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Abstract

Around 350 million people worldwide suffer from rare diseases. These may have a genetic,
infectious, or autoimmune basis, and several include an inflammatory component. Launching of
effective treatments can be very challenging when there is a low disease prevalence and limited
scientific insights into the disease mechanisms. As a key trigger of inflammatory processes,
complement has been associated with a variety of diseases and has become an attractive
therapeutic target for conditions involving inflammation. In view of the clinical experience
acquired with drugs licensed for the treatment of rare diseases such as hereditary angioedema and
paroxysmal nocturnal hemoglobinuria, growing evidence supports the safety and efficacy of
complement therapeutics in restoring immune balance and preventing aggravation of clinical
outcomes. This review provides an overview of the candidates currently in the pharmaceutical
pipeline with potential to treat orphan diseases and discusses the molecular mechanisms triggered
by complement involved with the disease pathogenesis.
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1. Introduction

The complement system is invariably considered one of the most ancient defense
mechanisms of the body [1]. Since the discovery of the bactericidal properties of serum
components more than a century ago, the perception of complement as part of immunity has
changed considerably [2]. Initially regarded as a mere co-adjuvant in microbial elimination
through opsonization and lysis, it is hard to assume that evolutionary forces would conserve
such an intricate system comprising about 50 proteins to act entirely on microbial killing.
Today, complement is seen not only as a first line of defense against pathogens but also as a
modulator of acquired immunity, being the decisive factor that guides the quality and
magnitude of cell activation and also orchestrates several important physiological and
pathological processes, such as the clearance of foreign bodies, coagulation, tissue
regeneration, and inflammation (Fig. 1) [2-4].

The biological functions of complement are elicited as a result of the activation of the
classical, alternative, and/or lectin pathways (CP, AP, and LP, respectively). The initial
components of each pathway serve as pattern recognition molecules: C1q fixes antigen-
antibody complexes, mannose binding lectins (MBL) and ficolins bind to microbial
carbohydrates, and molecules of C3b and properdin recognize self-and non-self-structures
that are damaged or lack complement-regulatory proteins. The initial trigger for the CP and
LP leads to subsequent activation of the components C2 and C4 and the formation of the C3
convertase, C4b2b (Fig. 2). The AP is continuously activated via the spontaneous hydrolysis
of C3, resulting in a conformational change that allows the binding of Factor B (FB). Upon
cleavage of FB by the serine protease factor D (FD), the C3bBb complex is formed. This
complex acts as the C3 convertase of the AP and plays a critical role in the amplification of
the AP as a result of the continuous production of C3b molecules (Fig. 2), ensuring an
immediate and effective response against danger signals. More recently, properdin has been
identified as a pattern recognition molecule that is able to initiate the activation of the AP
[5]. In addition, it also acts as a positive regulator of the C3bBb complex, favoring stable
and longer activation of the AP. All three pathways converge at the cleavage of C3 by one
of the C3 convertases, to generate the fragments C3a and C3b. C5 is similarly activated by
C5 convertases (C4b2b3b or C3bBb3b) to produce the fragments C5a, an important inducer
of inflammation, and C5b, the initial component of the terminal complement pathway (Fig.
2). The protein fragments produced during this activation cascade can either play a role in
further activating the system and/or binding to specific receptors on cell surfaces to induce a
functional response. The complement cascade culminates in the formation of the membrane
attack complex (MAC: C5bC6C7C8C9,) [2, 6]. In sublytic amounts, particularly on
nucleated cells, the MAC significantly affects cell signaling pathways and promotes
inflammation [7]. Furthermore, as has been long appreciated, it promotes the osmotic lysis
of microbes and of cells lacking proper complement regulation.

An essential aspect of complement’s precise operation is the tight regulation of distinct
stages of the system. This regulatory task is carried out by several soluble and cell surface-
expressed proteins (Fig. 2). The soluble regulators are C1 inhibitor (C1-INH), Factor I (FI),
Factor H (FH), and C4b binding protein (C4BP); the regulatory cell receptors are
complement receptor type 1 (CR1 or CD35), membrane cofactor protein (MCP or CD46),
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decay accelerator factor (DAF or CD55), and CD59 [2, 8]. A proper level of regulation
prevents uncontrolled activation and amplification of the system and assures the
preservation of host cells and tissues while a destructive response is being mounted against
the “intruder’. In fact, in addition to the presence of a defective complement component or
an excessive trigger signal, insufficient regulation is often recognized as a pathogenic driver
of complement-related diseases. Indeed, many inflammatory, autoimmune, and infectious
diseases have been associated with exacerbated complement activity [9, 10]. More
specifically, the discovery of the molecular mechanisms underlying the pathology in dense
deposit disease (DDD), paroxysmal nocturnal hemoglobinuria (PNH), atypical hemolytic
uremic syndrome (aHUS), and age-related macular degeneration (AMD) has revitalized
interest in unveiling the mechanisms that drive extreme complement activation in disease. It
has also propelled efforts to develop novel strategies for targeting complement activation
with the goal of interfering with the disease course.

Influenced by the clinical success of the anti-C5 antibody eculizumab in the treatment of
PNH and aHUS, two orphan diseases characterized by an overactive complement system, an
array of drugs designed to modulate complement activity is currently in the pharmaceutical
pipeline, with the goal of treating rare diseases. In fact, since the implementation of the
Orphan Drug Act in 1983, about 400 new drugs have been approved by the Food and Drug
Administration (FDA) for rare diseases. In view of the existence of approximately 7,000
different types of rare disease (defined as affecting fewer than 200,000 people in the US)
affecting 350 million people worldwide, the introduction of novel therapeutic compounds
that could prevent, delay, or even halt the progression of these diseases is highly anticipated
by both the medical and patient communities. Here we provide an overview of drug
candidates that interfere with complement activation and are currently in clinical
development for the treatment of rare diseases.

2. Targeting the Complement System: Where, When, and How Much

Given its upstream position in inflammatory and immunomodulatory processes and the
immunological basis of a number of diseases, blockade of complement-mediated functions
has long been pursued as a valid therapeutic option [9]. With various potential sites of
inhibition to be considered (Fig. 2 and 3), the chosen therapy should reflect a consideration
of the pathological mechanisms of the disease, such as the trigger of complement activation,
the pathway(s) involved, the location of the complement activation, and the disease course.
It is unlikely that the optimal target for a particular pathology will be suited for several
distinct classes of disease; furthermore, some conditions may require combined inhibition of
two or even all three complement pathways. Also, the delivery route and the point and
extent of the inhibition must be carefully defined for each specific indication. Finally, a
careful evaluation of adverse effects including drug-related impairment of complement-
mediated defense mechanisms should be performed (Fig. 3). Ideally, the optimal therapy
should be sufficient to constrain exacerbated complement activation without shutting down
necessary biological functions pertinent to immune surveillance or tissue homeostasis. The
available data from clinical trials with distinct drug candidates have not yet raised any safety
concerns; however, definitive answers to the very relevant questions addressed here will
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only come after extensive clinical experience has been gained. Some of these issues will be
further considered below.

3. Targeting the Initiators

3.1. C1 Inhibitor

C1-INH is a soluble, highly glycosylated serine protease inhibitor of 110 kDa that circulates
with a concentration of ~0.2 mg/ml. Its main function is to control the various proteases
involved in the complement, kinin, fibrinolytic, and coagulation systems [11] (Fig. 3).
Despite its broader target specificity, preparations of C1-INH are the only complement
protease inhibitor currently available in the clinic with a primary indication for the treatment
of HAE. However, given the safe and successful outcomes that have been achieved in HAE
therapy, C1-INH is now being investigated in trials for several disease states such as sepsis
(NCT01766414, NCT00785018, 2011-002222-46), transplant rejection (NCT01134515,
NCTO01147302), neuromyelitis optica (NMO) (NCT01759602), ischemia-reperfusion injury
(IRI) (NCT01886443), and autoimmune hemolytic anemia (2012-003710-13). Four different
C1-INH concentrates have been approved by the FDA and European medicine agency
(EMA). They are: Berinert (CSL Behring), Cetor (Sanquin), and Cinryze (ViroPharma
Biologics) and the recombinant C1-INH concentrate Ruconest (Pharming Group N.V)
(Tables 1 and 2).

Berinert was accorded orphan drug status by the FDA in 1992 (Table 1) and is now
marketed in several countries. The active drug consists of purified C1-INH from human
plasma. In addition to HAE, Berinert is currently being tested for the prevention of
antibody-mediated rejection in human leukocyte antigen (HLA)-sensitized patients. A phase
I/11 clinical trial completed at the end of 2014 demonstrated that the use of C1-INH is safe in
the post-transplant period and may reduce the risk of ischemia-reperfusion injury (IRI) [12].

Like Berinert, C1-INH from human plasma is also the active substance in Cetor [13] and
Cinryze. Cinryze, but not Cetor, has held orphan drug status from the FDA for HAE since
2004 (Tables 1 and 2) and has also been tested as an add-on therapy for NMO. A proof-of-
concept trial carried out in 10 patients with NMO has demonstrated the safety of C1-INH
and promises benefits regarding neurological damage in NMO [14].

In contrast to the compounds described above, Ruconest is a recombinant human protein
purified from the milk of transgenic rabbits that has recently been approved by the FDA for
acute attacks of HAE. While a lower degree of glycosylation accounts for the shorter half-
life of Ruconest (1.6 h vs. >30 h for Berinert, Cetor, and Cinryze) this distinct feature does
not have an obvious effect on its clinical efficacy [15, 16]. Along with the FDA approval as
an orphan drug for the treatment of HAE (Table 1), it has also been designated for the
prevention and treatment of delayed graft function after solid organ transplantation (Table
1); however, the related clinical trial was withdrawn in 2012 (NCT01035593) with the claim
that recent improvements in clinical practice have reduced the apparent incidence of
antibody-mediated rejection in renal transplantation. Ruconest has also been designated for
the treatment of capillary leakage syndrome, a rare and life-threatening condition
characterized by episodes of severe hypotension, hypoalbuminemia, and hemoconcentration
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that develop as a complication of diseases states such as bone marrow/stem cell
transplantation, IL-2 therapy, sepsis, and neonatal cardiac surgery; however, no relevant
advances or clinical trials have yet been announced by Pharming.

A fifth C1-INH compound, developed by Alpha Therapeutic Corporation, has also received
FDA orphan status for the treatment of HAE. No further developments were announced
after the company was acquired by Grifols in 2003. While substitution therapy with C1-INH
is certainly the most effective treatment for HAE, its elevated costs and laborious production
may limit its application for other diseases. However, although the impact is still difficult to
evaluate, it is expected that the introduction of Ruconest into the clinic may reduce the
therapy costs for HAE.

Hereditary Angioedema—HAE, a potentially life-threatening disease that affects
approximately 1:50,000 people worldwide, is associated with an inherited deficiency of C1-
INH [17]. HAE can present as low levels of protein (type 1) or the production of a
dysfunctional protein (type I1). HAE type 111 seems to be independent of C1-INH, and its
etiology is still unknown. The disease is characterized by severe episodes of edema in the
skin and mucosa that can be extremely debilitating, particularly if the airways are affected.
The symptoms are caused by the leakage of fluids from the capillaries as a result of
uncontrolled activation of the plasma cascade systems and generation of vasoactive
peptides, especially bradykinin [18]. Given its chronic presentation, the disease carries a
substantial socio-economic burden, with costs per patient reaching as high as US$230,000
annually [19]. Among the treatment options for HAE, which include androgens, kallikrein
inhibitors, bradykinin receptor antagonists, and human C1-INH concentrate, only C1-INH
directly targets the fundamental cause of HAE and has been shown to effectively treat and
prevent HAE types | and Il [18]. Several clinical trials have demonstrated the safety and
efficacy of all four C1-INH preparations and have indicated that a threshold baseline level of
0.38 U/ml of the protein is sufficient to protect against HAE attacks [15].

3.2. Anti-C1s Antibody

Cls is an 83-kDa serine protease within the C1 complex, the initiator of the CP. It circulates
at a concentration of 0.05 mg/ml as a proenzyme and in complex with C1q, C1r and C1-INH
and is critical for the cleavage of the C4 protein, allowing for subsequent activation of the
CP (Fig. 2). Deficiency states of this protease are associated with increased susceptibility to
infections and autoimmune diseases [20]. Thus far, the clinical experience acquired with the
inhibition of complement proteases comes from Nafamostat (FUT-175), currently marketed
for pancreatitis in Japan and Korea. However, like C1-INH, Nafamostat inhibits proteases
other than C1s, and it is not clear whether its clinical effects are actually derived from
complement inhibition [21]. No clinical trials have yet been conducted with a selective
strategy for targeting a single initiator of the CP. Although this concept sounds like an
interesting approach for diseases resulting from an imbalanced CP, since it leaves the other
pathways free to act if required (Fig. 3), it is still not clear whether the disruption of a single
pathway is sufficient to alleviate clinical signs. In line with this concept of inhibiting a
single pathway, True North Therapeutics has a clinical development program for an
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humanized anti-C1s antibody (TNTO0Q9) for the treatment of cold agglutinin disease (CAD)
(Table 2).

Cold Agglutinin Disease—CAD is a type of autoimmune hemolytic anemia in which
autoantibodies (cold agglutinins) bind to red blood cells (RBC) at low temperatures to cause
RBC agglutination. Anemia occurs as a result of autoantibody-mediated CP activation on
the surface of the RBCs, leading to the deposition of complement opsonins that drive
extravascular hemolysis in the liver. The annual incidence of CAD is estimated to be
between 1/35,000-1/80,000 in North America and Western Europe. The most common
symptoms include severe pain in the back and legs, headache, vomiting, diarrhea, dark
urine, and hepatosplenomegaly. CAD can be primary (idiopathic) or secondary, caused by
an underlying condition, such as infection (Mycoplasma pneumoniae), a lymphoproliferative
disorder, systemic autoimmunity, or neoplasm [22]. Mild cases are usually managed non-
pharmacologically, i.e., by avoiding cold exposure. In an attempt to treat more severe cases,
corticosteroids, alkylating agents, purine nucleoside analogs, and Rituximab have been
tested; however, the reported success rate is always below 50% [23].

A recent report has shown that TNT003 (the non-humanized form of TNT009) can prevent
cold agglutinin—mediated deposition of C3 fragments onto RBCs and consequent
phagocytosis of these opsonized cells in vitro [24]. Furthermore, TNT003 also halted the
production of anaphylatoxins, supporting further development of the anti-C1s antibody for
use in treating autoimmune hemolytic anemia. TNTOOQ9 is the lead drug candidate of True
North Therapeutics, and the company is recruiting healthy volunteers and CAD patients to
test the safety and tolerability of TNT009. Indeed, it is reasonable to expect that anti-C1s
blockage may clinically prevent extravascular and intravascular hemolysis mediated by C3
and the MAC. Because complement activation on RBCs is a typical aspect of antibody-
mediated anemias, positive and safe results from this trial could lead to broader application
of the anti-C1s antibody.

3.3. Anti-MASP-2 Antibody

The MBL-associated serine protease (MASP)-2, of ~80 kDa, has a concentration of ~0.3
ug/ml in the plasma. Like Cls, it activates C2 and C4 upon binding of MBL and ficolins to
carbohydrates [25] (Fig. 2). MASP-2 deficiency has been described in 10 individuals, most
of whom are healthy [26]. In contrast, one case report giving more detail has described an
individual with increased susceptibility to infections and severe inflammatory conditions
[27], indicating that the impact of MASP-2 on pathophysiological mechanisms remains
elusive.

Omeros Corporation holds exclusive rights to therapeutic antibodies targeting MASP-2, and
the antibody OMS721 (Table 1 and Fig. 3) has received orphan drug designation for the
treatment of thrombotic microangiopathy (TMA).

Thrombotic Microangiopathy—The term TMA refers to a group of pathologies that
present with endothelial injury and thrombosis in the capillaries and arterioles and may be
associated with thrombocytopenia, anemia, purpura, and renal failure. The classic TMAs are
HUS and thrombotic thrombocytopenic purpura (TTP). HUS also represents a group of
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pathologies with similar clinical presentations that are triggered by environmental or genetic
factors and have an incidence of 1/100,000. The typical HUS, or STEC-HUS, which
accounts for 90% of all cases of HUS, is associated with infection with one of the
Escherichia coli strains, which produce Shiga toxin [28]. This type of toxin targets the
globotriaosylceramide receptor (Gb3), which is highly expressed by the renal microvascular
endothelium and inhibits protein synthesis, causing cell death [29]. In contrast to shiga
toxin-producing Escheria coli (STEC)-HUS, atypical HUS (aHUS) results from
abnormalities in the control mechanisms of the complement system. More than 100 different
mutations have been described in the proteins that regulate complement activation such as
FH, MCP, and FI. The proteins C3 and FB have also been implicated in the pathogenesis of
aHUS, as well as anti-FH antibodies [28]. TTP, in contrast, is caused by the decreased
activity of ADAMTS13, a metalloprotease involved in the cleavage of the von Willebrand
factor. In the acquired form of the disease, complement-activating anti-ADAMTS13
antibodies may be responsible for the pathology [30]. The annual incidence of TTP ranges
from 1/250,000 to 1/1,000,000. In addition, TMA can be triggered by conditions such as
pregnancy, transplantation, and metabolic and autoimmune diseases [31]. Complement
dysregulation is considered to be a common factor among TMA diseases and leads to
endothelial damage, microvascular thrombosis, and organ damage.

An anti-MASP-2 antibody, OMS721 (Omeros Corporation), is currently being tested for
safety and tolerability in phase Il trials (NCT02222545 and 2014-001032-11) in TMA
patients. OMS721 has received orphan drug designation from the FDA for the prevention of
complement-mediated TMAs. Successful trial results are highly anticipated and may
validate a role for the lectin pathway in disease pathogenesis that is not yet fully
comprehended by the scientific community [32]. In addition, the complement C5 inhibitor
eculizumab has been shown to be efficient in the treatment of aHUS, and in some
circumstances also in the treatment of HUS and TTP. In fact, eculizumab has been approved
by the FDA and EMA for the treatment of aHUS, based on favorable results from separate
trials that have demonstrated hematologic normalization, improvement in renal function, and
a decrease in thrombotic events [33].

4. Targeting the Amplification Process

4.1. Factor D Inhibitors

Complement FD is a serine protease of 24 kDa with plasma concentrations of ~2 pg/ml, the
lowest of all the AP proteins. Given its low concentration, FD is the limiting enzyme for AP
activation, being essential for the correct operation of the AP via the activation of FB [34];
therefore, FD blockade is an effective strategy for controlling AP-mediated activation and
amplification (Fig. 2 and 3). Cases of FD deficiency have previously been associated with
Neisseria infections, and elevated levels of FD have been correlated with numerous disease
states [35, 36].

In age-related macular degeneration (AMD), in particular, an increase in the levels of FD
has been detected [37], both locally in the eye and systemically, suggesting a potential role
for the AP in the pathogenesis of AMD. In support of this concept, Genentech has developed
an anti-FD antibody (Lampalizumab) that is currently in phase 111 trials for the treatment of
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geographic atrophy (GA), a late-stage form of dry AMD (Table 2). Mechanistically,
Lampalizumab binds to a FD site that is essential for the binding of FD with the C3bB
proconvertase [38]. Although they are still in the preclinical development phase, a series of
small molecules with the ability to inhibit FD have been announced by Achillion
Pharmaceuticals (Table 2). The lead compound has shown sub-nanomolar inhibitory
potency in in vitro studies, and although used in very high concentrations (100 mg/kg) it was
able to abrogate AP activation in non-human primates for more than 24 h after oral
administration [39].

Age-related Macular Degeneration—AMD is a late-onset, neurodegenerative disease
of the eye that is characterized by progressive degeneration of the macular region of the
retina, which results in progressive and irreversible vision loss [40]. AMD is the major cause
of blindness in adults over 50 years of age in developed countries; although not a rare
disease, it has a tight connection with complement imbalance and the unfolding of the
pathology mechanisms has led to increased interest in the development of complement-
related therapeutics. It is associated with the progressive deposition of drusen (extracellular
debris) in the eye and the consequent death of the retinal pigment epithelial cells
(geographic atrophy [GA; dry AMD]) and/or choroidal neovascularization leading to
hemorrhage and exudation within the macula (wet AMD); in both cases, vision loss is the
ultimate result. In addition to age and smoking, genetic variation in complement genes (FH,
C2/BF, C3, and FI) has been implicated as a risk factor [40]. Although wet AMD has been
managed with anti-vascular endothelial growth factor (VEGF) treatment, no treatment is
available for the dry form of the disease.

Based on compelling evidence that dysregulated complement activation and eye
inflammation are a driving force for AMD pathogenesis, blockade of the AP, with
consequent inhibition of the AP amplification loop, offers an interesting therapeutic option
for treating AMD. A pharmacokinetics study using Lampalizumab in cynomolgus monkeys
has shown that therapeutic doses (2 mg/animal) of the antibody injected intravitreally do not
affect the AP function systemically [41]. Interestingly, the intravenous injection of high
doses (20 mg/animal) of the antibody increased the plasma concentrations of FD by up to
10-fold when compared to pre-injection levels, indicating that the therapeutic dose should be
strictly monitored during treatment requiring intravenous administration. A multicenter
phase | study to determine the safety, tolerability, and immunogenicity of the antibody has
already been performed in patients with GA [42]. Given the promising results, a phase Il
trial followed (NCT01602120) involving 143 patients with bilateral GA. According to
Genentech/Roche reports, the study has shown a 20% reduction in GA lesion progression in
patients treated monthly with Lampalizumab, as compared to sham-treated individuals, and
a phase 11 trial is currently evaluating the safety and efficacy of Lampalizumab in delaying
the progression of GA. This is the first complement-related therapy for GA to enter phase
Il.

Apart from Lampalizumab, Apellis is recruiting patients to test the intravitreal application of
the C3 inhibitor APL-2-see below (NCT02461771). The C5 inhibitors eculizumab (Soliris;
NCT00935883), LFG316 (NCT01255462, NCT01535950, NCT01527500) and Zimura
(NCTO00709527, NCT00950638) have also been tested for AMD. Eculizumab was used
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systemically in patients and, although well tolerated, it did not show any improvement in the
disease score or drusen volume [43, 44]. Similarly, LFG316 (from Novartis) was well
tolerated after intravenous application, but no efficacy was observed in terms of reduction in
the need for anti-VEGF treatment (Novartis press release) and the trial was terminated
(NCT01624636), pointing toward local AP targeting as a better therapeutic option for AMD.
In contrast, based on a phase I trial, Ophthotech reported an improvement in mean visual
acuity in patients receiving Zimura intravitreally in combination with anti-VEGF. Although
no further trials have been announced for AMD, the company is currently recruiting patients
to test the use of Zimura for the treatment of idiopathic polypoidal choroidal vasculopathy
(NCT02397954).

5. Targeting the Center

5.1. Peptidic C3 Inhibitors

C3 is the most abundant complement protein in the serum, being present at a concentration
of ~1 mg/ml. It is a large protein of 185 kDa that plays a central role in complement
activation and is essential for the functioning of all three pathways, as well as for the AP
amplification mechanism (Fig. 2). In addition to its role in cascade activation, C3 activation
fragments exert diverse biological functions via their cell-surface receptors C3aR, CR1,
CR2, CR3 and CR4, complement receptor of the immunoglobulin superfamily (CRIg),
DAF, and MCP. C3a is a well-studied pro-inflammatory molecule that acts by signaling via
C3aR, a G-protein-coupled receptor (GPCR). It is involved in diverse events that include
immune cell activation and promotion of inflammation, mobilization of bone-marrow cells,
regulation of lipid metabolism, tissue repair, and angiogenesis [2]. Furthermore, increased
levels of C3a are found in several disease states, such as asthma, psoriasis, sepsis, cancer,
arthritis, and cardiovascular and renal diseases [45]. Interestingly, recent studies have shown
that, contrary to current belief, in some circumstances, C3a offers protection against
inflammation by inhibiting C5a-induced neutrophil mobilization and preventing the
infection-induced apoptosis of myeloid and lymphoid cells in the spleen [46, 47]. Another
essential task conducted by C3 fragments is the opsonization and phagocytosis of microbes
and foreign bodies. The C3b fragment and its degradation products constitute a quick and
efficient mechanism of body surveillance via tagging of danger-associated molecules and
induction of phagocytosis via the cell receptors CR1, CR3, and CRIg in macrophages.
Similarly, C3b fragments are responsible for the opsonization of immune complexes, which
are subsequently cleared by splenic macrophages. C3b and C3dg fragments have also been
shown to regulate the activation and differentiation of T and B cells via the receptors MCP
and CR2, respectively [48, 49]. Mutations and polymorphism in the C3 gene have been
associated with a risk for diseases such as AMD, aHUS, and DDD as well as the clinical
outcome of certain transplantation and vaccination procedures [10].

In light of the multifaceted functions carried out by C3, long-term therapeutic blockage of
this component has been regarded with caution, particularly given the susceptibility of C3-
deficient patients to certain pyogenic infections. Notably, though, these infections are more
frequent during childhood and tend to subside once the patients reach adulthood, perhaps as
a result of the acquisition of higher levels of IgG [50]. Furthermore, patients with C3
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nephritic factors who present with extremely low levels of C3 do not seem more prone to
infections [51]. Undeniably, despite these hypothetical considerations, the therapeutic
targeting of C3 is the approach that has the broadest effect because it abrogates all three
complement pathways and may therefore benefit diverse disease states that are not
completely resolved by the inhibition of a single pathway [52] (Fig.3). Furthermore, the
advent of small-sized C3 inhibitors with highly favorable pharmacokinetics profiles (e.g.
next-generation compstatin analogs) has made the application of systemic C3 interception
possible as it can be swiftly interrupted to allow recovery of C3’s activity in case of acute
infections.

The compstatin family of C3 inhibitors comprises a series of cyclic peptides that inhibit the
interaction between C3 and the convertases, thereby preventing complement activation
along all three pathways [53, 54]. The first C3 inhibitor from the compstatin family tested in
the clinic was POT-4 (Potentia Pharmaceuticals). After a successful phase 1 trial of POT-4
for the treatment of AMD (NCT00473928), phase |1 studies did not show the expected
efficacy, perhaps because of the low dose regimen adopted by the study (NCT01157065,
NCT01603043). Also from the compstatin family, both APL-2 from Apellis
Pharmaceuticals and the most next-generation molecule AMY-101 from Amyndas
Pharmaceuticals have been granted orphan drug status for the treatment of PNH (Table 1).
The molecular insights gained regarding compstatin function have led to optimization of the
original 13-amino acid peptide and the design of analogs with improved efficacy, stability,
and pharmacodynamic properties [54]. Challenging the traditional view that C3 inhibition is
unwise and that therapeutic peptides have short half-lives, Cp40 (and the Cp40-based
therapeutic AMY-101) have shown a favorable pharmacokinectic profile [55] and promising
results in preclinical studies of PNH, periodontal disease, hemodialysis-induced
inflammation, and C3 glomerulopathy [52, 54]. One of these analogues (termed Cp40),
which showed sub-nanomolar binding affinity for C3, built the base for the development of
AMY-101. While the first clinical trial using AMY-101 for the treatment of PNH is
expected later in 2015, Apellis is currently recruiting patients to start a phase | study with
APL-2 for PNH in patients with a poor response to eculizumab (NCT02264639) and phase
Il studies for AMD; see above (NCT02461771).

Paroxysmal Nocturnal Hemoglobinuria—PNH is a clonal hematopoietic disorder
characterized by hemolytic anemia, bone marrow failure, and thrombotic events [56]. It
preferentially affects young adults, with an estimated incidence of 1/1,000,000. PNH occurs
as a result of a somatic mutation in the phosphatidyl-inositol glycan class A (PIG-A) gene
that affects the biosynthesis of the glycosyl-phosphatidyl-inositol (GPI) anchor in certain
hematopoietic stem cells. As a consequence, the expression of GPI-linked cell-surface
molecules is impaired [57]. Among these proteins are the complement regulators DAF and
CD59. In their absence, the formation of the C3 convertases (DAF) and MAC (CD59) on
cell surfaces is not properly regulated, making the erythrocytes susceptible to complement-
mediated intravascular lysis [58]. PNH is a life-threatening disease, with death usually
occurring as a result of thrombosis, hemorrhage, or infections secondary to bone marrow
failure.
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Until the beginning of the 2000s, the treatment for PNH was only symptomatic and included
transfusions, erythropoietin, glucocorticoids, and anticoagulants. The introduction of the
anti-C5 antibody eculizumab into the clinic constituted a breakthrough in the treatment of
PNH, since the inhibition of MAC formation prevented intravascular hemolysis.
Consequently, eculizumab therapy became the standard of care for PNH patients because it
achieved a reduction in the number of transfusions needed (or even eliminated them
entirely), as well as a reduction in the number of fatal thromboembolic events [59, 60].
Despite the unquestionable benefits of anti-C5 for PNH therapy, the clinical response toward
eculizumab is not uniform. The presence of aplastic anemia and polymorphic variants of the
C5 and CRL1 genes that render the individual resistant to the drug [61, 62] may account for
the variability. Furthermore, patients on eculizumab develop C3-mediated extravascular
hemolysis as a consequence of the uncontrolled complement activation upstream of C5
(because of the absence of DAF). Therefore, there is an accumulation of PNH erythrocytes
opsonized with C3 fragments, and these erythrocytes are eventually phagocytosed by liver
and spleen macrophages [63, 64]. Given this scenario, therapeutic intervention at the level of
C3 could offer a more effective approach for PNH. Additional C5 inhibitors (see below,
Table 2) are being tested as alternative therapeutics for PNH. A phase I trial
(NCT02083666) with the C5-targetting affibody SOBI002 has been suspended because of
adverse events, and the company Alnylam is recruiting healthy individuals and PNH patients
to evaluate the safety, tolerability, and pharmacokinetics of the anti-C5 RNAi ALN-CC5 in
a phase I/11 study (NCT02352493).

Alongside the C5 inhibitors, the AP inhibitors TT30 and mini-FH have been shown to
completely inhibit the hemolysis of PNH erythrocytes and to prevent the deposition of C3
fragments on the surviving erythrocytes in an in vitro PNH assay [65, 66]. While both of
these strategies may be able to prevent both intravascular and extravascular hemolysis in
PNH patients, further evidence in human trials is still lacking, since mini-H is still in the
pre-clinical development phase, and a clinical trial with TT30 has been prematurely
terminated because of enrollment issues (NCT01335165). In addition, as mentioned above,
the Cp40-based C3 inhibitor AMY-101 and APL-2 have received orphan drug designation
for the treatment of PNH. Cp40 and a PEGylated derivative thereof have been shown to
effectively protect PNH erythrocytes from hemolysis and prevent the deposition of C3
fragments in vitro [67]; Apellis Pharmaceuticals is currently recruiting PNH patients with a
poor response to eculizumab for a phase | trial (NCT02264639).

5.2. Profiting from the Natural Regulators

An alternative and elegant way to block C3 would be to take advantage of the natural C3
inhibitors found in vivo, such as CR1 and FH. Indeed, the use of complement regulators
would offer a more physiologic option, especially in the treatment of chronic diseases. Since
CR1 can inhibit all three pathways by acting as a cofactor for FI and promoting the decay of
the C3 and C5 convertases (Fig. 3), a recombinant form of soluble CR1 (also known as
TP-10 and CDX-1135) (Table 2) has been expressed in Chinese hamster ovary cells and has
shown efficacy in reducing myocardial IRI in a rat model [68]. CDX-1135 has been
evaluated in clinical studies by Celldex, who performed a phase | trial for DDD
(NCT01791686). Although this trial was terminated because of slow enrollment, an earlier
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phase I trial with TP10 for the treatment of cardiopulmonary bypass syndrome has been
completed by Avant (NCT00082121). Although it has been shown to be safe, well tolerated,
able to protect vascular function in children undergoing cardiopulmonary bypass and to
decrease the incidence of mortality and myocardial infarction in males [69], CDX-1135 is
no longer in the pipeline at Celldex. Interestingly, though, the University of lowa is
sponsoring a phase I trial for TP10 in the treatment of DDD (NCT02302755). In a case of
compassionate use of TP10, an 8-year-old patient with severe DDD with a rapid progression
received seven doses of the inhibitor, which was able to improve the child’s levels of serum
C3 and normalize the activity of the terminal pathway, therefore encouraging further studies
of its potential use for C3 glomerulopathy [70]. While this compound bears promise with
regard to efficiently and selectively inhibiting complement, such a large-sized protein may
encounter problems with production and elevated costs.

In an attempt to use the inhibitory potential of FH, the iC3b/C3dg-binding domain of human
CR2 was fused with the AP inhibitory domain of human FH to create TT30, of 65 kDa
(Alexion Pharmaceuticals) (Table 2, Fig. 3). This elegant design yielded a chimeric protein
that is not only able to selectively modulate the AP but also to provide local inhibition of
complement only in the cells and tissues affected by C3 deposition [71]. As mentioned
above, TT30 has shown promise in models of PHN [65]; however, no further plans for
clinical development have been announced by Alexion. In the case of mini-FH, protein
engineering was used to express a recombinant molecule containing the FH complement
control protein domains (CCP) 1-4 linked to CCP19-20 via a polyglycine linker, with
CCP1-4 corresponding to the regulatory domains and CCP19-20 to the C3 binding site. This
resulting mini FH molecule, (43 kDa; compared to 150 kDa of the parent protein FH) (Table
2, Fig. 3) retained the regulatory activity of FH and proved to be very efficient in inhibiting
the in vitro deposition of C3b on erythrocytes with a PNH-induced phenotype [66]. Despite
the promise of such targeted inhibitors, none of the FH-based therapies seems to be in active
preclinical or clinical development.

C3 glomerulopathy—According with the latest consensus report by Pickering et al., C3
glomerulopathy refers to a group of rare renal disorders characterized by the presence of C3
and the absence or limited deposition of immunoglobulins in the renal tissue, where the
pathology is triggered by the local imbalance in complement activation and leads to
proteinuria, hematuria, and renal failure [72]. This condition has an annual incidence of
1/1,000,000. C3 glomerulopathy is subdivided into DDD and C3 glomerulonephritis
(C3GN). Whereas DDD presents with mesangial and intramembranous highly electron-
dense deposits, C3GN shows isolated and less-dense deposits in the mesangial,
subepithelial, subendothelial and intramenbranous areas of the glomeruli [73]. The local
complement imbalance is triggered by the presence of nephritic factors: autoantibodies
against the C3 convertase that stabilize and prolong the convertase’s half-life, generating a
hyperactive AP, autoantibodies against other components of the AP such as FB and FH, or
mutations in the AP regulators FH or FI [73, 74]. Half of the patients suffering from this
condition progress to kidney failure within 10 years of diagnosis. Further, kidney
transplantation is not recommended, because allograft loss and disease recurrence are
observed in more than 50% of all cases. Current management of the disease includes drugs
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for blood pressure control, such as angiotensin-converting enzyme inhibitors, and
immunosuppressive therapy [73].

Since C3 glomerulonephritis is a complement-mediated disease, one would expect that anti-
complement therapy would improve patients’ quality of life or even resolve all of the
symptoms if applied soon after diagnosis. Unfortunately, the phase I clinical trial
(NCT01791686) to evaluate the safety and efficacy of CDX-1135 in the treatment of
patients with DDD was terminated in March 2014 as a result of declared portfolio
prioritization because of slow enrollment and the variable spectrum of potential complement
abnormalities in DDD patients.

The antibody eculizumab and the recombinant minibody Mubodina, both targeting C5, have
received orphan drug designation for C3 glomerulopathy (Table 1). Although no further
progress has been reported for Mubodina, eculizumab has been used in eight patients with
C3 glomerulopathy [75] and also tested in six patients enrolled in an open-label study [76,
77]. The anti-C5 therapy resulted in decreased proteinuria and decreased serum levels of
albumin and creatinine in seven out of the eight cases, but one patient presented with a
progression of the disease. As for the six patients in the open-label study, four showed
varied degrees of improvement, but two patients experienced declining renal function [76,
77]. These results indicate that while eculizumab may be beneficial in some cases, other
blockade approaches need to be considered.

In line with the notion of alternative approaches, TP10 is currently being tested for DDD
(NCT02302755). Also, preclinical evidence has suggested the value of using the C3
inhibitor AMY-101 of the compstatin family to treat C3 glomerulopathy [78]. Because the
pathology is indicative of a dysfunctional AP, C3 blockade could constitute a useful
treatment strategy for preventing the formation of C3 convertases and the amplification
loop. Indeed, the compstatin analog Cp40 prevents complement-mediated lysis of sheep
erythrocytes in sera from patients, complement dysregulation in the presence of patient-
derived autoantibodies to the C3 and C5convertases, and complement dysregulation
associated with disease-causing genetic mutations in in vitro studies [78].

6. Targeting the Effectors

6.1. C5 Inhibitors

Like complement C3, C5 also plays a pivotal role in complement activation, since all three
pathways culminate in the cleavage of C5. C5 is ~185 kDa, has a structure similar to that of
C3, and is present at ~75 pg/ml in the plasma. Once C5 is cleaved and the fragments C5a
and C5b are formed, the C5b fragments attach to the cell membrane, where they participate
in the further assembly of the MAC (Fig. 2). Conversely, C5a is released and is able to bind
to the C5aR1 receptors that are highly expressed on myeloid cells or to the C5aR2 (also
known as C5L2) receptors, which are mainly expressed on neutrophils. Whereas the
physiological role of C5aR2 is still debatable, C5aR1 is one of the most-studied molecules
in the complement field, reflecting the fact that C5a-induced C5aR1 signaling is a potent
trigger of cell activation and inflammation: It stimulates the induction of cytokines, the
polarization of T-cell responses, and the exacerbation of many pathological conditions such
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as cancer, neurologic diseases, sepsis, arthritis, periodontitis, and liver disease, among others
[45, 79]. C5 deficiency has been described in approximately 50 individuals worldwide and is
associated with recurrent infections caused by Gram-negative bacteria, particularly those of
the genus Neisseria. Whereas the MAC, and consequently C5, is important for the immune
response against Neisseria because phagocytosis and intracellular killing do not appear to be
sufficient to eradicate Neisseria, the impact of the MAC on the control of other bacterial
infections is currently under debate [50].

In view of the critical role of C5 in inflammation and MAC formation, targeting of C5 is
currently the most-explored complement-related therapeutic strategy (Fig. 3). As of this
date, six different molecules that intercept complement at the level of C5/C5a are
undergoing clinical trials for the treatment of various diseases, and other inhibitors are close
to the clinical phase. Whereas such interest likely reflects the assumption that intervention
downstream of C3 would have less impact on host defense function, it may limit the
applicability in certain diseases (see above).

Eculizumab (Soliris) by Alexion Pharmaceuticals (Table 1), a monoclonal antibody directed
against C5, simultaneously blocks the generation of C5a and MAC assembly. It is the first
product licensed specifically to inhibit the complement system and has been the prevailing
treatment for PHN and aHUS since 2007 and 2011, respectively. Clinical trials have
established the safety and efficacy of this inhibitor for PNH and aHUS [60, 80]; however, as
a cautionary measure, individuals under eculizumab treatment are vaccinated against
meningitis prior to the treatment. Apart from PNH and aHUS, eculizumab has received
orphan drug status for dermatomyaositis, idiopathic membranous glomerular nephropathy,
NMO, myasthenia gravis (MG), and the prevention of graft rejection following solid organ
transplantation (Table 1). To date, this C5 inhibitor has been tested in 28 clinical trials and is
currently under evaluation in an additional 25 trials for numerous pathologies. While this
drug has undoubtedly revolutionized the treatment of PNH and brought the attention of
pharmaceutical companies to complement therapeutics, it has a major drawback: Its elevated
cost of ~US$500,000 per patient per year has led to Forbes magazine awarding eculizumab
the title of “most expensive drug in the world” [81].

Eculizumab’s success has clearly awakened pharmaceutical companies to complement
therapeutics. As such, a number of startup and even some large companies have been
investing in the development of anti-C5 molecules. A second C5 antibody, LFG3186,
developed by Novartis, is in phase 1 trials for AMD (NCT01527500). Regardless of its
initial disappointing results (see above), a new trial is currently evaluating the impact of
different dosages of the drug. This compound has also entered phase I trials for panuveitis
(NCT01526889). Adienne Pharma and Biotech is developing recombinant minibodies
against C5, in which the heavy and light chain variable fragments are fused and linked as a
single chain with the 1gG hinge region. The resulting compound, Mubodina, has been
designated an orphan drug for the treatment of membranoproliferative glomerulonephritis
and aHUS (Table 1). In addition, a Mubodina derivative called Ergidina, which bears an
arginine-glycine-aspartic acid (RGD) tail to target endothelial cells, has received orphan
drug status for the prevention of posttransplantation IRI (Table 1).
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Efforts to circumvent the high production cost of antibodies has impelled the development
of other classes of molecules with therapeutic capability, such as aptamers, small proteins,
affibodies, and RNAI. Zimura (ARC1905), a PEGylated aptamer developed by Ophthotech,
has completed phase | trials for AMD (NCT00709527, NCT00950638) and shown positive
safety results. Currently, the company is recruiting patients for a phase Il trial for the
treatment of idiopathic polypoidal chroroidal vasculopathy (NCT02397954). Also, the 16-
kDa small protein Conversin (also termed OmCI, from Volution Immuno-Pharmaceuticals)
(Table 2), originally isolated from the tick Ornithodoros moubata, is able to prevent MAC-
and leukotriene B4-derived effects and has shown promising results in preclinical disease
models [82]. One caveat, though, is potential immunogenicity because the molecule is
derived from a pathogen; this concern should be carefully considered when advancing to
clinical protocols. Also, the small molecule SOBI002 (12 kDa) based on the Affibody
platform, by Swedish Orphan Biovitrum, is fused to an albumin-binding protein aimed at
increasing the half-life of the molecule (2 weeks) [83]. Unfortunately, the phase I trial to test
the safety, tolerability, and pharmacokinetics of the compound in healthy volunteers bas
been recently suspended because of adverse events (NCT02083666), and no further
development has been announced. Finally, the RNAi ALN-CCS5, by Alnylam
Pharmaceuticals, is being tested in healthy volunteers and PNH patients in a phase 1/11 trial
(NCT02352493), and preliminary results from 12 healthy volunteers have shown acceptable
safety and efficacy [84]. It is still unclear, though, whether this therapy reaches the level of
effectiveness achieved by eculizumab.

C5 inhibitors are also being tested for the treatment of several other orphan diseases, as
discussed below.

Dermatomyositis—Dermatomyositis is an idiopathic inflammatory myopathy
characterized by skeletal muscle inflammation that causes skin lesions and muscle
weakness. It presents at an annual incidence of 9/1,000,000 [85] and is associated with high
morbidity, given that the development of muscle weakness adversely affects physical
capacities over time, with potential involvement of the pulmonary, gastrointestinal, and
cardiac systems. Furthermore, patients diagnosed at an older age or with rapid onset of the
disease, the presence of skin necrosis, or a low baseline level of complement C4 have an
increased risk of developing malignancy [86].

The exact pathogenesis of dermatomyositis has not yet been elucidated; however, patients
usually present with autoantibodies directed in particular against synthetases and nuclear
factors; environmental triggers such as infections may also play a role in the disease.
Complement is implicated in the disease, since hyperactivation and MAC formation lead to
lysis of endothelial cells and damage to the capillaries. As a result, the number of capillaries
is reduced throughout the muscle, which therefore suffers from ischemia. Complement
dysregulation also causes a local inflammatory environment by triggering the release of pro-
inflammatory cytokines and the recruitment of inflammatory cells [87]. The therapeutic goal
is to improve muscle strength and enable the individual to perform daily activities. As with
the majority of autoimmune diseases, current treatment aims at controlling the exacerbated
inflammation with corticosteroids and/or immunosuppressants [88]. The use of high-dose
intravenous immunoglobulin (1V1g) has also proved effective [89].
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In 2000, eculizumab was granted orphan drug status from the FDA to treat dermatomyositis
(Table 1). A pilot study (NCT00005571) was then conducted to evaluate the safety and
efficacy of the drug on 13 patients with the disease undergoing concomitant treatment with
moderate doses of methotrexate or steroids. Though the trial results were positive regarding
safety and tolerability, no further information was released by the company. Nevertheless,
eculizumab has been used to treat a 16-year-old girl with severe symptoms of
dermatomyositis and TMA who failed to respond to a variety of corticosteroids,
immunosuppressants, and IVIG [90]. Treatment with eculizumab was effective in improving
her clinical condition and biological parameters, indicating the importance of further studies
of complement-related therapy for dermatomyositis.

Neuromyelitis Optica—NMO is an inflammatory disease of the central nervous system
characterized by demyelination of the spinal cord and optical nerve; it has an incidence of
0.05-0.4/100,000. Patients present with severe, acute attacks of paralysis, blindness, and
sensory impairment. The mean age of onset ranges from 32.6 and 45.7 years, and the disease
is more frequent in females than males [91]. The disease is characterized by the presence of
autoantibodies against the astrocyte water channel protein aquaporin-4 [92]. These
autoantibodies activate the CP on the astrocytes, which are devoid of complement regulators
such as DAF, MCP, and CD59 [93]; therefore, they cause a local inflammatory response
with infiltration of granulocytes and macrophages, leading to oligodendrocyte damage,
demyelination, and neuronal death [94]. It is noteworthy that in animal models, 1gG from
NMO patients is unable to cause inflammation, demyelination, or neuronal death in the
absence of complement [95]. Furthermore, the concentrations of the activation product C3a
are directly correlated with the severity of the neurological disability and the levels of anti-
aquaporin antibodies [96, 97].

Current NMO therapy is focused on the control of acute disease, improvement of
neurological disability, and prevention of future attacks. The standard procedure follows the
use of corticosteroids and plasma exchange for acute and chronic cases, with the addition of
immunosuppressants if required [98]. Eculizumab has recently been tested in a pilot study in
14 female NMO patients (average age: 41.1 years) who were positive for aquaporin
antibodies. Overall, the anti-C5 therapy was well tolerated, reduced the attack frequency,
and stabilized or reduced the neurological disabilities in the patients. During the treatment,
12 of the 14 patients had no attacks, and no patient presented with any worsened disability
[99], indicating that complement has a pivotal role in the pathogenesis of NMO. Notably,
the patients were off the usual therapy with corticosteroids and immunosuppressants during
the trial. A phase Il trial is currently being conducted to evaluate the safety and efficacy of
the drug in patients with relapsing disease (NCT01892345).

The safety of C1 INH has also been evaluated in 10 NMO patients. Here, C1-INH was
added to the current standard therapy, i.e. high doses of corticosteroids. The combined
therapy was safe, and although the trial was not designed to measure efficacy, the scores for
disease severity decreased from a median of 4.5 on admission to 4.0 on discharge, and then
down to 2.5 at the 30-day follow-up, when they did not differ from the median baseline
score [14]. Whereas no comparison can yet be drawn regarding the efficacy of anti-C5
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versus anti-C1 inhibition strategies, these trials clearly indicate the potential for targeting
complement in NMO disease.

Myasthenis gravis—MG is a heterogeneous autoimmune disorder characterized by a
defective postsynaptic neuromuscular transmission that results in fatigable weakness of the
voluntary muscles. It has an incidence of 1/250,000 and affects mainly females before the
age of 40 and both males and females after the age of 50. It is caused by the presence of
autoantibodies against components of the neuromuscular junction, specifically, the anti-
acetylcholine receptor (AChR), anti-muscle-specific receptor tyrosine kinase (MuSK) and/or
anti-low density lipoprotein receptor-related protein 4 (LRP4). The muscles that control the
eyes and eyelid movement are particularly susceptible to weakness, but other muscles for
chewing, talking, and swallowing are frequently involved. In addition, the respiratory
muscles can be affected, leading to acute respiratory failure [100].

Approximately 90% of the patients with generalized MG have antibodies against the
AChRs, which are essential for muscle contraction. These antibodies are mainly of the IgG1
and 1gG3 isotypes and trigger the pathology by direct blockade of the ACh binding site,
cross-linking of the AChRs, and endocytosis and degradation of the receptors and activation
of the complement system [101]. In contrast, the MuSK antibodies are of the 1gG4 isotype
and are thus unable to activate complement. Unfortunately, anti-MuSK MG is associated
with an increased risk of myasthenic crises, and these patients do not respond well to
acetylcholinesterase inhibitors and thymectomy (although Rituximab appears to be more
effective in these patients than in patients with AChR MG) [102]. The third type of
antibody, the anti-LRP-4 MG, accounts for 1% of all generalized MG [103] and, like the
AChR type, the antibodies are of the IgG1 isotype, and complement is involved in the
damage to the postsynaptic membranes [101].

Approximately 10% of all MG patients have a thymoma, and 60% present with thymic
hyperplasia, which may play a role in the initiation of the disease through the expression of
self-antigens and the impaired negative selection of auto-reactive T cells [101]. Whereas it is
well appreciated that thymic cells produce AChR antibodies [104], thymectomy does not
eliminate the antibody production, indicating the presence of other sources of autoantibodies
in MG. These patients usually respond well to acetylcholinesterase inhibitors and
immunosuppressive drugs, and thymectomy may be recommended in some cases [105].

The involvement of complement in MG pathophysiology is well appreciated. Apart from the
presence of the MAC at the neuromuscular junction during the disease, the blockade of
complement components such as C1g, C3, C5, and C6 has been shown to protect against
experimental MG [106]. Furthermore, the absence of the complement regulators DAF and
CD59 is directly correlated with a more severe course of the disease during experimental
MG [107]. Whereas complement targeting is not expected to work as therapy for patients
positive for MuSK autoantibodies, complement intervention may be beneficial for the other
cases. A phase Il trial has been conducted to test the safety and efficacy of eculizumab in
patients with severe, generalized, and refractory MG who are positive for AChR
autoantibodies. Fourteen patients were enrolled and received treatment for two periods of 16
weeks in a cross-over fashion with eculizumab or placebo. The results were promising,
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showing significant improvement in the clinical manifestations [108] and, as a result, a
phase II trial is currently recruiting patients (NCT01997229).

Guillain-Barré Syndrome (GBS)—The term GBS refers to a variety of post-infectious
neuropathies that are clinically heterogeneous and predominantly seen in males, with an
incidence of 1/100,000. GBS typically occurs after a bout of infectious disease in which
antibodies that crossreact with gangliosides at nerve membranes are generated, causing
nerve damage or impairment of nerve conduction. The type and location of the infection
determine the type and clinical course of GBS. Serological studies have shown that
Campylobacter jegjuni is the most frequent antecedent infection, but other associated
infections include cytomegalovirus, Epstein-Barr virus, hepatitis E virus, Mycoplasma
pneumonia, and Haemophilus influenza [109]. The most characteristic clinical feature is
limb weakness. Lumbar and muscle pain, autonomic dysfunction, and respiratory problems
are also observed. Currently, IVIg and plasma exchange are the mainstays of treatment, and
the prognosis is variable, depending on the form of GBS, and the outcomes can range from
complete recovery to death [109, 110].

It has been shown that C. jejuni, Haemophilus, and cytomegalovirus have ganglioside-like
structures that may be responsible for the production of antibodies that crossreact with
gangliosides on the nerve cells. Such antibodies are of the IgG1 and 1gG3 subclasses, which
activate complement leading to MAC formation and take part in the myelin destruction and
local inflammatory response that includes infiltration of macrophages. Whereas the
proinflammatory effects of C3a and C5a are not excluded in this disease, animal studies
have shown that the major acute injury only occurs in the presence of the MAC, and an
injury model has been formulated in which an uncontrolled influx of calcium through the
MAC results in mitochrondrial and cytoskeletal dysfunction [111].

Because studies have shown that eculizumab prevents the electrophysiological sequelae and
lesions when anti-ganglioside antibodies are incubated with neuromuscular junctions in
vitro, with normal human serum as a source of complement [111], a phase |1 trial has been
planned and is currently recruiting patients to evaluate the safety and efficacy of eculizumab
in the treatment of GBS (NCT02029378).

Multifocal Motor Neuropathy (MMN)—MMN is a motor neuropathy characterized by
progressive distal asymmetric limb weakness that usually starts and predominates in the
upper limbs, with minimal or no sensory impairment, and follows a chronic evolution. The
onset usually occurs before the age of 50, and males are predominantly affected, with a
prevalence of 0.6/100,000. The morbidity linked to the disease is variable and can lead to a
moderate-to-major impairment of daily activities, including walking ability. Although the
pathophysiological mechanisms are not fully understood, the disease is often associated with
serum IgM antibodies against the ganglioside GM1. MNN does not respond well to
corticosteroids and, plasmapheresis and 1V1g, though the first-line therapy offer only
transient results, often requiring repeated infusions [112, 113].

An animal model of MMN is not available, but serum from patients with anti-GM1 IgM
antibodies is known to trigger complement activation in vitro. The extent of the complement
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deposition is correlated with the antibody titer and is reduced after IVIg treatment in a dose-
dependent manner [114]. It is likely that complement is involved in the pathological
mechanisms of MMN as it is in GBS disease. An open-label trial in 13 MMN patients has
been conducted to evaluate whether co-administration of eculizumab with high-dose 1V1g is
safe and efficient. Whereas complement targeting abrogated MAC formation in the plasma
regardless of the concomitant use of 1V1g, and it resulted in increased muscle strength, it did
not affect the requirement for 1VIg, indicating that anti-C5 therapy alone is not sufficient to
prevent the disease, at least with such a short treatment period Fitzpatrick [115]. No further
studies have been announced in this area.

Transplantation—Complement has long been implicated in the outcome of solid organ
transplantation, and the activation product C4d is currently being used as a biomarker of
chronic antibody-mediated rejection (AMR) [116]. Both the tissue injury induced by IRI and
the rejection episodes are strongly correlated with excessive complement activation and the
associated consequent trigger of diverse inflammatory pathways. Both systemic complement
and components locally produced by the transplant organ and infiltrating immune cells
appear to play critical roles. Indeed, C3 synthesis in the transplanted kidney was shown to be
increased and dependent on the duration of cold ischemia [117]. C3 production by the donor
kidney tipically reaches a peak after reperfusion, indicating the potential for complement
inhibition during organ collection as means of decreasing tissue damage and improving the
transplant outcome. IRI is particularly critical in the organs collected after circulatory arrest
of the donor, since local production of complement proteins and increased levels of pro-
inflammatory markers have been observed in the kidneys of deceased donors [118]. Several
inflammatory pathways participate in the genesis of IRI, and complement is a key modulator
of most, if not all, of these processes [119]. The resulting cellular injury is mainly attributed
to the terminal pathway products C5a and C5b-9, with consequent release of pro-
inflammatory factors, neutrophil degranulation, and endothelial cell activation and death
[120, 121]. While current evidence strongly favors a role for the AP and LP in triggering
complement-mediated IRI, the role of the CP is still controversial, and key information,
including which complement components are involved in the injury and where they are
produced and activated, still remains unknown [121].

In transplantation settings, complement activation is observed not only in response to IR but
also during episodes of cellular and antibody-mediated rejection. Increased levels of
complement activation products have been detected in the plasma, urine, and transplanted
organ in patients showing rejection of cardiac or renal transplants. During episodes of cell-
mediated rejection, the transplanted kidney contributes with 10% (5% in physiologic
conditions) of the circulating pool of C3 [122]. Imbalanced complement activation leads to
direct deposition of MAC and indirect damage to the renal parenchyma, by enhancing T cell
responses against the donor organ [117, 123]. Furthermore, in episodes of AMR, pre-formed
or induced antibodies present in the host recognize antigens in the graft and activate
complement and inflammation, ultimately leading to graft rejection [124]. Notably, C3
fragments have been shown to modulate B-cell activation and antibody production upon
signaling via CR2 in B cells [125]. Episodes of antibody-mediated rejection, as observed in
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ABO-incompatible and HLA-sensitized transplant patients, are particularly of concern, since
they result in catastrophic hyperacute AMR and an extremely high rate of graft loss [124].

In line with these findings, complement inhibition during transplantation has been shown to
be effective in diminishing IRI and increasing graft survival in several animal models, and
the efficacy of complement-targeted therapeutics in clinical settings of transplantation is
currently being evaluated [116]. The use of Eculizumab also has showed promising results,
for preventing AMR in patients with HLA-specific antibodies and reversed established
rejection [126, 127]. Furthermore, in a presensitized non-human primate (NHP) model of
kidney transplantation, complement depletion with cobra venom factor (CVF) resulted in
organ accommodation; i.e., endothelial cell resistance to antibody-mediated destruction, and
long-term engraftment [128]. Despite these promising results, further work is still needed to
better understand the mechanisms by which complement influences the balance between
graft tolerance and rejection and to characterize the most efficient targeting approach for
improving kidney transplant outcomes. Eculizumab, ergidina and ruconest have been
granted with orphan drug status for the prevention of injury, delayed graft function or
rejection after transplantation (Table 1). Ten distinct clinical trials are underway to test
eculizumab for AMR and delayed graft function mainly in kidney transplantation. In
addition, the C1-INH Berinert has been shown to be safe and well tolerated when used after
kidney transplantation in HLA sensitized patients [12] and a second trial is currently
recruiting patients to evaluate the efficacy of Berinert in preventing delayed graft function
and IRI (NCT02134314).

6.2. C5a and C5aR Inhibitors

As an alternative to the prevention of C5 cleavage, a distinct strategy to interfere with the
effector functions of complement is the abrogation of C5a-mediated effects. This approach
may offer clinical benefits for diverse conditions in which inflammation is a major driving
force for the disease. It is particularly interesting because the targeting of C5a can hamper
inflammation without affecting either opsonization or MAC-mediated functions (Fig. 3).
Blocking the C5a-C5aR interaction with small molecules has long been pursued as a
therapeutic strategy [129, 130]. However, thus far none of these molecules has produced the
expected clinical results, and most have not survived the process of clinical development.
The small molecule CCX168 (from ChemoCentryx) (Table 1) is the only C5aR antagonist
that is currently being tested in clinical trials. It holds an orphan drug designation for anti-
neutrophil cytoplasmic antibody (ANCA) vasculitis and aHUS and is in phase Il trials for
ANCA vasculitis (NCT01363388, NCT02222155) as well as IgA nephropathy
(NCT02384317) and aHUS (NCT02464891). CaCP29 (IFX-1, from InflaRx) (Table 2) is a
monoclonal antibody against C5a that has completed a phase | trial (NCT01319903) for
safety evaluation and is currently in phase Il testing for the treatment of sepsis
(NCT02246595). Of note, C5a has an extremely rapid turnover, which may undermine the
therapeutic capacity of the C5a inhibitors.

ANCA-associated Vasculitis—ANCA-associated vasculitis comprises a group of
clinical heterogeneous disorders characterized by inflammation of the small blood vessels
and anti-neutrophil antibodies directed against either proteinase 3 or myeloperoxidase [131].
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Although the clinical features are heterogeneous and reflect the location of the vessels
affected, some common symptoms include fever, anemia, weight loss, rash, synovitis, and
involvement of the respiratory tract and kidneys [132]. As is true for other heterogeneous
and immune-related diseases, treatment is based on corticosteroids and/or
immunosuppressants and plasma exchange in more severe cases [131].

Both autoantigens, proteinase 3 and myeloperoxidase, are typically retained within
neutrophilic granules. When an inflammatory stimulus such as a pro-inflammatory cytokine,
complement activation, or ANCA-IgG production occurs, the extracellular expression of the
two antigens is increased, leading to the recruitment of inflammatory cells and further
activation of neutrophils, with subsequent organ damage and dysfunction [133, 134].
Because IgGs are absent or only scarcely found in the affected tissues [132], ANCA-induced
neutrophil activation is considered the main factor in the disease pathogenesis. In line with
this concept, C4-deficient mice are not protected against the disease, whereas FB or C5
deficiency confers protection [135]. Furthermore, FB and properdin have been detected in
the glomeruli of patients, indicating a role for the AP in renal damage; also, systemic
activation of AP has been demonstrated in the plasma of patients with active disease [136,
137]. In addition, C5aR is essential for the development of the disease [134], since C5a has
been defined as a key factor in the priming of neutrophils, with consequent expression of the
autoantigens proteinase 3 and myeloperoxidase [138-140].

Based on our understanding of the pathophysiological mechanisms of the disease,
therapeutic intervention targeting either the AP or the C5a-C5aR interaction seems a logical
approach. Indeed, a phase I trial is recruiting patients to test the safety and efficacy of the
C5aR antagonist CCX168 in the treatment of ANCA-associated renal vasculitis
(NCT0136388). A second trial with eculizumab was withdrawn because of difficulties in
enrolling patients (NCT01275287).

7. Conclusions

The perception of the complement system as a critical factor that tips the balance between
homeostasis and pathological states has brought new enthusiasm to the field of complement.
Aided by animal models and genomic and structural studies, the unfolding of complement-
related mechanisms that drive health and disease has advanced considerably in the past
decade. The acquired knowledge has prompted the design of distinct and, in some cases,
very creative strategies to interfere therapeutically at various stages of the cascade. Some of
these approaches, such as the use of C1-INH, anti-C1s and anti-MASP antibodies, are very
specific, aiming at the disruption of a single pathway. While it is likely that the immune
response will be less compromised by this approach, it remains to be determined whether
such specific targeting will be sufficient to induce relevant clinical benefit, and in which
disease states. More comprehensive strategies that envisage the blockade at the level of C3
may fulfill the requirement for more robust inhibition in cases in which more than one
pathway is involved in the pathology. In addition, strategies based on complement regulators
that are directed to sites of complement activation may offer a type of intervention closely
resembling the physiological control of complement. In addition, the abrogation of C5-
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mediated effects is a good option for diseases in which the MAC and/or C5a is the driving
force.

The clinical experience acquired with the drugs eculizumab and C1-INH has undeniably
shown that complement-targeted therapeutics can be safe, effective, and profitable. Notably,
the stock price of Alexion has increased by more than 600% in the past 5 years. The high
costs for eculizumab and C1-INH, and the therapeutic focus on the orphan disease market,
raise a red flag as to whether the interest of the pharmaceutical companies in complement-
target therapy is predominantly financial. Whereas the clinical trials currently evaluating
eculizumab for the rare diseases mentioned above are of extreme importance because they
may offer more effective therapies and lead to improved quality of life for the patients, the
licensing of eculizumab for numerous diseases may also put enormous pressure on the
public health system. As discussed in this review, small molecules and peptidic compounds
could offer more cost-effective treatment options. Hence, it is important that more effort is
placed on the development of additional complement-related therapies with lower cost and
even higher effectiveness.

At this date, over 40 clinical trials are ongoing to evaluate different classes of complement
inhibitors in numerous diseases. The next few years will hopefully bring valuable
information concerning the safety and efficacy of distinct strategies for complement
targeting. For orphan diseases in particular, this may represent a great improvement in the
management of clinical signs and quality of life. Traditionally, rare pathological conditions
and diseases with an immune component have often been tackled with corticosteroids and
immunosuppressants that are known to induce an array of side effects. Whereas complement
may not be the main trigger in several of these disorders, it may still play a pivotal role in
the maintenance of an inflammatory environment that fuels the pathology. Certainly, further
research will be required to select the proper strategy for complement inhibition and to
validate the involvement of complement in specific diseases, since virtually any disease with
an inflammatory component may benefit from the disruption of complement activation.
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Highlights

e Itis estimated that about 350 million people worldwide suffer from rare
diseases.

» The launch of effective treatments for rare diseases is challenging.
e Complement is an attractive therapeutic target for inflammatory diseases.

» Clinical evidence shows the safety and efficacy of complement therapeutics.

»  Further effort should be put on the development of complement therapeutics.
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Figure 1.
Complement acts as a key mediator of several pathophysiological processes.
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Figure 2.
Simplified scheme of the complement cascade. In blue: proteins of the classical and lectins

pathways; green: convertases of the classical and lectins pathways; orange: proteins of the
alternative pathway; purple: convertases of the alternative pathway; red: proteins common to
all the pathways; gray: soluble regulators. Complement cell receptors are depicted at the
surface of the host cell. Red symbols: points of therapeutic interventions in rare diseases.
Abbreviations: C1INH-C1 inhibitor, C4BP-C4b binding protein, CR-complement receptor,
DAF-decay accelerating factor, FB-factor B, FD-factor D, FH-factor H, Fl-factor I, MAC-
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membrane attack complex, MBL-mannose binding lectin, MCP-membrane cofactor protein.
*ALN-CC5 inhibits C5 expression.
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Figure 3.
Impact of drug candidates on complement-mediated functions. Abbreviations: AP-

alternative pathway, CP-classical pathway, C5aR-Cb5a receptor 1, C1-INH-C1 inhibitor, FD-
factor D, FH-factor H, LP-lectin pathway, MAC-membrane attack complex, MASP-2-
mannose binding lectin. Dotted lines indicate impact in the complement functions
downstream of C3 due to less generation of C3b. Full lines indicate impact on C5-mediated
functions due to inhibited amplification loop.
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Table 2
List of complement-related drugs without orphan designation in pre-clinical and clinical development for rare
diseases.
Compound Name Manufacturer Complement Target Indication
Cetor C1 esterase inhibitor Sanquin C1r, Cls, MASP-1, MASP-2, Hereditary Angioedema,
other proteases Acquired C1-inhibitor
deficiency
TNTO009 Anti-C1s Antibody True North Therapeutics Cls Cold Agglutinin Disease Phase
|
Lampalizumab Anti-Factor D Genentech FD Age-related Macular
Antibody (FCFD4514S, RG7417) Degeneration Phase I1/111
ACH-CFDIS Anti-Factor D Achillion FD Pre-clinical
inhibitor
CDX-1135 (TP10) soluble CR1 Celldex C3-convertase, C4b, C3b Dense Deposit Disease Phase |

TT30 (ALXN1102) Alexion Pharmaceuticals C3-convertase, C3b Paroxysmal Nocturnal
Hemoglobinuria Phase |
TT32 Alexion Pharmaceuticals C3-convertase, C4b, C3b Pre-clinical
Mini-FH Amyndas C3-convertase, C3b Paroxysmal Nocturnal
Hemoglobinuria Pre-clinical
Zimura (ARC1905) Ophthotech C5 Age-related Macular
Degeneration Phase |1
LFG316 Novartis C5 Dry Age-related Macular
Degeneration Phase |1
Coversin (OmCI) Volution Immuno-Pharmaceuticals C5 Age-related Macular
Degeneration Phase |
SOBI002 Swedish Orphan Biovitrum C5 Phase |
RA101348 Ra Pharmaceuticals C5 Pre-clinical
ALN-CCS5 (Anti-C5 siRNA) Alnylam C5 Paroxysmal Nocturnal
Hemoglobinuria Phase I/11
CaCP29 (IFX-1) InflaRx Cba Sepsis Phase I1
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