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The C5a Receptor Impairs IL-12-Dependent Clearance of
Porphyromonas gingivalis and Is Required for Induction of
Periodontal Bone Loss

Shuang Liang,""1 Jennifer L. Krauss,*"! Hisanori Domon,*” Megan L. MclIntosh,*"
Kavita B. Hosur,*" Hongchang Qu,’ Fenge Li,* Apostolia Tzekou,” John D. Lambris,”
and George Hajishengallis*"

The C5a anaphylatoxin receptor (C5aR; CD88) is activated as part of the complement cascade and exerts important inflammatory,
antimicrobial, and regulatory functions, at least in part, via crosstalk with TLRs. However, the periodontal pathogen Porphyr-
omonas gingivalis can control C5aR activation by generating C5a through its own C5 convertase-like enzymatic activity. In this
paper, we show that P. gingivalis uses this mechanism to proactively and selectively inhibit TLR2-induced IL-12p70, whereas the
same pathogen-instigated C5aR-TLR2 crosstalk upregulates other inflammatory and bone-resorptive cytokines (IL-1f3, IL-6, and
TNF-). In vivo, the ability of P. gingivalis to manipulate TLR2 activation via the C5a-C5aR axis allowed it to escape IL-12p70-
dependent immune clearance and to cause inflammatory bone loss in a murine model of experimental periodontitis. In the latter
regard, C5aR-deficient or TLR2-deficient mice were both resistant to periodontal bone loss, in stark contrast with wild-type
control mice, which is consistent with the interdependent interactions of C5aR and TLR2 in P. gingivalis immune evasion and
induction of bone-resorptive cytokines. In conclusion, P. gingivalis targets C5aR to promote its adaptive fitness and cause
periodontal disease. Given the current availability of safe and effective C5aR antagonists, pharmacological blockade of C5aR

could act therapeutically in human periodontitis and reduce associated systemic risks. The Journal of Immunology, 2011, 186:

869-877.

the complement network regulates immune and inflammatory

responses through direct effects on immune cells or via
crosstalk with TLR and other signaling pathways (1). Both com-
plement and TLRs are rapidly activated in response to infection,
and their crosstalk may serve to coordinate the host response
through synergistic or antagonistic interactions. These interactions
may respectively enhance host defense or control it to prevent
immunopathology. However, the propensity of complement and
TLRs for communication may be exploited by microbial patho-
gens to manipulate the host response in ways that promote their
adaptive fitness (2).

I n addition to its role in pathogen recognition and elimination,
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In this context, we have recently shown that the periodontal
pathogen Porphyromonas gingivalis induces a subversive crosstalk
between the complement C5a receptor (C5aR)® and TLR2 that
impairs NO-dependent intracellular killing in macrophages (3).
Interestingly, P. gingivalis can control both receptors: it can di-
rectly engage TLR2 through cell-surface ligands (4), whereas it
can activate C5aR (CD88) through local conversion of C5 to C5a
using its own enzymes (3). Indeed, this bacterium does not have to
rely on immunological mechanisms for C5a generation, but rather
expresses extracellular cysteine proteinases (gingipains), which
function as C5 convertase-like enzymes (3, 5).

C5aR activation was also shown to downregulate TLR4-induced
production of IL-12 in vitro and in vivo (6-8). This effect is exerted
at the transcriptional level because C5aR signaling in macro-
phages inhibits TLR4-induced mRNA expression of the IL-12p35
and IL-12/IL-23p40 subunits. Because IL-12 is a key cytokine in
Th1 differentiation and cell-mediated immunity, this C5aR-TLR4
crosstalk may represent a regulatory mechanism to control IL-12
production and thereby prevent or attenuate possible immunopa-
thology (2). However, undesirable outcomes could arise if C5a is
produced at excessively high levels, as may happen in sepsis.
Under such conditions, the crosstalk between C5a-activated C5aR
and TLR4 could severely suppress IL-12 and interfere with pro-
tective Thl immunity (2, 6).

High levels of C5a can be generated also through the un-
controlled action of C5-convertase-like microbial enzymes such
as the P. gingivalis gingipains (3). We thus hypothesized that P.
gingivalis may take advantage of C5a-induced signaling to sup-
press biologically active IL-12 (IL-12p70). Given that IL-12p70
induces IFN-y and mediates bacterial clearance through activated
phagocytes (9), possible inhibition of this cytokine by P. gingivalis
through C5aR exploitation could contribute to its ability to evade
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immune control. In this paper, we show that C5a (and, to a lesser
extent, its desarginated derivative C5a%*™) inhibits TLR2-de-
pendent induction of IL-12p70, but enhances induction of pro-
inflammatory and bone-resorptive cytokines (IL-1$, IL-6, and
TNF-a), in response to P. gingivalis. These in vitro observations
were confirmed by in vivo studies, which additionally showed that
C5aR-dependent inhibition of IL-12p70 promotes the survival of
this pathogen. Moreover, C5aR signaling was required for the
ability of P. gingivalis to induce periodontal bone loss in a mouse
model of experimental periodontitis. Therefore, P. gingivalis ex-
ploits C5aR to promote its adaptive fitness and cause periodon-
tal disease. This immune subversion mechanism has important
therapeutic implications given the current availability of safe,
selective, and potent C5aR antagonists (C5aRAs).

Materials and Methods

Reagents, bacteria, and mice

Mouse C5a and C5a%*™ were purchased from Cell Sciences or R&D
Systems. Mouse rIFN-y, goat polyclonal anti-mouse IL-12 IgG, and anti-
mouse IL-23 (p19) IgG were from R&D Systems. U0126 and wort-
mannin were purchased from the Cell Signaling Technology. The cyclic
hexapeptide Ac-F[OP-dCha-WR] (acetylated phenylalanine-[ornithine-
proline-p-cyclohexylalanine-tryptophan-arginine]), a specific and potent
C5aRA (also known as PMX-53), and the C3aRA SB290157 were
synthesized as previously described (10-12). A8*71773, a dual antagonist
of C5aR and C5a-like receptor-2, was expressed essentially as previously
described (13). Specifically, the A87'~"3 sequence (13) was created by
three cycles of mutagenesis of the original human C5a construct (14),
using the QuickChange XL Site-Directed Mutagenesis Kit from Stra-
tagene. The three pairs of complementary primers used for mutagenesis
are as follows (forward sequences given):

1) 5'-GTTACGATGGAGCCGCCGTTAATAATGATG-3’,

2) 5'-CCGTGCTAATATCTCTTTTAAACGCATGCAATTGG-
GAAGG-3', and

3) 5'-CTCTTTTAAACGCTCGTGAAAGCTTAATTAGC-3'.

These pairs correspond to mutations 1) C27A, 2) H67F and D69R, and 3)
M70S and A(71-74), respectively. The protein was then expressed and
purified as previously described (14). All reagents were used at optimal
concentrations determined in preliminary or published studies by our
laboratories (3, 11, 14-16). When appropriate, DMSO was included in
medium controls and its final concentration was =0.2%.

P. gingivalis ATCC 33277 and its isogenic KDP128 mutant, which is
deficient in all three gingipain genes (rgpA, rgpB, and kgp) (17) (kindly
provided by Dr. K. Nakayama, Nagasaki University, Japan), were grown
anaerobically from frozen stocks on modified Gifu anaerobic medium-based
blood agar plates for 5-6 d at 37°C, followed by anaerobic subculturing for
18-24 h at 37°C in modified Gifu anaerobic medium broth (Nissui Phar-
maceutical).

Thioglycollate-elicited macrophages were isolated from the peritoneal
cavity of wild-type or mice deficient in TLR2 or C5aR (4, 8), in compliance
with established institutional policies and federal guidelines. We used both
BALB/c and C57BL/6 C5aR-deficient mice (with their respective wild-
type control mice). The BALB/c were obtained from The Jackson Labo-
ratory. The C57BL/6 C5aR-deficient mice were originally provided by Dr.
Craig Gerard (Harvard Medical School) and are now housed at The
Jackson Laboratory. The TLR2-deficient mice were originally C57BL/6
(The Jackson Laboratory) and we backcrossed them for nine generations
onto a BALB/c genetic background before their use in these studies. The
macrophages were cultured at 37°C and 5% CO, in RPMI 1640 (Invi-
trogen) supplemented with 10% heat-inactivated FBS, 2 mM L-glutamine,
100 U/ml penicillin G, 100 pg/ml streptomycin, and 0.05 mM 2-ME. None
of the experimental treatments affected cell viability (monitored by the
CellTiter-Blue assay; Promega) compared with medium-only treatments.

Cell activation assays

Induction of NO production was assessed by measuring the amount of
NO, "~ (stable metabolite of NO) in stimulated culture supernatants using
a Griess reaction-based assay kit (R&D Systems), as previously performed
(15). Levels of cAMP in activated cell extracts were measured using
a cAMP enzyme immunoassay kit (Cayman Chemical) (18). C5a-induced
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intracellular calcium mobilization was monitored in cells (4 X 106) loaded
with 1 uM Indo-1 AM in the presence of 1 wM pluronic acid, as pre-
viously described (19). Calcium traces were recorded in a Perkin-Elmer
fluorescence spectrometer (model 650-19) with an excitation wavelength
of 355 nm and an emission wavelength of 405 nm. Induction of cytokine
production in activated cell culture supernatants or in the peritoneal fluid of
infected mice was determined by ELISA using kits from eBioscience or
Cell Sciences. C5a levels were measured by sandwich ELISA, using a pair
of capture and biotinylated anti-C5a mAbs (BD Pharmingen), according to
the manufacturer’s protocol.

Intracellular killing assay

The viability of phagocytosed P. gingivalis was monitored by an antibiotic
protection-based intracellular survival assay, as previously described (20).
In brief, mouse peritoneal macrophages were allowed to phagocytose P.
gingivalis (multiplicity of infection [MOI] = 10:1; 5 X 10° bacteria and
5 X 10° macrophages) for 30 min at 37°C. This was followed by washing
to remove extracellular nonadherent bacteria and 1-h treatment with
antibiotics (300 pg/ml gentamicin and 200 pg/ml metronidazole) to
eliminate residual or extracellular adherent bacteria. The macrophages
were subsequently cultured overnight for a total of 24 h. Immediately after,
the macrophages were washed and lysed in sterile distilled water, and
viable counts of internalized P. gingivalis were determined by plating
serial dilutions of macrophage lysates on blood agar plates subjected to
anaerobic culture (20).

In vivo mouse studies

i.p. challenge model. Ten- to 12-wk-old mice were infected i.p. with P.
gingivalis (5 X 10’ CFU) and sampled by peritoneal lavage to measure
production of cytokines and enumerate recovered CFU (after anaerobic
growth on blood agar plates) (15), as detailed in the corresponding figure
legends.

P. gingivalis-induced bone loss. The P. gingivalis-induced periodontal bone
loss model was used essentially as originally developed by Baker and
colleagues (21) with slight modifications, as we previously described (20).
In brief, on suppression of the normal oral flora with antibiotics, 10- to 12-
wk-old wild-type mice or mice deficient in C5aR or TLR2 were infected
by oral gavage five times at 2-d intervals with 10° CFU P. gingivalis
suspended in 2% carboxymethylcellulose. Sham-infected control animals
received 2% carboxymethylcellulose alone. The mice were euthanized 6
wk later, and assessment of periodontal bone loss in defleshed maxillae
was performed under a dissecting microscope (X40) fitted with a video
image marker measurement system (VIA-170K; Fryer). Specifically, the
distance from the cementoenamel junction (CEJ) to the alveolar bone crest
(ABC) was measured on 14 predetermined points on the buccal surfaces of
the maxillary molars. The 14-site total CEJ-ABC distance for each mouse
was subtracted from the mean CEJ-ABC distance of sham-infected mice to
calculate bone loss. The results were expressed in millimeters, and nega-
tive values indicate bone loss relative to sham-infected control mice.
Age-associated periodontal bone loss. Aging mice develop naturally oc-
curring inflammatory periodontal bone loss, which becomes quite dramatic
after 9 mo of age (22, 23). To determine the role of C5aR in periodontal
bone loss in this chronic model, we raised C5aR-deficient and wild-type
control mice in parallel, and bone loss was assessed as described earlier
when the mice became 16 mo old.

All animal procedures were approved by the Institutional Animal Care
and Use Committee, in compliance with established federal and state
policies.

Statistical analysis

Data were evaluated by ANOVA and the Dunnett multiple-comparison test
using the InStat program (GraphPad Software, San Diego, CA). Where
appropriate (comparison of two groups only), two-tailed ¢ tests were per-
formed. A p value <0.05 was taken as the level of significance.

Results

P. gingivalis proactively and selectively inhibits IL-12p70
production via C5aR-TLR2 crosstalk
We investigated whether C5a inhibits P. gingivalis-induced IL-

12p70 in peritoneal macrophages. Because macrophages are gen-
erally poor producers of IL-12p70 in vitro unless primed with
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IFN-v, macrophages used in these experiments were primed with
IFN-vy (0.1 wg/ml). Escherichia coli LPS-stimulated macrophages
were used as a control because C5a has been shown to inhibit IL-
12p70 through a C5a/C5aR-LPS/TLR4 crosstalk (6). The host
TLR response against P. gingivalis is predominantly mediated by
TLR2 both in vitro and in vivo (4, 24, 25). Therefore, we addi-
tionally examined whether possible C5a-mediated inhibition of
P. gingivalis-induced IL-12p70 could involve a C5aR-TLR2
crosstalk. We found that the abilities of both P. gingivalis and LPS
to induce IL-12p70 production were significantly inhibited by C5a
(p < 0.01; Fig. 1A). These inhibitory effects were specifically
mediated by C5aR signaling because they were completely re-
versed by a specific C5aRA (p < 0.01; Fig. 1A).

Intriguingly, however, C5aRA significantly enhanced the in-
duction of IL-12p70 production even in P. gingivalis-stimulated
macrophages that were not treated with exogenous C5a (p < 0.01;
Fig. 1A); this upregulatory effect was not seen in CS5a-untreated
and LPS-stimulated macrophages (Fig. 14). We previously showed
that P. gingivalis generates C5a in complement-inactivated
serum (3) and have now confirmed the presence of C5a in the
supernatants of wild-type P. gingivalis-treated cells (1460 *=
246 pg/ml; n = 3); in contrast, C5a in the supernatants of KDP128-
treated cells was less than the assay detection limit (<39 pg/ml).
Therefore, endogenously generated CS5a limits P gingivalis-
induced IL-12p70 production, which is thus enhanced in the pre-
sence of C5aRA. This notion was substantiated by the finding
that KDP128 failed to regulate IL-12p70, unless exogenous CS5a
was added in the cell cultures (Fig. 1B). Indeed, C5aRA had no
effect on KDP128-induced IL-12p70 in the absence of exoge-
nously added C5a (Fig. 1B). Interestingly, in the absence of ex-
ogenous treatments with C5a or C5aRA, KDP128 induced sig-
nificantly greater levels of IL-12p70 than wild-type P. gingivalis
(p < 0.05; Fig. 1B). This is attributed to the inability of KDP128
to generate C5a in the culture supernatants that would limit
IL-12p70 production. The ability of P. gingivalis to induce
IL-12p70 was completely abrogated in TLR2-deficient macro-
phages, whereas, as expected, LPS-induced IL-12p70 was unaf-
fected (Fig. 1C). Taken together, these data indicate that P. gingi-
valis activates a C5aR-TLR2 crosstalk that inhibits IL-12p70 pro-
duction in macrophages.

The C5aR crosstalk pathways with TLR2 or TLR4 for IL-12p70
regulation appear to be similar, because the inhibitory effects of
C5a were abrogated by treatment with the MEK1/2-specific in-
hibitor U0126 but not by the PI3K inhibitor wortmannin (p < 0.01;
Fig. 1D). This implicates the MEK-ERK1/2 pathway in C5aR-
mediated regulation of both TLR2- and TLR4-induced IL-12p70.
In contrast, the PI3K pathway is minimally involved, if at all
(6). In the absence of C5a, however, wortmannin upregulated
LPS-induced IL-12p70 (p < 0.01; Fig. 1D), suggesting that, under
these conditions (lack of C5aR activation), PI3K can inhibit IL-
12p70 as previously shown by others (26). The finding that
wortmannin failed to regulate P. gingivalis-induced IL-12p70 (Fig.
1D) is likely attributed to the presence of endogenously pro-
duced C5a in the culture supernatants. In contrast, U0126 ap-
peared to upregulate both LPS- and P. gingivalis-induced IL-
12p70, but this difference reached statistical significance only
for the latter (p < 0.01; Fig. 1D). In summary, C5a-induced in-
hibition of IL-12p70 by P. gingivalis or LPS is mediated by
ERK1/2 but not PI3K signaling, although PI3K can regulate LPS-
induced IL-12p70 in the absence of C5aR activation.

The C5aR-dependent inhibition of IL-12p70 in P. gingivalis-
stimulated macrophages was selective for this cytokine, because
other proinflammatory cytokines (IL-6 and TNF-«) were actually
upregulated (p < 0.01; Fig. 1E). In conclusion, P. gingivalis

871

proactively and selectively inhibits IL-12p70 production by acti-
vating a C5aR-TLR2 crosstalk without requirement for immuno-
logical mechanisms of complement activation.

C5aR signaling in vivo differentially regulates
P. gingivalis-induced cytokine responses

We next investigated the biological significance of the C5aR-
mediated inhibition of IL-12p70 production. First, it was es-
sential to determine whether C5aR signaling can regulate P.
gingivalis-induced IL-12p70 production also in vivo. For this
purpose, wild-type mice were i.p. administered C5aRA followed
by i.p. challenge with P. gingivalis. Mice deficient in C5aR or
TLR2 were similarly challenged with P. gingivalis, and all mice
were sampled 5 h postinfection by peritoneal lavage. In addition to
IL-12p70, we determined production of IFN-vy [which is positively
regulated by IL-12p70 (9)], IL-23 [an IL-12 family cytokine that
shares a common IL-12/IL-23p40 subunit with IL-12p70 (27)], as
well as proinflammatory cytokines that have been implicated in
inflammatory bone resorption in periodontitis (IL-1(, IL-6, and
TNF-a) (28). C5aRA-treated wild-type mice and C5aR-deficient
mice elicited significantly greater levels of IL-12p70, IFN-vy, and
IL-23 compared with PBS-treated wild-type control mice (p <
0.01-0.05; Fig. 2). In contrast, the induction of IL-13, IL-6, and
TNF-a production was inhibited by C5aR blockade or C5aR de-
ficiency (p < 0.01; Fig. 2), whereas the induction of all tested
cytokines was abrogated in TLR2-deficient mice (p < 0.01; Fig.
2). None of these cytokines was detectable in the peritoneal fluid
of mice not challenged with P. gingivalis (not shown). These data
show that C5aR signaling in vivo selectively inhibits the ability of
P. gingivalis to induce TLR2-dependent IL-12 family cytokines
(IL-12p70 and IL-23). The observed downregulation of IFN-vy is
most likely secondary to inhibition of IL-12p70 production. In
contrast, maximal induction of IL-1B, IL-6, and TNF-a requires
intact signaling by both C5aR and TLR2.

C5aR-mediated inhibition of IL-12p70 promotes P. gingivalis
survival in vivo

Whether the C5aR-mediated inhibitory effect on IL-12p70
production (Fig. 2) is exploited by P. gingivalis was addressed
in subsequent experiments. Wild-type mice were i.p. treated
with C5aRA (or PBS control) and infected with P. gingivalis
by the same route. The C5aRA-treated mice comprised several
groups, including mice given anti-IL-12 IgG, anti-1L-23p19 IgG,
or nonimmune IgG control. Treatment with anti-IL-23p19 was
included because the anti—IL-12 Ab reacts with both IL-12p70
subunits, p35 and p40, the latter of which is shared by the het-
erodimeric IL-23 [IL-12/IL-23p40 and IL-23p19 (27)]. Thus, the
experiment was designed in a way that would allow specific im-
plication of IL-12p70 or both IL-12p70 and IL-23 (or none) in P.
gingivalis immune clearance. At 24 h postinfection, the peritoneal
lavage fluid from C5aRA-treated mice contained ~2 log;o units
less P. gingivalis CFU compared with mice pretreated with PBS
control (p < 0.01; Fig. 3A). However, the enhanced ability of
C5aRA-treated mice to clear P. gingivalis was significantly (p <
0.01) counteracted by anti-IL-12 treatment, though not by anti—
IL-23p19 or nonimmune IgG (Fig. 3A). Viable P. gingivalis CFU
counts were not detected in the blood or in homogenates of several
organs examined (spleen, kidney, liver, and lungs) from any of the
mouse groups. Taken together with the Fig. 2 findings, these data
show that C5aR signaling inhibits IL-12p70 production, and this
inhibitory effect is exploited by P. gingivalis to resist immune
clearance. This conclusion was further substantiated by similar
findings from a related experiment in which C5aRA-treated mice
were replaced by C5aR-deficient mice (Fig. 2B).
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FIGURE 1. C5aR signaling inhibits TLR2-dependent IL-12p70 induction in P. gingivalis-activated macrophages. Mouse peritoneal macrophages were primed

with IFN-y (0.1 pg/ml) and stimulated with medium only (Med), P. gingivalis (MOI 10:1), or E. coli LPS (Ec-LPS; 0.1 p.g/ml), as indicated. IFN-y priming was
performed in those experiments (A—D) investigating IL-12p70 regulation. Wild-type P. gingivalis (Pg) was used in all experiments, but B additionally includes the
use of anisogenic mutant (KDP128), which is deficient in all three gingipain genes. A and B, The macrophages were additionally treated or not with C5a (50 nM), in the
absence or presence of C5aRA (1 wM). C, The macrophages were from wild-type or TLR2-deficient (712 ~'~) mice. D, The macrophages were pretreated with U0126
(10 pM) or wortmannin (WTM; 100 nM) for 1 h before treatments with C5a, P. gingivalis, or Ec-LPS. E, The macrophages were stimulated with P. gingivalis as in
A, but without IFN-y priming, to measure levels of cytokines other than IL-12p70. Culture supernatants were assayed for induction of the indicated cytokines after
24 h of incubation. Data are means = SD (n = 3 sets of macrophages) from typical experiments performed three (A) or two (B-E) times yielding consistent results.
Asterisks show statistically significant (p < 0.01) inhibition (A-D; IL-12p70) or enhancement (E; IL-6 and TNF-a) of cytokine production, whereas black circles
indicate statistically significant (p < 0.01) reversal of these modulatory effects. B, The upward arrow shows a significant difference (p < 0.05) between KDP128
and Pg under no-treatment conditions. D, Inverse triangles show significant (p < 0.01) U0126 or WTM effects on P. gingivalis- or LPS-induced IL-12p70.

In a side-by-side comparison of the in vivo survival capacities of
wild-type P. gingivalis and KDP128, the mutant was recovered at
significantly lower levels (>500-fold difference compared with
wild-type P. gingivalis) from the peritoneal cavity of wild-type

800 CIWT +PBS
ZAWT + C5aRA
g 0 i N csar- + PBS
S 40 :c Bl 7/r2 + PBS

AT

IL-23

0
IL-12p70  IFNy IL-1p

FIGURE 2. C5aR signaling regulates P. gingivalis-induced and TLR2-
dependent cytokine production in vivo. Ten- to 12-wk-old wild-type (WT)
mice, which were pretreated or not with C5aRA (i.p.; 25 pg/mouse), as well
as mice deficient in C5aR (C5ar’") or TLR2 (TIr2~'7), were i.p. infected
with P. gingivalis (5 X 107 CFU). Peritoneal lavage was performed 5 h
postinfection, and the peritoneal fluid was used to measure the levels of the
indicated cytokines. Mice not infected with P. gingivalis had undetectable
levels of the cytokines investigated. Data are means = SD (n = 5 mice).
*p < 0.01; **p < 0.01 versus WT+PBS control.

mice (p < 0.01; Fig. 3C). This difference in survival capacity
may be related, at least in part, to the inability of KDP128§ to
generate C5a, as shown in vitro. Even in vivo, where physiological
mechanisms (e.g., activation of the complement cascade) could
contribute to C5a generation, the peritoneal fluid of KDP128-
infected mice contained significantly lower levels of C5a (374 =
93 pg/ml) than that of wild-type P. gingivalis-infected mice
(2174 = 513 pg/ml; p < 0.01; n = 5 mice/group); C5a levels at
baseline (uninfected mice) were 101 * 47 pg/ml. Consistent with
these considerations, the survival of KDP128 was not significantly
affected by C5aR deficiency (Fig. 3C), suggesting that the mutant
cannot productively exploit C5aR to promote its survival, as the
wild-type organism does. In conclusion, a great part of in vivo-
generated C5a can be attributed to the enzymatic action of P.
gingivalis, which thereby can efficiently manipulate IL-12p70 pro-
duction and promote its survival.

Comparison of C5a and C5a®*" in regulating IL-12p70 and
other macrophage activities

C5a is relatively unstable in biological fluids and is rapidly con-
verted to its desarginated form (C5a%*™). In fact, a large part of
in vivo detected C5a (see earlier) may represent C5a%**A™ because
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FIGURE 3. Inhibition of C5aR signaling promotes the in vivo clearance
of P. gingivalis by augmenting IL-12. A, Wild-type (WT) mice were
pretreated or not with C5aRA (i.p.; 25 pg/mouse), in the presence or
absence of goat polyclonal anti-mouse IL-12 IgG, anti-mouse IL-23p19
IgG, or equal amount of nonimmune IgG (i.p.; 0.1 mg/mouse). The mice
were then infected i.p. with P. gingivalis (5 X 107 CFU). B, Similar ex-
periment in which C5aRA-treated mice were replaced by C5aR-deficient
(C5ar™'7) mice. C, WT and C5ar~'~ mice were infected i.p. with wild-
type P. gingivalis or the isogenic KDP128 mutant (both at 5 X 107 CFU).
Peritoneal lavage was performed 24 h postinfection, and the peritoneal
fluid was used to determine viable P. gingivalis CFU counts. Data are
shown for each individual mouse, with horizontal lines indicating mean
values. *p < 0.01 versus control mice. Inverted triangles indicate signifi-
cant (p < 0.01) reversal of the effects of C5aRA or C5aR deficiency by
anti-IL-12. C, Downward arrow shows significant (p < 0.01) difference
between KDP128 and the wild-type organism.

the capturing Ab used in the sandwich ELISA (BD Pharmingen)
recognizes a neoepitope exposed in both C5a and C5a%A™e
(though not in intact C5). C5a*A™ does not have anaphylactic
action but retains a number of other biological activities (29-31).
We thus investigated whether it shares the capacity of C5a to
regulate IL-12p70. We found that C5a%A™ can also inhibit
P. gingivalis-induced IL-12p70 production, though not as strongly
as C5a. Specifically, C5a%A" mediated significant (p < 0.05)
inhibition of IL-12p70 at 50 nM but not at 10 nM, at which
concentration C5a was already effective (Fig. 44). However, the
increased stability, and thus greater prevalence of C5a%*™ com-
pared with intact C5a, suggests a possible significant role for the
desarginated molecule in IL-12p70 regulation.

Although C5a%**"® binds also to the C5a-like receptor-2
(GPR77) with high affinity (1, 13), its observed modulatory ef-
fect on IL-12p70 production was likely mediated via the C5aR
(CDS88). In this regard, C5aRA by itself caused full reversal of
the inhibitory effect of C5a%**, whereas a dual C5aR/C5a-like
receptor-2 antagonist (A8A71’73) (13, 32) had a comparable effect
(Fig. 4B). In contrast, the C3aRA SB290157 (control) did not
influence the ability of C5a%*™8 to inhibit induction of IL-12p70
by P. gingivalis (Fig. 4B).

We previously implicated C5a in synergistic interactions with
P. gingivalis that increase cAMP in macrophages, leading to
inhibition of NO production and of intracellular killing (3). We
investigated whether these evasion mechanisms can also be ac-
tivated by C5a%**2_ Side-by-side comparison demonstrated no
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significant differences between C5a and C5a’**"¢ when tested at
50 nM in increasing cAMP, inhibiting NO, and promoting its
intracellular survival (Fig. 4C-E). However, when the com-
pounds were tested at 10 nM, C5a exhibited stronger effects than
C5a%A™8 (Fig. 4C-E). In view of the strict dependence of C5a
on intracellular Ca®>* mobilization to synergistically increase
cAMP (3), we hypothesized that C5a%"*™¢ could similarly in-
duce intracellular Ca®* responses. Indeed, at 50 nM, C5a and
C5a%A™ jnduced comparable intracellular Ca** mobilization in
macrophages (Fig. 5A), whereas only C5a was active in that
regard in neutrophils (Fig. 5B). Taken together, the data from
Figs. 4 and 5 indicate that P. gingivalis can exploit C5a even
after its conversion to C5a%A™ to undermine macrophage de-
fense functions (induction of IL-12p70, activation of intracel-
lular killing).

C5aR mediates periodontal bone loss

The involvement of C5aR signaling in P. gingivalis immune
evasion and in the induction of proinflammatory cytokines (Figs.
1-4), such as IL-18, IL-6, and TNF-a, which mediate periodontal
bone resorption (28), suggested that C5aR may play an important
role in P. gingivalis-induced periodontitis. Indeed, P. gingivalis
failed to induce significant periodontal bone loss in C5aR-de-
ficient BALB/c or C57BL/6 mice, in stark contrast with corre-
sponding wild-type mice that developed significant bone loss re-
lative to sham-infected controls (p < 0.01; Fig. 6A, 6B, 6E). TLR2
participates in cross-talk interactions with C5aR that 1) promote
mechanisms of P. gingivalis immune evasion (Ref. 3 and this
study), and 2) induce production of bone-resorptive cytokines
(Fig. 2). Sensibly, therefore, TLR2-deficient BALB/c mice were
similarly shown to be resistant to P. gingivalis-induced periodontal
bone loss (Fig. 6C, 6F).

Mice used for P. gingivalis-induced periodontitis studies are
usually 8-12 wk old, and sham-infected controls do not develop
appreciable bone loss (33). However, aging mice, like aging hu-
mans, gradually develop naturally occurring inflammatory peri-
odontal bone loss (because of chronic exposure to indigenous peri-
odontal bacteria), which becomes quite dramatic after 9 mo of age
(22, 23). To determine the role of C5aR in the age-associated
periodontitis model, we raised C5aR-deficient BALB/c mice and
wild-type control mice until the age of 16 mo. We found that old
C5aR-deficient mice are significantly protected against age-as-
sociated periodontitis relative to similarly aged wild-type control
mice (p < 0.01; Fig. 6D). Therefore, C5aR is involved in chronic,
age-associated periodontal bone loss. Although it is currently
uncertain whether C5aR is exploited by mouse periodontal bac-
teria as shown for P. gingivalis, the ability of C5aR to amplify
TLR-induced bone resorptive cytokines (and inflammation in gen-
eral) render it a major mediator of periodontal bone destruction.

Discussion

Clinical and histological observations implicate complement in
periodontal inflammation and pathogenesis, although the precise
mechanisms or pathways involved have remained largely undefined
(reviewed in Ref. 34). However, our findings clearly implicate at
least the C5a-C5aR axis in periodontal tissue destruction and in
immune evasion of periodontal bacteria.

Our data suggest that P. gingivalis may exploit C5aR to promote
its adaptive fitness in diverse ways. On the one hand, C5aR sig-
naling inhibits TLR2-dependent IL-12p70 induction and interferes
with immune clearance of P. gingivalis. On the other hand, the P.
gingivalis-instigated C5aR-TLR2 crosstalk leads to upregulation
of other proinflammatory cytokines (IL-1B, IL-6, and TNF-a).
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Therefore, this pathogen does not appear to cause a generalized
immunosuppression but, rather, has evolved the ability to selec-
tively target pathways that could result in its elimination. In fact,
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FIGURE 5. Comparison of C5a and C5a**" in intracellular Ca®*
mobilization. Mouse peritoneal macrophages (A) or neutrophils (B) were
loaded with the ratiometric calcium indicator Indo-1 AM and stimulated
with C5a or C5a%*A" at the indicated concentrations [lower concentrations
were used for neutrophils because they are more sensitive to C5a than
macrophages (50)]. Ca** mobilization was measured in a spectrofluorom-
eter, and the traces are representative of three experiments.

nonselective immunosuppression would not be advantageous for
P. gingivalis, whereas such a strategy could certainly protect P.
gingivalis against host immunity, at the same time the pathogen
would be condemned to starvation. Indeed, P. gingivalis is an
asaccharolytic organism with a strict requirement for peptides and
hemin, and thus depends on the continuous flow of inflammatory
serum exudate (gingival crevicular fluid) to obtain these essential
nutrients and survive in its periodontal niche (35). Therefore, the
proactive release of C5a by P. gingivalis and the ensuing CSa-
induced inflammation (increased vascular permeability and
proinflammatory synergy with TLRs) can contribute to nutrient
procurement. Moreover, the ability of P. gingivalis to induce
C5aR-dependent periodontal bone loss expands the useful space
for increased niche for the pathogen.

On the basis of the above discussion, it becomes apparent that P.
gingivalis uses a quite antithetical strategy relative to Staphylo-
coccus aureus that promotes its survival by actually blocking C5a
binding and C5aR activation, via a secreted protein known as
CHIPS (chemotaxis inhibitory protein of S. aureus) (36). This
mechanism inhibits C5a-induced inflammation and phagocytic
cell chemotaxis, and protects S. aureus from neutrophils and
macrophages (36). In contrast, the protozoan parasite Leishmania
major also exploits C5aR for evading host immunity, which is
restored in C5aR-deficient mice that consequently do not experi-
ence development of necrotizing dermal lesions as wild-type
animals do (6). However, unlike P. gingivalis, L. major has to
rely on C5a generation by the physiological complement cascade
to become able to exploit C5aR.
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P. gingivalis-induced inflammation via the C5aR-TLR2 cross-
talk may have important implications from a clinical perspective
because it is likely to cause collateral tissue damage (inflam-
matory periodontal bone destruction). This notion is supported
by our findings that mice deficient in C5aR or TLR2 are both
resistant to P. gingivalis-induced periodontitis. The fact that in-
duction of bone loss is essentially absent in the absence of either
C5aR or TLR2 signaling argues against the possibility that C5aR
and TLR2 contribute to periodontal pathogenesis through in-
dependent effector mechanisms. In this regard, both receptors are
under P. gingivalis control and are induced to crosstalk, while in
physical proximity (3), cooperatively leading to immune evasion
and induction of inflammatory/bone-resorptive cytokines.

Both the C5a and C3a anaphylatoxins are readily metabolized in
serum and lose their C-terminal Arg because of carboxypeptidase
activity (29). The resulting C3a fragment (C3a%**®) is biolog-
ically inert in terms of C3a receptor-dependent functions but
retains antimicrobial activity, which is exerted independently of
the receptor (37). In contrast, C5a%*A™ can still bind C5aR, albeit
with a lower affinity and a different mode of interaction relative to
intact C5a (29, 38). Although C5a%*™¢ is devoid of C5a spas-
mogenic (anaphylactic) activity, it retains other C5a activities to
varying degrees depending on function and cell type involved. For
example, monocytes/macrophages, but not neutrophils, do not
appear to distinguish between C5a and C5a%*A™ in terms of in-
duction of chemotaxis or lysosomal enzyme release (30, 31, 39).

Age: Young Old Young Old

WILD-TYPE INFECTED

Our findings that C5a%°**™€ retains the ability to inhibit P. gingi-
valis-induced IL-12p70 and NO production has important impli-
cations: being considerably more stable than C5a (29), C5a’*A™
may provide a persisting stimulus for sustained manipulation of
the antimicrobial response and destructive inflammation, proper-
ties that characterize chronic conditions such as periodontitis.
Intriguingly, whereas P. gingivalis attacks C5 and generates bi-
ologically active C5a/C5a%*™¢, it extensively degrades C3 and
C3a, which thus do not retain biological activity (40). Because
C3a (but not C5a) exerts direct antimicrobial effects and readily
kills both Gram-negative and -positive bacteria (37), it is possible
that degradation and inactivation of C3a by P. gingivalis may
serve to protect this pathogen.

The data from this study collectively suggest that P. gingivalis
has evolved to not only endure the host response (by selectively
suppressing critical “killing” pathways, such as IL-12—dependent
clearance), but also to benefit from the inflammatory response,
whereas at the same time contributing to periodontal pathogenesis.
The ability of P. gingivalis to inhibit innate immune functions via
C5aR exploitation may also allow bystander bacteria, that is,
cohabiting the same niche, to evade immune control. In this con-
text, P. gingivalis is thought of as a keystone periodontal species
that could promote the survival and virulence of the entire mi-
crobial community (35, 41-43).

In addition to being a prevalent and costly chronic condition that
destroys tooth-supporting tissues, severe periodontitis exerts a sys-
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temic impact on health, and the patients run increased risk for dis-
eases, such as atherosclerosis, diabetes, and perhaps rheumatoid
arthritis (44-47). Therefore, it becomes important to identify
promising therapeutics for the treatment of this oral disease. Be-
cause C5aR- or TLR2-deficient mice are both resistant to peri-
odontal bone loss, at least in principle, pharmacological blockade
of either C5aR or TLR2 could inhibit periodontitis. However, the
availability of highly effective and safe C5aRAs, some of which
have completed phase II trials (for rheumatoid arthritis and pso-
riasis) (48, 49), and the relative paucity of effective TLR2 an-
tagonists suggest that C5aR is a preferential and promising tar-
get of local therapeutic intervention to treat human periodontitis.
From a mechanistic viewpoint, C5aR blockade may counter-
act the ability of periodontal bacteria to evade critical antimicro-
bial responses or to stimulate nonresolving/destructive inflamma-
tion, and thus should be capable of both controlling the infection
and inhibiting periodontal bone loss.
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