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SUMMARY
There is increasing appreciation that complement
dysregulation lies at the heart of numerous
immune-mediated and inﬂammatory disorders.
Complement inhibitors are therefore being evaluated as new therapeutic options in various clinical
translation programs and the ﬁrst clinically
approved complement-targeted drugs have profoundly impacted the management of certain complement-mediated diseases. Among the many
members of the intricate protein network of complement, the central component C3 represents a
‘hot-spot’ for complement-targeted therapeutic
intervention. C3 modulates both innate and adaptive immune responses and is linked to diverse
immunomodulatory systems and biological processes that affect human pathophysiology. Compelling evidence from preclinical disease models
has shown that C3 interception may offer multiple
beneﬁts over existing therapies or even reveal
novel therapeutic avenues in disorders that are
not commonly regarded as complement-driven,
such as periodontal disease. Using the clinically
developed compstatin family of C3 inhibitors and
periodontitis as illustrative examples, this review
highlights emerging therapeutic concepts and
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developments in the design of C3-targeted drug
candidates as novel immunotherapeutics for oral
and systemic inﬂammatory diseases.

INTRODUCTION
Complement exempliﬁes an evolutionarily ancient
innate immune sentinel whose role is undergoing a
profound paradigm shift in recent years. Its traditional
perception as a serum-borne auxiliary system that
merely potentiates humoral and cellular antimicrobial
responses has been superseded in the light of robust
evidence that complement plays a key role in tissue
homeostasis and immunosurveillance (Ricklin et al.,
2010). However, when excessively activated or dysregulated, complement drives pathogenesis in a wide
spectrum of acute or chronic inﬂammatory disorders
and immune-mediated diseases (Ricklin & Lambris,
2013a,b). The growing appreciation of complement’s
key involvement in disease pathogenesis has spearheaded systematic efforts to develop potent, highly
selective, and tailored complement therapeutics with
potential for clinical translation (Ricklin & Lambris,
2013c, 2015; Mastellos et al., 2015). Indeed, never
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before has complement research witnessed so
diverse and mechanistically subtle approaches for
modulating complement’s activity in a therapeutic
context, let alone a surge of highly cross-disciplinary
programs for implementing novel complement-based
anti-inﬂammatory therapies with translational potential. The launch of the ﬁrst complement-targeted
drugs, anti-C5 (Eculizumab; Soliris; Alexion, Cheshire, CT) and C1-inhibitor (C1-INH; available from
various manufacturers) has changed the clinical landscape of chronic debilitating diseases whose pathology is driven by complement dysregulation, such as
paroxysmal nocturnal hemoglobinuria (PNH), and
atypical hemolytic uremic syndrome (Risitano, 2012;
Mastellos et al., 2014). This profound therapeutic
leverage has also reignited a vibrant interest in the
biopharmaceutical development and clinical evaluation of a new generation of complement-based inhibitors (Ricklin & Lambris, 2007, 2013b; Qu et al.,
2009b).
In addition to the classic serum proteins (C1–C9),
the integrated complement system includes patternrecognition molecules, convertases and other
proteases, co-factors, regulators and receptors for
interactions with diverse immune mediators (Ricklin
et al., 2010). The complement cascade can be activated by distinct pathways (classical, lectin, or alternative), all of which converge at the cleavage of the
third complement component (C3) leading to the generation of effectors with diverse functions. These
include the recruitment and activation of inﬂammatory
cells [via the C3a and C5a anaphylatoxins that activate the G-protein-coupled receptors, C3aR and
C5aR1 (CD88), respectively], microbial opsonization
and phagocytosis (e.g. through the C3b or C4b opsonins), and direct lysis of susceptible targeted
microbes [via assembly of the C5b-9 membrane
attack complex (MAC)] (Ricklin et al., 2010). Comprising more than 50 proteins, the complement cascade
offers multiple targets for therapeutic modulation.
However, the design of anti-complement therapeutics
is faced with formidable challenges given the contextspeciﬁc involvement of complement in disease progression and the ﬁne spatiotemporal regulation of its
activity. Undeniably, nevertheless, the ﬁeld is witnessing an impressive lineup of approaches that aim to
modulate complement activity at various steps of the
cascade using a diversiﬁed toolbox of therapeutics that
range from large biologicals (e.g. antibodies and fusion
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proteins) to small interfering RNAs, aptamers, and lowmolecular-weight peptidic and non-peptidic inhibitors
(Ricklin & Lambris, 2013b, 2015; Risitano, 2015). In
this review, we discuss recent developments in complement therapeutics, with an emphasis on C3-targeted approaches, and their potential for the treatment
of oral and systemic inﬂammatory diseases.
TRENDS AND CHALLENGES IN COMPLEMENT
DRUG DESIGN
Interception at the early stages of complement initiation, such as inhibition of C1s, affords effective blockade of a single pathway (i.e. the classical pathway in
the case of C1s), while allowing other complement
pathways to operate and preserve their homeostatic
and immune surveillance functions (Ricklin & Lambris,
2013c). However, this approach might bear minimal
therapeutic merit, if the classical pathway is not exclusively responsible for complement activation in the
clinical disorder under question. On the other hand,
strategies that target C3 as the point of intervention
effectively block all activation, ampliﬁcation, and
downstream receptor-triggered effector mechanisms.
Such an approach may have greater therapeutic value
in clinical conditions associated with systemic complement activation, excessive C3 fragment deposition
and perpetually sustained autologous tissue injury, but
may also blunt beneﬁcial activities, such as microbial
opsonophagocytosis and tissue immune surveillance
(Ricklin & Lambris, 2013c, 2015). Conversely, inhibition at the level of C5 appears more modular, affording protection from the detrimental effects of C5a
generation and MAC formation, while preserving activation/ampliﬁcation at the level of C3. Alternatively,
speciﬁc blockade of C5aR1 signaling (using smallmolecule inhibitors such as PMX53) targets the detrimental consequences of C5aR-mediated inﬂammatory
activation but allows the terminal pathway to proceed
to the formation of MAC with its ensuing cytolytic
effects. Interception of complement at later stages of
the cascade (such as blocking C5 and C5aR1 signaling) balances on a ‘tight rope’, with elimination of
downstream effector functions that may drive pathology at one end, but also perpetuation of C3 activation/
alternative pathway ampliﬁcation and C3 fragment
deposition on the other end.
Emerging evidence from various disease models
and human pathologies suggests that inborn or
© 2015 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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acquired complement dysregulation, rather than a
complete functional shutdown of the system, is mainly
responsible for the detrimental proinﬂammatory ramiﬁcations that exacerbate pathology and may lead to
chronic medical complications and a deteriorated
quality of life (Ricklin & Lambris, 2013c). Therefore,
any therapeutic intervention that targets complement
activity should aim to a prudent regulation/monitoring
of complement’s activity to maintain homeostatic control and avoid disruption of long-term immunosurveillance. Given the pivotal role of various complement
components (e.g. C3 and C5) in the opsonophagocytic clearance of microbial intruders, a treatment
scheme including antimicrobial prophylaxis should
also be considered as an essential ‘side arm’ in any
complement-targeted therapeutic protocol.
Complement-based therapeutic design is dominated by two prevalent ‘schools of thought’: Namely,
(i) the ‘systemic interception’ approach that exerts its
therapeutic effects using biologics or small-sized inhibitors that target complement proteins in the ﬂuid
phase and (ii) the ‘surface-targeting’ approach that
directs inhibitors closer to the complement-opsonized
surface. In general terms, the adverse consequences
of complement activation are manifested as proinﬂammatory reactions in the vicinity or directly on host
cell surfaces that sustain the activation/ampliﬁcation
process. In several cases, systemically delivered
complement inhibitors have proven quite effective in
containing these surface-induced inﬂammatory or procoagulant complications (Kourtzelis et al., 2010;
Ekdahl et al., 2011; Ricklin & Lambris, 2013b; Klapper et al., 2014). However, recent studies have illustrated a wide array of highly innovative and
mechanistically subtle strategies for targeting complement inhibitors to the diseased surface (Ricklin &
Lambris, 2013c). Such a targeting approach is
believed to offer a number of advantages by selectively blocking complement at the tissue or site that
triggers local activation, instead of saturating the circulation with high doses of inhibitor to achieve lasting
therapeutic efﬁcacy (Ricklin & Lambris, 2013c).
Indeed, a successful paradigm illustrating the therapeutic potential of this approach is the design of
fusion proteins (e.g. TT30; Alexion) consisting of functional modules of regulator of complement activation
proteins such as factor H (CCP domains 1–5), combined with the iC3b/C3dg-binding domains of complement receptor 2 (CR2; CCP1–4) (Fridkis-Hareli et al.,
© 2015 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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2011). In principle, such chimeric regulators help to
localize the inhibitory effect to iC3b/C3dg-opsonized
surfaces by tethering the inhibitory module to the surface through the CR2 moiety. These modular inhibitors have shown great promise as therapeutic agents
in alternative pathway-mediated disease models
(Banda et al., 2009; Holers et al., 2013). Another
example underscoring the emerging therapeutic
potential of surface-targeted inhibitors is mini-FH, a
miniaturized version of human factor H (directly linking the modules CCP1–4 and CCP19–20) with unique
triple-targeting properties for recognition of complement-opsonized surfaces, host cell markers, and
products of oxidative damage (Schmidt et al., 2013).
This new inhibitor has recently shown promising therapeutic results in a disease model of PNH, protecting
patient erythrocytes from C3 opsonization and MACmediated hemolysis (Schmidt et al., 2013). Other
therapeutic approaches have exploited endogenous
C3 regulators to increase the biocompatibility of nonself or artiﬁcial surfaces. For instance, recruitment of
factor H to surfaces coated with a factor H-binding
peptide can prevent alternative pathway-mediated
complement activation/ampliﬁcation and attenuate
blood-mediated thromboinﬂammatory reactions and
so may have important implications for transplantation
medicine and biomaterial-triggered pathologies (Wu
et al., 2011; Nilsson et al., 2013).
Notably, the genetic proﬁling of large patient
cohorts has revealed another level of complexity that
should be taken into consideration in complementbased drug design efforts. Genome-wide association
studies and whole exome sequencing approaches
have recently unveiled previously elusive regulatory
circuits that appear to be ﬁne-tuned by subtle genetic
variations in distinct complement-related gene loci
(Haines et al., 2005; Harris et al., 2012; Schramm
et al., 2014). In this respect, complement polymorphic
variants in conjunction with other immune-related
genetic traits appear to forge intricate associations
that have unmasked novel pathogenetic mechanisms
underlying disease predisposition and prognosis
(Schramm et al., 2014). In some cases, such polymorphic gene variants have even been held responsible for the manifestation of subsided responses to
therapy by patients treated with ﬁrst-in-class anti-complement agents (Nishimura et al., 2014). These developments have clearly underscored the importance of
integrating population-wide genetic proﬁling, clinical
5
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monitoring and preclinical drug validation in appropriate disease models into the design of effective therapeutic interventions.
TARGETS AND SAFETY IN THERAPEUTIC
MODULATION OF COMPLEMENT
Given that complement proteins cross-talk with diverse
innate immune and proinﬂammatory systems [e.g.
Toll-like receptors (TLRs), cytokines, the contact/coagulation system, angiogenic and growth factors], complement dysregulation is likely to affect the course of
disease in a context-speciﬁc manner (Hajishengallis &
Lambris, 2010; Ricklin & Lambris, 2013a). Therefore
targeting the same complement component may not
be optimal for all cases and therapeutic interventions
that intercept upstream, central (C3-targeted) or terminal (lytic pathway) components may each have their
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own advantages and limitations, depending on speciﬁc
context (Mastellos et al., 2014).
Among different therapeutic targets, C3 is strategically positioned in the complement cascade. It serves
as a central ‘hub’ that transduces initiating signals
into downstream activation of effectors and rapid
ampliﬁcation of complement responses on diseased
cell surfaces (Ricklin & Lambris, 2015). C3 interception may therefore afford potent and broad complement inhibition in any inﬂammatory disorder that
engages complement either as an early innate ‘sensor’ of danger signals (e.g. products of cell oxidative
damage) or as a mediator that perpetuates the
vicious cycle of inﬂammation. C3 mediates a plethora
of protein–protein interactions that can be modulated
by small-sized inhibitors through allosteric changes
and/or steric hindrance, such as in the case of compstatin and its latest derivatives (see below) (Fig. 1).

Figure 1 Roadmap of compstatin’s structure–function optimization and important milestones achieved towards its clinical translation. The
cross-disciplinary effort placed on compstatin’s molecular characterization and structure-guided reﬁnement culminated in a series of improved,
more potent derivatives displaying favorable pharmacokinetic proﬁles, increased plasma residence, and sustained therapeutic efﬁcacy in various non-human primate disease models. This comprehensive timeline reﬂects the tight reciprocity and consolidation of key molecular developments (i.e. the resolution of the C3c-compstatin crystal structure by Janssen et al. (2007)) with the preclinical and clinical evaluation
program of compstatin. (Adapted from the article “Compstatin: a C3-targeted complement inhibitor reaching its prime for bedside intervention.”
Eur J Clin Invest 2015;45:423–40, with permission from Wiley).
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Dysbiotic microbial communities leading to sustained
inﬂammation as seen in periodontitis have recently
emerged as a novel paradigm of how C3 inhibition
may intercept crucial pathways driving disease pathogenesis (key pathophysiological aspects are discussed later in this review) (Hajishengallis, 2014a).
By targeting the central component of complement,
C3-based therapeutic intervention may raise concerns
in terms of maintaining antimicrobial defense during
long-term clinical intervention. Despite increased susceptibility to pyogenic infections observed in patients
with primary C3 deﬁciencies, there is still limited clinical experience concerning the potential ramiﬁcations
of long-term and systemic anti-C3 therapy (Pickering
et al., 2000; Mastellos et al., 2015). It should be
noted, however, that individuals with primary C3 deﬁciencies display increased risk for infections primarily
in the early stages of life (Reis et al., 2006). When
these patients reach adulthood, their susceptibility
typically subsides, suggesting the operation of compensatory mechanisms once immunity is fully developed (Reis et al., 2006). Importantly, C3 interception
using small-sized inhibitors can be readily phased out
in a clinical protocol allowing for rapid recovery of the
opsonic activity of C3 during an infection. Experience
from currently approved anti-complement therapies
(e.g. eculizumab) has taught us that a tailored vaccination program against encapsulated bacteria and
perhaps long-term prophylactic use of antibiotics
would certainly sufﬁce for applying prolonged C3
interception in a chronic setting (e.g. in PNH treatment). On the other hand, acute protocols involving
transient C3 interception [e.g. during hemodialysis
(Reis et al., 2014] are not expected to increase the
risk of infection, nor require previous meningococcal
vaccination. Whereas other considerations include
the potential impact of C3 intervention on immune
complex clearance and autoimmune reactions, the
lack of robust clinical data on any of these aspects
renders such discussions over safety hypothetical
(Mastellos et al., 2015). In fact, immune complex diseases are comparatively rare even in C3-deﬁcient
patients (Pickering et al., 2000), and recent evidence
from mouse models suggests that the absence of
functional C3 may even show preventive effects in
autoimmune conditions (Scott & Botto, 2015). As C3
inhibitors make their way into clinical trials, deﬁnitive
clinical experience will be obtained regarding the
safety of C3-targeted interventions.
© 2015 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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NEXT-GENERATION C3-TARGETED
THERAPEUTICS: THE PARADIGM OF
COMPSTATIN
Protecting C3 from cleavage by convertase complexes provides an attractive opportunity for comprehensive control of complement activation and
ampliﬁcation. However, the high plasma concentration
of this protein and the intricate involvement of protein–protein interactions in its activation cycle impose
substantial challenges for the development of C3 inhibitors. So far, members of the compstatin family are
the only clinical drug candidates acting directly on C3
(Mastellos et al., 2015). Compstatin was discovered
through a phage library screen as a 13-residue cyclic
peptide that selectively binds to native C3 and to its
bioactive fragments C3b, iC3b, and C3c (Sahu et al.,
1996). It prevents the convertase-dependent cleavage
of C3, thereby blunting complement activation at the
very core of this cascade (Ricklin & Lambris, 2013c).
A major milestone in the roadmap towards the optimization of compstatin was the resolution of its crystal
structure in complex with its binding partner C3c
(Janssen et al., 2007) (Fig. 1). The co-crystal structure not only illuminated our understanding of the
conformational dynamics of C3, but also unraveled
the structural basis of compstatin’s binding and inhibitory mode on C3 (Janssen et al., 2007). Cumulative
structural and biochemical evidence strongly suggests
that compstatin acts as an inhibitor of protein–protein
interactions by binding to the b-chain of C3 and sterically hindering the binding of native C3 to the C3 convertases (Janssen et al., 2007; Ricklin & Lambris,
2008). This unique mode of action essentially
explained how this small-sized inhibitor can singlehandedly block all pathways of complement activation
affording a broad and potent inhibitory effect in therapeutic protocols.
Capitalizing on the structural insight gained from
target-bound compstatin, intensive rounds of structure–function reﬁnement and optimization culminated
in improved compstatin derivatives with enhanced
inhibitory potency and target binding afﬁnity almost
6000-fold greater than the original peptide (i.e. subnanomolar KD values have been reported for the latest derivative Cp40 and the clinically developed therapeutic AMY-101); for a comprehensive review see
Ricklin & Lambris (2008), Qu et al. (2009b), and
Mastellos et al. (2015). Backbone N-methylation and
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C-terminal substitution approaches afforded a more
constrained, ‘bound-like’ solution conformation to
these derivatives (e.g. Cp20 analog) affecting their
thermodynamic stability, and increasing their inhibitory
potency and binding afﬁnity for their target C3 protein.
Moreover, structure-guided extension of compstatin’s
N-terminus with non-proteinogenic amino-acids led to
a signiﬁcant enhancement of the peptide’s inhibitory
activity and propelled a remarkable increase (in the
subnanomolar scale) of its binding afﬁnity for C3 (e.g.
Cp40 analog) (Qu et al., 2013).
Throughout the development of compstatin, it was
evident that both the parental peptide and its derivatives exhibit a narrow species speciﬁcity proﬁle by
binding exclusively to human and non-human primate
(NHP) C3 (Sahu et al., 2003). This ﬁnding was originally considered surprising, given the high degree of
phylogenetic conservation among C3 from various
mammalian species. However, the resolution of the
C3c–compstatin structure accounted for the high
selectivity of compstatin for human and NHP C3 by
localizing the binding site of compstatin to the MG4
and MG5 domains of the b-chain of C3 (Janssen
et al., 2007). Critical residues located within these
domains that were shown to be involved in the interaction with compstatin, i.e. Gly-345, His-392, Pro-393,
Leu-454, and Arg-459, are highly conserved in
human and primate C3 but deviate in other mammalian species (Janssen et al., 2007). The presence
of different residues in these positions in the C3 of
non-primate mammals would most likely lead to subtle structural changes obstructing compstatin’s access
to the binding site.
In 2006, ﬁrst-generation analogs of compstatin
were licensed to Potentia Pharmaceuticals for clinical
development in age-related macular degeneration
(AMD) and have been evaluated in phase I and
phase II trials. Meanwhile, the technology has been
acquired by Apellis, which is developing these compstatin analogs for AMD and other indications. In
contrast to local injection in AMD, systemic administration in inﬂammatory diseases puts higher demands
concerning pharmacokinetics and stability. To enable
swift therapeutic translation, the pharmacokinetic proﬁle of compstatin analogs was evaluated in NHP and
strategies for increasing plasma residence were
explored (reviewed in Mastellos et al., 2015). These
studies showed that compstatin analogs display a
two-phase elimination proﬁle in circulation (Qu et al.,
8
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2013) with an initial rapid phase of clearance of the
excess of free (unbound) peptide followed by a second, slower phase of plasma elimination that is largely mediated by the tight binding of compstatin to its
abundant target protein, C3. Due to this ‘target-driven
elimination proﬁle’, next-generation compstatin analogs with binding afﬁnities in the low or sub-nanomolar range such as Cp40 show exceptional
pharmacokinetic behavior (Qu et al., 2013; Mastellos
et al., 2015). Proof-of-concept studies showed that
the plasma retention of compstatin analogs may be
even further improved through conjugation to plasma
carrier proteins by using albumin-binding moieties
(Qu et al., 2009a; Huang et al., 2014) and PEGylation strategies that have led to an impressive increase
of the peptide’s half-life (Qu et al., 2009a; Huang
et al., 2014; Risitano et al., 2014). Yet even without
those modiﬁcations, the beneﬁcial pharmacokinetic
properties and suitability for subcutaneous administration render Cp40 and other next-generation analogs
which have been licensed by Amyndas Pharmaceuticals (Glyfada, Greece) and build the base for the clinical candidate AMY-101, suitable for prolonged
therapeutic intervention in chronic inﬂammatory diseases such as PNH.
Overall, this structure-guided optimization has led
to an impressive lineup of C3-targeted therapeutics
that display favorable pharmacokinetic proﬁles and
sustained biological efﬁcacy both in acute and chronic
protocols. Indeed, compstatin analogs are now
advancing through clinical trials for diseases such as
AMD and also show promise for clinical intervention
in PNH, hemodialysis-associated thromboinﬂammation, periodontal disease, acute graft rejection, sepsis
and various renal diseases (reviewed in Mastellos
et al. (2015).
C3 INTERCEPTION AS A VALID THERAPEUTIC
MODALITY IN INFLAMMATORY DISEASES
The development of compstatin also enabled the
evaluation of C3-targeted complement inhibition in
various inﬂammatory disorders. Meanwhile, compstatin analogs have been evaluated in a plethora of
preclinical disease models characterized by dysregulated or excessive complement activation in a proinﬂammatory milieu (for an updated review see Ricklin
& Lambris, 2013c; Mastellos et al., 2015) (Fig. 1).
Below are a few examples illustrating the therapeutic
© 2015 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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potential of C3-targeted intervention in acute or
chronic inﬂammatory disorders and orphan indications
with a prominent involvement of complement in their
pathogenic landscape.
Periodontal disease
Periodontitis is a chronic inﬂammatory disease that
leads to the destruction of the tooth-supporting structures (e.g. gingiva, periodontal ligament, and alveolar
bone), collectively known as the periodontium (Hajishengallis, 2014a). The disease is driven by inﬂammation induced by bacterial communities forming on
subgingival tooth sites (Lamont & Hajishengallis,
2015). Recent human microbiome analyses (both
metagenomic and metatranscriptomic) and animal
model-based mechanistic studies collectively suggest
that periodontitis is not a bacterial infection in the
classical sense, i.e. caused by a single or a limited
number of pathogens, but rather is the result of a
polymicrobial community-induced disruption of the
host’s homeostasis leading to destructive inﬂammation in susceptible individuals (Kumar et al., 2006;
Dewhirst et al., 2010; Hajishengallis et al., 2011; Griffen et al., 2012; Hajishengallis & Lamont, 2012; Settem et al., 2012; Abusleme et al., 2013; Jiao et al.,
2013; Duran-Pinedo et al., 2014; Jorth et al., 2014;
Maekawa et al., 2014b; Perez-Chaparro et al., 2014;
Lamont & Hajishengallis, 2015). According to the
polymicrobial synergy and dysbiosis model, the host
immune response is initially subverted by keystone
pathogens with the help of accessory pathogens and
is subsequently over-activated by pathobionts, leading to destructive inﬂammation in susceptible hosts
(Lamont & Hajishengallis, 2015).
Chronic periodontitis affects > 47% of US adults
(Eke et al., 2012). In its severe form, which afﬂicts
8.5% of adults, periodontitis is not only a common
cause of tooth loss, but is also associated with
increased risk for certain systemic disorders (e.g.
atherosclerosis, diabetes, rheumatoid arthritis, and
adverse pregnancy outcomes) (Kebschull et al.,
2010; Lalla & Papapanou, 2011; Han et al., 2014;
Hajishengallis, 2015). Due to its high prevalence and
signiﬁcant economic burden (Beikler & Flemmig,
2011; Eke et al., 2012) and the fact that not all cases
are responsive to combined mechanical and antimicrobial therapy (scaling and root planing, surgery,
and systemically administered antibiotics) (Colombo
© 2015 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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et al., 2012), it is important to develop innovative and
cost-effective therapeutic interventions as adjuncts to
standard treatment.
Early clinical studies have shown a strong association between periodontitis and complement activation.
Gingival crevicular ﬂuid (GCF) collected from patients
with periodontitis was shown to contain activated
complement fragments at signiﬁcantly higher concentrations than in GCF from healthy individuals (Schenkein & Genco, 1977; Patters et al., 1989).
Consistently, chronically inﬂamed gingivae are characterized by the abundant presence of complement
components and cleavage products, whereas complement is undetectable or present at lower abundance
in healthy gingival biopsy samples (Toto et al., 1978;
Lally et al., 1982; Nikolopoulou-Papaconstantinou
et al., 1987). Importantly, induction of experimental
gingivitis in human volunteers caused progressive
complement activation (as determined by C3 conversion) correlating with increased clinical inﬂammatory
parameters (Patters et al., 1989). Conversely, the resolution of inﬂammation in patients with periodontitis
undergoing therapy resulted in decreased complement activation, as revealed by reduced C3-to-C3c
conversion in the GCF (Niekrash & Patters, 1985).
Using an integrative gene prioritization method and
databases from genome-wide association studies and
microarray experiments, another recent study has
identiﬁed C3 among the top 21 most promising candidate genes involved in periodontitis (Zhan et al.,
2014).
Though very important, the above-discussed clinical observations are correlative and do not necessarily imply a cause-and-effect relationship between
complement activation and periodontal tissue destruction. In this regard, it could be argued that complement activation in periodontitis represents a host
attempt to control the periodontal microbiota through
complement-dependent opsonophagocytic mechanisms. Conclusive evidence for a destructive role of
complement in periodontitis was provided by recent
intervention studies in animal models of periodontitis,
including NHP. Speciﬁcally, it has been shown that
complement is involved in both the dysbiotic transformation of the periodontal microbiota and the inﬂammatory response that leads to destruction of
periodontal bone (Wang et al., 2010; Hajishengallis &
Lambris, 2011; Hajishengallis et al., 2011; Abe et al.,
2012; Maekawa et al., 2014a,b) (Fig. 2).
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Figure 2 Complement involvement in periodontal dysbiosis and inﬂammation. Periodontitis is induced by a polymicrobial bacterial community,
wherein different members have distinct roles that synergize to cause destructive inﬂammation in periodontal pockets. Keystone pathogens
manipulate the host response (for instance, Porphyromonas gingivalis induces a subversive complement–TLR cross-talk; see text for details)
leading to the dysbiotic transformation of the microbiota. In dysbiosis, pathobionts over-activate the inﬂammatory response in a complement
C3-dependent manner resulting in destructive periodontal inﬂammation and bone loss. Inﬂammation and dysbiosis reinforce each other since
inﬂammatory tissue breakdown products are used as nutrients by the dysbiotic microbiota, which further exacerbates inﬂammation and perpetuates a disease-provoking vicious cycle. Therapeutic intervention at the C3 level with speciﬁc inhibitors (Cp40) has blocked periodontitis in
non-human primates.

In a mouse model of periodontitis, Porphyromonas
gingivalis – while at low colonization levels – was
shown to act as a ‘keystone pathogen’, that is, to
alter the numbers and composition of the entire
microbial community leading to dysbiosis and periodontitis (Hajishengallis et al., 2011). Porphyromonas
gingivalis fails to cause periodontitis in the absence
of commensal bacteria, i.e. in germ-free mice, despite
its ability to colonize this host (Hajishengallis et al.,
2011), suggesting that the P. gingivalis-altered microbiota is required for induction of disease in this
model. The capacity of P. gingivalis to instigate dysbiosis and bone loss is dependent on complement
manipulation and speciﬁcally required the presence of
C5aR1 (CD88) (Hajishengallis et al., 2011). Genetic
or pharmacological ablation of C5aR1 prevented
P. gingivalis-induced dysbiosis and periodontal bone
loss (Hajishengallis et al., 2011; Maekawa et al.,
2014b). Mechanistically, P. gingivalis was shown to
instigate a subversive cross-talk between C5aR1 and
TLR2 in neutrophils that selectively inhibits their killing
activity without suppressing their inﬂammatory
responses (Maekawa et al., 2014b). Speciﬁcally, both
in vitro (in human or mouse neutrophils) and in vivo
(in mice), P. gingivalis-induced C5aR1–TLR2 crosstalk disarms and disassociates a host-protective
TLR2–MyD88 pathway from a TLR2–MyD88-adaptorlike (Mal)–phosphoinositide 3-kinase pathway, which
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enhances the ﬁtness of P. gingivalis and bystander
bacteria by blocking phagocytosis and promoting
inﬂammation (Maekawa et al., 2014b), a requirement
for nutrient acquisition by the bacteria in the form of
tissue-breakdown products (Hajishengallis, 2014b). It
should be noted that, despite enhanced inﬂammation
in periodontitis (hence increased complement activation), P. gingivalis and other periodontitis-associated
bacteria (such as Tannerella forsythia, Treponema
denticola, and Prevotella intermedia) have several
mechanisms to protect themselves from complementmediated opsonophagocytosis or lysis, including prevention of opsonization and capturing and co-opting
physiological inhibitors of complement (e.g. factor H
or C4b-binding protein) (Schenkein et al., 1995;
Popadiak et al., 2007; Potempa et al., 2009; Jusko
et al., 2012; Miller et al., 2012).
Interestingly, P. gingivalis can activate C5aR1 independently of the immunologically activated complement cascade, as this bacterium can release
biologically active C5a from C5 through the action of
its arginine-speciﬁc gingipains (Wingrove et al., 1992;
Wang et al., 2010; Liang et al., 2011). Accordingly,
P. gingivalis was shown to retain its capacity to colonize the periodontium of C3-deﬁcient (C3 / ) mice,
which express normal levels of C5 and C5aR1 that
are required for P. gingivalis colonization and induction of dysbiosis (Maekawa et al., 2014a). Remark© 2015 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
Molecular Oral Microbiology 31 (2016) 3–17

D.C. Mastellos et al.

ably, although P. gingivalis was able to colonize C3 /
mice, its dysbiotic effect was only transient and the
periodontal microbiota was not sustained at high
levels throughout the experimental period, in contrast
to wild-type mice where dysbiosis was stable. Moreover, P. gingivalis-colonized C3 / mice exhibited
diminished periodontal inﬂammation and bone loss
compared with P. gingivalis-colonized wild-type mice
(Maekawa et al., 2014a). These ﬁndings suggest that
C3 is crucial for the long-term sustenance of the dysbiotic microbiota and for maximal inﬂammatory bone
loss. The reason why P. gingivalis-induced dysbiosis
cannot be sustained in C3 / mice is likely related to
the severely attenuated periodontal inﬂammation,
which
as alluded to above
is required for nutrient acquisition (e.g. degraded collagen peptides and
heme-containing compounds). Consistent with the concept that periodontitis-associated bacteria are inﬂammophilic and thrive under inﬂammatory conditions, the
bacterial biomass of human periodontitis-associated
bioﬁlms increases with escalating periodontal inﬂammation (Abusleme et al., 2013). Moreover, anti-inﬂammatory treatments in animal models reduce the
periodontal bacterial load (Hasturk et al., 2007; Eskan
et al., 2012; Abe et al., 2014; Moutsopoulos et al.,
2014).
The suitability of C3 as a therapeutic target in periodontitis was assessed in an NHP model (cynomolgus
monkeys) using compstatin analog Cp40 (Maekawa
et al., 2014a). In this intervention study, silk ligatures
were placed around posterior teeth on both halves of
the lower jaw (mandible); this treatment results in massive local accumulation of bacteria and development
of inﬂammation and bone loss in a few weeks (Assuma et al., 1998). The Cp40 study had a 6-week
duration and involved a split-mouth experimental
design. Speciﬁcally, one side was treated with active
drug (Cp40) and the other with inactive analog (control
peptide), therefore, each animal served as its own
control. Local intragingival injections of Cp40 resulted
in decreased clinical indices that measure periodontal
inﬂammation and tissue destruction, such as clinical
attachment loss and gingival index. The decreased
clinical inﬂammation correlated with lower GCF levels
of proinﬂammatory or osteoclastogenic cytokines [e.g.
tumor necrosis factor, interleukin-1b, interleukin-17,
and receptor activator of nuclear factor-jB ligand
(RANKL)] and decreased numbers of osteoclasts in
bone biopsy specimens (Maekawa et al., 2014a).
© 2015 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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Accordingly, radiographic analysis showed that Cp40
caused a signiﬁcant inhibition of periodontal bone loss.
In contrast to RANKL, the GCF levels of osteoprotegerin, a natural inhibitor of RANKL-induced osteoclastogenesis, were sustained at higher levels in Cp40treated sites than control sites during the course of the
study. Therefore, Cp40 caused a favorable reversal of
the RANKL : osteoprotegerin ratio, which is considered a useful biomarker of human periodontitis (Belibasakis & Bostanci, 2012). More recently, locally
administered Cp40 was shown to arrest pre-existing,
naturally occurring chronic periodontitis in cynomolgus
monkeys (Maekawa T., Briones R.A., Resuello R.R.,
Tuplano JV, Hajishengallis E., Koutsogiannaki S., Garcia C.A., Ricklin D., Lambris J.D., and Hajishengallis
G., manuscript in preparation). It should be noted that
local C3 inhibition is not likely to lead to uncontrolled
bacterial growth. In this regard, 6 weeks after P. gingivalis-induced periodontitis, C3 / mice had decreased
total counts in their periodontal microbiota compared
with C3+/+ controls (Maekawa et al., 2014a), suggesting that defective complement activation does not predispose to defective immune surveillance in the
periodontium. In fact, the decreased bacterial burden
in C3 / mice may be attributed to the reduced inﬂammation, which would be expected to deprive the bacteria of nutrients that they can potentially derive from
inﬂammatory tissue breakdown.
Importantly, the immune system and periodontal
anatomy of the cynomolgus monkey are very similar
to those of humans, and periodontitis in the cynomolgus monkey exhibits bacteriological, immunohistological, and clinical features that are highly similar to
those of human periodontitis (Page & Schroeder,
1982). Hence, this model is considerably more predictive of drug efﬁcacy in human periodontitis compared
with widely used models such as those involving
rodents, rabbits, or dogs. The study by (Maekawa
et al., 2014a) therefore provides strong proof-of-concept for the therapeutic potential of Cp40 in human
periodontitis. At present, there is no satisfactory
adjunctive therapy to scaling and root planing for the
treatment of chronic periodontitis. The use of antimicrobials and generic antibiotics as adjunctive therapies has met with limited success (Krayer et al.,
2010; Rams et al., 2014). As a host modulationbased approach, complement inhibition is advantageous to antimicrobial strategies because it is the
host response that ultimately inﬂicts damage upon
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the periodontal tissues. Moreover, as documented
above, the inhibition of periodontal inﬂammation also
exerts indirect antimicrobial effects, because the periodontitis-associated microbiota requires an inﬂammatory environment to obtain essential nutrients for its
growth and sustenance (Hasturk et al., 2007; Eskan
et al., 2012; Maekawa et al., 2014a; Moutsopoulos
et al., 2014). In summary, periodontitis may be a
promising clinical application for Cp40 and the clinically developed drug candidate AMY-101. This possibility merits investigation in future clinical trials.
Paroxysmal nocturnal hemoglobinuria
Paroxysmal nocturnal hemoglobinuria is a rare but
chronic debilitating hematological disorder whose cardinal clinical symptom is intravascular hemolysis perpetuated by complement dysregulation on PNH
erythrocytes due to a lack of surface-bound complement regulators (Risitano, 2013). The anti-C5 monoclonal antibody eculizumab (Soliris; Alexion) is
currently used for the treatment of PNH. Eculizumab
blocks complement-dependent intravascular hemolysis by preventing C5 cleavage and MAC formation on
susceptible erythrocytes (Luzzatto et al., 2010). However, a signiﬁcant proportion of patients with PNH fail
to sufﬁciently respond to anti-C5 therapy, and remain
dependent on blood transfusions (Risitano, 2013).
This clinical observation has suggested that extravascular hemolysis of PNH erythrocytes due to persistent
C3 opsonization and recognition by phagocytic cells
might exacerbate pathology in this chronic disease
(Lin et al., 2015). C3 interception therefore has
emerged as a promising strategy for controlling the
whole spectrum of detrimental consequences of complement dysregulation in PNH (Mastellos et al.,
2014). In this respect, the compstatin analog Cp40
has shown efﬁcacy in preventing opsonization with
C3 fragments and abrogating MAC-mediated hemolysis of PNH erythrocytes (Risitano et al., 2014). These
studies indicate that C3 interception might afford
greater therapeutic beneﬁt to patients with PNH than
standard anti-C5 therapy by also preventing extravascular phagocytosis of C3-opsonized PNH cells
(Mastellos et al., 2014; Lin et al., 2015). The favorable pharmacokinetic and safety proﬁles and the sustained efﬁcacy of Cp40/AMY-101 in NHP models
point to a viable option for chronic administration of
C3 inhibitors in patients with PNH.
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Sepsis
Polymicrobial sepsis may lead to multi-organ dysfunction through a generalized impairment of the antimicrobial innate immune response, marked by
pronounced thromboinﬂammation and massive complement activation (Bosmann & Ward, 2013). Compstatin derivatives have shown consistent efﬁcacy in
ex vivo and NHP models of bacterial sepsis (Mastellos et al., 2015). In a baboon model of sepsis closely
resembling human pathology, compstatin conferred
signiﬁcant organ protection intercepting key proinﬂammatory and procoagulant markers, thereby suggesting
that it might serve as a new treatment option even in
late ‘rescue’ regimens (Silasi-Mansat et al., 2010).
Moreover, combined C3 interception and CD14 blockade has shown promising results as a novel anti-inﬂammatory intervention in murine and human wholeblood models of sepsis (Egge et al., 2014).

Hemodialysis-induced inﬂammation and other
conditions
Biomaterial-induced complement activation has been
linked to thromboinﬂammatory complications that may
evoke serious concerns for patients with end-stage
renal disease who are undergoing hemodialysis
(Kourtzelis et al., 2010; Nilsson et al., 2010; Deangelis
et al., 2012). Recent studies in an NHP model of
hemodialysis-induced inﬂammation have shown that a
single injection of Cp40 can effectively block complement activation throughout the hemodialysis session;
the treatment also upregulated the anti-inﬂammatory
cytokine interleukin-10 (Reis et al., 2014). Besides
these examples of acute or chronic inﬂammatory conditions that can be controlled by small-sized C3 inhibitors, promising results have also been generated in
models of allogeneic solid organ transplantation, cellbased xenotransplantation and in renal disease models (e.g. C3 glomerulopathy) (Kourtzelis et al., 2015;
Mastellos et al., 2015; Zhang et al., 2015). Compstatin
derivatives have shown promise as effective therapeutics that can attenuate antibody-mediated graft rejection by downregulating proinﬂammatory markers and
attenuating the detrimental effects of thromboinﬂammation and sustained cellular immune activation (i.e.
leukocyte inﬁltration) (Mastellos et al., 2015).
Notably, therapeutic C3 interception by compstatin
has received endorsement by international regulatory
© 2015 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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authorities such as the US Food and Drug Administration and the European Medicines Agency (Mastellos
et al., 2015). The recently disclosed C3-targeted therapeutic AMY-101 (Amyndas Pharmaceuticals) has been
granted orphan drug designation for the treatment of
PNH and is currently under clinical development as a
treatment option for PNH and ABO-incompatible kidney transplantation (Mastellos et al., 2015).
CONCLUDING REMARKS AND OUTLOOK
Compelling clinical evidence has indicated that inborn
or acquired complement dysregulation drives pathology in many inﬂammatory and immune-mediated disorders. Appreciating complement’s contribution in
human pathophysiology has spawned new opportunities for developing anti-inﬂammatory therapeutics that
could be amenable to clinical use. The launch of the
ﬁrst complement-targeting drugs has reshaped the
clinical landscape of orphan diseases with a prominent
inﬂammatory signature. C3 interception has emerged
as a promising therapeutic option for diseases involving complement dysregulation and persistent C3-fragment opsonization of host surfaces such as PNH,
biomaterial-induced pathologies, renal diseases and
organ transplantation. A new class of C3-targeted inhibitors of the compstatin family (including the recently
disclosed Cp40 derivative and the Cp40-based therapeutic AMY-101) displays improved pharmacokinetic
proﬁles and sustained biological potency that make
them suitable for further clinical development and bedside intervention. These drug candidates show promise as potent therapeutics for systemic or local
application in complement-related diseases, and also
point to a more affordable treatment option for a wide
spectrum of clinical indications, nowadays still relying
on costly antibody-based biologics (Shaughnessy,
2012). From an oral pathology perspective, the local
application of compstatin (i.e. Cp40) in sites of ongoing
periodontal inﬂammation triggered by dysbiotic microbial communities has shown promising results in terms
of biological efﬁcacy in preclinical NHP models.
In view of the emerging impact of polymorphic
genetic variations on patient drug responses, these
new therapeutic options should be cautiously evaluated in a personalized medicine context through
monitoring of multiple patient biomarkers. Overall,
small-sized C3 inhibitors underscore the therapeutic
potential of C3-targeted intervention and open up
© 2015 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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new avenues for developing tailored immunotherapeutics for acute or chronic indications.
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