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omplement therapeutics
The proverb that “we must learn to walk before we can run”
ppears particularly fitting for the field of complement-targeted
rug discovery. Although the complement system was initially
escribed more than a century ago as part of our innate host defense
ystem that helps to clear pathogens, it soon became clear that it
lso had a “dark side” as an initiator and exacerbator of inflamma-
ory diseases [1]. Although the therapeutic potential of interfering
ith complement activation was widely recognized and sparked

ommercial interest, the initial excitement was dampened by slow
rug development progress and discouraging clinical trial results

n early indications such as arthritis. Evidently, the pathological
nvolvement of complement is often more complex than would
e anticipated from disease models. In addition, despite the avail-
bility of druggable targets in circulation, the complement system
tself has proved to be a challenging pathway to conquer using tra-
itional approaches of drug discovery, thereby slowing the pace
oward complement-directed therapeutics.

Thanks to remarkable research efforts over the past few decades,
e have learned a lot about the complement system, both in terms

f the molecular aspects of complement activation and its involve-
ent in health and disease [2]. Many of the more than 50 proteins

hat constitute the complement network have been characterized
n a structural level, and assays for measuring complement activ-
ty have been refined. At the same time, the list of clinical disorders

ith contributions from complement has been steadily growing,
argely fueled by insight from genome-wide association studies
nd elegant disease models. As a consequence of these efforts, the
rst complement-specific drugs finally became broadly available
lmost a decade ago and have reshaped the field. The anti-C5 anti-
ody eculizumab (Soliris, Alexion Pharmaceuticals), in particular,
as already changed the treatment landscape of two rare diseases,
nd its off-label use has revealed other promising indications. The
linical success and good long-term experience with the first com-
lement drugs has reignited interest in therapeutic complement

nhibition, with both small biotechnological and large pharmaceu-
ical companies entering the arena [3].

Clearly, the running shoes are on now, and the race to discover
he most rewarding targets and indications has only just begun.
n our own review in this special issue of Seminars in Immunology,

e highlight major developments in complement-targeted drug

iscovery and discuss the many creative and promising strategies
hat are currently being pursued [4]. Candidate drugs in the
ipeline and in clinical trials cover a broad range of targets within

ttp://dx.doi.org/10.1016/j.smim.2016.07.001
044-5323/© 2016 Published by Elsevier Ltd.
the complement cascade and involve highly diverse approaches,
including small molecules, peptides, antibodies, and nucleotides.
This diversity may prove critical for enabling a more tailored
and disease-specific therapeutic modulation of the complement
cascade. Although almost any condition that involves the exposure
of foreign, diseased, or injured cells to the blood may potentially
benefit from pharmacological complement modulation, several
key therapeutic areas have emerged as particularly promising in
recent years and are reviewed here by leading scientists in the
field.

In view of the clinical success of eculizumab in paroxysmal
nocturnal hemoglobinuria (PNH) [5], this ultra-rare disease has
evolved into a highly common indication for complement-focused
research and drug development alike. However, it is still not clear
which of the many new potential treatment options will trans-
late into a real benefit for PNH patients. In their review, Risitano
and Marotta reveal the unmet clinical needs in PNH and crit-
ically discuss novel therapeutic approaches [6]. Moreover, they
illustrate the potential of complement-targeted therapy in other
hemolytic diseases, such as antibody-mediated hemolytic anemias
and thrombotic microangiopathies (TMA).

One of the disorders belonging to the TMA spectrum, atypical
hemolytic uremic syndrome (aHUS), is largely fueled by com-
plement dysregulation and already benefits from therapeutic C5
inhibition. For another family of complement-driven kidney disor-
ders referred to as C3 glomerulopathy (C3G), treatment options
have unfortunately remained scarce. Nester and Smith survey
the puzzling variety of genetic and autoimmune factors affect-
ing complement activity that can contribute to the progression
of C3G, and they discuss the promises and limitations of ther-
apeutic approaches in this severe condition [7]. It is becoming
increasingly evident that the kidneys are particularly susceptible
to complement-mediated tissue damage, with potential conse-
quences for acute kidney injury, end-stage renal disease, and
kidney transplantation [1,8].

The implications of complement activation in adverse clinical
reactions after solid-organ transplantation, the promise of using
complement-targeted inhibitors to prevent such complications,
and the value of complement biomarkers for monitoring thera-
peutic success are the focus of the review by Montero et al. [9].

Transplantation has been among the first proposed indications
for complement therapy, and this strategy has only gained more
traction with the realization that complement contributes to
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schemia-reperfusion injury as well as cellular and antibody-
ediated graft rejection [10]. Complement-targeted therapies are

herefore considered very attractive in transplantation, and several
trategies are intended to inhibit complement in circulation or
irectly on the cell surface of the donor organ.

Cell surface-directed complement inhibition indeed appears
romising in many indications beyond transplantation that may
llow for tissue/site-specific intervention [11]. In their review,
olers and other experts in targeted complement inhibition pro-
ide the historic background for this approach and introduce
n elegant concept for directing complement regulators to sites
f tissue injury by addressing damage-associated molecular pat-
erns [12]. Importantly, some of these targeting strategies may
lso be used for diagnostic purposes to determine the localiza-
ion and extent of complement activation and monitor therapeutic
rogress.

Complement is typically not the only defense system that is trig-
ered during transplantation or tissue damage or after exposure
f blood to biomaterials. Concomitant activation of the coagula-
ion and contact systems is typically observed, and these systems
ngage in crosstalk with complement that can contribute to
hrombo-inflammatory complications [13]. The review by Ekdahl
t al. explains the molecular mechanisms behind thromboinflam-
ation, explores therapeutic strategies for taming defense systems

n affected surfaces, and discusses the benefits of controlling com-
lement and coagulation at the same time [14].

Whereas complement and other defense pathways can be initi-
ted in many diseases, traumatic injury often leads to a particularly
evastating adverse reaction [15]. In a body overwhelmed by
he sudden exposure to damage markers and invading microbes,

assive complement activation may fuel a hyperinflammatory
esponse, with severe or even fatal consequences. Huber-Lang
nd colleagues illustrate the promises and challenges of com-
lement modulation in systemic inflammatory reactions during
rauma, hemorrhagic shock, and sepsis and discuss the potential
mplications for the clinical management of such acute situations
16].

The intricate interplay between infection, host defense, and
nflammation also becomes obvious in the case of periodontal dis-
ase, in which the activation of complement and Toll-like receptors
y the keystone pathogen Porphyromonas gingivalis fuels an inflam-
atory milieu that fosters dysbiosis and contributes to tooth bone

oss [17]. Periodontitis has therefore evolved into an interesting
ndication for complement-targeted intervention. With a focus on
3 inhibition, Hajishengallis and colleagues discuss these novel
herapeutic options and their evaluation in animal models of peri-
dontal disease [18].

Another fascinating frontier for complement therapeutics
ncompasses neurological and neurodegenerative disorders.
lthough comparatively little is known to date about the physi-
logical involvement of complement in the central nervous system
CNS), it is becoming increasingly evident that erroneous or
nsufficiently controlled complement activation contributes to
euroinflammation, with potential pathological consequences for
broad spectrum of conditions ranging from Alzheimer’s disease,

chizophrenia, and amyotrophic lateral sclerosis to stroke and trau-
atic brain injury [19]. In their review, Brennan et al. summarize

he current knowledge of complement’s complex role in CNS disor-
ers and discuss the potential for using complement therapeutics

n neurological conditions [20].
A similarly complex role for complement is anticipated in

he case of cancer development, with complement mechanisms

otentially contributing to both the control of tumor growth
nd the maintenance of the inflammatory milieu that facilitates
rogression [21]. Owing to complement’s cell-directed effector
unctions, the potential of directing complement attack toward
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cancer cells has long been recognized and is clinically harnessed
in the form of complement-dependent cytotoxicity (CDC) in
antibody-mediated cancer therapy. Despite its successful use in
the clinic, many underlying mechanisms and therapy-defining
properties of CDC are only now becoming evident. In their review,
Taylor and Lindorfer explore the lessons that have been learned
from using the CDC principle in cancer therapy, share novel
mechanistic and clinical insights, and provide an outlook on how
the knowledge we have gained may influence the development of
future antibody-based cancer therapeutics [22].

The complement therapeutics field had indeed come a long way
and is thriving in a way that would not have been expected a few
decades ago. Current progress not only opens new potential thera-
peutic options for many patients suffering from a broad spectrum
of diseases but also critically contributes to our understanding of
complement’s role in health and disease. Despite the increasingly
commercial aspects of the complement therapeutics field, devel-
opment is fortunately still being fueled by innovation from and
close interactions between academic, clinical, and industrial part-
ners. This collaboration is particularly evident in cross-disciplinary
scientific meetings such as the International Conference on Com-
plement Therapeutics (www.aegeanconferences.org), which has
not only provided a platform for discussing emerging concepts but
also acted as a nucleus for compiling this special issue of Seminars
in Immunology. We consider ourselves fortunate that we could
engage many key players in the field of complement therapeutics
and hope that you will enjoy reading these excellent reviews as
much as we did.

References

[1] D. Ricklin, E.S. Reis, J.D. Lambris, Complement in disease: a defence system
turning offensive, Nat. Rev.: Nephrol. 12 (2016) 383–401.

[2] D. Ricklin, G. Hajishengallis, K. Yang, J.D. Lambris, Complement: a key system
for immune surveillance and homeostasis, Nat. Immunol. 11 (2010) 785–797.

[3] B.P. Morgan, C.L. Harris, Complement, a target for therapy in inflammatory
and degenerative diseases, Nat. Rev. Drug Discov. 14 (2015) 857–877.

[4] D. Ricklin, J.D. Lambris, New milestones ahead in complement-targeted
therapy, Semin. Immunol. 28 (2016) 206–220.

[5] A.M. Risitano, Paroxysmal nocturnal hemoglobinuria in the era of
complement inhibition, Am. J. Hematol. (2016).

[6] A.M. Risitano, S. Marotta, Therapeutic complement inhibition in
complement-mediated hemolytic anemias: past, present and future, Semin.
Immunol. 28 (2016) 221–238.

[7] C.M. Nester, R.J.H. Smith, Complement Inhibition in C3 glomerulopathy,
Semin. Immunol. (2016).

[8] J.M. Thurman, Complement in kidney disease: core curriculum 2015, Am. J.
Kidney Dis. 65 (2015) 156–168.

[9] R.M. Montero, S.H. Sacks, R.A. Smith, Complement-here, there and
everywhere, but what about the transplanted organ? Semin. Immunol. 28
(2016) 248–257.

10] S.H. Sacks, W. Zhou, The role of complement in the early immune response to
transplantation, Nat. Rev. Immunol. 12 (2012) 431–442.

11] V.M. Holers, B. Rohrer, S. Tomlinson, CR2-mediated targeting of complement
inhibitors: bench-to-bedside using a novel strategy for site-specific
complement modulation, Adv. Exp. Med. Biol. 735 (2013) 137–154.

12] V.M. Holers, S. Tomlinson, L. Kulik, C. Atkinson, B. Rohrer, N. Banda, et al., New
therapeutic and diagnostic opportunities for injured tissue-specific targeting
of complement inhibitors and imaging modalities, Semin. Immunol. 28 (2016)
258–265.

13] K.N. Ekdahl, J.D. Lambris, H. Elwing, D. Ricklin, P.H. Nilsson, Y. Teramura, et al.,
Innate immunity activation on biomaterial surfaces: a mechanistic model and
coping strategies, Adv. Drug Deliv. Rev. 63 (2011) 1042–1050.

14] K.N. Ekdahl, S. Huang, B. Nilsson, Y. Teramura, Complement inhibition in
biomaterial- and biosurface-induced thromboinflammation, Semin. Immunol.
28 (2016) 266–275.

15] M. Huber-Lang, A. Kovtun, A. Ignatius, The role of complement in trauma and
fracture healing, Semin. Immunol. 25 (2013) 73–78.

16] M. Huber-Lang, F. Gebhard, C.Q. Schmidt, A. Palmer, S. Denk, R. Wiegner,
Complement therapeutic strategies in trauma, hemorrhagic shock and
systemic inflammation – closing Pandora’s box? Semin. Immunol. 28 (2016)

276–282.

17] G. Hajishengallis, Periodontitis: from microbial immune subversion to
systemic inflammation, Nat. Rev. Immunol. 15 (2015) 30–44.

18] G. Hajishengallis, E. Hajishengallis, T. Kajikawa, B. Wang, D. Yancopoulou, D.
Ricklin, et al., Complement inhibition in pre-clinical models of periodontitis

http://www.aegeanconferences.org/
http://www.aegeanconferences.org/
http://www.aegeanconferences.org/


muno

[

[

[

[

Editorial / Seminars in Im

and prospects for clinical application, Semin. Immunol. 28 (2016)
283–289.

19] B.P. Morgan, The role of complement in neurological and neuropsychiatric
diseases, Expert Rev. Clin. Immunol. 11 (2015) 1109–1119.

20] F.H. Brennan, J.D. Lee, M.J. Ruitenberg, T.M. Woodruff, Therapeutic targeting
of complement to modify disease course and improve outcomes in
neurological conditions, Semin. Immunol. 28 (2016) 290–306.

21] S. Mamidi, S. Hone, M. Kirschfink, The complement system in cancer:

ambivalence between tumour destruction and promotion, Immunobiology
(2015).

22] R.P. Taylor, M.A. Lindorfer, Cytotoxic mechanisms of immunotherapy:
harnessing complement in the action of anti-tumor monoclonal antibodies,
Semin. Immunol. 28 (2016) 307–314.
logy 28 (2016) 205–207 207

Daniel Ricklin ∗

John D. Lambris ∗

Perelman School of Medicine, University of
Pennsylvania, 401 Stellar Chance, Philadelphia, PA

19104, United States
∗ Corresponding authors.
E-mail addresses: ricklin@upenn.edu (D. Ricklin),

lambris@upenn.edu (J.D. Lambris).

mailto:ricklin@upenn.edu
mailto:lambris@upenn.edu

