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Abstract

Aim: Human periodontitis is associated with overactivation of complement,
which is triggered by different mechanisms converging on C3, the central hub of
the system. We assessed whether the C3 inhibitor Cp40 inhibits naturally occur-
ring periodontitis in non-human primates (NHPs).

Materials and Methods: Non-human primates with chronic periodontitis were
intra-gingivally injected with Cp40 either once (5 animals) or three times (10 ani-
mals) weekly for 6 weeks followed by a 6-week follow-up period. Clinical peri-
odontal examinations and collection of gingival crevicular fluid and biopsies of
gingiva and bone were performed at baseline and during the study. A one-way
repeated-measures ANovA was used for data analysis.

Results: Whether administered once or three times weekly, Cp40 caused a signifi-
cant reduction in clinical indices that measure periodontal inflammation (gingival
index and bleeding on probing), tissue destruction (probing pocket depth and
clinical attachment level) or tooth mobility. These clinical changes were associated
with significantly reduced levels of pro-inflammatory mediators and decreased
numbers of osteoclasts in bone biopsies. The protective effects of Cp40 persisted,
albeit at reduced efficacy, for at least 6 weeks following drug discontinuation.
Conclusion: Cp40 inhibits pre-existing chronic periodontal inflammation and
osteoclastogenesis in NHPs, suggesting a novel adjunctive anti-inflammatory ther-
apy for treating human periodontitis.
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Periodontitis is a prevalent chronic
oral disease that affects nearly half
of adults in the USA and the UK
and perhaps worldwide (Demmer &
Papapanou 2010, White et al. 2012,
Eke et al. 2015). The disease is dri-
ven by exaggerated inflammation
induced by dysbiotic microbial com-
munities forming on subgingival
tooth sites (Lamont & Hajishengallis
2015) and can lead to tooth loss and
impaired mastication and nutritional
status (Chapple 2014). Tooth loss
may occur as a result of excessive
destruction of periodontium. In its
severe form that affects almost 10%
of adults (Eke et al. 2012, White
et al. 2012), chronic periodontitis is
not merely a common cause of tooth
loss, but is also associated with cer-
tain systemic conditions, such as
atherosclerosis, diabetes, rheumatoid
arthritis, chronic obstructive pul-
monary disease and adverse preg-
nancy outcomes (Tonetti et al. 2007,
Kebschull et al. 2010, Lalla & Papa-
panou 2011, Han et al. 2014, Koziel
et al. 2014, Hajishengallis 2015). The
serious public health impact of this
oral disease and its economic burden
(Beikler & Flemmig 2011, Chapple
2014) call for innovative treatments
adjunctive to existing therapies (such
as mechanical removal of the tooth-
associated biofilm and antimicrobial
treatment), which are not always suf-
ficilent to control periodontitis
(Armitage 2002, Colombo et al.
2012, Rams et al. 2014). In this
study, we have tested a complement-
targeted therapeutic approach in a
highly relevant preclinical model of
periodontitis.

The complement system, a net-
work of interacting fluid-phase and
cell surface-associated molecules, is
centrally involved in immunity and
inflammation through direct effects
on immune cells or crosstalk and
regulation of other host signalling
pathways, such as those activated by
toll-like receptors (TLRs) (Hajishen-
gallis & Lambris 2010). The various
components of complement are pro-
duced systemically or locally in
peripheral tissues and the system can
be triggered via distinct cascade
mechanisms (classical, lectin or alter-
native), all of which converge at the
third component (C3) (Ricklin et al.
2010). C3 cleavage and activation by
convertases leads to the generation
of effector molecules that mediate

diverse functions, including recruit-
ment and activation of inflammatory
cells (induced by the anaphylatoxins
C3a and CS5a), microbial opsoniza-
tion and phagocytosis (via opsonins
such as C4b and C3b) and direct
lysis of susceptible microbes (by the
C5b-9 membrane attack complex)
(Ricklin et al. 2010).

Early clinical and histological
observations in human periodontitis
have associated periodontal inflam-
mation and tissue destruction with
increased complement activity
(Schenkein & Genco 1977, Niekrash
& Patters 1986, Nikolopoulou-Papa-

constantinou et al. 1987, Patters
et al. 1989). Indeed, complement
components and their activation

products are readily detected in
chronically inflamed gingiva and the
gingival crevicular fluid (GCF) of
patients, whereas they are undetected
or present at lower levels in healthy
control samples (Attstrom et al.
1975, Courts et al. 1977, Schenkein
& Genco 1977, Toto et al. 1978,
Lally et al. 1982, Nikolopoulou-
Papaconstantinou et al. 1987, Raute-
maa & Meri 1996). Moreover,
induction of experimental gingivitis in
human volunteers causes progressive
C3 activation in the GCF (Patters
et al. 1989). Conversely, a decrease in
clinical parameters of inflammation
upon successful periodontal therapy
leads to reduced C3 activation in the
GCF (Niekrash & Patters 1985).
More recently, studies in animal
models, including mouse strains with
complement knockout mutations,
have established a cause-and-effect
relationship  between complement
activation and periodontitis and
gleaned insights into the mechanisms
whereby complement mediates peri-
odontitis  (Breivik et al. 2011,
Hajishengallis et al. 2011, Liang
et al. 2011, Maekawa et al. 2014a,b).
In this regard, we have shown that
C3-dependent inflammation in mice
is crucial for the long-term suste-
nance of the dysbiotic microbiota
and for maximal induction of alveo-
lar bone loss (Maekawa et al.
2014a). Consistent with these find-
ings, local C3 inhibition in a model
of ligature-induced periodontitis in
young non-human primates (NHPs)
prevents the development of gingival
inflammation and alveolar bone loss
(Maekawa et al. 2014a). The inhibi-
tor we used was Cp40, an improved
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analogue of compstatin, which is a
peptidic compound that blocks C3
activation exclusively in humans and
non-human primates (Qu et al. 2013,
Ricklin & Lambris 2013, Mastellos
et al. 2015b). Cp40 and other comp-
statin analogues bind C3 and inter-
fere with its binding to and cleavage
by the C3 convertase, thereby block-
ing the generation of downstream
effector molecules regardless of the
initiation pathway of complement
activation (Ricklin & Lambris 2013,
Mastellos et al. 2015b).

However, whether Cp40 is effec-
tive in a therapeutic — rather than
preventive — setting was not
addressed in our previous publica-
tion. The main objective of this study
was therefore to determine whether
local C3 inhibition could inhibit pre-
existing chronic periodontal disease,
which typically affects adults; in this
context, ageing is thought to affect
the immuno-inflammatory status of
the periodontal tissue, thereby con-
tributing to increased susceptibility
to  periodontitis  (Hajishengallis
2014a). This notion is consistent with
recent studies in NHPs showing age-
dependent differential expression of
immune and inflammatory genes in
the periodontium (Ebersole et al.
2015, Gonzalez et al. 2015). By
screening a population of adult
NHPs (cynomolgus monkeys) in the
Simian Conservation Breeding and
Research  Center (SICONBREC,
Makati, Philippines), we identified
animals with naturally occurring
chronic periodontitis and treated
them with Cp40. Our results show
that locally administered Cp40 can
reverse pre-existing chronic peri-
odontal inflammation in the absence
of additional treatments, such as
scaling and root planing, thus identi-
fying an anti-inflammatory therapy
that can potentially contribute to the
treatment of human periodontitis.

Materials and Methods

Non-human primates

All animal procedures were per-
formed according to protocols
reviewed and approved by the Insti-
tutional Animal Care and Use Com-
mittees of the University of
Pennsylvania and of the SICON-
BREC, an Association for Assess-
ment and Accreditation of
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Laboratory Animal Care Interna-
tional-accredited facility where the
NHP work was performed. Fifteen
adult male cynomolgus monkeys
(Macaca  fascicularis)  (7-15 years
old; 5.0-7.6 kg body weight) were
selected for the study after screening
the SICONBREC breeding colonies
for animals with chronic periodonti-
tis. The inclusion criteria were the
presence of at least 30% of sites with
probing pocket depth and clinical
attachment level >4 mm, associated
with bleeding on probing, and radio-
graphic evidence of bone loss (using
a digital X-ray dental system; Vat-
ech, Fort Lee, NJ, USA). The ani-
mals were socially housed in
stainless steel cages and were used in
the study after they were acclima-
tized to the protocol procedures for
4 weeks. Environmental enrichment
was provided through daily handling
by animal care technicians, environ-
mental enrichment items and visual
contact with other study animals.
Each animal was offered a measured
amount of an approved feed mix-
ture. Fresh, potable drinking water
was available to the animals ad libi-
tum. Clinical periodontal examina-
tions, dental X-rays, collection of
GCF and periodontal tissue biopsies
were performed in a manner similar
to a human clinical study, except
that the animals were anaesthetized
during the procedures.

C3 inhibitor

The compstatin analogue Cp40 (y-I
[CV(IMeW)QDW-Sar-AHRC](NMel)-
NH,; with y = D-tyrosine; Sar = sar-
cosine/N-methyl glycine) was pro-
duced as a disulphide-bridged, cyclic
peptide by solid-phase peptide syn-
thesis methodology as previously
described (Qu et al. 2013).

Experimental design

The study involved a 6-week treat-
ment period with Cp40 and a 6-week
follow-up period without Cp40 treat-
ment. Cp40 was administered either
once a week (5 animals; “1x-treat-
ment”) or three times per week (10
animals; “3x-treatment”). Specifi-
cally, using a 30-g short needle, Cp40
was injected locally into the gingiva
(100 ug/site in 50-ul volume) of ante-
rior and posterior teeth on both sides
of the maxilla (15 sites total; 13 sites

corresponding to palatal inter-dental
papillae and two sites corresponding
to the distal gingiva of the second
molars). Clinical readings made
before Cp40 administration served as
baseline controls for each animal.
The mandible was not treated with
Cp40 but was monitored by clinical
periodontal examination and sam-
pling of biological specimens (see
below) throughout the study, for com-
parative purposes. Clinical examina-
tions, sample collection and standard
laboratory techniques (immunofluo-
rescence histochemistry, histological
TRAP staining and assessment of
host immune responses) are described
in Appendix S1.

Statistical analysis

For the comparison of mean values
within the groups during the time-
course studies, one-way repeated-
measures ANOvA with Greenhouse-
Geisser correction was performed
using the GraphPad Prism program,
version 6.0h (La Jolla, CA, USA).
In case of significant differences,
Bonferroni’s or Tukey’s multiple
comparisons test was performed.

Results

Locally administered Cp40 inhibits clinical
periodontal inflammation in NHPs

All animals enrolled in the study
were systemically healthy and main-
tained good systemic health during
the observation period. No adverse
effects were noted during the course
of the study. To determine whether
complement is causally linked to
inflammation associated with natu-
rally occurring chronic periodontitis,
we targeted the central complement
component C3. Specifically, we
locally injected the C3-specific inhibi-
tor Cp40 into the maxillary gingiva
of NHPs. Initially, the drug was
administered for 6 weeks at a fre-
quency of three times weekly (“3x-tr
eatment”) and its clinical effects were
monitored for 12 weeks. Cp40
caused a significant reduction in sev-
eral clinical indices that measure
periodontal inflammation (gingival
index and bleeding on probing), tis-
sue destruction (probing pocket
depth and clinical attachment level)
or tooth mobility often associated
with bone loss (Fig. la—¢). These

data indicate that, at least by clinical
criteria, Cp40 blocks inflammatory
processes that drive periodontal tis-
sue destruction. Interestingly, these
protective effects were evident as
early as 1 week after treatment initi-
ation and progressively improved
until week 6, when the drug was dis-
continued. Remarkably, the protec-
tive effects of Cp40 persisted for at
least six additional weeks, since at
the termination of the study (week
12) all indices remained at signifi-
cantly lower levels relative to their
corresponding baselines (Fig. la—e).
Importantly, without any exception,
all ten cynomolgus monkeys respo
nded favourably to Cp40 with 57—
87% reduction in gingival inflamma-
tion and 31-58% decrease in the
depths of the periodontal pockets
after 6 weeks of treatment (Figs
S1-S10). The plaque index, a clinical
measure of biofilm accumulation on
tooth surfaces, was modestly but sig-
nificantly reduced by Cp40 at a few
time points, immediately before and
after week 6 (Fig. 1f). The aforemen-
tioned clinical indices were also
monitored in the untreated jaw
(mandible) during the same 12-week
interval. In contrast to the improved
clinical condition of the Cp40-trea-
ted maxilla, the clinical indices in the
mandible did not show significant
differences in the course of the study
as compared to their baseline values
(Fig. la—f).

In a second, independent experi-
ment, we investigated whether Cp40
could retain its efficacy if adminis-
tered only once per week (“1x-treat-
ment”). Similar clinical analyses
revealed that a single weekly admin-
istration of Cp40 could significantly
reduce indices of clinical inflamma-
tion and tissue destruction (Fig. 2),
with almost comparable efficacy and
similar time course pattern to that of
the 3x-treatment (see superimposi-
tion of the data in Fig. S11). More-
over, similarly to the 3x-treatment,
all five cynomolgus monkeys used in
the Ix-treatment study responded
favourably to the drug with no
exception (Figs S12-S16).

Decreased levels of pro-inflammatory
mediators following local treatment with
Cp40

GCF was collected for monitoring
changes in the cytokine and immune
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Fig. 1. Cp40 decreases inflammatory clinical parameters of naturally occurring chronic
periodontitis in NHPs after local administration three times weekly. Cp40 was injected
— three times weekly for 6 weeks — into the inter-dental papillaec and the distal gingiva
of the second molars of the maxilla (“Cp40”), whereas the mandible was not treated
(“Untreated”). Each animal was clinically examined at the indicated time points and
the following clinical parameters were recorded: (a) gingival index; (b) bleeding on
probing; (c) probing pocket depth; (d) clinical attachment level; (¢) mobility index and
(f) plaque index. The data were expressed relative to the baseline values (at week 0),
set as 100 (Raw data are shown for each animal in Figs S1-S10). Results are
means + SD (n = 10 monkeys). *p < 0.05 and **p < 0.01 compared to baseline (one-
way repeated-measures ANova and Bonferroni’s multiple comparisons test). NHPs,

non-human primates.

mediator levels during the 6-week
course of Cp40 treatments, as well
as during the follow-up period to
week 12. Multi-cytokine analysis of
the GCF revealed that the 3x-treat-
ment with Cp40 resulted in signifi-
cantly lower levels of pro-
inflammatory and osteoclastogenic
cytokines, as compared to their base-
line values (Fig. 3). The pro-inflam-
matory cytokines measured included
IL-1p, IL-6, 1IL-8 and IL-17
(Fig. 3a—d), all which have been
associated with periodontal inflam-
mation in humans (Graves 2008,
Moutsopoulos et al. 2012, Zenobia

& Hajishengallis 2015), and receptor
activator of NF-xB ligand
(RANKL) (Fig. 3e), a key osteoclas-
togenic cytokine involved in bone
loss disorders including periodontitis
(Bostanci et al. 2007, Miossec &
Kolls 2012). In contrast, the GCF
levels of osteoprotegerin (OPG), a
natural antagonist of RANKL (Bos-
tanci et al. 2007, Miossec & Kolls
2012), were increased upon Cp40
treatment  relative to  baseline
(Fig. 3f). Cp40 also caused a signifi-
cant decrease in the GCF levels of
C3a and C5/C5a as seen as early as
1 week after treatment (Fig. 3g,h
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respectively).  These  favourable
changes in the host response profile
(inhibition  of  pro-inflammatory
mediators and upregulation of OPG)
were most pronounced at 6 weeks,
although significant changes per-
sisted for the entire or most of the
study duration (12 weeks), despite
drug withdrawal at week 6 (Fig. 3).
The same mediators were monitored
in GCF samples collected from the
untreated jaw (mandible) during the
same 12-week interval but did not
show significant differences relative
to baseline values (Fig. 3). Impor-
tantly, Cp40 retained its capacity to
significantly suppress the GCF levels
of pro-inflammatory mediators and
upregulate OPG even when adminis-
tered only once per week (Fig. 4).

The anti-inflammatory action of
Cp40 was also evident in the peri-
odontal tissue (Fig. 5), thus confirm-
ing the GCF findings. Specifically,
immunofluorescence  histochemistry
of Dbiopsy specimens taken before
(0 week) and after (6 weeks) treat-
ment showed that Cp40 caused
decreased expression of IL-17,
RANKL and elevated expression of
OPG in the connective tissue adja-
cent to the alveolar bone at 6 weeks
relative to baseline (Fig. 5). More-
over, Cp40 treatment caused a
decrease in the complement cleavage
fragments C3d and C5a (Fig. 5), fur-
ther confirming its ability to inhibit
complement activation.

The inhibitory action of Cp40 on
the various pro-inflammatory and/or
pro-osteoclastogenic cytokines was
mediated, at least in part, at the
transcriptional level since the expres-
sion of gingival IL-1p, IL-6, IL-S,
IL-17 and RANKL mRNA was sig-
nificantly inhibited in animals with
3x or 1x weekly treatments
(Fig. 6a,b respectively). Conversely,
and in accord with the protein data,
OPG mRNA  expression  was
increased (Fig. 6). The characteristic
elevation of IL-1§ in human peri-
odontitis (compared to periodontal
health) has been correlated with
increased NLRP3 (NALP3) inflam-
masome MRNA expression levels
(Bostanci et al. 2009). In this regard,
Cp40 inhibited the gingival NLRP3
mRNA expression in NHPs (Fig. 6),
suggesting its potential to interfere
with  NLRP3 inflammasome-depen-
dent processing of IL-1p; this notion
is consistent with the reduced levels
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Fig. 2. Single weekly administration of Cp40 decreases inflammatory clinical parame-
ters of naturally occurring chronic periodontitis in NHPs. Cp40 was injected — once
weekly for 6 weeks — into the inter-dental papillae and the distal gingiva of the second
molars of the maxilla (“Cp40”), whereas the mandible was not treated (“Untreated”).
Each animal was clinically examined at the indicated time points and the following
clinical parameters were recorded: (a) gingival index; (b) bleeding on probing; (c)
probing pocket depth; (d) clinical attachment level; (e) mobility index and (f) plaque
index. The data were expressed relative to the baseline values (at week 0), set as 100
(Raw data are shown for each animal in Figs S12-S16). Results are means + SD
(n = 5 monkeys). *p < 0.05 and **p < 0.01 compared to baseline (one-way repeated-
measures ANovA and Bonferroni’s multiple comparisons test). NHPs, non-human pri-

mates.

of IL-1p protein in the GCF of
Cp40-treated animals (Figs 3a and
4a).

Cp40 causes a reduction in the numbers
of periodontal osteoclasts in NHPs

The RANKL/OPG ratio in the GCF
is a potential indicator of periodonti-
tis (Bostanci et al. 2007, Belibasakis
& Bostanci 2012). We therefore
determined whether the ability of
Cp40 to decrease the GCF levels of
RANKL and enhance the levels of
OPG (Figs 3 and 4), hence to lower
the RANKL/OPG ratio, could have

an impact on osteoclastogenesis. To
this end, we counted the numbers of
osteoclasts (TRAP-positive multinu-
cleated cells; Fig. S17) in bone biop-
sies taken at baseline and at 6 and
12 weeks following Cp40 treatment.
We found that in the maxillae of the
animals, Cp40 caused a significant
decrease in the numbers of osteo-
clasts after 6 weeks of 3x or Ix
weekly treatments (Fig. 7a,b, left
panels). This favourable effect per-
sisted through to week 12, even
though the drug was not adminis-
tered in the last 6 weeks (Fig. 7a,b,
left panels). In contrast, the numbers

of osteoclasts in the mandibles,
which were not treated, did not dis-
play significant differences in the
course of the study (Fig. 7a,b, right
panels).

Discussion

To the best of our knowledge, this
study marks the first time that a
pharmacological  intervention  —
whether host-modulation or antimi-
crobial — is shown to inhibit inflam-
mation in the context of naturally
occurring periodontitis in NHPs.
Previously conducted studies, includ-
ing our own, have used inducible
models of the disease involving
placement of ligatures with or with-
out exogenous inoculation of peri-
odontal pathogens (Offenbacher
et al. 1987, Pierce & Lindskog 1987,
Nisengard et al. 1989, Persson et al.
1994, Li et al. 1996, Assuma et al.
1998, Moritz et al. 1998, Cappelli
et al. 2000, Roberts et al. 2004, Page
et al. 2007, Maekawa et al. 2014a,
Shin et al. 2015). The immune sys-
tem and periodontal anatomy of the
cynomolgus monkey is similar to
that of humans, and periodontitis in
these animals exhibits clinical, micro-
biological and immuno-histological
features that are highly similar to
those observed in human periodonti-
tis (Kornman et al. 1981, Page &
Schroeder 1982, Brecx et al. 1985,
Ebersole et al. 2002, 2014). There-
fore, the cynomolgus model, espe-
cially in the setting of naturally
occurring periodontitis, is consider-
ably more predictive of drug efficacy
in humans compared to widely used
models, such as those in rodents,
rabbits or dogs. The successful Cp40
inhibition of natural periodontal
inflammation and osteoclastogenesis
in NHPs additionally  shows
unequivocally that C3 is critical for
the pathogenesis of this oral disease,
as suggested by earlier correlative
human clinical studies (Attstrom
et al. 1975, Schenkein & Genco
1977, Toto et al. 1978, Niekrash &
Patters 1985, Nikolopoulou-Papa-
constantinou et al. 1987, Patters
et al. 1989, Hajishengallis 2010). In
conjunction with the earlier human
studies, the present work places peri-
odontitis to a growing list of diseases
with substantial complement
involvement, including paroxysmal
nocturnal haemoglobinuria (PNH),
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Fig. 3. Decreased GCF levels of pro-inflammatory and pro-osteoclastogenic mediators
in NHPs with natural periodontitis after local treatment with Cp40 three times weekly.
At the indicated time points, GCF was collected from monkeys with natural periodon-
titis which were treated three times weekly for 6 weeks with Cp40 in the maxilla
(“Cp40”) but not in the mandible (“Untreated”). Total cytokine or mediator content
(a, IL-1p; b, IL-6; c, IL-8; d, IL-17; e, RANKL; f, osteoprotegerin (OPG); g, C3a; h,
C5/C5a) in the eluted GCF samples was measured using a Bio-Plex system or ELISA
(C3a only). Data are means + SD (n = 10 monkeys). *p < 0.05; **p < 0.01 compared
to baseline (one-way repeated-measures ANova and Bonferroni’s multiple comparisons
test). GCF, gingival crevicular fluid; NHPs, non-human primates; OPG, osteoprote-
gerin; RANKL, receptor activator of NF-«B ligand.
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age-related macular degeneration,
atypical haemolytic uraemic syn-
drome and rheumatoid arthritis
(Ricklin & Lambris 2013). Consis-
tent with the role of C3 as a poten-
tial therapeutic target in
periodontitis, a recent report has
identified C3 among the top 21 most
promising candidate genes involved
in periodontitis, by using an integra-
tive gene prioritization method and
databases from genome-wide associ-
ation studies and microarray experi-
ments (Zhan et al. 2014).

The complement inhibition
capacity of Cp40 was confirmed by
findings of decreased GCF levels of
C3a and C5/C5a. The detecting anti-
body utilized in the latter assay does
not distinguish between C5 and the
activation product C5a and, there-
fore, C5 levels could be reduced indi-
rectly by Cp40 through inhibition of
inflammation (Zou et al. 2013).
However, the ability of Cp40 to
reduce C3a definitely confirmed its
potential to inhibit complement acti-
vation in our study. In this regard, it
is uncertain if intra-gingivally admin-
istered Cp40 inhibited complement
activation in the gingival tissue
resulting in lower levels of available
C3a to transudate to the periodontal
pocket or whether Cp40 also dif-
fused to the periodontal pocket
where it could additionally block
complement activation in the GCF.
Although both possibilities are
likely, the ability of Cp40 to block
complement in the gingiva was con-
firmed by immunohistochemistry
that showed decreased levels of the
complement cleavage products (C3d
and C5a) in the connective tissue in
the vicinity of the bone.

Cp40 is the first compstatin ana-
logue with subnanomolar target
affinity (Kp = 0.5 nM) and features
a plasma half-life that exceeds expec-
tations for most peptidic drugs (Qu
et al. 2013, Mastellos et al. 2015b).
The relatively long half-life of the
Cp40 peptide was attributed to a
“target-driven” model, according to
which an initial rapid clearance of
excess free peptide (i.e. not bound to
C3) is followed by slow clearance of
C3-bound peptide. As the measured
half-life values of different comp-
statin analogues correlate positively
with their binding affinities for C3
(Qu et al. 2013), it can be inferred
that the tight binding of Cp40 to C3
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Fig. 4. Single weekly administration of Cp40 decreases the levels of pro-inflammatory
and pro-osteoclastogenic mediators in the GCF of NHPs with natural periodontitis.
At the indicated time points, GCF was collected from monkeys with natural periodon-
titis which were treated once weekly for 6 weeks with Cp40 in the maxilla (“Cp40”)
but not in the mandible (“Untreated”). Total cytokine or mediator content (a, IL-1;
b, IL-6; ¢, IL-8; d, IL-17; e, RANKL; f, OPG; g, C3a; h, C5/C5a) in the eluted GCF
samples was measured using a Bio-Plex system or ELISA (C3a only). Data are
means = SD (n =5 monkeys). *p < 0.05; **p < 0.01 compared to baseline (one-way
repeated-measures ANova and Bonferroni’s multiple comparisons test). GCF, gingival
crevicular fluid; NHPs, non-human primates; OPG, osteoprotegerin; RANKL, recep-

tor activator of NF-xB ligand.

delays its clearance. Similarly, the
expected tight binding of Cp40 to
abundant C3 in the inflamed peri-
odontium  could contribute to
delayed elimination of the drug from
the tissues, in turn accounting — at
least in part— for the sustained pro-
tective effect of Cp40 observed in this
study. Alternatively, or additionally,
it is likely that the observed suppres-
sion of inflammation by Cp40 tips
the balance towards tissue homeosta-
sis, which might then resist patholog-
ical processes for some time even in
the absence of the drug. In this
regard, the clinical periodontal
indices, the GCF levels of pro-inflam-
matory mediators and the numbers
of periodontal osteoclasts persisted at
lower levels than their corresponding
baseline values for at least 6 weeks
following drug withdrawal.

Given that complement is not a
linear cascade of events but essen-
tially a hub-like network that is
tightly connected to other compo-
nents of the immune system (Ricklin
et al. 2010), it is plausible that C3
inhibition has a far-reaching impact
above and beyond complement itself.
For instance C3a- and C5a-induced
signalling pathways cross-talk with
and amplify TLR-mediated inflam-
matory responses in various tissues
including the periodontium (Zhang
et al. 2007, Hajishengallis & Lambris
2010, Abe et al. 2012). Complement
inhibition, therefore, is likely to miti-
gate inflammation initiated through
TLR activation, either by microbial
ligands (e.g. bacterial lipopolysaccha-
ride or lipoproteins) or by endoge-
nous molecules acting as danger
signals upon their release due to
inflammatory tissue destruction (e.g.
biglycan, hyaluronan fragments and
heparan sulphate fragments) (Miyake
2007, Schaefer 2010). These consider-
ations may in part explain why the
inhibition of a single molecule, C3,
has a strong influence on the course
of natural periodontal inflammation.

It was also recently shown that,
in human monocytes, C3a regulates
the release of intracellular ATP into
the extracellular space, thereby con-
trolling NLRP3 inflammasome acti-
vation and subsequent secretion of
IL-15, which in turn promotes
human CD4+ T cell production of
IL-17 (Asgari et al. 2013). In this
regard, a clinical study has shown
enhanced expression of NLRP3

© 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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Fig. 5. Expression of inflammatory and osteoclastogenesis-related molecules in periodontal biopsy specimens from Cp40-treated
NHPs. Periodontal biopsy specimens from the maxillae of NHPs treated with Cp40 were processed for fluorescent microscopy. The
specimens were taken before (week 0) and after (week 6) treatment with Cp40 locally administered three times weekly. Shown are
representative overlays of DIC and fluorescent images stained for the indicated molecules. B, bone; CT, connective tissue; DIC,
differential interference contrast; NHPs, non-human primates. Scale bar, 100 ym.
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dependent inflammatory mechanisms
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observed suppression of RANKL,
since I1L-17 upregulates RANKL by
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cells (e.g. fibroblasts and osteoblasts)
(Miossec & Kolls 2012). Besides
inhibiting RANKL expression, Cp40
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Fig. 7. Decreased numbers of osteoclasts after treatment of natural NHP periodontitis
with Cp40. At the indicated time points, alveolar bone biopsies were obtained from
monkeys with natural periodontitis. The animals were treated three times (a) or once
(b) weekly for 6 weeks with Cp40 in the maxilla but not in the mandible
(“Untreated”). TRAP-positive multinucleated cells (osteoclasts) were enumerated in 10
randomly selected sections for each bone biopsy specimen from the maxilla or man-
dible of each of the animals. The numbers of osteoclasts were averaged for each
biopsy specimen and are represented by dots. Scatter dot plots with mean + SD are

shown for each group of monkeys (a, n =

10; b, n =5 animals). Indicated p-values

determined by one-way repeated-measures ANova and Tukey’s multiple comparisons

test. NHP, non-human primate.

ligament cells (Devi et al. 2013). Con-
sistently, the ability of Cp40 to
decrease the RANKL/OPG ratio was
associated with decreased osteoclas-
togenesis in bone biopsy samples.
Therefore, Cp40 has the potential to
inhibit naturally occurring bone loss,
in accord with its capacity to block
ligature-induced bone loss in NHPs
(Maekawa et al. 2014a). Although
induction of measurable bone loss
can be observed within a few weeks
in the relatively acute ligature-
induced model, bone loss is a rela-
tively slow process in naturally occur-
ring chronic periodontitis (hence
changes in bone loss could not be
detected radiographically in this study
due to its relatively short duration).

By inhibiting complement at the
level of C3, Cp40 (and earlier comp-
statin analogues) does not interfere
with C4b-mediated opsonization of

bacteria via the classical and lectin
pathways (Kirjavainen et al. 2008).
Nevertheless, for increased safety,
Cp40 treatments in disease settings
requiring long-term systemic inter-
vention (e.g. in PNH (Risitano et al.
2014)) would necessitate vaccination
against encapsulated bacteria (e.g.
meningococci) to minimize the risk
of potential infections (Mastellos
et al. 2015a). Importantly, these
potential safety considerations are
unlikely to apply to the treatment of
periodontitis  through local Cp40
administration. In  this regard,
C3-deficient mice display reduced
periodontal bacterial load compared
to C3-sufficient controls in the
course of experimental periodontitis
(Maekawa et al. 2014a), suggesting
that impaired complement activation
does not predispose to defective
immune surveillance in the periodon-

tium. These findings are in accord
with the notion that inflammation
generates tissue breakdown products
(e.g. degraded collagen peptides or
haeme-containing compounds) that
serve the nutritional needs of peri-
odontitis-associated bacteria (Marsh
2003, Hajishengallis 2014b). Indeed,
studies in mouse and rabbit models
of periodontitis indicate that the
control of inflammation also reduces
the bacterial load (Hasturk et al.
2007, Eskan et al. 2012, Abe et al.
2014, Moutsopoulos et al. 2014).
Conversely, and consistently, the
bacterial biomass of human peri-
odontitis-associated biofilms
increases with escalating periodontal
inflammation (Abusleme et al. 2013).

Although Cp40 was successfully
applied as a stand-alone treatment in
the current NHP study, it can be
envisioned as an adjunctive therapy
to the management of human chronic
periodontitis. Future clinical trials
could investigate the potential of
Cp40 to inhibit periodontal inflam-
mation and bone loss compared to
scaling and root planing, whereas in
very severe cases of the disease, Cp40
could be combined with scaling and
root planing and compared to peri-
odontal surgery, in an effort to obvi-
ate the need for a surgical approach.
It should be noted that future host-
modulation interventions, such as
Cp40, would not necessarily be
implemented in a therapeutic setting
but could also be provided on a pre-
ventive basis to high-risk individuals,
such as cigarette smokers and dia-
betic patients (Heitz-Mayfield 2005,
Genco & Genco 2014), before the
onset of periodontitis. A clinically
developed Cp40-based drug (AMY-
101; Amyndas Pharmaceuticals, Gly-
fada, Attica, Greece.) is currently
under evaluation as a potential treat-
ment of complications of ABO-
incompatible kidney transplantation
and PNH (Mastellos et al. 2015b).
Whether Cp40/AMY-101 can find
application for the treatment of
human periodontitis is a possibility
that — based on the results of this
NHP study— merits investigation in
future clinical trials.

Acknowledgements

We thank Dr. Niki M. Mout-
sopoulos (NIDCR/NIH) for com-
ments and suggestions.

© 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd



References

Abe, T., Hosur, K. B., Hajishengallis, E., Reis, E.
S., Ricklin, D., Lambris, J. D. & Hajishengal-
lis, G. (2012) Local complement-targeted inter-
vention in periodontitis: proof-of-concept using
a CSa receptor (CD88) antagonist. Journal of
Immunology 189, 5442-5448.

Abe, T., Shin, J., Hosur, K., Udey, M. C., Chava-
kis, T. & Hajishengallis, G. (2014) Regulation
of osteoclast homeostasis and inflammatory
bone loss by MFG-E8. Journal of Immunology
193, 1383-1391.

Abusleme, L., Dupuy, A. K., Dutzan, N., Silva,
N., Burleson, J. A., Strausbaugh, L. D., Gamo-
nal, J. & Diaz, P. 1. (2013) The subgingival
microbiome in health and periodontitis and its
relationship with community biomass and
inflammation. ISME Journal 7, 1016-1025.

Armitage, G. C. (2002) Classifying periodontal
diseases: a long-standing dilemma. Periodontol-
ogy 2000 30, 9-23.

Asgari, E., Le Friec, G., Yamamoto, H., Perucha,
E., Sacks, S. S., Kohl, J., Cook, H. T. & Kem-
per, C. (2013) C3a modulates IL-1f secretion
in human monocytes by regulating ATP efflux
and subsequent NLRP3 inflammasome activa-
tion. Blood 122, 3473-3481.

Assuma, R., Oates, T., Cochran, D., Amar, S. &
Graves, D. T. (1998) IL-1 and TNF antago-
nists inhibit the inflammatory response and
bone loss in experimental periodontitis. Journal
of Immunology 160, 403-409.

Attstrom, R., Laurel, A. B., Lahsson, U. & Sjo-
holm, A. (1975) Complement factors in gingival
crevice material from healthy and inflamed gin-
giva in  humans. Journal of Periodontal
Research 10, 19-27.

Beikler, T. & Flemmig, T. F. (2011) Oral biofilm-
associated diseases: trends and implications for
quality of life, systemic health and expendi-
tures. Periodontology 2000 55, 87-103.

Belibasakis, G. N. & Bostanci, N. (2012) The
RANKL-OPG system in clinical periodontol-
ogy. Journal of Clinical Periodontology 39, 239—
243.

Boespflug, N. D., Kumar, S., McAlees, J. W.,
Phelan, J. D., Grimes, H. L., Hoebe, K., Hai,
T., Filippi, M. D. & Karp, C. L. (2014) ATF3
is a novel regulator of mouse neutrophil migra-
tion. Blood 123, 2084-2093.

Bostanci, N., Emingil, G., Saygan, B., Turkoglu,
0., Atilla, G., Curtis, M. A. & Belibasakis, G.
N. (2009) Expression and regulation of the
NALP3 inflammasome complex in periodontal
diseases. Clinical and Experimental Immunology
157, 415-422.

Bostanci, N., Ilgenli, T., Emingil, G., Afacan, B.,
Han, B., Toz, H., Atilla, G., Hughes, F. J. &
Belibasakis, G. N. (2007) Gingival crevicular
fluid levels of RANKL and OPG in periodon-
tal diseases: implications of their relative ratio.
Journal of Clinical Periodontology 34, 370-376.

Brecx, M. C., Nalbandian, J., Ooya, K., Korn-
man, K. S. & Robertson, P. B. (1985) Morpho-
logical studies on periodontal disease in the
cynomolgus monkey. II. Light microscopic
observations on ligature-induced periodontitis.
Journal of Periodontal Research 20, 165-175.

Breivik, T., Gundersen, Y., Gjermo, P., Taylor, S.
M., Woodruff, T. M. & Opstad, P. K. (2011)
Oral treatment with complement factor CSa
receptor (CDS88) antagonists inhibits experi-
mental periodontitis in rats. Journal of Peri-
odontal Research 46, 643—647.

Cappelli, D., Holt, S. C., Singer, R. E., Pickrum,
H. M. & Ebersole, J. L. (2000) Effects of

0.12% chlorhexidine gluconate on experimental
gingivitis in non-human primates: clinical and
microbiological alterations. Oral Diseases 6,
124-131.

Chapple, I. L. (2014) Time to take periodontitis
seriously. BMJ 348, g2645.

Colombo, A. P., Bennet, S., Cotton, S. L., Good-
son, J. M., Kent, R., Haffajee, A. D., Socran-
sky, S. S., Hasturk, H., Van Dyke, T. E.,
Dewhirst, F. E. & Paster, B. J. (2012) Impact
of periodontal therapy on the subgingival
microbiota of severe periodontitis: comparison
between good responders and individuals with
refractory periodontitis using the human oral

microbe identification microarray. Journal of

Periodontology 83, 1279-1287.

Courts, F. J., Boackle, R. J., Fudenberg, H. H. &
Silverman, M. S. (1977) Detection of functional
complement components in gingival crevicular
fluid from humans with periodontal diseases.
Journal of Dental Research 56, 327-331.

Demmer, R. T. & Papapanou, P. N. (2010) Epi-
demiologic patterns of chronic and aggressive
periodontitis. Periodontology 2000 53, 28—44.

Devi, S., Li, A., Westhorpe, C. L., Lo, C. Y.,
Abeynaike, L. D., Snelgrove, S. L., Hall, P.,
Ooi, J. D., Sobey, C. G., Kitching, A. R. &
Hickey, M. J. (2013) Multiphoton imaging
reveals a new leukocyte recruitment paradigm
in the glomerulus. Nature Medicine 19, 107—
112.

Ebersole, J. L., Cappelli, D., Mathys, E. C., Stef-
fen, M. J., Singer, R. E., Montgomery, M.,
Mott, G. E. & Novak, M. J. (2002) Periodonti-
tis in humans and non-human primates: oral-
systemic linkage inducing acute phase proteins.
Annals of Periodontology 7, 102-111.

Ebersole, J. L., Kirakodu, S., Novak, M. J.,
Exposto, C. R., Stromberg, A. J., Shen, S.,
Orraca, L., Gonzalez-Martinez, J. & Gonzalez,
O. A. (2015) Effects of aging in the expression
of NOD-like receptors and inflammasome-
related genes in oral mucosa. Molecular Oral
Microbiology. doi: 10.1111/omi.12121. [Epub
ahead of print].

Ebersole, J. L., Kirakodu, S., Novak, M. J.,
Stromberg, A. J., Shen, S., Orraca, L., Gonza-
lez-Martinez, J., Burgos, A. & Gonzalez, O. A.
(2014) Cytokine gene expression profiles during
initiation, progression and resolution of peri-
odontitis. Journal of Clinical Periodontology 41,
853-861.

Eke, P. 1., Dye, B. A., Wei, L., Slade, G. D.,
Thornton-Evans, G. O., Borgnakke, W. S.,
Taylor, G. W., Page, R. C., Beck, J. D. &
Genco, R. J. (2015) Update on prevalence of
periodontitis in adults in the United States:
NHANES 2009 to 2012. Journal of Periodon-
tology 86, 611-622.

Eke, P. 1., Dye, B. A., Wei, L., Thornton-Evans, G.
0. & Genco, R. J. (2012) Prevalence of periodon-
titis in adults in the United States: 2009 and
2010. Journal of Dental Research 91, 914-920.

Eskan, M. A., Jotwani, R., Abe, T., Chmelar, J.,
Lim, J. H., Liang, S., Ciero, P. A., Krauss, J.
L., Li, F., Rauner, M., Hofbauer, L. C., Choi,
E. Y., Chung, K. J., Hashim, A., Curtis, M.
A., Chavakis, T. & Hajishengallis, G. (2012)
The leukocyte integrin antagonist Del-1 inhibits
IL-17-mediated inflammatory bone loss. Nature
Immunology 13, 465-473.

Genco, R. J. & Genco, F. D. (2014) Common
risk factors in the management of periodontal
and associated systemic diseases: the dental set-
ting and interprofessional collaboration. Jour-
nal of Evidence-Based Dental Practice 14
(Suppl), 4-16.

© 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

C3 inhibition in periodontitis 247

Gonzalez, O. A., Nagarajan, R., Novak, M. J,,
Orraca, L., Gonzalez-Martinez, J. A., Kira-
kodu, S. S. & Ebersole, J. L. (2015) Immune
system transcriptome in gingival tissues of
young nonhuman primates. Journal of Peri-
odontal Research 41, 952-957.

Graves, D. (2008) Cytokines that promote peri-
odontal tissue destruction. Journal of Periodon-
tology 79, 1585-1591.

Hajishengallis, G. (2010) Complement and peri-
odontitis. Biochemical Pharmacology 80, 1992—
2001.

Hajishengallis, G. (2014a) Aging and its impact
on innate immunity and inflammation: implica-
tions for periodontitis. Journal of Oral Bio-
sciences 56, 30-37.

Hajishengallis, G. (2014b) The inflammophilic
character of the periodontitis-associated micro-
biota. Molecular Oral Microbiology 29, 248-257.

Hajishengallis, G. (2015) Periodontitis: from
microbial immune subversion to systemic
inflammation. Nature Reviews. Immunology 15,
30-44.

Hajishengallis, G. & Lambris, J. D. (2010) Cross-
talk pathways between toll-like receptors and
the complement system. Trends in Immunology
31, 154-163.

Hajishengallis, G., Liang, S., Payne, M. A,
Hashim, A., Jotwani, R., Eskan, M. A., Mcln-
tosh, M. L., Alsam, A., Kirkwood, K. L.,
Lambris, J. D., Darveau, R. P. & Curtis, M.
A. (2011) Low-abundance biofilm species
orchestrates inflammatory periodontal disease
through the commensal microbiota and com-
plement. Cell Host & Microbe 10, 497-506.

Han, Y. W., Houcken, W., Loos, B. G., Schen-
kein, H. A. & Tezal, M. (2014) Periodontal dis-
ease, atherosclerosis, adverse  pregnancy
outcomes, and head-and-neck cancer. Advances
in Dental Research 26, 47-55.

Hasturk, H., Kantarci, A., Goguet-Surmenian, E.,
Blackwood, A., Andry, C., Serhan, C. N. &
Van Dyke, T. E. (2007) Resolvin El regulates
inflammation at the cellular and tissue level
and restores tissue homeostasis in vivo. Journal
of Immunology 179, 7021-7029.

Heitz-Mayfield, L. J. (2005) Disease progression:
identification of high-risk groups and individu-
als for periodontitis. Journal of Clinical Peri-
odontology 32 (Suppl 6), 196-209.

Kebschull, M., Demmer, R. T. & Papapanou, P.
N. (2010) “Gum bug leave my heart alone™:
epidemiologic and mechanistic evidence linking
periodontal infections and atherosclerosis.
Journal of Dental Research 89, 879-902.

Kirjavainen, V., Jarva, H., Biedzka-Sarek, M.,
Blom, A. M., Skurnik, M. & Meri, S. (2008)
Yersinia enterocolitica serum resistance pro-
teins YadA and ail bind the complement regu-
lator C4b-binding protein. PLoS Pathogens 4,
€1000140.

Kornman, K. S., Holt, S. C. & Robertson, P. B.
(1981) The microbiology of ligature-induced
periodontitis in the cynomolgus monkey. Jour-
nal of Periodontal Research 16, 363-371.

Koziel, J., Mydel, P. & Potempa, J. (2014) The
link between periodontal disease and rheuma-
toid arthritis: an updated review. Current
Rheumatology Reports 16, 408.

Lalla, E. & Papapanou, P. N. (2011) Diabetes
mellitus and periodontitis: a tale of two com-
mon interrelated diseases. Nature Reviews.
Endocrinology 7, 738-748.

Lally, E. T., McArthur, W. P. & Bachni, P. C.
(1982) Biosynthesis of complement components
in chronically inflamed gingiva. Journal of Peri-
odontal Research 17, 257-262.


info:doi/10.1111/omi.12121

248 Maekawa et al.

Lamkanfi, M. & Dixit, V. M. (2014) Mechanisms
and functions of inflammasomes. Cell 157,
1013-1022.

Lamont, R. J. & Hajishengallis, G. (2015) Polymi-
crobial synergy and dysbiosis in inflammatory
disease. Trends in Molecular Medicine 21, 172—
183.

Lee, S. K. & Lorenzo, J. A. (1999) Parathyroid
hormone stimulates TRANCE and inhibits
osteoprotegerin  messenger ribonucleic  acid
expression in murine bone marrow cultures:
correlation with osteoclast-like cell formation.
Endocrinology 140, 3552-3561.

Li, K. L., Vogel, R., Jeffcoat, M. K., Alfano, M.
C., Smith, M. A., Collins, J. G. & Offenbacher,
S. (1996) The effect of ketoprofen creams on
periodontal disease in rhesus monkeys. Journal
of Periodontal Research 31, 525-532.

Liang, S., Krauss, J. L., Domon, H., McIntosh,
M. L., Hosur, K. B., Qu, H., Li, F., Tzekou,
A., Lambris, J. D. & Hajishengallis, G. (2011)
The CSa receptor impairs IL-12-dependent
clearance of Porphyromonas gingivalis and is
required for induction of periodontal bone loss.
Journal of Immunology 186, 869—877.

Mackawa, T., Abe, T., Hajishengallis, E., Hosur,
K. B., DeAngelis, R. A., Ricklin, D., Lambris,
J. D. & Hajishengallis, G. (2014a) Genetic and
intervention studies implicating complement C3
as a major target for the treatment of peri-
odontitis. Journal of Immunology 192, 6020—
6027.

Mackawa, T., Krauss, J. L., Abe, T., Jotwani, R.,
Triantafilou, M., Triantafilou, K., Hashim, A.,
Hoch, S., Curtis, M. A., Nussbaum, G., Lam-
bris, J. D. & Hajishengallis, G. (2014b) Porphy-
romonas  gingivalis manipulates complement
and TLR signaling to uncouple bacterial clear-
ance from inflammation and promote dysbiosis.
Cell Host & Microbe 15, 768-778.

Marsh, P. D. (2003) Are dental diseases examples
of ecological catastrophes? Microbiology 149,
279-294.

Mastellos, D. C., Ricklin, D., Hajishengallis, E.,
Hajishengallis, G. & Lambris, J. D. (2015a)
Complement therapeutics in inflammatory dis-
eases: promising drug candidates for C3-targeted
intervention. Molecular Oral Microbiology. doi:
10.1111/0omi.12129. [Epub ahead of print].

Mastellos, D. C., Yancopoulou, D., Kokkinos,
P., Huber-Lang, M., Hajishengallis, G., Biglar-
nia, A. R., Lupu, F., Nilsson, B., Risitano, A.
M., Ricklin, D. & Lambris, J. D. (2015b)
Compstatin: a C3-targeted complement inhibi-
tor reaching its prime for bedside intervention.
European Journal of Clinical Investigation 45,
423-440.

Miossec, P. & Kolls, J. K. (2012) Targeting I1L-17
and TH17 cells in chronic inflammation. Nat-
ure Reviews. Drug Discovery 11, 763-776.

Miyake, K. (2007) Innate immune sensing of
pathogens and danger signals by cell surface
toll-like receptors. Seminars in Immunology 19,
3-10.

Moritz, A. J., Cappelli, D., Lantz, M. S., Holt,
S. C. & Ebersole, J. L. (1998) Immunization
with  Porphyromonas gingivalis cysteine pro-
tease: effects on experimental gingivitis and
ligature-induced periodontitis in Macaca fasci-
cularis. Journal of Periodontology 69, 686—
697.

Moutsopoulos, N. M., Kling, H. M., Angelov,
N., Jin, W., Palmer, R. J., Nares, S., Osorio,
M. & Wahl, S. M. (2012) Porphyromonas gingi-
valis promotes Thl7 inducing pathways in
chronic periodontitis. Journal of Autoimmunity
39, 294-303.

Moutsopoulos, N. M., Konkel, J., Sarmadi, M.,
Eskan, M. A., Wild, T., Dutzan, N., Abusleme,
L., Zenobia, C., Hosur, K. B., Abe, T., Uzel,
G., Chen, W., Chavakis, T., Holland, S. M. &
Hajishengallis, G. (2014) Defective neutrophil
recruitment in leukocyte adhesion deficiency
type I disease causes local IL-17—driven inflam-
matory bone loss. Science Translational Medi-
cine 6, 229ra40.

Niekrash, C. E. & Patters, M. R. (1985) Simulta-
neous assessment of complement components
C3, C4, and B and their cleavage products in
human gingival fluid. II. Longitudinal changes
during periodontal therapy. Journal of Peri-
odontal Research 20, 268-275.

Niekrash, C. E. & Patters, M. R. (1986) Assess-
ment of complement cleavage in gingival fluid
in humans with and without periodontal dis-
ease. Journal of Periodontal Research 21, 233~
242.

Nikolopoulou-Papaconstantinou, A. A., Johan-
nessen, A. C. & Kristoffersen, T. (1987)
Deposits of immunoglobulins, complement,
and immune complexes in inflamed human gin-
giva. Acta Odontologica Scandinavica 45, 187—
193.

Nisengard, R., Blann, D., Zelonis, L., McHenry,
K., Reynolds, H. & Zambon, J. (1989) Effects
of immunization with B. macacae on induced
periodontitis—preliminary findings. Immunologi-
cal Investigations 18, 225-237.

Offenbacher, S., Braswell, L. D., Loos, A. S.,
Johnson, H. G., Hall, C. M., McClure, H.,
Orkin, J. L., Strobert, E. A., Green, M. D. &
Odle, B. M. (1987) Effects of flurbiprofen on
the progression of periodontitis in Macaca
mulatta. Journal of Periodontal Research 22,
473-481.

Page, R. C., Lantz, M. S., Darveau, R., Jeffcoat,
M., Mancl, L., Houston, L., Braham, P. &
Persson, G. R. (2007) Immunization of Macaca
fascicularis against experimental periodontitis
using a vaccine containing cysteine proteases
purified from Porphyromonas gingivalis. Oral
Microbiology and Immunology 22, 162—168.

Page, R. C. & Schroeder, H. E. (1982) Periodonti-
tis in man and other animals — a comparative
review. Basel, Switzerland: Karger.

Patters, M. R., Niekrash, C. E. & Lang, N. P.
(1989) Assessment of complement cleavage in
gingival fluid during experimental gingivitis in
man. Journal of Clinical Periodontology 16, 33—
37.

Persson, G. R., Engel, D., Whitney, C., Darveau,
R., Weinberg, A., Brunsvold, M. & Page, R.
C. (1994) Immunization against Porphyromonas
gingivalis inhibits progression of experimental
periodontitis in nonhuman primates. Infection
and Immunity 62, 1026-1031.

Pierce, A. & Lindskog, S. (1987) The effect of an
antibiotic/corticosteroid paste on inflammatory
root resorption in vivo. Oral Surgery, Oral
Medicine, and Oral Pathology 64, 216-220.

Qu, H., Ricklin, D., Bai, H., Chen, H., Reis, E.
S., Maciejewski, M., Tzekou, A., DeAngelis, R.
A., Resuello, R. R., Lupu, F., Barlow, P. N. &
Lambris, J. D. (2013) New analogs of the clini-
cal complement inhibitor compstatin with sub-

nanomolar affinity and enhanced
pharmacokinetic  properties.  Immunobiology
218, 496-505.

Rams, T. E., Degener, J. E. & van Winkelhoff, A.
J. (2014) Antibiotic resistance in human

chronic periodontitis microbiota. Journal of

Periodontology 85, 160-169.
Rautemaa, R. & Meri, S. (1996) Protection of
gingival  epithelium against complement-

mediated damage by strong expression of the
membrane attack complex inhibitor protectin
(CDS59). Journal of Dental Research 75, 568—
574.

Ricklin, D., Hajishengallis, G., Yang, K. & Lam-
bris, J. D. (2010) Complement: a key system
for immune surveillance and homeostasis. Nat-
ure Immunology 11, 785-797.

Ricklin, D. & Lambris, J. D. (2013) Complement
in immune and inflammatory disorders: thera-
peutic interventions. Journal of Immunology
190, 3839-3847.

Risitano, A. M., Ricklin, D., Huang, Y., Reis, E.
S., Chen, H., Ricci, P., Lin, Z., Pascariello, C.,
Raia, M., Sica, M., Del Vecchio, L., Pane, F.,
Lupu, F., Notaro, R., Resuello, R. R.,
DeAngelis, R. A. & Lambris, J. D. (2014) Pep-
tide inhibitors of C3 activation as a novel strat-
egy of complement inhibition for the treatment
of paroxysmal nocturnal hemoglobinuria.
Blood 123, 2094-2101.

Roberts, F. A., Houston, L. S., Lukehart, S. A.,
Mancl, L. A., Persson, G. R. & Page, R. C.
(2004) Periodontitis vaccine decreases local
prostaglandin E2 levels in a primate model.
Infection and Immunity 72, 1166-1168.

Schaefer, L. (2010) Extracellular matrix mole-
cules: endogenous danger signals as new drug
targets in kidney diseases. Current Opinion in
Pharmacology 10, 185-190.

Schenkein, H. A. & Genco, R. J. (1977) Gingival
fluid and serum in periodontal diseases. II. Evi-
dence for cleavage of complement components
C3, C3 proactivator (factor B) and C4 in gingi-
val fluid. Journal of Periodontology 48, 778—
784.

Shin, J., Maekawa, T., Abe, T., Hajishengallis,
E., Hosur, K., Pyaram, K., Mitroulis, I., Cha-
vakis, T. & Hajishengallis, G. (2015) DEL-1
restrains osteoclastogenesis and inhibits inflam-
matory bone loss in nonhuman primates.
Science Translational Medicine 7, 307ral55.

Tonetti, M. S., D’Aiuto, F., Nibali, L., Donald,
A., Storry, C., Parkar, M., Suvan, J., Hingo-
rani, A. D., Vallance, P. & Deanfield, J. (2007)
Treatment of periodontitis and endothelial
function. New England Journal of Medicine
356, 911-920.

Toto, P. D., Lin, L. & Gargiulo, A. (1978) Iden-
tification of C3a, IgG, IgM in inflamed
human gingiva. Journal of Dental Research
57, 696.

Triantafilou, K., Hughes, T. R., Triantafilou, M.
& Morgan, B. P. (2013) The complement mem-
brane attack complex triggers intracellular
Ca2+ fluxes leading to NLRP3 inflammasome
activation. Journal of Cell Science 126, 2903—
2913.

White, D. A., Tsakos, G., Pitts, N. B., Fuller, E.,
Douglas, G. V., Murray, J. J. & Steele, J. G.
(2012) Adult Dental Health Survey 2009: com-
mon oral health conditions and their impact on
the population. British Dental Journal 213,
567-572.

Zenobia, C. & Hajishengallis, G. (2015) Basic
biology and role of interleukin-17 in immunity
and inflammation. Periodontology 2000 69,
142-159.

Zhan, Y., Zhang, R., Lv, H., Song, X., Xu, X,
Chai, L., Lv, W., Shang, Z., Jiang, Y. &
Zhang, R. (2014) Prioritization of candidate
genes for periodontitis using multiple computa-
tional tools. Journal of Periodontology 85,
1059-1069.

Zhang, X., Kimura, Y., Fang, C., Zhou, L., Sfy-
roera, G., Lambris, J. D., Wetsel, R. A., Miwa,
T. & Song, W. C. (2007) Regulation of toll-like

© 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd


info:doi/10.1111/omi.12129

receptor-mediated inflammatory response by
complement in vivo. Blood 110, 228-236.

Zou, L., Feng, Y., Li, Y., Zhang, M., Chen, C.,
Cai, J., Gong, Y., Wang, L., Thurman, J. M.,
Wu, X., Atkinson, J. P. & Chao, W. (2013)
Complement factor B is the downstream effec-
tor of TLRs and plays an important role in a
mouse model of severe sepsis.
Immunology 191, 5625-5635.

Supporting Information

Additional Supporting Information
may be found in the online version
of this article:

Appendix S1. Supplementary meth-
ods.

Figure S1. Effects of Cp40 on
inflammatory clinical parameters of
NHP chronic periodontitis (3x treat-
ment): Raw data for monkey #1.
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Figure S5. Effects of Cp40 on
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ment): Raw data for monkey #8.
Figure S9. Effects of Cp40 on
inflammatory clinical parameters of
NHP chronic periodontitis (3x treat-
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rally occurring chronic periodontitis
in NHPs.
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ment): Raw data for monkey #1.
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Clinical Relevance

Scientific rationale for the study:
Most interventional studies in ani-
mal models of periodontitis are
performed in a preventive (rather
than therapeutic) setting and
involve inducible models of the dis-
ease. To increase the predictive
value of preclinical intervention for

drug efficacy in humans, we used
non-human primates with naturally
occurring periodontitis to test the
therapeutic potential of a comple-
ment inhibitor (Cp40).

Principal  findings: Cp40 inhibited
pre-existing periodontal inflamma-
tion (determined by both clinical
and laboratory assessment) and

osteoclastogenesis in non-human
primates, a clinically relevant
model of human periodontitis.
Practical implications: These find-
ings pave the way for testing Cp40
in future clinical trials for the treat-
ment of human periodontitis.
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