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ABSTRACT
There is a growing awareness that complement plays an integral role in human physiology and disease, tran-
scending its traditional perception as an accessory system for pathogen clearance and opsonic cell killing. As the
list of pathologies linked to dysregulated complement activation grows longer, it has become clear that targeted
modulation of this innate immune system opens new windows of therapeutic opportunity for anti-inflammatory
drug design. Indeed, the introduction of the first complement-targeting drugs has reignited a vibrant interest in
the clinical translation of complement-based inhibitors. Compstatin was discovered as a cyclic peptide that
inhibits complement activation by binding C3 and interfering with convertase formation and C3 cleavage. As the
convergence point of all activation pathways and a molecular hub for crosstalk with multiple pathogenic path-
ways, C3 represents an attractive target for therapeutic modulation of the complement cascade. A multidisci-
plinary drug optimization effort encompassing rational ‘wet’ and in silico synthetic approaches and an array of
biophysical, structural and analytical tools has culminated in an impressive structure-function refinement of
compstatin, yielding a series of analogues that show promise for a wide spectrum of clinical applications. These
new derivatives have improved inhibitory potency and pharmacokinetic profiles and show efficacy in clinically
relevant primate models of disease. This review provides an up-to-date survey of the drug design effort placed
on the compstatin family of C3 inhibitors, highlighting the most promising drug candidates. It also discusses
translational challenges in complement drug discovery and peptide drug development and reviews concerns
related to systemic C3 interception.

Keywords clinical translation, complement-based drug design, compstatin, Cp40, nonhuman primate models,
peptidic C3 inhibitors.
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Introduction

In the wake of a new era in biopharmaceutical research that has

strongly embraced the driving forces of scientific cross-disci-

plinarity, high-throughput data integration and system-wide

bioevaluation, complement-targeted drug discovery has taken

a new turn down fascinating avenues of opportunity for novel

anti-inflammatory therapeutics that will be amenable to clinical

use [1–3]. Complement research has traditionally been domi-

nated by the prevalent, albeit quite misleading, concept that

this innate immune system is merely a first-line sentinel for

microbial invaders and only plays an accessory role in the

backdrop of inflammatory processes (i.e. in antibody-triggered

effector pathways). Nevertheless, the advent of complement

gene ‘knockout’ models, together with the development of

high-resolution and dynamic-range analytical and structural

tools, has provided the essential underpinnings for better

understanding the molecular basis of complement’s involve-

ment in human pathophysiology [4–6]. Complement is now

widely recognized as an important modulator of tissue

homeostasis and a multitasking protein network that contrib-

utes to tissue immunosurveillance through the fine tuning of

innate and adaptive immune responses [4,7,8]. Underscoring

the crucial role of complement in human homeostasis and
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disease, an increasingly long list of clinical disorders and

pathological manifestations has been associated with dysregu-

lation or impaired function of distinct complement components

across the entire spectrum of activation pathways (see [5] for an

updated review).

Given the multifaceted role of complement in human path-

ophysiology, it becomes apparent that targeted inhibition and

fine spatiotemporal modulation of its activity can provide

unprecedented opportunities for therapeutic drug design and

effective clinical intervention [2,9,10]. The clinical introduction

of the first complement-specific drug in 2007, a therapeutic

antibody that blocks the terminal complement component C5

(Eculizumab; Soliris�; Alexion Pharmaceuticals, Cheshire, CT,

USA), further contributed to a renewed interest in complement

as a target system. However, approved treatment options have

remained scarce, and currently, they include only eculizumab

and a serine protease inhibitor with broad target specificity

within and outside the complement cascade (C1 inhibitor;

available from various manufacturers). Hence, the distinct

clinical landscape of each disease, the emerging importance of

therapy-modifying complement haplotype variations and the

context-specific contribution of complement to disease pro-

gression all point to the need for comprehensive therapeutic

strategies that will exploit broader complement intervention,

affording coverage of multiple pathways.

Notably, the complement field is currently witnessing a

surge of creative approaches aiming to block C3 activation

through diverse means, tools and conceptual frameworks [9]. It

remains to be seen which of these elegant drug design strate-

gies will safely navigate through the Symplegades (i.e. ‘clashing

rocks’) of preclinical development, eventually entering the

clinic as potent anticomplement therapeutics.

Target selection: interception at the level of C3
With some 50 plasma-based and cell surface-bound proteins

contributing to complement function [4], this intricate innate

immune pathway offers numerous points of pharmacological

intervention. Understandably, targeting a single complement

Figure 1 Overview of the complement cascade illustrating its multiple interconnections to human physiology and disease, with an
emphasis on key aspects of complement-targeted therapeutic design. (a) Complement activation on diseased host surfaces involves
diverse recognition molecules and initiation mechanisms that underlie three distinct activation pathways operating either in parallel
or independently of each other. Briefly, binding of C1 to antigen–antibody complexes (e.g. in autoimmune pathologies) triggers the
classical pathway (CP), while binding of MBL/ficolin or properdin to target surfaces, via recognition of distinct molecular patterns,
initiates the lectin pathway (LP) and alternative pathway (AP), respectively. Irrespective of their initiating trigger, all pathways
converge at the proteolytic activation of C3, the central component of the cascade. Assembly of C3 convertases via any of the three
aforementioned activation pathways promotes surface opsonization by C3 fragment deposition mainly through an AP-mediated
amplification loop and also leads to effector generation (e.g. C3a anaphylatoxin release). C3 activation is the prerequisite for the
downstream activation of the lytic pathway that begins with the cleavage of C5 and culminates in the assembly of the cell-
perforating MAC. Both fluid-phase and surface-bound complement regulators (e.g. factor H, CR1, MCP) promote the factor I-
mediated degradation of C3b into bioactive fragments that mediate a plethora of immunomodulatory functions in health and
disease (including inflammatory signalling, phagocytic activation and modulation of adaptive immune responses). Cleavage of the
central complement components C3 and C5 by their respective convertases results in the generation of the anaphylatoxins C3a and
C5a that, through interaction with their cognate receptors (C3aR, C5aR1), trigger potent inflammatory signalling and chemotactic
responses in a variety of myeloid and nonmyeloid cell types. (b) Therapeutic modulation of complement using the peptidic C3-
targeted inhibitor compstatin: Compstatin acts as a highly selective protein–protein interaction inhibitor. Binding of compstatin to
native C3 and also to C3b-containing convertases results in potent and broad complement inhibition through abrogation of C3
activation and AP-mediated amplification of C3 cleavage. The lack of C3b deposition also prevents C5 convertase assembly and
downstream effector generation (e.g. C5a, MAC). The complement inhibitory action of compstatin is exerted regardless of the
upstream trigger or complement pathway (CP, LP, AP) involved. C. Therapeutic intervention at different steps of the complement
cascade affords distinct benefits and limitations to each targeting approach. Intervention at the early stages of complement
initiation, such as inhibition of C1s and MASPs by C1-INH, affords effective blockade of the CP and LP, while letting the alternative
pathway operate and preserve its homeostatic and immune surveillance functions. However, upstream inhibition may also still
allow amplification of potentially harmful activation on diseased tissue. C3 interception using peptidic inhibitors of the compstatin
family results in abrogation of C3 activation by the convertases, inhibition of AP-mediated amplification and downstream effector
generation. However, compstatin does not affect initial activation of the AP through the ‘C3 tick-over’ mechanism and also allows
for C4b generation through upstream activation of the CP and LP. Therefore, compstatin treatment may still allow for residual
opsonic activity and complement-mediated immune surveillance. Finally, C5 blockade selectively targets the lytic pathway of
complement abrogating C5 activation and generation of detrimental downstream effectors (i.e. C5a, MAC), while leaving intact
upstream activation pathways including C3 activation and the AP-mediated amplification loop. Abbreviations: BCR, B-cell receptor;
CR1 complement receptor type 1; CR2, complement receptor type 2; CP, classical pathway, AP, alternative pathway; LP, lectin
pathway; MAC, Membrane Attack Complex; MBL, mannose-binding lectin; MASP, MBL-associated serine protease; MCP,
membrane cofactor protein; DAF, decay-accelerating factor; CR’s, complement receptors.
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component in all pathologic states and clinical disorders is not a

panacea. Therapeutic strategies aiming for upstream, central or

downstream (terminal) complement inhibition each have their

own merits and limitations (extensively reviewed in [2]). Being

the convergence point of all activation pathways and a hub

forging molecular interconnections with multiple pathogenic

pathways, C3 serves as a particularly attractive target for

therapeutic modulation of the complement cascade [2] (Fig. 1a).
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Indeed, several lines of evidence indicate that C3 inhibition

would qualify as a more comprehensive approach than would

targeting downstream effector pathways (e.g. via C5 blockade

or C5aR1 antagonism) in a variety of clinical conditions [2,9,11].

Notably, derivatives of the compstatin family (e.g. AMY-101,

Amyndas Pharmaceuticals) are currently the only low molec-

ular weight inhibitors of C3 that have advanced through clini-

cal development for the treatment of several indications. Other

antibody or complement regulator-based approaches, targeting

complement at the level of C3 or the C3 convertase, have also

entered preclinical development (e.g. mAbs S77 and 3E7 and

the engineered regulators TT30 and mini-FH; for a review

see [9]).

Because of its central role within the complement cascade,

intercepting C3 naturally sparks questions concerning safety,

particularly in the case of long-term, systemic intervention.

Thus far, however, these discussions have remained mostly

hypothetical because of our limited experience with C3-

targeted inhibitors in the clinic. The often-raised concern that

complete shutdown of C3 activity will generally increase sus-

ceptibility to infections, as the result of a loss of C3’s opsonic

capacity, has been based primarily on observations in C3-defi-

cient patients. Indeed, individuals with primary C3 deficiencies

show an increased risk for episodic infection by a limited set of

pyogenic pathogens, primarily in the early stages of life when

immunity is not yet fully developed [12,13]. Despite these

clinical observations in the rare cases of homozygous C3 defi-

ciency, it should be noted that long-term pharmacological C3

inhibition might not necessarily recapitulate the same pheno-

type. This may hold true particularly in view of a putative role

of C3 in the early stages of development of the immune system

and its multifaceted impact on various lymphoid and non-

lymphoid compartments that may modulate the immune

response to infections. In contrast to genetic C3 deficiency,

targeted C3 interception using inhibitors such as compstatin

would not be expected to interfere with such developmental

pathways. Furthermore, in some animal disease models, C3

deficiency or inhibition even beneficially modulates the course

of infection [14–16], underscoring the context-specific contri-

bution of C3 in host–pathogen interactions. Notably, anti-C3

treatment with small-sized inhibitors (such as compstatin) can

be easily interrupted in a clinical protocol, allowing for swift

recovery of C3 activity during an active infection. In fact, even

residual amounts of C3 can effectively contribute to host

defence, and inhibition at the level of C3 still allows for C4b

opsonization via the classical and lectin pathways [2].

Taken together, it remains unclear how much and how

directly the observations in C3-deficient patients would trans-

late to a C3-inhibitory therapy. At least until more clinical

experience is gained, the risk for infection and its prophylactic

management need to be carefully considered.

Patients subjected to chronic C3-targeted intervention [e.g. in

paroxysmal nocturnal hemoglobinuria (PNH)] should likely be

vaccinated against encapsulated bacteria, including meningo-

cocci, pneumococci and Haemophilus influenza, to eliminate the

potential risk for infections during treatment. Similar prophy-

laxis, in particular against meningococcal infection, has suc-

cessfully been applied in C5-targeted therapy for many years

now. Apart from vaccination, long-term prophylactic use of

antibiotics may also be considered as an option for further

diminishing the risk for infection in cases of chronic C3-targeted

intervention. Conversely, acute treatment with C3 inhibitors (i.e.

in haemodialysis settings) is not expected to increase the risk of

infection andwould likely not require prophylactic measures for

the duration of therapy. Moreover, transient C3 inhibition in

transplantation settings should not evoke unwanted infectious

complications, as clinical protocols already include antimicrobial

prophylaxis to counterbalance this risk [17]. A recent study

evaluating the efficacy of a soluble form of CR1 in a patient with

C3GN-DDD has provided proof of concept for the safety and

tolerability of C3 interception in acute clinical protocols involv-

ing over 2 weeks of C3-targeted intervention [18]. It is notewor-

thy, however, that potential safety issues do not apply to the local

administration of C3 inhibitors, which in fact may have indirect

antimicrobial effects, as in periodontitis [14]. Provided that cer-

tain safety precautions are taken into consideration, as in the case

of anti-C5 therapy, it is expected that C3 interception protocols

may afford therapeutic benefit with low or controllable adverse

consequences.

Another concern that often sparks debate regarding C3-tar-

geted therapies is the purported risk of autoimmune reactions

that might be triggered by prolonged C3 inhibition. Comple-

ment component and receptor deficiencies have long been

considered predisposing factors for autoimmune pathologies

(e.g. SLE) [7,19]. Importantly, however, while deficiencies of the

early components of the classical pathway (C1q, C2 and C4)

render patients prone to autoimmune manifestations (e.g. SLE),

C3 deficiency has only rarely been associated with a similar risk

[19]. Recent studies have provided mechanistic insight into this

seemingly paradoxical role of C3 in autoimmunity, by showing

that the absence of C3 from dendritic cells downregulates

antigen presentation and blunts downstream T-cell responses

to aberrantly expressed self-antigens (e.g. apoptotic cells),

thereby attenuating the risk for autoimmune reactions [20,21].

Notably, the absence of spontaneous autoimmunity in C3-

deficient mice, as opposed to C1q-deficient mice, also corrob-

orates these findings [19]. Altogether, these lines of evidence

suggest that systemic C3 interception in a clinical setting would

not run the risk of ‘fuelling’ autoimmune responses, and they

further underscore the necessity of weighing conceptual

extrapolations about prolonged C3 inhibition and autoimmu-

nity against actual clinical data.
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Finally, an often-raised concern in discussions over the safety

of long-term C3 intervention is the impaired clearance of

immune complexes (ICs) and the potential exacerbation of IC-

mediated inflammatory responses. Indeed, alternative pathway

activation and increased binding of C3 fragments appear to be

important for solubilizing immune precipitates, and IC disor-

ders have occasionally been reported in C3-deficient patients.

Still, when compared to the susceptibility to episodic infections

discussed above, the risk for developing IC-mediated diseases

appears to be lower and not as well defined [22], suggesting

that other mechanisms may override the requirement for C3 in

these processes. Of note, even in the absence of C3, upstream

components of the classical or lectin pathways (MBL, C1q, C2,

C4) can handle several aspects pertinent to IC clearance [22].

For example, binding of C1 or C4b to immune complexes may

interfere with Fc–Fc interactions, thus reducing rapid IC

aggregation and precipitation [22]. Furthermore, C3 inhibition

and the abrogation of downstream effector generation (e.g.

C5a) may even beneficially modulate the inflammatory

response triggered by IC-Fc gamma receptor interactions in

certain cases of IC-driven pathology [23]. Although a direct

correlation between long-term C3 inhibition and development

of IC disorders remains to be established, it will be important to

monitor IC levels during future clinical studies.

As compstatin derivatives and other C3-targeted inhibitors

make their way into clinical evaluation, it will be important to

replace these hitherto largely hypothetical discussions about

safety with real clinical experience.

Molecular development of compstatin

Discovery, initial characterization, and proof-of-
concept of its therapeutic potential
The drug design effort that culminated in the discovery of

compstatin was bolstered by the concept that small-molecule

complement inhibitors targeting all three pathways at their

focal point of convergence (i.e. the C3 activation step) might

have a more promising profile for clinical application in path-

ological disorders that entail deregulated complement activa-

tion. In line with this concept, compstatin was discovered by

phage-displayed peptide library screening as a 13-residue,

cyclic peptide (I[CVVQDWGHHRC]T-NH2) [24] that selec-

tively binds to native C3 and its bioactive fragments C3b and

C3c [24,25]. Initial functional characterization revealed that

compstatin controls the activation of C3 by the convertases but

acts by sterically hindering the binding of C3 to the convertases,

unlike the natural regulators (i.e. FH, CD35, CD46 and CD55),

which destabilize the C3 convertase or accelerate degradation

of the enzyme complex [24–26]. Importantly, a series of

structure-guided activity studies have revealed that specific

type I b-turn residues, hydrophobic interactions and the cyclic

core structure itself are critical not only for the conformational

stability of the peptide but also for binding to C3 and the

inhibitory action of the peptide (for detailed reviews see

[11,27,28]). The therapeutic efficacies of the original

compstatin and its acetylated derivative have been evaluated in

a spectrum of clinically relevant in vitro and ex vivo models

ranging from biomaterial-induced complement activation by

extracorporeal circuits to xenotransplantation (for a more

detailed review see [11,28]).

Species specificity of compstatin and exclusive
binding to primate C3
The inhibitory potency of compstatin against C3 from various

species quickly emerged as a critical question, particularly in

terms of validating its therapeutic potential in appropriate

animal models of disease. A series of complement assays in

different species (human, various monkeys, pig, rabbit, guinea

pig, rat and mouse) suggested that this inhibitor exhibits a

narrow species selectivity profile, binding exclusively to human

and nonhuman primate (NHP) C3 [29]. Subsequent interaction

analysis confirmed that compstatin binds NHP C3 (baboon)

and human C3 with similar affinity, but it does not bind to

mouse or rat C3 [25,29]. Importantly, and despite an improve-

ment in the C3-binding affinity by several orders of magnitude,

this narrow species specificity is still found in the most recent

analogues of compstatin. Recent studies, employing an ELISA-

based assay to quantify the inhibitory effect of the current lead

analogue Cp40 on classical pathway-mediated complement

activation, showed exclusive inhibition in human and NHP

plasma, but not in mouse, rat, rabbit, swine and canine com-

plement assays (J.D. Lambris unpublished observations). On

the other hand, the highly comparable binding of compstatin to

human and NHP C3 was recently confirmed by surface plas-

mon resonance (SPR)-based studies, in which the binding

profiles of Cp40 and related analogues were almost identical for

C3 from humans, baboons and cynomolgus and rhesus mon-

keys [30]. In view of this consistently observed primate speci-

ficity of compstatin analogues, recent studies reporting the

effects of compstatin-mediated C3 inhibition in rodent models

of disease [31,32] and using a commercial, nonlicensed comp-

statin product (sold by Tocris) can only be explained as

experimental artifacts. Moreover, the product tested in these

studies corresponds to the original compstatin, which is up to

6000-fold less active than the derivatives currently in clinical

development.

This exquisite specificity of compstatin for primate C3 was

originally considered surprising, given the high degree of

phylogenetic conservation of C3 from various mammalian

species, with a pronounced homology in the primary structure

that varies from 85% to 94%. Over the past decade, an array of

biochemical, functional and structure-based investigations have
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corroborated the original premise that compstatin binds its

target protein (C3) according to distinct species-specific

‘constraints’. In particular, the release of a cocrystal structure of

C3c with a 45-fold more potent analogue of the parental pep-

tide (analogue 4W9A) has largely explained the high selectivity

of compstatin for human and NHP C3 [33]. Whereas an earlier

study had already identified a 40-kDa C-terminal fragment of

the b-chain of C3 as the binding region of compstatin [34], the

crystal structure revealed a shallow binding pocket formed by

macroglobulin (MG) domains 4 and 5 of C3 [33]. Several critical

residues involved in the interaction between C3 and compsta-

tin, that is, Gly-345, His-392, Pro-393, Leu-454 and Arg-459,

were found to be highly conserved in human and primate C3,

whereas all of them differed in other mammalian species [33].

The presence of different residues in these positions may lead

to steric restrictions, loss of specific contacts within the binding

site or conformational differences in the local structure. Overall,

these structural aspects largely explain the species specificity of

compstatin and provide a structural basis for its exclusive

binding to human and primate C3.

Collectively, these studies attest to the high target selectivity

of compstatin. Moreover, the comparable binding profiles

towards human C3 and C3 from different monkey species

strongly support the concept that preclinical NHP models of

therapeutic C3 intervention have clear potential for successfully

translating the therapeutic efficacy and safety profile of the

most promising compstatin analogues into the human setting.

Unravelling the binding and unique inhibitory modes
of compstatin
The resolution of the crystal structure of native C3 and its C3b

and C3c fragments not only provided critical insight into the

conformational dynamics of C3 but also catalysed efforts to

unravel the structural basis of compstatin’s mode of action

[35–37]. One particular milestone in this context was the reso-

lution of the C3c-compstatin cocrystal structure that led to the

mapping of the binding site in a shallow pocket between the

MG4 and MG5 domains of the b-chain of C3 (Fig. 2a) [33].

Strikingly, the cocrystal structure revealed that compstatin

undergoes substantial conformational changes upon complex

formation, whereas C3 itself appears largely unchanged [33].

Once the peptide switches from an open, U-shaped conforma-

tion in solution to a twisted O-shaped form upon binding, the

peptide snugly fits the shallow binding site, with some 40% of

its surface being buried in C3c [33]. The importance of this

conformational switch was later extended by NMR and binding

studies and has had important implications for the structural

optimization of compstatin that has led to more potent ana-

logues with impressively improved binding affinities ([30], see

also below). Details concerning the binding mode of compstatin

have been discussed in previous publications [28,33].

It soon became evident that compstatin, unlike physiological

regulators, does not act on the C3 convertases, but rather pro-

tects native C3 from convertase-mediated cleavage. Localiza-

tion of the binding site in the b-chain of C3 essentially excluded

the possibility that compstatin directly interfered with the

release of the C3a fragment that is located in the a-chain of C3.

At the same time, the cocrystal structure suggested that the

peptide occupies a potential dimerization site of C3/C3b, and

this hypothesis was later supported by the analysis of the

structure of the C3 convertase [33,38]. Based on these observa-

tions, the prevalent model of compstatin’s action indicates that

this peptide acts as a protein–protein interaction inhibitor by

sterically hindering the binding of native C3 to the convertases

[33] (Fig. 2b), thereby preventing the cleavage of C3 by both the

classical/lectin and the alternative pathway C3 convertases and

blocking the generation of effector fragments. Despite the

structural homology that exists between the complement com-

ponents C3, C4 and C5, compstatin is specific for C3 and does

not prevent the activation of C4. Also, it does not block the

hydrolysis of C3 to the active C3(H2O) form (i.e. tick-over

activation), nor does it prevent convertase-independent cleav-

age of C3 by proteases such as thrombin that may occur under

certain disease conditions. As such, compstatin and its deriva-

tives efficiently control the major routes of complement acti-

vation and block the often-devastating amplification of the

response, while leaving residual (upstream) complement

activity intact.

Towards a new generation of more potent
compstatin analogues
The resolution of the crystal structure of the C3c–compstatin

complex has helped to streamline the refinement effort on the

parental peptide, paving the way for the generation of more

potent analogues that are now in clinical trials for diseases such

as age-related macular degeneration (AMD) and also show

promise for clinical intervention in PNH, haemodialysis-

associated thromboinflammation, periodontal disease, acute

graft rejection and sepsis [9] (an overview of the milestones

achieved throughout the preclinical development of compstatin

is provided in Fig. 3).

Even in the absence of structural information from the

cocrystal, a range of complementary approaches guided by

biochemical, and biophysical, analyses led to a remarkable

improvement in compstatin’s activity (reviewed in [28]) that

culminated in the discovery of analogue 4(1MeW) [39], which

formed the basis for the clinical development of POT-4 by

Potentia (now Apellis Pharmaceuticals). It was in the past few

years, however, that the molecular improvement of the comp-

statin family reached several milestones, with the most recent

analogues showing more than a 6000-fold improvement in

target binding affinity when compared to the parent peptide
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(Fig. 3). This enormous progress has been facilitated by the

resolution of the C3c cocrystal structure and has involved state-

of-the-art techniques such as backbone methylation and the

exploration of an extended binding site. Backbone N-methyla-

tion is regarded as an effective approach to lowering the

binding entropy of peptides by imposing constraints in the

peptide backbone that, in turn, affect its secondary structure

and side-chain orientation [40,41]. N-methylation has also been

shown to increase the binding selectivity of small peptides for

their targets, improve stability and solubility (by reducing

intramolecular hydrogen bonds and electron-inducing effects)

and extend the half-life of modified peptides in the plasma

[41,42]. It was therefore hypothesized that backbone N-meth-

ylation of compstatin would influence the solution structure

and contact network, while at the same time, it would have

positive effects on the plasma stability and pharmacokinetic

(PK) profile. A systematic N-methylation scan of a compstatin

template was therefore employed to identify suitable sites of

methylation; while most of the modifications left the activity

unaffected or reduced, backbone methylation at Gly-8 and

Thr-13 led to a significantly improved inhibitory potency [43].

In fact, one of the generated analogues (Ac-I[CV(MeW)QDW-

Sar-AHRC](NMe)I-NH2, with Sar standing for sarcosine or

N-methyl-glycine), termed Cp20, displayed a profound
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increase in potency (IC50 = 62 nM) and C3b binding affinity

(KD = 2�3 nM) over the first-generation analogues [43]. It was

later shown that N-methylation of the N-terminus, by replacing

the terminal acetyl group with a sarcosine residue, further

improves the target affinity and positively affects peptide

solubility; the resulting analogue, Cp30, featured a KD of

1�6 nM [30]. As an interesting side note, these cyclic,

N-methylated compstatin analogues increasingly resemble the

clinically successful peptide drug cyclosporine in terms of both

structure and physicochemical properties; the target specifici-

ties and clinical profiles of the two peptides are, however,

highly distinct.

Biophysical and structural analyses have provided molecular

explanations for the observed improvements achieved through

backbone methylation. As mentioned above, compstatin

undergoes rigorous conformational rearrangement upon bind-

ing to C3 when compared to the free (unbound) molecule [33].

It was therefore hypothesized that backbone N-methylation

would afford a more constrained conformation that would

more closely resemble the bound form of the peptide in com-

plex with C3. Indeed, kinetic analysis confirmed that analogues

with sarcosine at position 8 consistently show an enhancement

of the association rate (as a measure of complex formation)

when compared to the nonmethylated glycine derivatives [43].

This hypothesis was further corroborated by NMR analysis of a

Sar-8 analogue and by computational studies, which revealed a

significant change in the solution structure to a more compact,

twisted form resembling bound compstatin, when compared to

the ‘relaxed’ form of an early analogue [30]. This conforma-

tional shift appears to be induced by the ability of Sar-8 to

stabilize a b-turn encompassing residues 8–11 rather than res-

idues 5–8, as observed in the nonmethylated analogues. From a

structure-guided perspective, methylation at position 8 there-

fore appears to induce a ‘bound-like’ structure of compstatin in
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solution by shifting the conformation of the peptide [30]. In

addition, N-methylation may also induce a better orientation of

the hydrophobic side chains in key residues of compstatin and

increase the hydrophobic interactions with the hydrophobic

binding pocket in C3 [30,43]. This increased binding to the

hydrophobic pocket in C3 may also hold true for the effect of

changes at the C-terminal residue 13, because the replacement

of Thr-13 with the smaller, hydrophobic Ile-13 conferred

improved affinity on the peptide. Imposing further structural

constraints through backbone N-methylation of the flanking

residue at position 13 has resulted in analogues with signifi-

cantly enhanced inhibitory potency and binding affinity, indi-

cating that the nature of the residue at position 13 can exert a

modifying effect on the binding of compstatin to C3 [43].

The initial characterization of compstatin and its cocrystal

structure with C3c have both indicated that the N-terminus

plays a comparatively minor role in C3 binding when com-

pared to the cyclic scaffold [24,33]. However, the improved

activity of an analogue with a sarcosine residue replacing the

N-terminal acetyl group (Cp30) has indicated that an extension

of the N-terminus may confer beneficial effects [30]. Indeed, the

addition of a panel of distinct chemical groups, natural and

nonproteinogenic amino acids, at the N-terminus of Cp20 sig-

nificantly influenced activity. One of the resulting analogues

featuring an N-terminal D-tyrosine, termed Cp40 (yI[CV(MeW)

QDW-Sar-AHRC](NMe)I-NH2), has shown markedly

improved inhibitory activity and a KD of 0�5 nM for C3b,

making it the first compstatin derivative with subnanomolar

target affinity [30]. Computational analysis of the Cp40–C3c
complex using docking approaches has revealed that an addi-

tional hydrophobic patch on the surface of C3c might be

available for further contact with N-terminally extended ver-

sions of the compstatin scaffold [30] (Fig. 2a). Notably, some of

the latest N-terminally modified analogues seem to exhibit a

higher solubility than does Cp20, a feature that may facilitate

systemic dosing. Overall, these optimization efforts have not

only produced highly potent compstatin analogues with high

suitability for therapeutic administration but have also revealed

promising avenues for further improvement of this peptide

family. As detailed in the section below, PK optimization of

compstatin has already led to the discovery of a secondary

binding site that may be tapped to increase the potency of

future analogues [44].

Clinical development of compstatin derivatives

Pharmacokinetic profile of compstatin and
optimization strategies
Peptide drug development has traditionally been hampered by

factors such as limited administration options, poor cell pene-

tration, low metabolic stability and rapid plasma elimination

[45]. Whereas cell penetration is of limited importance in the

case of compstatin, because the target molecules are primarily

found in the circulation, the other aspects have been investi-

gated and optimized during preclinical development of

compstatin analogues. Early on, it was recognized that the

cyclic nature of the peptide is an important contributor to its

high plasma stability, with the acetyl group of the initial ana-

logues further contributing to protecting the N-terminus from

proteolytic degradation (the C-terminus has always been

capped by amidation) [25]. In newer analogues, nonproteino-

genic amino acids such as sarcosine (used in the compstatin

analogue Cp30) or D-tyrosine (used in the compstatin analogue

Cp40) have replaced the acetyl group [30]. One potential point

of lability is the disulphide bridge, which is susceptible to

reduction. Although changes in the cyclic conformation of the

peptide are typically not well tolerated [25,33], the disulphide

bridge may be replaced with a thioether bond without pro-

found loss of potency [46]. As expected, the resulting thioether

derivatives of compstatin showed largely improved stability

against reduction. In plasma, however, even the disulphide-

bridged analogues have shown extraordinary stability; thus, it

appears advisable to reserve the thioether approach for specific

conditions in which reductive stress may be prevalent [46].

The rapid elimination profiles of the first-generation comp-

statin analogues in human and NHP plasma have posed a

major hurdle in the development of therapeutic compstatin

analogues for systemic drug administration. The clinical can-

didate POT-4 (Potentia), for example, has been evaluated for

local treatment of AMD via intravitreal injection, thereby lar-

gely bypassing these limitations. Recent PK studies of second-

generation analogues (Cp20, Cp30, Cp40) in cynomolgus

monkeys have surprisingly revealed apparent terminal plasma

half-life values of up to ~12 h after a single intravenous injec-

tion [30]. Notably, these plasma elimination profiles have fol-

lowed a biphasic mode that can be correlated with the plasma

C3 concentration, with a rapid elimination of peptide exceeding

the C3 level, followed by a much slower phase of elimination

(Fig. 4a). This pattern suggests a ‘target-driven’ model in which

the tight binding of compstatin to C3 prevents renal elimination

of the peptide. Indeed, the half-life values determined for the

three tested analogues were found to be directly related to their

binding affinities for C3, with Cp40 showing the longest plasma

residence [30]. Future optimization of their binding properties

and efficacy may therefore simultaneously affect the plasma

elimination of compstatin analogues.

Although the beneficial PK profiles of the second-generation

compstatin analogues make them directly amenable for sys-

temic use, an additional extension of the time that the drugs are

resident in the plasma may confer an advantage for indications

that rely on long-term administration. Two recent studies have

evaluated distinct strategies for retaining compstatin analogues
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in the circulation in concentrations that exceed the C3 concen-

tration. The option of attaching modifying groups to either the

N- or C-terminus of the compstatin analogues without pro-

foundly affecting their inhibitory activity has greatly facilitated

these strategies (Fig. 4b). Following a traditional approach to

the development of biologics [47], polyethylene glycol (PEG)

moieties were attached to the compstatin analogue Cp40. The

size of the branched PEG group (40 kDa) was expected to

reduce renal filtration and prolong the half-life in a target-

independent manner. Indeed, when injected into cynomolgus

monkeys, the PEGylated Cp40 showed a remarkably enhanced

half-life of more than 5 days [48]. Despite its impressive

extension of the half-life by a factor of 10, the PEGylation

approach poses several questions that still need to be

addressed: first, an observed increase in the C3 plasma con-

centration during treatment with PEG-Cp40 suggested that the

binding of a large PEGylated compound might interfere with

the metabolism of C3 [48]. However, this observation needs to

be further corroborated, and there is no evidence as yet as to

whether this increase in C3 affects dosing schemes. Second, the

long half-life of PEG-Cp40 makes it more difficult to adjust the

drug levels or even phase patients off treatment in cases of

potential therapy-modifying events (e.g. infections). Third, it is

not clear whether the PEG moiety itself induces some level of

toxicity, particularly at the comparatively high concentrations

required to inhibit C3. Indeed, complications such as vacuoli-

zation have been described for PEG modifiers [47,49]. Never-

theless, PEGylation of compstatin may prove useful in certain

indications, and PEGylated derivatives are currently been

developed and evaluated by Potentia and Apellis.

Another approach for extending the half-life of drugs relies

on exploiting the transporter/depot function of abundant

serum proteins such as albumin. For example, conjugation of

peptide drugs to an albumin-binding peptide (ABP) has pre-

viously been shown to increase their half-life in circulation [50].

This strategy was successfully adopted with a first-generation

compstatin analogue by adding an ABP to the terminus via a

mini-PEG linker; the resulting ABP-fusion peptides retained

their inhibitory activity and displayed a prolonged plasma

residence (i.e. still detectable 24-h postinjection) after injection

in mice; in contrast to compstatin, the APB moiety binds to

albumin of both human and mouse [51]. Although the results

are encouraging, the synthesis and linkage of two disulphide-

bridged peptides are challenging and potentially costly. A

corresponding approach involving a low molecular weight

albumin-binding molecule (ABM), which is used in the clinic to
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increase the half-life of a contrast agent [52], has recently been

implemented to improve the PK properties of compstatin ana-

logue Cp20 (Fig. 4b). N-terminal conjugation of different ABM

entities to Cp20 resulted in derivatives with markedly

increased plasma protein binding [44]. Most notably, one of the

resulting derivatives (ABM2-Cp20) displayed a 20-fold higher

binding affinity for C3 (KD = 150 pM) over the parental pep-

tide, making it the most potent compstatin analogue to date.

Kinetic and structural analysis indicated that the ABM2 moiety

occupies a secondary site on C3b, thus affording additional

contacts that improve the dissociation rate of the complex [44].

Going forward, this intriguing strategy may allow for extend-

ing the plasma residence of free compstatin exceeding the C3

level (via albumin binding) while at the same time reducing

clearance by prolonging the bound state via increased C3

affinity. Undoubtedly, these promising PK profiles will pave

the way for further clinical development of lead compounds.

Along the way, open questions concerning biodistribution,

route of excretion, immunogenicity and the potential genera-

tion of metabolites still need to be answered.

Probing the therapeutic efficacy of compstatin
analogues in preclinical and clinical studies
Since its discovery, compstatin has been tested as an attractive

drug candidate in a plethora of disease models associated with

dysregulated or excessive complement activation [2,5,28]. Pre-

vious reviews have provided a thorough survey of the initial

therapeutic evaluation of compstatin and its first-generation

analogues [11,28]. In this section, we provide an updated

account of its therapeutic evaluation, encompassing the most

recent developments, promising indications and suitable

treatment strategies.

Age-related macular degeneration. Age-related macular

degeneration is the most prevalent eye disease in the industri-

alized world [53]. This debilitating disorder gradually leads to

irreversible blindness through the progressive development of

geographic atrophy (GA; dry AMD) and/or choroidal neovas-

cularization (CNV; wet AMD) of the patient’s retina [54,55].

Chronic inflammation has been recognized as a potential driv-

ing factor in the disease, and a particularly prominent role for

complement was first demonstrated by genome-wide associa-

tion studies (GWAS) identifying single nucleotide polymor-

phisms within the factor H locus as the most strongly

predisposing genetic factor for the development of AMD [56–59].
Meanwhile, other complement polymorphisms have been

associated with AMD, underscoring the intricate involvement of

complement-driven inflammation in disease progression [60].

Given this strong association of complement dysregulation

with AMD, compstatin has long been considered an attractive

therapeutic option for the treatment of this disease. A first-

generation compstatin analogue has been evaluated in a unique

NHP model of early-onset AMD in cynomolgus monkeys.

These animals develop drusen, lipoprotein deposits in the ret-

inal tissue that are considered an early hallmark of dry AMD, at

a much earlier age than do unaffected monkeys or humans.

This model therefore permits the therapeutic testing of novel

inhibitors over an extended time frame [54]. Weekly intravitreal

injection of compstatin in affected monkeys resulted in a clear

amelioration of disease scores, as illustrated by a suppression of

drusen formation and almost complete dissolution of the dru-

sen in the retinas of compstatin-treated animals after 9 months.

Of note, injection of concentrated compstatin solutions into the

vitreous appears to cause local precipitation and may have

favoured a slow-release mechanism that produced a sustained

therapeutic effect over a long treatment period [54]. After

licensing the first-generation compstatin technology from the

University of Pennsylvania in 2006, Potentia clinically devel-

oped POT-4 for application in AMD. Phase I studies in patients

suffering from severe wet AMD not only confirmed its tolera-

bility and safety but also indicated clinical efficacy. Based on

that promising profile, Alcon entered licensing options and

conducted phase II trials of the compound, designated

AL-78898A, for exudative/wet AMD in combination with

Lucentis [61]. Unfortunately, for undisclosed reasons, a much-

reduced dose of the compound was used in this study when

compared to the phase I trials, and no therapeutic efficacy

could be determined. Another phase II proof-of-concept study

in GA (dry AMD) was subsequently terminated [62]. Despite

these hold-ups, the encouraging results from the phase I trial of

POT-4 and the announced progression of another alternative

pathway inhibitor (anti-FD mAb; Lampalizumab, Genentech)

to phase III trials show the potential of that treatment strategy.

It will therefore be interesting to see whether improved for-

mulation, dosage and inclusion criteria will lead to an

improved therapeutic outcome for compstatin in AMD.

Sepsis. Severe septicaemia is a clinical disorder that ‘derails’

the host’s inflammatory response to bacterial infection by

causing massive activation of complement and also pro-

nounced procoagulant responses that, if left unchecked, can

lead to disseminated intravascular coagulopathy, multi-organ

dysfunction and death [63]. The cytokine storm that ensues

upon bacterial challenge causes a generalized impairment of

innate immunity, leading to a severe disability to clear the

pathogen and, ultimately, to high rates of mortality that still

pose a serious challenge in clinical care [64].

Targeting C3 activation in models of human septicaemia has

attracted considerable attention because of the cardinal role of

this complement component in modulating cytokine-driven

pathways and other innate immune effector systems. In this

context, compstatin has shown consistent efficacy in blocking
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inflammatory and procoagulant reactions in a human whole

blood model of bacterial inflammation that closely resembles

acute septicaemia [65–68]. Furthermore, recent studies have

suggested that anti-CD14 treatment might confer additive

protection against LPS shock or Gram-positive or polymicrobial

bacterial challenge, when combined with C3 or C5 inhibition

[69–71].
To translate these important findings into a clinically relevant

context, C3 inhibition by compstatin treatment [analogue

4(1MeW)] was evaluated in a baboon model of Escherichia coli-

induced sepsis (LD50 model) that closely recapitulates the

pathophysiology of clinical sepsis. In this primate model, the

disease progresses from transient hypotension to multi-organ

failure (MOF), which eventually leads to death [72,73]. Comp-

statin was administered to septic animals by i.v. infusion,

according to two therapeutic strategies: an early ‘prevention’

regimen and a late ‘rescue’ regimen. Compstatin conferred

significant protection from inflammatory and procoagulant

complications and contributed to the protection of organs from

the detrimental effects of ischemia-reperfusion (I/R) injury

during the second stage of severe sepsis. Moreover, treatment

with compstatin significantly reduced complement deposition

in the kidneys, suggesting that endothelial injury and I/R-

induced nephrotoxicity were decreased, resulting in improved

clinical signs of acute kidney injury (AKI). In septic baboons,

both the prevention and rescue regimens of compstatin treat-

ment led to a recovery of white blood cells in the circulation

and to lower plasma platelet consumption. Moreover, a clear

inhibitory effect of compstatin on various sepsis-induced

procoagulant markers was observed, and complement inhibi-

tion was associated with lower fibrin deposition through a

modulation of the coagulation (TF) and fibrinolytic (PAI-1)

pathways. Despite bacterial survival being a key target of

antimicrobial therapeutics, it should be stressed that multi-

organ dysfunction is the main cause of death in late-stage

sepsis and trauma [63]. While bacteremia can be treated with

antibiotics, there are no established therapies that provide

organ protection. Most notably, C3 inhibition by compstatin not

only restored systemic blood pressure in the septic baboons, in

both the early and late therapeutic regimens, it also exerted a

markedly protective effect on organ function that was evident

as late as 6-h postbacterial challenge (e.g. no signs of throm-

bosis and lower leucocyte infiltration in the lungs, and protec-

tive effects in the liver, spleen and kidneys) [72]. The organ-

protective effect of compstatin in late-stage sepsis raises

awareness for a new therapeutic avenue that may be further

explored, considering that no other therapy tested so far in the

baboon model has shown protection when administered at

such a late stage.

Taken together, these studies have provided new insight into

the therapeutic potential of compstatin for systemic

inflammatory disorders such as the systemic inflammatory

response syndrome (SIRS) and sepsis, and they also open up

avenues for clinical improvement through combined

inhibition of C3 and CD14, as recently indicated in a porcine

whole blood model of sepsis [74].

Paroxysmal nocturnal hemoglobinuria. PNH is a rare but

chronic debilitating haematological disorder that is character-

ized by haemolytic anaemia, bone marrow failure and throm-

bosis [75]. Its main pathological attribute is the release into the

circulation of mature blood cells (e.g. erythrocytes, platelets)

that lack the GPI-anchored complement regulators CD55 and

CD59 [76,77]. The absence of intrinsic complement regulation

leads to persistent complement attack on the erythrocyte sur-

face, dysregulated C3 opsonic turnover and MAC-dependent

intravascular haemolysis [78]. The anti-C5 monoclonal anti-

body eculizumab (Soliris; Alexion Pharmaceuticals) is currently

used in the clinic as an effective means of blocking comple-

ment-dependent intravascular haemolysis by preventing C5

cleavage and MAC formation on susceptible erythrocytes [79].

However, patients on anti-C5 therapy show variable responses

and still face complications as the result of uninhibited ampli-

fication of C3 activation though the AP and persistent opsoni-

zation of erythrocytes [80]. This upstream pathway appears to

lead to C3-mediated extravascular haemolysis, thereby limiting

the therapeutic benefit of anti-C5 treatment [81]. Intervention at

the level of C3 has therefore been considered a more compre-

hensive and effective treatment strategy. Whereas proof of

concept has been shown with complement regulator-based

protein therapeutics such as TT30 and mini-FH [82,83], small-

sized inhibitors such as compstatin potentially offer additional

benefits concerning cost-effectiveness and other factors. In a

recent study, the second-generation analogue Cp40 and its

PEGylated derivative (PEG-Cp40) were evaluated for thera-

peutic efficacy in blood from PNH patients [48]. Both unmod-

ified Cp40 and PEG-Cp40 protected PNH erythrocytes from

MAC-mediated intravascular haemolysis. In contrast to anti-

C5, however, the compstatin derivatives also efficiently pre-

vented C3 fragment deposition on PNH erythrocytes, which

eventually could lead to immune cell recognition and extra-

vascular haemolysis. These findings strongly suggest that

compstatin may effectively intercept both intravascular and

extravascular haemolysis in PNH, thus providing a therapeutic

advantage over eculizumab treatment. Given the open ques-

tions concerning PEG-Cp40, it was important to demonstrate

that sustained plasma inhibitor levels could be achieved even

with unmodified Cp40 when injected subcutaneously into

cynomolgus monkeys in a multidose regimen (at 12-h inter-

vals). These findings suggest that Cp40 may prove a valuable

option for long-term systemic treatment of PNH patients,

potentially even allowing for self-administration by the patient
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via a subcutaneous formulation [48]. AMY-101 (Amyndas

Pharmaceuticals), a novel C3-targeted peptidic drug based on

Cp40, has shown sustainable efficacy and favourable safety and

PK profiles in NHP [84]. This novel therapeutic is undergoing

clinical development for the treatment of PNH and other

complement-mediated indications (Amyndas Pharmaceuti-

cals). Its strong potential and unique clinical profile as a com-

plement-based therapeutic have recently been endorsed by the

European Medicines Agency (EMA) and the FDA, both of

which accorded AMY-101 an orphan drug designation for PNH

[85,86]

Haemodialysis-induced inflammation. Acute kidney injury

(AKI) and end-stage renal disease patients undergo frequent

cycles of haemodialysis as a standard option for treating renal

failure [87]. However, haemodialysis evokes several clinical

complications, including chronic inflammation, anaemia and

elevated risk of thrombosis and cardiovascular disease, which

arise from the contact of artificial filter surfaces with blood

constituents. An important contributor to such complications is

the biomaterial surface-triggered complement activation and

subsequent inflammatory and procoagulant reactions that may

have a profoundly negative impact on therapy outcome [88].

Whereas cellulose-based filters have long been known to

invoke massive complement activation, the introduction of

synthetic polymers was thought to have resolved this problem.

However, both in vitro and ex vivo perfusion studies using

whole blood have shown that even these ‘biocompatible’ filters

activate complement and induce cytokine release, cell activa-

tion and expression of tissue factor; compstatin analogues have

been shown to prevent these thromboinflammatory effects [68].

These investigations were extended in an NHP model of

haemodialysis-induced inflammation, in which cynomolgus

monkeys were subjected to haemodialysis sessions involving

state-of-the-art paediatric filters and heparinization [89]. Even

with these close-to-clinical conditions, significant complement

activation could be observed during the 4-h session. Impor-

tantly, a single bolus injection of Cp40 prior to haemodialysis

treatment proved to be effective in blocking complement acti-

vation throughout the entire procedure and in modulating

haemodialysis-induced inflammatory markers such as IL-10

[89]. Controlling inflammatory triggers via C3 inhibition may

improve the quality of life of the patient and may even bene-

ficially influence the disease state. In any case, the availability

of an add-on compound that can be produced in a cost-efficient

manner and easily administered is of particular importance in a

market in which cost control is of utmost importance.

Periodontal disease. Periodontitis is a chronic oral inflamma-

tory disease that leads to the destruction of the tooth-supporting

connective and bone tissue [90,91]. A disequilibrium between

host immune factors and dysbiotic bacterial communities

developing in tooth-supporting structures has been implicated

as the underlying cause of this debilitating disease [92]. Recent

studies have provided compelling evidence for a crucial role of

complement and C5aR/TLR2 crosstalk in modulating the dys-

biotic microbiota and inflammatory milieu that drive pathology

in periodontitis [93–96]. Indeed, C5aR antagonism has been

shown to suppress the inflammatory response that contributes to

this disease and to afford significant protection from osteoclas-

togenesis and subsequent bone loss inmice [93,96–98]. In view of

the broader therapeutic benefit afforded by upstream C3 target-

ing in many disease models, a recent study sought to determine

the therapeutic efficacy of Cp40 in a NHP model of ligature-

induced periodontitis [14]. Local, multidose administration of

Cp40 within the interdental papillae of affected animals resulted

in a significantprotection frombone loss over aperiod of 6 weeks

that was marked by a reciprocal reduction in osteoclasts recov-

ered in bone biopsies, as compared to treatment with inactive

peptide control, which resulted in progressive disease. The

inhibitory effect of Cp40 on osteoclastogenesis was further

underscored by a reduction in the levels of RANKL, a key oste-

oclastogenic factor, in gingival crevicular fluid. Moreover, Cp40

treatment significantly attenuated the proinflammatory

response (e.g. TNF, IL-1b and IL-17), which was reflected by

decreased values of the periodontal indices that measure clinical

inflammation and tissue destruction. Important questions that

remain to be addressed for this indication include the most

suitable and effective form of administration and the required

treatment period to prevent and/or treat inflammation and bone

loss. Importantly, though, these findings strongly suggest that

Cp40, and the clinically developed drug candidate AMY-101,

could prove an effective therapeutic option for human

periodontitis.

Transplantation. Complement activation has been implicated

as a major pathogenic driver in acute antibody-mediated

rejection (AMR) following allogeneic solid organ transplanta-

tion [99,100]. Sensitization of transplant recipients by donor-

specific alloantibodies (DSAs) leads to complement activation

that, together with a forceful cellular response to graft antigens,

culminates in acute graft rejection or gradual deterioration of

graft function. In this context, efforts to develop transplant

protocols that could bypass the donor–recipient HLA or blood

group (ABO) barrier have provided important insights into the

mechanism by which complement affects graft survival and

function [101,102]. Complement-mediated graft deterioration

might involve both direct (i.e. inducing cell damage and acti-

vation) and indirect effects, such as increased cellular infiltra-

tion and inflammatory damage within the graft tissue [100].

Although the involvement of complement in acute graft

rejection is well documented, there is still an ongoing debate as
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to whether complement activation also has a direct impact on

exacerbating chronic graft injury.

Therapeutic modulation of complement at the level of C5 (i.e.

via C5 blockade) has been shown to ameliorate the complica-

tions of early AMR by prolonging graft survival and function in

sensitized renal and pancreatic transplant recipients [103,104].

However, a significant proportion of graft recipients fail to

respond to eculizumab treatment, suggesting that a broader

and more comprehensive intervention is warranted [105]. In

this context, systemic C3 interception might offer multiple

benefits for improving graft accommodation and function in

kidney transplant recipients. C3 inhibition can blunt the direct

cytolytic and effector functions of complement that promote

inflammatory damage to the graft endothelium and might also

control the detrimental adaptive immune responses (i.e. den-

dritic cell function and alloantigen-specific T-cell activation)

that perpetuate graft inflammation and cellular infiltration,

leading to cumulative organ damage and chronic rejection

[100]. The excellent clinical profile of next-generation compst-

atin derivatives makes them attractive C3-targeted therapeutics

for modulating complement in settings of AMR in allogeneic

organ transplantation. In this context, the Cp40-based thera-

peutic AMY-101 (Amyndas Pharmaceuticals) is currently being

evaluated as a novel therapeutic option for attenuating com-

plications of ABO-incompatible kidney transplantation.

The increasing demands for transplants and the shortage of

human donor organs have pointed to the value of exploring

additional therapeutic avenues. Alongside the use of HLA- or

ABO-incompatible human organs, xenotransplantation is

attracting considerable attention as an alternative intervention.

In fact, xenotransplantation was among the first settings in

which compstatin analogues were preclinically evaluated, as

acetylated compstatin prolonged the survival of porcine kid-

neys that had been perfused with human blood [106]. More-

over, compstatin analogues showed promise in modulating the

detrimental instant blood-mediated inflammatory reaction

(IBMIR) that accompanies transplantation of porcine Langer-

hans islets, thereby indicating potential for applications in cell

transplantation [107]. Interestingly, a recent study employing a

xenogeneic porcine cell-to-human whole blood model has

provided important insight into the mechanism by which

xenogeneic tissue triggers innate immune responses that exac-

erbate graft survival, while also corroborating the therapeutic

potential of C3 interception in a xenotransplantation setting

[108]. In this model, Cp40 significantly attenuated both cellular

and humoral activation, blocking neutrophil attachment to

endothelial surfaces and also downregulating crucial adhesion

and inflammatory markers. Overall, these findings suggest that

C3 interception might be a viable new therapeutic option for

attenuating adverse inflammatory complications invoked by

xenografts.

Concluding remarks and outlook
Since its discovery in the mid-1990’s, compstatin has been the

focus of intense, cross-disciplinary investigation aiming to

improve its complement inhibitory potency, while achieving a

PK profile that is tailored for clinical use in both acute and

chronic settings. The longitudinal optimization of compstatin

has culminated in potent derivatives standing alongside a

panel of complement-targeted biopharmaceuticals (antibodies,

fusion-proteins, low-MW compounds) that also show promise

as therapeutic options in expanding clinical indications.

A new class of compstatin derivatives (ranging from the first

clinically developed analogue 4(1MeW) to the recently dis-

closed Cp40 and the Cp40-based therapeutic AMY-101) dis-

plays a robust panel of beneficial attributes that make them

suitable for further clinical development and therapeutic

translation in the clinic. They show promise as potent thera-

peutics for systemic application in complement-related dis-

eases, display highly favourable PK and plasma stability

profiles and also point to a more affordable treatment option for

a wide spectrum of clinical disorders, given the significantly

lower production costs associated today with peptide-based

drugs [109]. Apart from the clinical conditions discussed in this

review, these new compstatin derivatives show promise as

alternative therapeutics for a broader spectrum of clinical

indications in which uncontrolled or excessive C3 activation is

a major pathogenic driver. These include I/R injury in the

context of transplantation and also C3 glomerulopathies, a

family of renal inflammatory disorders that manifest with

pronounced C3 deposition in the glomeruli and are tightly

linked to genetic or acquired C3 dysregulation [110]. Endorsing

the emerging therapeutic potential of these C3-targeted inhibi-

tors, both the EMA and the US FDA recently granted orphan

drug designation to AMY-101 for the treatment of PNH.

The many lessons learned from the structure-guided opti-

mization and preclinical evaluation of compstatin may provide

valuable leads for developing tailored, small-molecule com-

plement therapeutics that can be adapted to the distinct path-

ogenic signatures of a wide spectrum of complement-mediated

diseases. Understandably, there is no ‘magic bullet’ in com-

plement-based therapeutic design that will cater to all diseases

and clinical manifestations. However, the paradigm of comp-

statin robustly illustrates the importance of consolidating

structural, biochemical and preclinical findings in a system-

wide perspective before advancing to the clinical stage of

development.
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