. Ann N Y Acad Sci
(2015) 1362:188-99. doi:10.1111/nyas.12804

3. Kawahara T, Ohdan H, Zhao G, Yang YG, Sykes M. Peritoneal cavity B cells are
precursors of splenic IgM natural antibody-producing cells. ] Immunol (2003)
171:5406-14. doi:10.4049/jimmunol.171.10.5406

4. Yang Y, Tung JW, Ghosn EE, Herzenberg LA, Herzenberg LA. Division and
differentiation of natural antibody-producing cells in mouse spleen. Proc Natl
Acad Sci U S A (2007) 104:4542-6. doi:10.1073/pnas.0700001104

5. Cole LE, Yang Y, Elkins KL, Fernandez ET, Qureshi N, Shlomchik M]J, et al.
Antigen-specific B-1a antibodies induced by Francisella tularensis LPS provide
long-term protection against E tularensis LVS challenge. Proc Natl Acad Sci
U S A (2009) 106:4343-8. doi:10.1073/pnas.0813411106

6. Choi YS, Dieter JA, Rothaeusler K, Luo Z, Baumgarth N. B-1 cells in the
bone marrow are a significant source of natural IgM. Eur ] Immunol (2012)
42:120-9. doi:10.1002/€ji.201141890

7. Holodick NE, Vizconde T, Rothstein TL. Splenic B-1a cells expressing CD138
spontaneously secrete large amounts of immunoglobulin in naive mice. Front
Immunol (2014) 5:129. doi:10.3389/fimmu.2014.00129

8. Ghosn EE, Yang Y, Tung J, Herzenberg LA, Herzenberg LA. CD11b expression
distinguishes sequential stages of peritoneal B-1 development. Proc Natl Acad
Sci US A (2008) 105:5195-200. doi:10.1073/pnas.0712350105

9. Briles DE, Nahm M, Schroer K, Davie ], Baker P, Kearney J, et al

Antiphosphocholine antibodies found in normal mouse serum are protective

against intravenous infection with type 3 Streptococcus pneumoniae. | Exp Med

(1981) 153:694-705. doi:10.1084/jem.153.3.694

Masmoudi H, Mota-Santos T, Huetz F, Coutinho A, Cazenave PA. All T15

Id-positive antibodies (but not the majority of VHT15+ antibodies) are

produced by peritoneal CD5+ B lymphocytes. Int Immunol (1990) 2:515-20.

doi:10.1093/intimm/2.6.515

Haury M, Sundblad A, Grandien A, Barreau C, Coutinho A, Nobrega A.

The repertoire of serum IgM in normal mice is largely independent of

10.

11.

FUNDING

This work was supported by the University of Liibeck grant E17-
2014 (JF). We acknowledge the financial support by teh state of
Schleswig-Holstein through the funding program “Open Access
Publikationsfonds”

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at
http://www.frontiersin.org/articles/10.3389/fimmu.2018.00258/
full#supplementary-material.

FIGURE S1 | In vitro CXCL13 production by non-adherent cells from the
peritoneal cavity from wild-type mice (C57BL/6J background) 24 h after
stimulation with Pam3CSK4 (n = 5 per group). Values shown are the mean + SD.
Statistical differences between unstimulated and stimulated samples were
determined using Mann-Whitney test.

FIGURE S2 | In vitro CXCL13 production from adherent peritoneal cavity
cells of wild-type, C5aR1-, C5aR2-, and C5-deficient mice (all C57BL6/J
background) after 24 h in culture without stimulation. Values shown are the
mean + SD.

FIGURE S3 | In vitro (A) CXCL13 and (B) IL-10 production from total PerC cells
from wild-type mice 24 h after stimulation with Pam3CSK4 compared to
Pam3CSK4 + isotype control. Statistical differences were determined using a
paired t-test.

external antigenic contact. Eur J Immunol (1997) 27:1557-63. doi:10.1002/
€ji.1830270635

Haas KM, Poe JC, Steeber DA, Tedder TF. B-1a and B-1b cells exhibit distinct
developmental requirements and have unique functional roles in innate and
adaptive immunity to S. pneumoniae. Immunity (2005) 23:7-18. doi:10.1016/j.
immuni.2005.04.011

Alugupalli KR, Gerstein RM. Divide and conquer: division of labor by B-1
B cells. Immunity (2005) 23:1-2. doi:10.1016/j.immuni.2005.07.001

. Baumgarth N, Herman OC, Jager GC, Brown L, Herzenberg LA, Herzenberg LA.
Innate and acquired humoral immunities to influenza virus are mediated
by distinct arms of the immune system. Proc Natl Acad Sci U S A (1999)
96:2250-5. doi:10.1073/pnas.96.5.2250

Rapaka RR, Ricks DM, Alcorn JE Chen K, Khader SA, Zheng M, et al.
Conserved natural IgM antibodies mediate innate and adaptive immunity
against the opportunistic fungus Pneumocystis murina. ] Exp Med (2010)
207:2907-19. doi:10.1084/jem.20100034

Karvonen J, Paivansalo M, Kesaniemi YA, Horkko S. Immunoglobulin M
type of autoantibodies to oxidized low-density lipoprotein has an inverse
relation to carotid artery atherosclerosis. Circulation (2003) 108:2107-12.
doi:10.1161/01.CIR.0000092891.55157.A7

Kaveri SV, Silverman GJ, Bayry J. Natural IgM in immune equilibrium
and harnessing their therapeutic potential. ] Immunol (2012) 188:939-45.
doi:10.4049/jimmunol.1102107

Tsiantoulas D, Diehl CJ, Witztum JL, Binder CJ.B cells and humoral
immunity in atherosclerosis. Circ Res (2014) 114:1743-56. doi:10.1161/
CIRCRESAHA.113.301145

Diana J, Simoni Y, Furio L, Beaudoin L, Agerberth B, Barrat E, et al. Crosstalk
between neutrophils, B-1a cells and plasmacytoid dendritic cells initiates
autoimmune diabetes. Nat Med (2013) 19:65-73. doi:10.1038/nm.3042
Zhong X, Lau S, Bai C, Degauque N, Holodick NE, Steven SJ, et al. A novel
subpopulation of B-1 cells is enriched with autoreactivity in normal and
lupus-prone mice. Arthritis Rheum (2009) 60:3734-43. doi:10.1002/art.25015
Ansel KM, Harris RB, Cyster JG. CXCL13 is required for Bl cell homing,
natural antibody production, and body cavity immunity. Immunity (2002)
16:67-76. d0i:10.1016/S1074-7613(01)00257-6

Nisitani S, Tsubata T, Murakami M, Honjo T. Administration of interleukin-5
or -10 activates peritoneal B-1 cells and induces autoimmune hemolytic

12.

13.

15.

16.

17.

18.

19.

20.

21.

22.

Frontiers in Immunology | www.frontiersin.org

13

February 2018 | Volume 9 | Article 258


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/articles/10.3389/fimmu.2018.00258/full#supplementary-material
http://www.frontiersin.org/articles/10.3389/fimmu.2018.00258/full#supplementary-material
https://doi.org/10.1038/
nri2901
https://doi.org/10.1038/
nri2901
https://doi.org/10.1111/nyas.12804
https://doi.org/10.4049/jimmunol.171.10.5406
https://doi.org/10.1073/pnas.0700001104
https://doi.org/10.1073/pnas.0813411106
https://doi.org/10.1002/eji.201141890
https://doi.org/10.3389/fimmu.2014.00129
https://doi.org/10.1073/pnas.0712350105
https://doi.org/10.1084/jem.153.3.694
https://doi.org/10.1093/intimm/2.6.515
https://doi.org/10.1002/eji.1830270635
https://doi.org/10.1002/eji.1830270635
https://doi.org/10.1016/j.immuni.2005.04.011
https://doi.org/10.1016/j.immuni.2005.04.011
https://doi.org/10.1016/j.immuni.2005.07.001
https://doi.org/10.1073/pnas.96.5.2250
https://doi.org/10.1084/jem.20100034
https://doi.org/10.1161/01.CIR.0000092891.55157.A7
https://doi.org/10.4049/jimmunol.1102107
https://doi.org/10.1161/CIRCRESAHA.113.301145
https://doi.org/10.1161/CIRCRESAHA.113.301145
https://doi.org/10.1038/nm.3042
https://doi.org/10.1002/art.25015
https://doi.org/10.1016/S1074-7613(01)00257-6

Broker et al.

Cba in B-1 Cell Homeostasis

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

anemia in anti-erythrocyte autoantibody-transgenic mice. Eur J Immunol
(1995) 25:3047-52. d0i:10.1002/¢ji.1830251110

Ha SA, Tsuji M, Suzuki K, Meek B, Yasuda N, Kaisho T, et al. Regulation of
B1 cell migration by signals through Toll-like receptors. J Exp Med (2006)
203:2541-50. doi:10.1084/jem.20061041

Martin E Oliver AM, Kearney JE. Marginal zone and B1 B cells unite in the
early response against T-independent blood-borne particulate antigens.
Immunity (2001) 14:617-29. doi:10.1016/S1074-7613(01)00129-7

Waffarn EE, Hastey CJ, Dixit N, Soo Choi Y, Cherry S, Kalinke U, et al.
Infection-induced type I interferons activate CD11b on B-1 cells for subse-
quent lymph node accumulation. Nat Commun (2015) 6:8991. doi:10.1038/
ncomms9991

Ricklin D, Hajishengallis G, Yang K, Lambris JD. Complement: a key system
for immune surveillance and homeostasis. Nat Immunol (2010) 11:785-97.
doi:10.1038/ni.1923

Kohl J. The role of complement in danger sensing and transmission. Immunol
Res (2006) 34:157-76. doi:10.1385/1R:34:2:157

Klos A, Wende E, Wareham KJ, Monk PN. International Union of Basic
and Clinical Pharmacology. [corrected]. LXXXVIL. Complement peptide
C5a, C4a, and C3a receptors. Pharmacol Rev (2013) 65:500-43. doi:10.1124/
pr.111.005223

Monk PN, Scola AM, Madala P, Fairlie DP. Function, structure and therapeu-
tic potential of complement C5a receptors. Br ] Pharmacol (2007) 152:429-48.
doi:10.1038/s].bjp.0707332

Karsten CM, Laumonnier Y, Eurich B, Ender F, Broker K, Roy S, et al
Monitoring and cell-specific deletion of C5aR1 using a novel floxed GFP-
C5aR1 reporter knock-in mouse. J Immunol (2015) 194:1841-55. doi:10.4049/
jimmunol.1401401

Karsten CM, Wiese AV, Mey F, Figge ], Woodruff TM, Reuter T, et al.
Monitoring C5aR2 expression using a Floxed tdTomato-C5aR2 knock-in
mouse. ] Immunol (2017) 199:3234-48. doi:10.4049/jimmunol.1700710
Huber-Lang M, Younkin EM, Sarma JV, Riedemann N, Mcguire SR, Lu KT,
et al. Generation of C5a by phagocytic cells. Am J Pathol (2002) 161:1849-59.
doi:10.1016/S0002-9440(10)64461-6

Hawlisch H, Belkaid Y, Baelder R, Hildeman D, Gerard C, Kohl J. C5a neg-
atively regulates toll-like receptor 4-induced immune responses. Immunity
(2005) 22:415-26. doi:10.1016/j.immuni.2005.02.006

Strainic MG, Liu J, Huang D, An E, Lalli PN, Muqim N, et al. Locally produced
complement fragments C5a and C3a provide both costimulatory and survival
signals to naive CD4+4 T cells. Immunity (2008) 28:425-35. doi:10.1016/j.
immuni.2008.02.001

LiuJ, Lin E Strainic MG, An F, Miller RH, Altuntas CZ, et al. IFN-gamma and
IL-17 production in experimental autoimmune encephalomyelitis depends
on local APC-T cell complement production. J Immunol (2008) 180:5882-9.
doi:10.4049/jimmunol.180.9.5882

Hashimoto M, Hirota K, Yoshitomi H, Maeda S, Teradaira S, Akizuki S,
et al. Complement drives Th17 cell differentiation and triggers autoimmune
arthritis. ] Exp Med (2010) 207:1135-43. doi:10.1084/jem.20092301

Strainic MG, Shevach EM, An E Lin F, Medof ME. Absence of signaling into
CD4(+) cells via C3aR and C5aR enables autoinductive TGF-betal signaling
and induction of Foxp3(+) regulatory T cells. Nat Immunol (2013) 14:162-71.
doi:10.1038/ni.2499

Kohl J, Baelder R, Lewkowich IP, Pandey MK, Hawlisch H, Wang L, et al. A
regulatory role for the C5a anaphylatoxin in type 2 immunity in asthma. J Clin
Invest (2006) 116:783-96. doi:10.1172/JCI26582

Lajoie S, Lewkowich IP, Suzuki Y, Clark JR, Sproles AA, Dienger K, et al.
Complement-mediated regulation of the IL-17A axis is a central genetic
determinant of the severity of experimental allergic asthma. Nat Immunol
(2010) 11:928-35. doi:10.1038/ni.1926

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Otto M, Hawlisch H, Monk PN, Muller M, Klos A, Karp CL, et al. C5a mutants
are potent antagonists of the C5a receptor (CD88) and of C5L2: position 69
is the locus that determines agonism or antagonism. ] Biol Chem (2004)
279:142-51. doi:10.1074/jbc.M310078200

Madan R, Demircik F, Surianarayanan S, Allen JL, Divanovic S, Trompette A,
et al. Nonredundant roles for B cell-derived IL-10 in immune counter-regulation.
J Immunol (2009) 183:2312-20. doi:10.4049/jimmunol.0900185

Perrier P, Martinez FO, Locati M, Bianchi G, Nebuloni M, Vago G, et al.
Distinct transcriptional programs activated by interleukin-10 with or without
lipopolysaccharide in dendritic cells: induction of the B cell-activating chemo-
kine, CXC chemokine ligand 13. ] Immunol (2004) 172:7031-42. doi:10.4049/
jimmunol.172.11.7031

O’'Garra A, Chang R, Go N, Hastings R, Haughton G, Howard M. Ly-1 B
(B-1) cells are the main source of B cell-derived interleukin 10. Eur ] Immunol
(1992) 22:711-7. doi:10.1002/¢ji. 1830220314

Yenson V, Baumgarth N. Purification and immune phenotyping of B-1
cells from body cavities of mice. Methods Mol Biol (2014) 1190:17-34.
do0i:10.1007/978-1-4939-1161-5_2

Montecino-Rodriguez E, Dorshkind K. B-1 B cell development in the
fetus and adult. Immunity (2012) 36:13-21. doi:10.1016/j.immuni.2011.
11.017

Gao H, Neff TA, Guo RE Speyer CL, Sarma JV, Tomlins S, et al. Evidence for
a functional role of the second C5a receptor C5L2. FASEB J (2005) 19:1003-5.
doi:10.1096/1].04-3424fje

Chen NJ, Mirtsos C, Suh D, Lu YC, Lin W], Mckerlie C, et al. C5L2 is critical
for the biological activities of the anaphylatoxins C5a and C3a. Nature (2007)
446:203-7. doi:10.1038/nature05559

Croker DE, Halai R, Kaeslin G, Wende E, Fehlhaber B, Klos A, et al. C5a2
can modulate ERK1/2 signaling in macrophages via heteromer formation
with C5al and beta-arrestin recruitment. Immunol Cell Biol (2014) 92:631-9.
doi:10.1038/icb.2014.32

Rittirsch D, Flierl MA, Nadeau BA, Day DE, Huber-Lang M, Mackay CR,
et al. Functional roles for C5a receptors in sepsis. Nat Med (2008) 14:551-7.
doi:10.1038/nm1753

Savage HP, Baumgarth N. Characteristics of natural antibody-secreting cells.
Ann N'Y Acad Sci (2015) 1362:132-42. doi:10.1111/nyas.12799

Hetland G, Johnson E, Falk R], Eskeland T. Synthesis of complement com-
ponents C5, C6, C7, C8 and C9 in vitro by human monocytes and assembly
of the terminal complement complex. Scand ] Immunol (1986) 24:421-8.
doi:10.1111/§.1365-3083.1986.tb02130.x

Qoi YM, Harris DE, Edelson PJ, Colten HR. Post-translational control of
complement (C5) production by resident and stimulated mouse macrophages.
J Immunol (1980) 124:2077-81.

Kolev M, Le Friec G, Kemper C. Complement - tapping into new sites and
effector systems. Nat Rev Immunol (2014) 14:811-20. doi:10.1038/nri3761
Aziz M, Holodick NE, Rothstein TL, Wang P. The role of B-1 cells in inflamma-
tion. Immunol Res (2015) 63:153-66. d0i:10.1007/s12026-015-8708-3

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2018 Broker, Figge, Magnusen, Manz, Kohl and Karsten. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Immunology | www.frontiersin.org

14

February 2018 | Volume 9 | Article 258


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1002/eji.1830251110
https://doi.org/10.1084/jem.20061041
https://doi.org/10.1016/S1074-7613(01)00129-7
https://doi.org/10.1038/ncomms9991
https://doi.org/10.1038/ncomms9991
https://doi.org/10.1038/ni.1923
https://doi.org/10.1385/IR:34:2:157
https://doi.org/10.1124/pr.111.005223
https://doi.org/10.1124/pr.111.005223
https://doi.org/10.1038/sj.bjp.0707332
https://doi.org/10.4049/jimmunol.1401401
https://doi.org/10.4049/jimmunol.1401401
https://doi.org/10.4049/jimmunol.1700710
https://doi.org/10.1016/S0002-9440(10)64461-6
https://doi.org/10.1016/j.immuni.2005.02.006
https://doi.org/10.1016/j.immuni.2008.02.001
https://doi.org/10.1016/j.immuni.2008.02.001
https://doi.org/10.4049/jimmunol.180.9.5882
https://doi.org/10.1084/jem.20092301
https://doi.org/10.1038/ni.2499
https://doi.org/10.1172/JCI26582
https://doi.org/10.1038/ni.1926
https://doi.org/10.1074/jbc.M310078200
https://doi.org/10.4049/jimmunol.0900185
https://doi.org/10.4049/jimmunol.172.11.7031
https://doi.org/10.4049/jimmunol.172.11.7031
https://doi.org/10.1002/eji.1830220314
https://doi.org/10.1007/978-1-4939-1161-5_2
https://doi.org/10.1016/j.immuni.2011.
11.017
https://doi.org/10.1016/j.immuni.2011.
11.017
https://doi.org/10.1096/fj.04-3424fje
https://doi.org/10.1038/nature05559
https://doi.org/10.1038/icb.2014.32
https://doi.org/10.1038/nm1753
https://doi.org/10.1111/nyas.12799
https://doi.org/10.1111/j.1365-3083.1986.tb02130.x
https://doi.org/10.1038/nri3761
https://doi.org/10.1007/s12026-015-8708-3
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	A Novel Role for C5a in B-1 Cell Homeostasis
	Introduction
	Materials and Methods
	Reagents
	Animals
	Preparation of Serum, Peritoneal, Splenic, and BM Cells
	Flow Cytometry
	Culture and Stimulation of Peritoneal Cells
	Determination of Peritoneal Chemokine and Cytokine Production
	Assessment of In Vivo Antibody Production
	Intracellular C5 Staining
	RNA Isolation and Real-time PCR
	C5 Cleavage Assay and Western 
Blot for C5a
	Statistical Analysis

	Results
	The C5a/C5aR Axes Control the Steady-State Dynamics of Peritoneal B-1a Cells
	The C5a/C5aR1 Axis Drives CXCL13 Production in the PerC under Steady-State Conditions
	The TLR2 Ligand Pam3CSK4 and IL-10 Drive CXCL13 Production from Peritoneal Macrophages through a C5-Dependent Mechanism
	TLR2 Activation Drives IL-10 Production by B-1a Cells Independent of the C5a/C5aR Axes
	TLR2 and IL-10 Receptor Activation Synergize to Induce C5 Production and Subsequent Generation of C5a by Peritoneal Macrophages
	C5aR Deficiency Leads to Increased B-1 Cell Numbers in the Spleen
	C5aR1-Deficient Mice Show Increased Serum Levels of nIgM Antibodies Specific for Phosphorylcholine and PP

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References


