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Toll-like receptors (TLRs) and comple-
ment are 2 components of innate immu-
nity that are critical for first-line host
defense and elicitation of adaptive im-
mune responses. Many pathogen-associ-
ated molecular patterns activate both TLR
and complement, but whether and how
these 2 systems, when coactivated in
vivo, interact with each other has not
been well studied. We demonstrate here a
widespread regulation of TLR signaling
by complement in vivo. The TLR ligands
lipopolysacharride (TLR4), zymosan
(TLR2/6), and CpG oligonucleotide (TLR9)

caused, in a complement-dependent
manner, strikingly elevated plasma inter-
leukin-6 (IL-6), tumor necrosis factor «
(TNF-a), and IL-1B8, and/or decreased
plasma IL-12 levels in mice deficient in
the membrane complement inhibitor
decay-accelerating factor (DAF). A simi-
lar outcome was observed in wild-type
mice cotreated with the TLR ligands and
cobra venom factor, a potent complement
activator. The regulatory effect of comple-
ment on TLR-induced cytokine produc-
tion in vivo was mediated by the ana-
phylatoxin receptors C5aR and C3aR. Ad-

ditionally, changes in lipopolysaccharide
(LPS)-induced cytokine production in
DAF-deficient mice correlated with in-
creased mitogen-activated protein kinase
and nuclear factor-kB activation in the
spleen. These results reveal a strong inter-
action between complement and TLR sig-
naling in vivo and suggest a novel mecha-
nism by which complement promotes
inflammation and modulates adaptive im-
munity. (Blood. 2007;110:228-236)
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Introduction

Recognition of invading microbes by the host innate immune system is
achieved by pattern recognition receptors that are specific for unique
pathogen-associated molecular patterns (PAMPs).! The Toll-like recep-
tors (TLRs) and complement are 2 critical components of the innate
immune system.”* They play an essential role in host defense by
eliciting rapid inflammatory reactions and orchestrating adaptive im-
mune responses to microbial infection.!® Many common PAMPs, such
as lipopolysaccharide (LPS) from gram-negative bacteria and zymosan,
an insoluble carbohydrate from the yeast cell wall, act both as TLR
ligands and activators of complement.>*” Whether and how the TLR
and the complement systems, when coactivated in vivo, interact with
each other and how potential cross talks between the 2 systems might
impact the inflammatory and adaptive immune responses of the host has
not been well studied.

The complement system has evolved in such a way that its
activation by PAMPs is favored, whereas its activation on autolo-
gous tissues is inhibited.® One of the mechanisms that help to
achieve this specificity is the expression of cell membrane an-
chored complement regulatory proteins on host cells. Decay-
accelerating factor (DAF; CD55) is a glycosylphosphatidylinositol
(GPI)-linked membrane regulator of complement that is present on
most mammalian cell types.®'* DAF inhibits C3 and C5 converta-
ses of both the classical and alternative pathways of complement
and its deletion in the mouse rendered the animal more susceptible
to complement-mediated inflammatory injury.®14-16 Intriguingly, a
number of previous studies have identified DAF as a LPS-binding

protein and a component of the membrane LPS receptor complex
that also included, among other proteins, CD14, integrins, TLR4,
and ion channels.'””!° Additionally, several viral and bacterial
pathogens use DAF as a receptor for gaining entry into the host.20-22
These observations implicated DAF in host-pathogen interaction
and raised the possibility that it may participate in the activation/
regulation of both the complement and TLR pathways.

To determine a possible role of DAF in LPS-induced TLR4
signaling, we evaluated the sensitivity of DAF knockout (DAF~/)
mice to LPS stimulation. This experiment led us to reveal a striking
and widespread regulatory effect of complement on TLR signaling
in vivo. We further established that the effect of complement on
TLR signaling was mediated by the C5a and C3a receptors, and
involved increased mitogen-activated protein kinase and nuclear
factor-kB (NF-«kB) activation. Our data suggest that synergistic
interaction with the TLR pathway may represent an important
mechanism by which complement promotes inflammation and
modulates adaptive immunity in vivo.

Materials and methods

Mice and cell line

C57BL/6-DAF/~, BALB/c-DAF/~, and C57BL/6-CD59 /™ mice, deficient in
the murine Daf-1 or CD59a gene, respectively, were generated by gene targeting
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and backcrossed as previously described.>> C57BL/6-TLR4~/~, C57BL/6-IL-
10~/=, and C57BL/6-C3~/~ (G6 backcross) mice were from The Jackson
Laboratory (Bar Harbor, ME). The C3~/~ mouse was further backcrossed
in-house to G11. C5aR ™/~ and C3aR™~/~ mice were generated by gene
targeting as previously described**?* and were backcrossed to G9 and G10,
respectively, onto C57BL/6. C57BL/6-MyD88~/~ mice* were kindly
provided by Dr L. Turka (University of Pennsylvania, Philadelphia, PA).
C57BL/6-DAF/~C3~/~, DAF/~C5aR /", and DAF~/~TLR4~/~ mice were
generated by crossbreeding the relevant single knockout strains. Gender- and
age-matched wild-type (WT) mice were purchased from The Jackson Labora-
tory. Mice were housed in a specific pathogen-free facility, and all experimental
protocols were approved by the Institutional Animal Care and Use Committee.

The RAW264.7 murine macrophage cell line was obtained from
American Type Culture Collection (Manassas, VA) and maintained in
Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen, Grand Island,
NY) with 10% fetal calf serum (FCS) (HyClone, Logan, UT).

Reagents

Ultrapure LPS (Escherichia coli K12) was obtained from InvivoGen (San
Diego, CA). In some experiments, LPS (E coli 026:B6; Pheno/water
extracted) from Sigma-Aldrich (St Louis, MO) was used. These LPS
produced similar results when tested in our experiments. Zymosan A
derived from Saccharomyces cerevisiae, recombinant human C5a, anti-
mouse [-actin monoclonal antibody, horseradish peroxidase (HRP)—
conjugated rabbit antimouse IgG were from Sigma-Aldrich. Zymosan was
boiled in saline for 90 minutes and then centrifuged for 30 minutes at
3600g, resuspended in saline at 50 mg/mL, and stored at —20°C. CpG 1826
(5'-TCCATGACGTTCCTGACGTT-3') was synthesized by Oligos Etc.
(Wilsonville, OR). C3a receptor antagonist (SB290157) was from Calbio-
chem (La Jolla, CA) and was prepared by dissolving in 20% PEG400 (USB
Corporation, Cleveland, OH) in saline just before use. Cobra venom factor
(CVF) was from Quidel Corporation (San Diego, CA). Recombinant
human C3a was from Complement Research Technologies (San Diego,
CA). Fluorescein isothiocyanate (FITC)—conjugated anti-F4/80 and enzyme-
linked immunosorbent assay (ELISA) kits for mouse interleukin-6 (IL-6),
IL-12p40, IL-12p70, IL-1B, and IL-10 were from BD Pharmingen (San
Diego, CA). Rabbit antimouse phospho—extracellular signal-regulated
kinase (p-ERK), phospho—c-Jun N-terminal kinase (p-JNK), phospho—
inhibitory NF-kB (p-IkB), and inhibitory NF-kB (IkB) were from Cell
Signaling Technology (Beverly, MA). Goat antirabbit IgG-HRP was from
Bio-Rad Laboratories (Hercules, CA). Antimouse IL-10 monoclonal anti-
body (mAb) (clone JES052A5) and ELISA kit for mouse tumor necrosis
factor a (TNF-a) was from R&D Systems (Minneapolis, MN). Thioglyco-
late Medium (Brewer Modified) was from Becton Dickinson Microbiology
System (Sparks, MD).

Treatment of mice with TLR ligands

Mice were injected with the following TLR ligands: LPS (20 mg/kg in PBS,
intraperitoneally), zymosan (1 g/kg in 0.9% saline, intraperitoneally), and CpG
(20 mg/kg in PBS, intraperitoneally). In some experiments, mice were also
treated with CVF (15 U per mouse in saline, intraperitoneally), SB290157
(30 mg/kg in 20% polyethylene glycol 400 in saline, intraperitoneally), AcPhe?’
(50 g per mouse in PBS, intraperitoneally). EDTA (ethylenediaminetetraacetic
acid) (20 mM) anticoagulated blood samples were collected from the tail vein or
vena cava. Plasma was prepared by centrifugation at 1000g for 15 minutes at 4°C
and stored as small aliquots at —80°C.

Cytokine assays

IL-6, TNF-o, IL-12p40, IL-12p70, IL-1B, and IL-10 levels were deter-
mined using ELISA kits. Detection ranges were 15.6 ~ 1000 pg/mL for
IL-6 and IL-12p40, 23.4~1500 pg/mL for TNF-a, 62.5 ~ 4000 pg/mL for
IL-12p70, and 31.3~2000 pg/mL for IL-1f and IL-10.

Complement activation assays

Levels of C3 activation fragments (C3b/iC3b/C3c) in plasma were mea-
sured by a sandwich ELISA as previously described.?® For quantification
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purposes, 1/500 serial dilutions of CVF-activated WT mouse plasma
(prepared by adding 2.5 pg [1.2 U] of CVF to 50 L plasma and incubating
for 1 hour at 37°C) were used as a reference, and complement activation in
all testing samples was normalized to this reference sample.

Harvest and culture of mouse splenocytes
and peritoneal macrophages

Spleens were harvested 30 minutes after LPS injection, and single
splenocytes were prepared as described.?? Cells were cultured at 7.5 X 10°
cells/well in 0.2 mL DMEM complete medium (10% fetal bovine serum
[FBS], 2 mM L-glutamine, 10 mM HEPES [N-2-hydroxyethylpiperazine-N'-
2-ethanesulfonic acid], 0.1 mM nonessential amino acids, 100 U penicillin-
streptomycin, 50 mM 2-mercaptoethanol, and 1 mM sodium pyruvate) with
or without C3a (200 nM) and C5a (50 nM).

To prepare peritoneal macrophages, mice were injected with 2 mL of
sterile 3% thioglycolate broth (intraperitoneally). After 4 days, elicited cells
were harvested by peritoneal lavage with cold Ca>*/Mg?*-free PBS. Cells
(1 X 10%well) were seeded into 6-well plates and cultured in RPMI 1640
(GIBCO, Grand Island, NY) supplemented with 10% FBS, 50 pM
2-mercaptoethanol, and 1% penicillin-streptomycin with 5% CO,. After
2 hours, nonadherent cells were removed by pipetting and gentle washing.
The remaining cells, confirmed to be mainly (> 90%) macrophages by
F4/80 staining, were cultured and stimulated with LPS (0.1 ng to 1 pg/mL)
in the presence or absence of C5a (50 nM) and C3a (200 nM). In some
experiments, anti—IL-10 mAb was also added to the cell culture at 5 ng/mL.
All cultures were analyzed for cell viability by the metabolic MTS
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophe-
nyl)-2H-tetrazolium) assay as described previously.?

Northern blot and Western blot analyses

Tissue RNAs were prepared using the TRIzol reagents (Invitrogen) and
Northern blot was performed as described previously.!® IL-6 cDNA probe
was synthesized by reverse-transcription—polymerase chain reaction (RT-
PCR) using 5'-GAGTTGTGCAATGGCAATTC-3" and 5'-GTGTCCCAA-
CATTCATATTG-3'" as primers. Western blot was performed as described
previously.'® Signals were visualized by the ECL (Enhanced Chemilumines-
cence) System (Amersham Biosciences, Piscataway, NJ) and detected by
the FUJI ImageReader. Signal intensity was quantified using MultiGauge,
version 3.0, and level of the protein of interest was expressed as the ratio of
the specific signal over that of B-actin.

Measurement of plasma LPS levels

Plasma LPS levels were determined using the Pyrochrome kit from
Associates of CAPE COD (East Falmouth, MA). Plasma samples were
treated at 70°C for 10 minutes before assays to heat-inactivate serine
proteases. Levels were expressed as units per milliliter of endotoxin.

Transfection of RAW 264.7 cells and luciferase reporter
gene assay

RAW 264.7 cells were cotransfected with NF-kB Luc (Clontech, Palo
Alto, CA), human C5aR in pcDNA3 (UMA cDNA Resource Center,
Rolla, MO), and the Rellina control vector (Promega, Madison, WI)
using the Amaxa Nucleofector apparatus (Amaxa Biosystems, Cologne,
Germany). The RAW 264.7 cells expressed detectable levels of endoge-
nous C5aR as assessed by fluorescence-activated cell sorter (FACS) and
RT-PCR? (data not shown). After transfection, they also became weakly
positive for human C5aR as assessed by FACS (data not shown).
Twenty-four hours after transfection, cells were stimulated with LPS
(100 ng/mL) and/or C5a (50 nM) for 5 hours and luciferase activity was
measured by using the Dual-Luciferase Reporter Assay system (Pro-
mega) and a luminometer (Tuner Biosystems, Sunnyvale, CA). Cell
culture supernatants were collected for IL-6 and TNF-a assays by
ELISA. All assays were performed in triplicate.
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Statistical analysis

Parametrically distributed data were analyzed by Student’s ¢ test and
nonparametrically distributed data were analyzed by the Mann-Whitney
test. Statistical significance is defined as P < .05.

Results
DAF~/~ mice were hyperresponsive to LPS challenge

Given the previous identification of human DAF as a LPS-binding
protein,'”-!? our initial objective was to determine whether DAF
might play a role in LPS signaling in vivo. To achieve this goal, we
challenged C57BL/6 wild-type and DAF~/~ mice with a sublethal
dose of LPS (20 mg/kg). We observed that DAF~/~ mice developed
more severe symptoms of endotoxin shock than wild-type mice
(lack of activity, raised fur, and hunched back posture). Consistent
with this observation, we found that plasma concentrations of I1L-6,
TNF-a, and IL-1B were strikingly elevated (P < .001) in DAF~/~
mice than in wild-type mice at 1 and 3 hours after LPS challenge
(Figure 1A-C). Plasma IL-6 and IL-1(3 levels remained signifi-
cantly (P < .001) elevated at 5 hours in the mutant mice, but all 3
cytokines returned to baseline levels by 22 hours in both groups of
mice (Figure 1A-C). By Northern blot analysis, we also detected
markedly elevated IL-6 mRNA levels in the spleen, lung, and
adipose tissues of DAF~/~ mice at 1 or 3 hours (Figure 1D).
Conversely, we found that plasma IL-12p40 concentration was
lower in DAF~/~ mice than in wild-type mice (Figure 1E).

We observed similar increases in plasma IL-6, TNF-a, and
IL-1B concentrations 3 hours after LPS challenge in BALB/c
DAF~/~ mice (Figure 1F), demonstrating that LPS hypersensitivity
in DAF~/~ mice was independent of the genetic background. To
determine whether the phenotype was related to the absence of
DAF as a GPI-anchored protein from the cell surface, we studied
the LPS response of mice deficient in CD59, another GPI-anchored
membrane complement regulatory protein that inhibits the terminal
step of complement activation.?! We found that, unlike DAF~/~
mice, CD59~/~ mice secreted normal amounts of IL-6, TNF-a,
IL-12p40, and IL-12p70 (Figure 1G,H). These data indicated that
the regulatory role of DAF in LPS signaling in vivo was specific.

Because human DAF has been shown to be a LPS-binding
protein,'”!® we examined the hypothesis that cellular DAF may
serve as a “LPS sink™ so that in its absence a higher effective
plasma LPS concentration was achieved in DAF~/~ mice after LPS
injection, potentially accounting for the observed phenotype in
these mice. We measured plasma LPS concentrations in wild-type
and DAF~/~ mice 3 hours after LPS injection, but did not find
significant differences between the 2 groups of mice (925 * 413
and 1200 = 307 EU/mL for wild-type and DAF~/~, respectively;
n = 12; P =.599, Mann-Whitney test), nor did we find any
correlation between plasma LPS and IL-6 concentrations in either
wild-type or DAF~/~ mice (Figure 11).

Increased complement activation was responsible for the
altered LPS response in DAF~/~ mice

LPS is a well-known activator of the alternative and lectin
pathways of complement.?>33 Using activated plasma C3 frag-
ments as a measure, we detected a significantly (P < .001) higher
degree of complement activation in DAF~/~ mice than in wild-type
mice at 1 and 3 hours after LPS injection (Figure 2A). This result
suggested an important role of DAF in preventing LPS-induced
complement activation in vivo. To test the hypothesis that changes
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Figure 1. LPS sensitivity of wild-type (WT) and DAF~/~ mice. (A-C) ELISA assays
of plasma levels of IL-6 (A), TNF-«a (B), and IL-18 (C) in C57BL/6 WT and DAF—/~
mice at various time points after LPS challenge. (D) Northern blot analysis of IL-6
mRNA levels in the spleen, lung, and fat of C57BL/6 WT and DAF~/~ mice. Each lane
represents an individual animal. (E) ELISA assays of plasma IL-12p40 levels in
C57BL/6 WT and DAF~/~ mice at various time points after LPS challenge. (F) ELISA
assays of plasma IL-6, TNF-a, and IL-1B levels in BALB/c WT and DAF~/~ mice
3 hours after LPS challenge. (G-H) Comparison of plasma IL-6, TNF-a (G),
and IL-12p40, IL-12p70 (H) levels in C57BL/6 WT, DAF~/~, and CD59~/~ mice
3 hours after LPS challenge. () Correlation plot of plasma IL-6 and LPS levels in
C57BL/6 WT and DAF~/~ mice 3 hours after LPS challenge. N = 4 for each group in
panels A-C and E. N = 2 for each group in panel D. N = 4-12 for each group in panels
F-1. Values shown are mean + SEM. *P < .05, **P < .001, Student t test.

in LPS-induced cytokine production in DAF~/~ mice were caused
by increased complement activation, we studied the LPS responses
of DAF~/=/C3~/~ mice. As shown in Figure 2B, we observed, as
before, increased plasma IL-6 and decreased IL-12p40 concentra-
tions in DAF~/~ mice. However, similar changes in cytokine
production were not observed in DAF~/~/C3~/~ or C37/~ mice
(Figure 2B). Thus, changes in LPS-induced cytokine production in
DAF '~ mice were completely dependent on complement. Further-
more, the phenotype of altered LPS-induced cytokine production in
DAF /= mice was TLR4 dependent, because DAF~/~/TLR4~/~
mice, like TLR4~/~ mice, were nonresponsive to LPS stimulation
(data not shown).

We next investigated whether coincidental complement activa-
tion could also regulate TLR4 signaling in wild-type mice. CVF is
a potent complement activator that, when given systemically, can
overwhelm the complement regulatory mechanisms and cause
extensive complement activation in normal animals.’* We treated
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Figure 2. Effect of complement on LPS-
induced cytokine production in vivo. (A)
ELISA assays of activated C3 products in
plasmas of wild-type (WT) and DAF~/~ mice
at various time points after LPS treatment.
Percentage of C3 activation was relative to
that of a mouse plasma sample activated in
vitro by CVF. (B) ELISA assays of plasma
IL-6 and IL-12p40 levels in WT, DAF /-,
C37/~, and DAF~/-/C3~/~ mice 3 hours Loy
after LPS challenge. (C) ELISA assays of WT DAF- WT DAF/- WT DAF
plasma IL-6 and IL-12p40 levels in WT mice 0 1 3 hr
3 hours after CVF, LPS, or CVF/LPS treat-
ment. (D) Effect of a C3a receptor antago-
nist (C3aRa) and a C5a receptor antagonist
(C5aRa) on LPS-induced plasma IL-6 lev-
els in DAF~/~ mice. Polyethylene glycol 400
(PEG) was used as a vehicle control. An-
tagonists were administered 30 minutes
before LPS injection. (E) ELISA assays of
plasma IL-6 and IL-12p40 levels in WT,
C3aR~/~, and C5aR~/~ mice 3 hours after
LPS or LPS/CVF treatment. N = 4-6 mice
per group for panels A-E. Values shown are
mean (= SEM); *P < .05, **P < .01, Stu-
dent ttest.
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wild-type mice with either LPS, CVE, or the combination of the
two. Figure 2C shows that CVF treatment alone had negligible
effect on IL-6 and IL-12p40 production. However, CVF cotreat-
ment greatly increased LPS-induced plasma IL-6 and decreased
LPS-induced plasma IL-12p40 concentrations (Figure 2C). This
result supported the conclusion that increased complement activa-
tion, rather than DAF deficiency per se, caused the observed
changes in LPS-induced cytokine production in DAF~/~ mice.

Complement activation generates multiple bioactive peptides
including the anaphylatoxins C3a and C5a, as well as the mem-
brane attack complex.®1° To determine which downstream comple-
ment mediator(s) was responsible for interacting with the TLR4
pathway, we treated DAF~/~ mice with SB 290157, a C3a receptor
(C3aR) antagonist,® and AcPhe, a cyclic peptide C5a receptor
(C5aR) antagonist,?’3%37 either alone or in combination. Figure 2D
shows that the increase in LPS-induced IL-6 production in DAF~/~
mice was significantly (P < .001) attenuated by SB 290157 and
totally blocked by the C5aR antagonist. In a parallel experiment,
we investigated the role of C5aR and C3aR using mice deficient in
C5aR or C3aR.>*? Figure 2E shows that C3aR deficiency partially
corrected the abnormality in CVF-induced IL-6 and IL-12p40
production. Strikingly, C5aR deficiency almost completely re-
versed the CVF effect on IL-6 and IL-12p40 production (Figure
2E). Thus, the regulatory effect of complement on TLR4 signaling
in vivo appeared to be mediated by C5aR and, to a much lesser
extent, C3aR signaling.

We next examined the effect of C5a and C3a on mouse
splenocytes and thioglycolate-elicited peritoneal macrophages in
vitro. Both types of cells are known to express TLR4, C5aR, and
C3aR,?*%% and this was confirmed by our own RT-PCR and/or
FACS analysis (data not shown). We isolated splenocytes from
LPS-challenged wild-type and DAF~'~ mice and cultured them in
the presence or absence of C5a/C3a. In the absence of C5a/C3a,
cultured DAF~/~ splenocytes secreted higher amount of IL-6 than
wild-type cells (Figure 3A), presumably reflecting a carryover
effect of complement activation on LPS signaling in vivo. Notably,
supplementation of C5a/C3a to cells in culture significantly
(P <.05) augmented IL-6 production by both wild-type and
DAF /= cells (Figure 3A). We also found that cultured peritoneal
macrophages from DAF~/~, but not DAF~/~/C3~/~, mice produced
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higher amounts of IL-6 and TNF-« than wild-type macrophages in
response to LPS stimulation (Figure 3B-D and data not shown). As
with splenocytes, addition of C5a/C3a to wild-type mouse perito-
neal macrophages in culture augmented LPS-mediated IL-6 produc-
tion (Figure 3E).

Altered LPS-induced cytokine production in DAF~/~ mice
involved increased NF-xB and MAPK signaling

TLR4-induced inflammatory cytokine production is known to involve
NF-kB activation.>* We examined and found that LPS induced a more
rapid and robust NF-kB activation in the spleens of DAF~/~ mice than
in wild-type mice (Figure 4A-C). We detected increased phosphor-
ylation of the NF-kB inhibitor IkB-a at 15 and 30 minutes after
LPS stimulation in the spleens of DAF~/~ mice (Figure 4A,B).
Correspondingly, we found that total IkB-a levels in the spleens of
DAF~/~ mice were significantly decreased at 60 minutes after LPS
stimulation (Figure 4C). Thus, altered LPS-induced cytokine
production in DAF~/~ mice was correlated with increased activa-
tion of the NF-kB pathway. To directly test the involvement of
NF-kB, we transfected RAW?264.7 cells with an NF-kB luciferase
reporter gene and studied the possible synergistic activation of
NF-kB by LPS and C5a. Figure 4D shows that C5a had a negligible
effect on its own but it synergized with LPS in stimulating the
expression of the NF-kB reporter gene as well as the secretion of
endogenous TNF-a.

Both C5aR and C3aR belong to the G-protein-coupled
receptor (GPCR) superfamily of membrane proteins.*® One of
the downstream intracellular signaling pathways of C5aR and
C3aR ligation is the activation of mitogen-activated protein
(MAP) kinases by phosphorylation.*! TLR-induced intracellular
signaling also involves MAP kinase activation.* To determine
the possible role of MAP kinases in the altered LPS-induced
cytokine production in DAF~/~ mice, we compared the activation
kinetics of the extracellular signal-regulated kinase (ERK1/2), the
c-Jun N-terminal kinase (JNK), and p38 MAP kinases in LPS-
treated wild-type and DAF~/~ mice. We detected no difference in
the phosphorylation of p38 in the spleens of wild-type and DAF~/~
mice (data not shown). On the other hand, after LPS stimulation,



232 ZHANGetal
A o Non-treated B
250 = C3a+C5a 6
5
—~ 4
(=)
£ 3
2
e 2
=

O

TNF-o. (ng/mL)

. — 0 0.1 1 10 100 1000
wr DAF LPS (ng/mL)
D E .
12 —
20 oWT 10
WASA s **
EDAF7/C3 g 8 —
E g
° =
= 0
C3a - + - + - + +
Csa - - + o+ + - +
LPS - - + o+ o+ o+

100ng/mL 1000ng/mL

we observed significantly increased ERK1/2 and JNK phosphoryla-
tion in the spleens of DAF~/~ mice (Figure 4E,F).

Complement also regulates TLR2/6 and TLR9 signaling

To determine whether the regulatory effect of complement on
TLR4 signaling is also observed with other TLRs, we treated
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Figure 3. Effect of complement on LPS-
induced cytokine production by spleno-
cytes and peritoneal macrophages in vitro.
(A) ELISA assays of IL-6 production by
wild-type (WT) and DAF~/~ mouse spleno-
cytes in culture. Splenocytes from LPS-
challenged (30 minutes before harvest) mice
were cultured for 3 hours in the presence or
absence of C5a (50 nM) and C3a (200 nM).
(B,C) ELISA assays of IL-6 (B) and TNF-«
(C) production by WT and DAF~/~ mouse
peritoneal macrophages in culture. Cells
were stimulated by various concentrations
of LPS for 5 hours. (D) ELISA assays of IL-6
production by WT and DAF~/-/C3~/~ mouse
peritoneal macrophages in culture. Cells
were stimulated by 1000 ng/mL LPS for 5
hours. (E) ELISA assays of IL-6 production
by WT mouse peritoneal macrophages
stimulated for 5 hours with LPS (100 or 1000
ng/mL) in the presence or absence of C5a
(50 nM) and C3a (200 nM). Cells from 4-5
mice were pooled and assayed in triplicate
wells. Values shown are the mean + SEM.
*P < .05,**P < .01, Student t test.
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wild-type and DAF~/~ mice with zymosan, a TLR2/TLR6 ligand
and a well-known activator of the alternative pathway comple-
ment.*>* We found that, as in LPS-induced TLR4 signaling,
zymosan-induced IL-6, TNF-«, and IL-1f3 production was also
significantly increased in DAF~/~ mice (Figure 5A and data not
shown). In a parallel experiment, we challenged wild-type and
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Figure 4. Role of NF-kB activation and MAP kinase phosphorylation in the LPS sensitivity phenotype of DAF~/~ mice. (A) Western blot analysis showing the time course of IkBa
phosphorylation in wild-type (WT) and DAF—/~ mouse spleens after LPS challenge. Each time point represents an individual mouse. (B) Western blot analysis of IkBa phosphorylation in
the spleens of 4 WT and 4 DAF~/~ mice at 30 minutes after LPS challenge. (C) Western blot analysis of IkBa levels in the spleens of 4 WT and 4 DAF~/~ mice at 60 minutes after LPS
challenge. (D) Effect of C5a (50 nM) on LPS (100 ng/mL)—induced activation of an NF-kB luciferase reporter gene and TNF-a production in RAW264.7 cells. Cells were transiently
transfected with the reporter gene plasmid together with a human C5aR cDNA construct. NT, No treatment. (E) Western blot analysis showing the time course of ERK1/2 phosphorylation in
WT and DAF~/~ mouse spleens after LPS challenge. Each time point represents an individual mouse. (F) Westemn blot analysis of JNK phosphorylation in the spleens of 4 WT and 4
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MyD88~/~ mice with zymosan, either alone or in combination with
CVE. We detected markedly increased IL-6 and decreased IL-
12p40 production in wild-type mice cotreated with zymosan and
CVF (Figure 5B). Importantly, we found that IL-6 and IL-12
production was abrogated in MyD88/~ mice treated with either
zymosan or zymosan/CVF (Figure 5B), suggesting that comple-
ment interacted with zymosan-triggered TLR2/6 signaling and not
with the zymosan-mediated dectin pathway.**

We next examined the responses of wild-type and DAF~/~ mice
to CpG oligodeoxynucleotide (CpG ODN), a prototypical ligand
for the intracellularly localized TLR9.%% We detected no signifi-
cant differences between the two groups of mice in their plasma
IL-6, TNF-«, or IL-1f concentration (Figure 5C and data not
shown). On the other hand, we found that DAF~/~ mice produced
significantly (P <.05) less IL-12p40 than wild-type mice in
response to CpG challenge (Figure 5C). Surprisingly, this pheno-
type of reduced IL-12 production was rescued in DAF~/~/C3~/~
but not DAF~/~/C5aR '~ mice (Figure 5C). These observations
suggested (a) that CpG may activate complement in vivo and (b)
that unlike in LPS-triggered TLR4 activation, effector(s) other than
C5a may be principally responsible for the complement-dependent
suppression of CpG-induced IL-12p40 production. Indeed, analy-
sis of plasma samples of CpG-treated mice showed detectable
complement activation and the degree of complement activation
was higher in CpG-treated DAF~/~ mice than in similarly treated
wild-type mice (data not shown). To corroborate the findings in
DAF '~ mice, we investigated the effect of CVF-induced comple-
ment activation on CpG-stimulated cytokine production in wild-
type mice. Consistent with the result from DAF~/~ mice, we found
that CVF cotreatment had no significant impact on CpG-induced
IL-6, TNF-a,, or IL-1B production but markedly suppressed
IL-12p40 production (Figure 5D and data not shown). Notably,
unlike the CVF effect on LPS-induced IL-12p40 production, which
was predominantly mediated by C5aR (Figure 2E), the inhibitory

effect of CVF treatment on CpG-induced IL-12p40 production was
only moderately corrected by C5aR deficiency but was substan-
tially reversed by C3aR deficiency (Figure SE).

Mechanism of complement-mediated IL-12 suppression

The suppression by complement of LPS-induced IL-12 production
contrasted with its strong stimulating effect on IL-6, TNF-a, and
IL-1PB. To investigate this paradoxical phenomenon, we examined
the production of IL-10, an inhibitory cytokine that is known to
regulate IL-12 biosynthesis,*® in wild-type and DAF~/~ mice
challenged with LPS or LPS/CVF. Figure 6A shows that IL-10
level was significantly higher in LPS-treated DAF~/~ mice and
strikingly elevated in LPS/CVF-treated wild-type mice compared
with LPS- or CVF-treated wild-type mice. To test whether IL-10
regulated IL-12 production under our experimental setting, we
measured IL-12p40 production in IL-10~/~ mice after LPS or
LPS/CVF challenge. Figure 6B shows that, compared with wild-
type mice, IL-10~/~ mice produced much higher levels of IL-12p40
in response to LPS or LPS/CVF stimulation, confirming that IL-10
is a negative regulator of IL-12 production in vivo. Of interest, we
found that, as in wild-type mice, CVF cotreatment suppressed
LPS-induced IL-12p40 production in IL-10~/~ mice, suggesting an
IL-10-independent effect of complement on IL-12p40 production.
It is notable, however, that the magnitude of IL-12p40 suppression
by CVF treatment was considerably reduced in IL-10~/~ mice
compared with that in wild-type mice (22% versus 87% reduction).
These results suggested that complement may have inhibited IL-12
production in vivo through both IL-10-dependent and —indepen-
dent mechanisms.

To further examine the intermediacy of IL-10 in complement-
mediated IL-12 suppression, we measured IL-10 production by
cultured peritoneal macrophages. We found that C5a and C3a
significantly increased LPS-stimulated IL-10 (Figure 6C) and
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decreased LPS-stimulated IL-12p40 (Figure 6D) production in
cultured peritoneal macrophages. Importantly, addition to the cell
culture medium of an IL-10 neutralization mAb largely reversed
the suppressive effect of C5a/C3a on IL-12p40 production by these
cells (Figure 6D).

Discussion

The TLRs and complement are 2 well-characterized arms of the
innate immune system. Both are readily activated by microbial
signature molecules and elicit strong inflammatory reactions in the
host.!>#3 Both are also known to play a key role in priming the
adaptive immune system.>® TLR activation on antigen-presenting
cells up-regulates adhesion and costimulatory molecules such as
CD80, CD86, and MHC II, and induces the production of
inflammatory cytokines.*® These events are critical for optimal
T-cell activation and differentiation.*¢ Activation of the comple-
ment system leads to pathogen opsonization and generation of the
chemotactic factors C3a and C5a, among other bioactive peptides,
as well as the cytolytic membrane attack complex.® A role for
complement in B-cell activation and antibody production, through
antigen opsonization with C3d and subsequent ligation of CD21 on
B cells and follicular dendritic cells, is also well characterized.’
More recently, complement has also been found to play a facilitat-
ing role in antiviral T-cell immunity in murine models of influenza
and lymphocytic choriomeningitis virus infection.#’#% Despite
many parallels between the TLR and the complement pathways,
very little is known about their potential interactions in vivo. In this
study, we have provided evidence for a strong interaction between
complement and TLR signaling.

We demonstrated here that TLR4-induced production of IL-6,
IL-10, TNF-a, and IL-13 was markedly increased, whereas that of
IL-12 was decreased, in DAF~/~ mice. Although we intended
initially to test whether DAF might participate in LPS signaling as

a LPS-binding protein,!”"!° the complement-dependent nature of
the DAF~/~ mouse phenotype in response to LPS challenge
suggested that the phenomenon was related to DAF as a comple-
ment regulator rather than a LPS coreceptor. This conclusion is
supported by the findings that plasma LPS concentrations were
similar in DAF~/~ and wild-type mice, and that CVF-induced
complement activation had similar effect on cytokine production in
wild-type mice. Furthermore, the phenotype of DAF~/~ mice was
not limited to LPS challenge but was observed also when these
mice were challenged with zymosan or CpG oligonucleotide,
respective ligand of TLR2/6 and TLR9. Whether the activity of
DAF in preventing LPS- and other TLR ligand-induced comple-
ment activation in vivo is unique or shared by other complement
regulators such as Crry, membrane cofactor protein (MCP), or
factor H remains to be determined.

It was notable that the regulatory effect of complement on TLR4-
mediated cytokine production was correlated with the degree of
complement activation. At the sublethal LPS dosage used, we detected
no difference in cytokine production between wild-type and C37/~
mice, suggesting that, in the presence of DAF, limited LPS-triggered
complement activation did not affect TLR4 signaling. Increased comple-
ment activation in DAF~/~ mice significantly augmented LPS-
dependent IL-6, TNF-a, IL-1f3, and IL-10 production but only moder-
ately inhibited IL-12 production. In contrast, CVF-induced overwhelming
complement activation markedly increased IL-6 and IL-10 and dramati-
cally decreased IL-12p40 production in wild-type mice. Our finding of
IL-12 inhibition by complement in vivo is consistent with the report of
Hawlisch et al,® who demonstrated a similar phenomenon in cultured
murine peritoneal macrophages. Our data suggested that the inhibition
of IL-12 production by complement involved both IL-10-dependent
and —independent mechanisms.

Through the use of receptor antagonists and C3aR 7/~ and C5aR~/~
mice, we showed that the regulatory effect of complement on TLR
signaling was mediated by C5a and C3a. It was notable that the effect on
TLR4 signaling by complement was predominantly mediated by C5aR,
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Figure 7. Diagram showing proposed interaction between complement and the
TLR pathways. PAMPs such as LPS and zymosan can activate both pathways.
Activated complement regulates TLR signaling through the G-protein-coupled ana-
phylatoxin receptors C5aR and C3aR, MAPKs, NF-kB, and likely other transcription
factors. In the absence of the complement regulatory protein DAF, complement
activation and its effect on TLR signaling is amplified. The absence of DAF may be
mimicked by strong complement activators such as CVF or pathological conditions
such as sepsis.

whereas C3aR played a more important role than C5aR in regulating
TLRO signaling. This difference may have reflected differential interac-
tion of C5aR/C3aR signaling with the TLR4 and TLR9 pathways, or a
difference in C5aR and C3aR expression levels on cells responding to
TLR4 and TLR9 ligation. The target cells of C5a and C3a action in vivo
that contributed to the observed changes in plasma cytokine concentra-
tions are yet to be fully characterized. Northern blot analysis showed
increased IL-6 mRNA levels in several tissues of LPS-treated DAF~/~
mice including the spleen, lung, and fat, suggesting that tissue macro-
phages and/or endothelial cells may be among the responding cells.

We detected a quicker and more robust NF-kB activation in the
spleens of LPS-treated DAF~/~ mice, and demonstrated a synergistic
effect of C5a on LPS-induced NF-kB reporter gene induction in
RAW267.4 cells. These findings suggested that C5a/C3a-generated
signals interacted with the TLR4 pathway upstream of the NF-kB
activation step and amplified the normal TLR4-dependent signal
transduction (Figure 7). Notably, we observed increased phosphoryla-
tion of the MAP kinases ERK1/2 and JNK in LPS-challenged DAF/~
mouse spleens. These results collectively suggested that MAP kinases
(MAPKSs) may be the key molecules linking the two pathways together
(Figure 7). A further potential interaction between the TLR and
complement, not mutually exclusive with the sequence of events
depicted in Figure 7, was that TLR-induced inflammatory cytokines
up-regulated the expression of C5aR and C3aR.*

It was unexpected that DAF, a cell membrane protein, effec-
tively regulated LPS-induced systemic complement activation in
vivo, which has been thought to occur largely in the fluid phase.>
LPS may have incorporated into or associated with the cell
membrane through micelle formation or binding to membrane
proteins (eg, CD14, TLR4). Thus, LPS-induced complement
activation may have occurred on or near the cell surface where it
was subjected to regulation by DAF. This scenario is compatible
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with the observed increase in IL-6 and TNF-a production by
LPS-stimulated DAF~/~ macrophages in culture (Figure 3). Macro-
phages are a well-known source of extrahepatic complement
proteins®! and were presumably self-sufficient in supporting LPS-
induced C5a/C3a generation in the absence of DAF. In support of
this hypothesis, we found that C3 deficiency rescued the phenotype
of DAF~/~ macrophages, ie, no difference in IL-6 and TNF-«
production was observed between LPS-stimulated DAF~/=/C3~/~
and wild-type macrophages in culture (Figure 3).

Results presented here offer a plausible explanation for the
increased T-cell response phenotype previously observed in model
antigen immunization studies of DAF~/~ mice.?> We showed that
after immunization in complete Freund’s adjuvant (CFA) with
model antigens such as chicken ovalbumin or myelin oligodendro-
cyte glycoprotein peptide 38-50 (MOGsg 50), T-cells from DAF~/~
mice displayed a more robust antigen recall response and, in the
case of MOGag.5o immunization, DAF~/~ mice developed exacer-
bated experimental autoimmune encephalomyelitis.?* This pheno-
type of DAF~/~ mice was dependent on C3 and C5.2 It is likely
that TLR ligands in CFA caused a higher degree of complement
activation in DAF~~ mice, which synergized with the TLR
pathway to elicit a stronger inflammatory response, producing a
local or systemic cytokine milieu more favorable for T-cell priming
and/or survival of effector and memory T-cells.*® Relevant to this
hypothesis, studies of cytokine-driven proliferation of human CD4
T-cells have shown that TNF-a and IL-6 were the most effective in
stimulating naive CD4 T-cells.>?

In summary, we have revealed a widespread and striking
regulatory effect of complement on TLR signaling in vivo. Our
findings suggest a novel mechanism by which complement pro-
motes inflammation and modulates adaptive immunity and provide
new insight into the interaction between two essential innate
immune systems relevant to host-pathogen interaction, autoimmu-
nity, and vaccine development.
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