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Therapeutic interventions in the complement system, a key immune-inflammatory medi-
ator and contributor to a broad range of clinical conditions, have long been considered
important yet challenging or even unfeasible to achieve. Almost 20 years ago, a spark was
lit demonstrating the clinical and commercial viability of complement-targeted therapies.
Since then, the field has experienced an impressive expansion of targeted indications
and available treatment modalities. Currently, a dozen distinct complement-specific ther-
apeutics covering several intervention points are available in the clinic, benefiting patients
suffering from eight disorders, not counting numerous clinical trials and off-label uses.
Observing this rapid rise of complement-targeted therapy from obscurity to mainstream
with amazement, one might ask whether the peak of this development has now been
reached or whether the field will continue marching on to new heights. This review looks
at the milestones of complement drug discovery and development achieved so far, sur-
veys the currently approved drug entities and indications, and ventures a glimpse into the
future advancements yet to come.
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Introduction

From the perspective of an academic drug discovery and devel-
opment scientist, the transformation of the field of complement-
targeted therapeutics has been nothing short of amazing. When
sharing one’s passion for developing complement drugs less
than 20 years ago, you were likely confronted with the question
“Why would you want to do this?”, suggesting that the approach
would not be safe, feasible, or remotely successful. Now, in 2024,
one may still face the same question but based on the concern
that there are already plenty of drugs in the clinic, and the
pharmaceutical industry has firmly taken the lead. Indeed, the
number of approved complement-targeted drugs has escalated
over the past two decades, from none in 2004 to one in 2014,
and a dozen in 2024 (Table 1).
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This development, largely facilitated by the tenacity and indus-
triousness of many academic and clinical complementologists [1],
has transformed the treatment options for patients suffering from
rare complement-driven disorders, raised awareness of the path-
way’s involvement in health and disease, and inspired exciting
new research endeavors [2–4]. With all this in mind, what does
the future hold for complement therapeutics? Have we reached
the pinnacle and addressed all clinical needs or is there still room
for improvement and for new drugs to enter the market? And will
there be a role for nonindustrial research and development along
the way?

Rather than providing a comprehensive overview of all aspects
related to complement-targeted drug development and surveying
the pipelines of pharmaceutical companies, a task already covered
by many excellent reviews [2, 4–8], this essay aims to assess the
current state with a focus on approved indications and treatment
options, point out major advancements and potential remaining
or emerging challenges, and speculate about the developments
that may shape the future direction of the field.
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Table 1. Complement-specific therapeutics with market authorization (as of June 2023, sorted by date of initial approval; without biosimilars and
broadband serine protease inhibitors).

Compound Drug Target Modality Mode Indications Approval

Eculizumab Soliris, Alexion C5 mAb (humanized, IgG2/4) PPIi PNH, aHUS, gMG,
NMOSD

2007,
2011,
2017,
2019

Ravulizumab Ultomiris, Alexion C5 mAb (humanized, IgG2/4) PPIi PNH, aHUS,
gMG,
NMOSD

2018a

2019,
2022,
2024

Pegcetacoplan Empaveli,b Apellis C3/C3b Peptide (macrocycle, PEGylated) PPIi PNH 2021c

Syfovre, Apellis GA (AMD) 2023
Avacopan Tavneos, Amgen C5aR1 LMW Antagonist AAV 2021
Sutimlimab Enjaymo, Sanofi C1s mAb (humanized, IgG4) PPIi CAD 2022
Vilobelimab Gohibic, InflaRx C5a mAb (chimeric, IgG4) PPIi COVID-19 [2023]d

Avacincaptad
pegol

Izervay, Astellas C5 Aptamer (PEGylated) PPIi GA (AMD) 2023

Pozelimab Veopoz, Regeneron C5 mAb (human, IgG4) PPIi CHAPLE 2023
Zilucoplan Zilbrysq, UCB C5 Peptide (macrocycle, lipidated) PPIi gMG 2023
Iptacopan Fabhalta, Novartis FB LMW Inhibitor PNH 2023
Crovalimab PiaSky, Chugai/Roche C5 mAb (humanized, IgG1/4) PPIi PNH 2024
Danicopan Voydeya, Alexion FD LMW Inhibitor PNH 2024

Abbreviations: AAV, anti-neutrophil antibody-associated vasculitis; aHUS, atypical hemolytic uremic syndrome; AMD, age-related macular degen-
eration; CAD, cold agglutinin disease; CHAPLE, CD55 deficiency with complement hyperactivation, angiopathic thrombosis, and protein-losing
enteropathy; GA, geographic atrophy; gMG, generalized myasthenia gravis; LMW, low molecular weight compound; mAb, monoclonal antibody;
NMOSD, neuromyelitis optica system disorder; PEG, polyethylene glycol; PNH, paroxysmal nocturnal hemoglobinuria; PPIi, protein–protein inter-
action inhibitor.
a
Initial approval for adults with PNH; approval for children and adolescents with PNH in 2021. An advanced formulation with reduced infusion
time (Ultomiris-cwvz) was approved in 2020.

b
Branded as Aspaveli (Apellis/Sobi) in some markets.

c
Empaveli injector was approved in 2023.

d
Gohibic is not yet approved but only received emergency use authorization.

CSI: amazing — a brief history of
complement system inhibition

Despite the actual introduction of clinical complement inhibitors
being a relatively recent advancement, the idea of therapeutically
modulating the complement system has been a long time com-
ing [9]. Shortly after the initial description of the pathway as
a “complementary” effector arm to antibodies in the killing of
bacteria [10, 11], reports emerged that complement activation
is also observed in noninfectious malignancies [12]. The com-
plement system’s Janus-faced role in host defense and attack has
been continuously solidified over the decades, and it is now rec-
ognized as a contributing factor in many autoimmune, inflamma-
tory, and hemolytic disorders, as well as in age-, biomaterial-, and
transplantation-related conditions [2, 3, 9]. Yet, notwithstand-
ing initial nonselective modalities such as C1 esterase inhibitor
preparations, the first complement-specific drug only entered the
clinic in 2007 — a mere century after the identification of com-
plement as a potential target system [13, 14]. The reasons for this
delay and the emerging role of complement as a “therapeutic plat-
form” are founded in the elaborate mechanisms that define com-
plement’s involvement in host defense and attack. The following
section will focus on essential concepts of complement activation

and regulation, and refer to other work for in-depth coverage [2,
15, 16].

Similar to the coagulation system, the complement system is
organized as a cascade that enables the rapid amplification of
small triggering events into a profound effector response with
the primary goal of eliminating microbial intruders and alerting
companion defense pathways (Fig. 1A) [2, 9]. Under ideal condi-
tions, a panel of circulating pattern recognition receptors detect
foreign or damaged cells by binding to antibody clusters (i.e.
classical pathway [CP]) or carbohydrate signatures (i.e. lectin
pathway [LP]), and activate associated serine proteases. Such
sensing events lead to the cleavage of complement components
C4 and C2 and the deposition of C3 convertase complexes on the
triggering surface. Additional convertases may form through the
alternative pathway (AP), when the abundant plasma protein C3
is hydrolyzed at low rates in solution (i.e. tick-over) or adheres
to surfaces. Independent of their origin, C3 convertases cleave
C3 into the anaphylatoxin C3a and the surface-tethered opsonin
C3b. If left unchecked, this initial opsonization rapidly propa-
gates, as deposited C3b can form additional C3 convertases and
drive an amplification cycle that fuels effector generation. With
mounting opsonin densities, convertases start to increasingly
cleave C5, which initiates the assembly of porous membrane-
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Figure 1. Complement activation and therapeutic intervention. (A) Simplified depiction of cell surface-targeted complement activation. Targets of
complement therapeutics that have been approved or authorized for use aremarked by a capsule symbol. (B) General mechanisms of complement-
related indications with approved treatment options. Solid and dashed cell membranes depict sufficiently and insufficiently protected cell surfaces,
respectively (due to polymorphic or missing regulators). Grey cells reflect dysfunctional and/or apoptotic cells, and orange flash symbols indicate
tissue damage. (B) Timeline of complement-targeted therapeutics in the clinic, showing drug approvals (top) and indication extension (bottom).
Only officially approved complement-specific drugs are shown, omitting C1 esterase inhibitor (C1-INH) preparations, eculizumab biosimilars, and
emergency use authorizations (Table 1; as of May 2024). Timeline number correspond to years between 2007 and 2024. AAV, ANCA-associated vas-
culitis; Ab, antibody; AChR, acetylcholine receptor; aHUS, atypical hemolytic uremic syndrome; AMD, age-related macular degeneration; ANCA,
antineutrophil cytoplasmic antibody; AP, alternative pathway; AQP4, aquaporin-4; BM, Bruch’s membrane; C1-INH, C1 esterase inhibitor; C3aR, C3a
receptor; C5aR1, C5a receptor 1; CAD, cold agglutinin disease; CHAPLE, CD55 deficiency with hyperactivation of complement, angiopathic throm-
bosis, and protein-losing enteropathy; CL-10/11, collectin-10/11; CP, classical pathway; CR1-4; complement receptor 1–4; EC, endothelial cell; Epi,
epithelial cell; EVH, extravascular hemolysis; FB, factor B; FD, factor D; GA, geographic atrophy; GBM,glomerular basementmembrane; gMG,general-
izedmyasthenia gravis; GPCR,G protein-coupled receptor; IVH, intravascular hemolysis; LP, lectin pathway;MAC,membrane-attack complex; MASP,
MBL-associated serine protease; MBL, mannose-binding lectin; MPO, myeloperoxidase; NET, neutrophil extracellular trap; NMOSD, neuromyelitis
optica system disorders; PNH, paroxysmal nocturnal hemoglobinuria; RCA, regulators of complement activation; ROS, reactive oxygen species.
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attack complexes (MAC) with cell-damaging or even lytic impact.
Complement activation also releases anaphylatoxins (i.e. C3a and
C5a) that attract, activate, and/or modulate a variety of effector
cells, including leukocytes, endothelial cells (ECs), and platelets.
Through binding to complement receptors (CR1-4) on immune
cells, opsonins can further shape the cellular response and induce
phagocytosis (Fig. 1A).

While this elaborate interplay between sensing, propagation,
and effector mechanisms enables a broad and rapid antimicro-
bial defense, complement’s versatility comes at the expense of
specificity, with an associated risk of collateral damage [3, 4]. To
account for such hazards, our bodies are equipped with soluble
and membrane-bound regulators that impair convertase and MAC
formation or limit the activity of initiating proteases. While suffi-
cient under normal circumstances, these regulatory capacities are
not unlimited, and any tipping of the activation–regulation bal-
ance can quickly escalate to clinical complications (Fig. 1B) [3,
9]. Excessive activation, for example, due to infections, trauma,
or blood contact with foreign materials, can trigger fulminant
complement responses and host defense cross-talk that may result
in tissue damage and thrombo-inflammatory complications. Sim-
ilarly, autoantibodies can direct CP activation to host cells, induc-
ing damage or lysis. Finally, deficiencies, polymorphisms, and
other genetic variations in the various complement system com-
ponents have a direct impact on an individual’s activating and reg-
ulatory capacity, with implications for host defense, the clearance
of cellular debris and immune complexes, and susceptibility to
chronic complementopathies. Given the complement system’s ver-
satility in sensing any type of non- or altered-self surfaces and the
many processes that could derail, it is not surprising that comple-
ment dysregulation has been identified as a disease-contributing
factor in a broad spectrum of clinical conditions [2–4, 9].

Although this platform position of complement as a target sys-
tem may provide ample therapeutic opportunities, selecting the
ideal indication has proven challenging [8]. To ensure commer-
cial sustainability, initial efforts aimed at developing complement
therapeutics for prevalent conditions such as rheumatoid arthritis
or complications caused by cardiopulmonary bypass surgery and
transplantation [13]. Given the complexity of these conditions
and the varying role that complement may play in their pathology,
it is understandable that success has been limited. Additionally,
lingering concerns that any blockade of a host defense system
could result in severe infections and other adverse events kept
complement drug development off the radar of pharmaceutical
companies. The eventual breakthrough of the approach can be
attributed to many factors. Despite restrained interest from big
pharma, academic and clinical researchers continued to elucidate
mechanisms of complement activation in health and disease,
develop various inhibitors, and elaborate on potential treatment
strategies [1]. At the same time, the emergence of biotech
companies as important players in drug development, the rise of
monoclonal antibodies (mAb) as accessible and safe treatment
modalities, and the implementation of orphan drug acts in
various markets provided incentives to develop therapeutics for
rare and/or neglected conditions [17, 18].

On the path toward the first approved complement-specific
drug in 2007 (Fig. 1C) [14], Alexion virtuously tapped into
several of these developments. Rather than targeting prevalent
disorders, the company finally focused on paroxysmal noctur-
nal hemoglobinuria, an ultrarare disease with limited treatment
options but well-understood and exclusively complement-driven
pathophysiology [14]. Mechanistic insight previously identified
complement component C5 as a key contributor to the patho-
physiology of PNH [19], and murine anti-C5 mAbs were reported
by academic groups [20, 21]. In clinical trials, the anti-C5 mAb
eculizumab (Soliris) not only proved highly effective, providing
PNH patients with the long-sought treatment option, but also
demonstrated a remarkably beneficial safety profile [14]. Neis-
serial infections presented a substantial risk that could be largely
mitigated through vaccination and reserve antibiotics [22]. While
far from being a perfect drug, especially considering the exorbi-
tant cost at the time of introduction [23], the rather high, fre-
quent, and inconvenient dosing, and the limited response in some
patients, the approval of eculizumab marked a watershed moment
for PNH patients and the entire field of complement-targeted ther-
apies.

The clinical and commercial success of eculizumab, alongside
a revised risk assessment of the approach, encouraged biotech and
pharmaceutical companies to continue or initiate complement-
targeted development programs. The almost 15-year gap between
eculizumab’s approval and the next first-in-class therapeutics
(Fig. 1C) corresponds to typical bench-to-bedside timelines in
drug development. Yet, the surge of interest in the strategy was
equally rooted in prospects of navigating toward larger markets,
sparked by reports that identified complement dysregulation as
the main risk factor in age-related macular degeneration (AMD)
[24–26], among the leading causes of blindness in elderly people.
The initial enthusiasm was rapidly tamed, however, with the
realization that complement processes in AMD are more complex
and diverse than in PNH, leading to several failed trials, including
the late-stage discontinuation of Genentech’s anti-factor D (FD)
program after disappointing phase 3 interim data in 2017 [27].
Fortunately, these setbacks did not halt development efforts but
rather channeled the gold-rush euphoria toward more leveled yet
realistic goals. Among the consequences was an even stronger
focus on (ultra-)rare disease indications, which may be consid-
ered a necessary and successful strategy, at least in the short
term, but may arguably have had a distracting impact on building
a sustainable long-term foundation, as discussed later.

While hopes largely rested on a breakthrough in AMD,
the gap years after eculizumab’s approval have by no means
been an idle phase. The clinical availability of a C5-targeted
drug enabled expansion into other diseases with terminal
pathway-driven pathologies (Fig. 1B and C), initially atypical
hemolytic uremic syndrome (aHUS; 2011) [28], but later also
generalized myasthenia gravis (gMG; 2017) [29] and neu-
romyelitis optica spectrum disorders (NMOSD; 2019) [30].
The extended approval of eculizumab in diverse indications,
along with case reports of off-label use in other disorders [31],
reinforced the perception of therapeutic complement inhibition
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as a platform approach and contributed to continued commercial
interest.

Alongside the progress in clinical applications, the approval
of ravulizumab (Ultomiris) in 2018 introduced another drug to
the arsenal. Even if not truly new, this eculizumab derivative fea-
tured an improved pharmacokinetic (PK) profile that addressed
the inconvenient administration by prolonging infusion intervals
from 2 to 8 weeks [32]. The pharmacodynamic (PD) properties
remained the same, with the modality (mAb), target (C5), and
even the binding site of ravulizumab corresponding to that of
eculizumab. The target barrier was finally breached in 2021 with
the approval of a peptidic C3 inhibitor of the compstatin family
for PNH (pegcetacoplan, Empaveli) [33–35] and a C5a receptor
1 (C5aR1) antagonist for antineutrophil cytoplasmic antibody-
associated vasculitis (AAV; avacopan, Tavneos) [22, 36], which
interfere with central activation and amplification steps and ter-
minal signaling events, respectively (Table 1 and Fig. 1). The
approval of sutimlimab (Enjaymo) in 2022 extended the target
and indication spectrum at the same time, as the mAb blocks
the CP protease C1s for the treatment of cold agglutinin disease
(CAD) [37, 38].

Yet, the true “annus incredibilis” came in 2023, when four new
drugs and two novel indications entered the market (Fig. 1B and
C). Whereas pozelimab (Veopoz) is another C5-targeted mAb, the
major novelty was the indication it was approved for: CD55 defi-
ciency with hyperactivation of complement, angiopathic thrombo-
sis, and protein-losing enteropathy (CHAPLE) [39–41]. Another
foray into new disease areas was achieved by an already approved
drug (pegcetacoplan), yet in a distinct formulation suitable for
the intravitreal treatment of geographic atrophy during AMD
(Syfovre) [30]. With the aptamer avacincaptad pegol (Izervay),
a C5-targeted drug joined the treatment options for AMD a few
months later [42]. The third C5 inhibitor approved in 2023 was
zilucoplan (Zilbrysq), a peptidic drug positioned for the treatment
of gMG [43, 44]. Finally, PNH patients benefited from the intro-
duction of a factor B (FB) inhibitor (iptacopan, Fabhalta) that
enables oral monotherapies [45, 46].

While it remains to be seen whether the approval peak can
be matched or even surpassed in 2024, the year has already
welcomed two new drugs for PNH treatment. The FD inhibitor
danicopan (Voydeya) was approved as an add-on therapy for
PNH patients who show insufficient response to anti-C5 treat-
ments [47, 48], whereas the anti-C5 mAb crovalimab (PiaSky)
has recently been approved by the FDA following earlier autho-
rizations in China and Japan [49, 50].

Complement as platform target system: a
blessing — and a curse

The involvement of complement activation in a broad spectrum
of clinical conditions makes therapeutic complement inhibition
an attractive prospect [8]. However, the complexity of under-
lying disease mechanisms, the variability of complement contri-
butions to pathology, and the multitude of potential interven-

tion points have often left drug developers uncertain about the
best approach. Companies have had to decide whether to tar-
get well-validated indications with largely addressed needs (e.g.
PNH, aHUS) by offering improved modalities or carve out their
own market niche. Target selection imposes another major chal-
lenge in most cases, given that several initiation, effector, and
crosstalk pathways are often involved in disease mechanisms.
Since their contributions vary between diseases and even between
patients, choosing the best target is rarely obvious. Ideally, only
the pathogenic effectors are impaired while other parts of the
complement system are left intact to assist in immune surveil-
lance. The decision-making process may actually start at the inter-
vention level rather than specific targets, that is, whether to block
proximal or terminal complement functions [4, 7, 9]. Inhibiting
the terminal pathway at the level of C5 activation, preventing
the generation of both C5a and MAC, or C5aR1 signaling is often
effective in curbing cell damage and inflammation and does not
directly interfere with danger sensing and opsonization. However,
it still blocks some antimicrobial defense and immune crosstalk
functions, and untamed opsonization on host cells may contribute
to disease progression. Conversely, proximal intervention typically
impairs detrimental complement activities more broadly and at
an early stage, which may prevent exacerbation, but also has a
stronger impact on the complement’s protective functions. Even
within proximal strategies, the decision between pathway-specific
(i.e. CP, LP, or AP inhibitors) and central modulators (e.g. C3
or convertase inhibitors) may profoundly change the therapeutic
profile. Target selection therefore benefits from a thorough under-
standing of disease processes but also depends on a careful risk-
benefit assessment about how much complement impairment is
required and tolerable for each indication. This section summa-
rizes the common and distinct disease mechanisms behind cur-
rently targeted indications (Fig. 1B) and explores decision factors
regarding strategies and intervention points.

Most currently targeted indications have well-defined
complement-driven mechanisms, and the selection of PNH
as the quintessential complementopathy was instrumental in
the breakthrough of complement therapeutics [14]. PNH is a
rare hemolytic disease characterized by clonal populations of
RBCs lacking complement regulators CD55 and CD59 on their
surface. The impaired control of convertase and MAC formation,
respectively, renders affected RBCs vulnerable to complement
attack that culminates in intravascular hemolysis (IVH). Although
the triggers of hemolysis may be diverse, including bystander
opsonization during infection, the processes driving IVH are
well described. In the absence of sufficient regulation, C3b
opsonization is quickly amplified via the AP, thereby generating
C5 convertases and, consequently, lytic MAC pores [51]. As
the gatekeeper of MAC formation, C5 emerged as an obvious
target, and the anti-C5 mAb eculizumab effectively controlled
IVH. However, a fraction of PNH patients did not experience full
disease alleviation and remained transfusion-dependent [52].
Extravascular hemolysis was described as one of the mechanistic
explanations for this limitation: since anti-C5 therapy halts MAC
formation but not C3b deposition, opsonized RBCs are recognized
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and eliminated by phagocytes [51, 53]. Proximal complement
inhibition at the level of AP-mediated C3 activation was therefore
hypothesized to provide more comprehensive disease manage-
ment [54], and both C3 and FB inhibitors (pegcetacoplan and
iptacopan, respectively) showed superiority over eculizumab
in clinical trials [35, 46]. However, as often encountered in
complement biology [53], this advancement came with an
unexpected twist: whereas clone sizes of PNH RBC are typically
well below 50%, these clones may expand to more than 95%
during proximal therapies [55, 56]. While not inherently adverse,
the accumulation of complement-vulnerable RBCs may increase
the risk of severe hemolytic crises if complement inhibition is
not maintained properly. In clinical practice, the breakthrough
risk under proximal therapy appears to be manageable [57, 58]
but longer experience is needed for a conclusive assessment
and the underlying mechanisms of this phenomenon require
further elucidation. The case of PNH underscores the importance
of real clinical data, careful selection of intervention points
and therapeutic modalities, and ongoing research even in well-
defined complement-driven diseases. While crucial for PNH,
which represents the exception rather than the norm among
complementopathies, such considerations are even more vital for
clinical conditions with more complex and variable pathologies
[3, 4, 9].

From a mechanistic standpoint, the oldest and newest entries
in the complement indication realm may share close ties. In
CHAPLE, CD55 deficiency due to homozygous loss-of-function
mutations renders cells more susceptible to complement-induced
damage [40]. Unlike PNH, where CD59 protection is additionally
impaired but only clonal populations of blood cells are affected,
all cells of the body are potentially vulnerable to insufficiently con-
trolled complement activation in CHAPLE. The impact on intesti-
nal epithelial cells and lymphatics is particularly damaging and
leads to protein-losing enteropathy and various symptoms, includ-
ing abdominal pain [40]. MAC deposition detected in duodenal
biopsy suggested a C5-targeted approach, with treatment using
pozelimab successfully resolving clinical manifestations [39].

Another major indication involving ill-protected host cells is
aHUS, a rare but strongly complement-related form of thrombotic
microangiopathy [59–61]. Compared with PNH and CHAPLE, the
causes of complement dysregulation in aHUS are more heteroge-
neous, including decreased-function polymorphisms in or autoan-
tibodies against complement regulators, and gain-of-function
mutations in C3 or FB [60, 62]. The disease primarily manifests
in the kidneys, where glomerular ECs already feature a low reg-
ulatory capacity and are heavily exposed to complement compo-
nents. Bystander activation or injury, such as surgery, may pro-
vide a “first hit,” resulting in insufficiently controlled complement
amplification, cell damage, and inflammation. Exposure to the
glomerular basement membrane, devoid of regulators, may exac-
erbate the vicious cycle. Activation of neutrophils and platelets,
for example, by anaphylatoxins, leads to the formation of neu-
trophil extracellular traps (NETs) and thrombi, respectively, and
the mechanical disruption of RBC to a release of heme, all of
which may serve as a “second hit” that adds insult to injury and

drives further complement activation and tissue damage [59, 60,
62, 63]. Despite the complex and heterogeneous pathophysiology,
blocking C5 has proven broadly effective in treating aHUS, likely
benefiting from simultaneous impairment of MAC formation and
C5a release.

Pathophysiological complexity increases further when exam-
ining geographic atrophy in AMD [64–66] and imposes chal-
lenges for therapeutic development, as evident by several unsuc-
cessful clinical trials [67]. It is now appreciated that not all
forms of AMD are complement-driven, and even in complement-
related cases, various and often slowly progressing mechanisms
define the outcome [64–66]. Complement deposits are typically
observed on ECs of the choriocapillaris and in lipoprotein deposits
(that is drusen) within the Bruch’s membrane (BM), yet it remains
debated whether those structures should be considered sites of
initial complement dysregulation and/or later exacerbation. Sim-
ilar to the case of the glomerular basement membrane in aHUS,
the lack of membrane complement regulators renders the BM sus-
ceptible to complement attack; the reliance on soluble regulators
like factor H (FH) and its split product FH-like protein 1 sup-
ports the risk association with FH polymorphisms. Complement
activation may damage the BM and further propagate the attack
to retinal tissue, contributing to atrophy and vision loss. Retinal
pigment epithelium cells are the focal point of complement dys-
regulation, and their damage results in a gradual degeneration of
photoreceptor cells [64, 66, 68]. Although activation of the CP
or LP is potentially involved, amplification via the AP and result-
ing MAC and/or anaphylatoxin effects are considered the primary
culprits. Intravitreal drugs targeting C3 (pegcetacoplan) or C5
(avacincaptad pegol) are meanwhile available, expected to ben-
efit AMD patients, and provide clinically supported insight into
this complex disorder [69].

Despite its major manifestation of complement-mediated
intravascular hemolysis, CAD shares only a distant relationship
in pathophysiology and treatment with PNH [70]. In this form
of autoimmune hemolytic anemia, binding of IgM autoantibodies
to the RBC surface at lower temperatures initiates CP activation
that may exceed regulatory capacities, leading to C3b opsoniza-
tion with extravascular hemolysis and MAC-mediated IVH [37,
70]. Understanding the triggering mechanisms allows for a more
causative therapy at the initiation rather than the effector stage
by blocking C1s using sutimlimab [37]. CAD is not the only dis-
order that is caused by an overwhelming complement attack of
otherwise sufficiently protected cells upon autoimmune reactions.
In gMG, autoantibodies against nicotinic acetylcholine receptors
expressed on the postsynaptic membrane of neuromuscular junc-
tions trigger CP-mediated complement activation, which leads to
cell damage and contributes to the progressing muscle weakness
in gMG [71, 72]. Although different intervention points appear
feasible, only C5 is currently targeted in this disease, either by
administering antibodies (eculizumab, ravulizumab) or inhibit-
ing peptides (zilucoplan) [29, 43, 73]. The same target selec-
tion is employed for NMOSD, in which autoantibodies against
aquaporin-4 bind to the water channel protein that is strongly
expressed on the end feet of astrocytes [74]. While CP induction
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primarily leads to MAC-mediated astrocyte loss, complement acti-
vation and consequential attraction of immune cells are also con-
sidered contributing factors to demyelination and axon damage
that cause a range of symptoms, including ocular pain and vision
impairment [74, 75].

The involvement of autoantibodies is also central to the patho-
physiology of AAV, but follows a different mechanism [5, 36];
patients develop antineutrophil cytoplasmic antibodies that are
directed against myeloperoxidase or other antigens. Stimulation
of neutrophils by C5a or other triggers increases the expression
of these antigens and, therefore, autoantibody binding. Affected
neutrophils adhere to ECs and become further activated, causing
the release of cell-damaging mediators and NET formation. NETo-
sis can induce additional complement activation with the release
of C5a that increases neutrophil stimulation and drives inflamma-
tion. Owing to the central role of C5a as an initiator and amplifier
of deleterious effects in AAV, C5aR1 has emerged as a suitable
intervention point and C5aR1 antagonists (avacopan) are now
used as a therapeutic arm in this disease [22].

Although target selection is, or at least may appear, obvious
in some of the indications, others could benefit from a reevalua-
tion of the ideal intervention points. In many autoimmune disor-
ders, CP-mediated initiation, AP-mediated amplification, and TP-
mediated effector generation all appear as suitable options. Even
in diseases where anti-C5 therapy shows strong efficacy, it is not
always clear whether both the damaging effect of MAC and the
inflammatory impact of C5a contribute to the disease and whether
a more focused intervention (e.g. C5aR1 antagonists) would be
sufficient. Alongside the target itself, the modality by which it is
inhibited may also prove critical as it can determine how much of
the drug will reach the site of attack and how long inhibition will
last.

Inhibitors in all shapes and sizes

When considering the specific demands that individual comple-
mentopathies entail, it is important that recent approvals not only
extend intervention points and indication areas but also bring
diversification regarding molecular entities. Although antibodies
still dominate the complement therapeutics arsenal, with 6 of the
12 approved drugs belonging to this class, the clinically avail-
able drugs now include two macrocyclic peptides, one aptamer,
and three low-molecular-weight (LMW) drugs (Table 1, Fig. 1C
and 2). This diversity is of critical importance in view of comple-
ment’s platform position, as distinct modalities have an impact on
PK/PD profiles and enable tailored administration options.

Even within the mAb class, considerable variability exists, with
numerous modifications reflecting overarching trends in antibody
drug development (Fig. 2A) [76, 77]. While many clinical anti-
bodies originate from rodent mAbs, efforts to minimize immuno-
genicity and enhance PK properties have led to the development
of chimeric, humanized, or fully human mAbs. Among comple-
ment therapeutics, only the anti-C5a mAb vilobelimab, which was
granted emergency use authorization for COVID-19 by the FDA

[78, 79], falls into the category of chimeric antibodies. All oth-
ers are humanized or, in the case of pozelimab, fully human. By
selecting IgG isotypes and introducing point mutations, the PK/PD
profile can be further modulated. Human IgG4 is typically cho-
sen for constant parts to avoid complement activation, but this
leaves unwanted interactions with Fc-gamma receptors intact. In
eculizumab, Fc-gamma receptor binding was abrogated by basing
the hinge and Fab portions on human IgG2 [14], and in sutim-
limab by introducing two mutations to the IgG4 hinge [80].

While antibodies generally exhibit prolonged plasma resi-
dence, their exact half-life is strongly influenced by recycling
processes. Circulating antibodies are typically taken up by ECs
and may undergo lysosomal degradation but can be exported
back if they bind to neonatal Fc receptors (FcRn) in the endo-
some. Ideally, therapeutic antibodies should strongly bind their
target in circulation, release it in the acidic endosome, and bind to
FcRn [76, 81]. Thus, the target is degraded, and the free antibody
can be recirculated to inhibit another target molecule. To obtain
the long-acting derivative ravulizumab, four amino acids were
changed in eculizumab: two in the variable region to enhance
pH-dependent drug:target dissociation and another two in the
Fc part to increase FcRn binding (Fig. 2A) [32]. More recently
approved anti-C5 antibodies followed highly distinct strategies
to achieve suitable properties. Pozelimab, a fully human IgG4,
features only a single mutation in the hinge region to increase
stability; rather than engineering PK properties during develop-
ment, Regeneron employed humanized C5 mice to select an ideal
candidate based on in vivo performance [82]. Conversely, croval-
imab was developed using extensive mutagenesis: starting from
a humanized rabbit mAb selected based on pH-dependent target
release, Chugai opted for an IgG1 background and introduced
numerous mutations to eliminate effector functions, reduce
immunogenicity, and enhance target and FcRn binding [49, 83].

Outside the realm of antibodies, however, PK properties
remain an even greater challenge. Although peptides and oligonu-
cleotides may be classified as biologics, they are considerably
smaller than mAbs and do not benefit from the intricate recycling
mechanisms. To counteract rapid renal elimination, additional
measures have thus been necessary [84]. In the case of pegceta-
coplan, two entities of compstatin derivative Cp05, a small cyclic
peptide (∼1.5 kDa) that binds C3 and C3b to impair convertase-
mediated complement activation and amplification, have been
conjugated to a central 40-kDa polyethylene glycol (PEG) moi-
ety [34]. This bivalent arrangement improves pharmacokinetic
properties but also appears to influence the selectivity between
soluble and surface-bound targets [85]. PEGylation has similarly
been pivotal in the pharmacokinetic optimization of avacincaptad
pegol, an oligonucleotide aptamer that binds to C5 to prevent its
activation. In contrast to pegcetacoplan, a branched PEG moiety
(2 × 20 kDa) was selected, while the aptamer unit is presented
monovalently; additionally, most of the nucleotides in avacincap-
tad pegol are backbone-modified to enhance stability [86].

Although PEG is generally considered a biocompatible PK
modifier, it is not without risks [87], particularly considering
that the administered doses for complement inhibition are often

© 2024 The Author(s). European Journal of Immunology published by
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Figure 2. Structures of complement therapeutics that are currently approved (as of June 2024) or have been granted emergency use authorization.
(A) Monoclonal antibodies as complement inhibitors. Individual domains of the depicted IgG structures are colored according to the species/isotype
origin. Point mutations are marked by a star, independent of their functional implications. In the case of crovalimab, the stars may not reflect the
true number and position of all modifications. (B) Peptide and aptamer drugs used as complement therapeutics. (C) Structures and properties
of low-molecular-weight (LMW) complement inhibitors. For the assessment of Lipinski rule-of-5 properties [91], numbers in the table have been
rounded; OH and NH groups were counted as HBD and the sum of N and O atoms as HBA; MW and log p-values have been derived from PubChem
(www.pubchem.org). FB, factor B; FD, factor D; HBA, hydrogen bond acceptor; HBD, hydrogen bond donor; IgG, immunoglobulin G; mAb,monoclonal
antibody; MW, molecular weight; PEG, polyethylene glycol.

higher than for other therapeutic areas, due to the relatively high
plasma levels of many complement components. This becomes
evident when examining the dosing regimen of pegcetacoplan
in paroxysmal nocturnal hemoglobinuria (PNH), which requires
subcutaneous administration of 1080 mg of the drug twice weekly
via infusion pumps or specialized injectors to saturate circulating
C3 (∼1 mg/ml in plasma) [33]. Among the strategies to address
this challenge is the use of compstatin derivatives with signifi-
cantly improved target residence to increase inhibitory capacity
while concurrently reducing unbound peptide fractions that face
renal elimination [34]. A next-generation compstatin drug candi-
date (AMY-101, Amyndas) with enhanced target residence, which
does not rely on PEGylation, is currently undergoing clinical trials
for COVID-19, gingivitis, and other indications [88, 89]. A dif-
ferent approach to improving plasma half-life was employed dur-
ing the development of zilucoplan, a cyclic peptide of ∼1.5 kDa
that binds to C5 at a site that interferes with both C5 activation
and MAC formation. While zilucoplan does contain PEG, it pri-
marily acts as a short spacer to connect to a glutamoyl-palmitic
acid moiety that binds to human serum albumin, thereby enhanc-
ing the drug’s plasma residence (Fig. 2B) [44, 86]. Depending on
body weight, Zilbrysq is administered subcutaneously once daily

at doses ranging between 16.6 and 32.4 mg [90]. It is important
to note that dosing requirements and administration challenges
vary depending on the indication; compared to the systemic use
of pegcetacoplan in PNH (Empaveli; as mentioned above), the
intravitreal injection for AMD treatment (Syfovre) requires only a
dose of 15 mg per eye at variable frequencies, typically every 25–
60 days [30]. Avacincaptad pegol is solely used for AMD therapy
and necessitates an intravitreal injection of 2 mg per eye every
month [42].

In contrast to biologics, which almost invariably require par-
enteral administration, many LMW drugs can be taken orally,
enhancing convenience and therapy adherence. The currently
approved LMW complement therapeutics all fall within or near
the “Lipinski rules of 5” [91], a predictor of oral bioavailability
(Fig. 2C). Indeed, all drugs can be administered as oral dosage
forms, though not at the preferred “once-daily” dosing regimen.
Treatment schemes range from one capsule twice a day (iptaco-
pan) to three capsules twice daily (avacopan for severe active
AAV) and 1–2 tablets three times a day (danicopan) [22, 46,
47]. While oral formulations render frequent dosing manageable,
questions remain about therapeutic adherence by patients and
the consequences of missed doses. For the latter question, the

© 2024 The Author(s). European Journal of Immunology published by
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answer may be context-specific and evolve as we gain experi-
ence using these relatively new drugs in various diseases. PNH
should again be considered a special case as it relies on perma-
nent and full complement effector function inhibition compared
with other complementopathies, where activation is more tran-
sient or episodic. It is worth noting that, despite the accumulation
of PNH clones and the associated risk of severe hemolytic break-
through crises, iptacopan monotherapy has thus far proven to be
an effective and safe option [46]. In the case of danicopan, posi-
tioning the drug as add-on therapy to baseline treatment with
anti-C5 drugs should mitigate the risk of severe events.

In terms of their modes of action, avacopan is the only termi-
nal pathway modulator that blocks C5a-mediated cell stimulation
via C5aR1 [92]. While the FB inhibitor iptacopan and the FD
inhibitor danicopan both affect AP C3 convertases and could
therefore be regarded as somewhat redundant, their functional
activities differ significantly [93]. During AP activation, FB inter-
acts with surface-deposited C3b and undergoes a conformational
change that enables the binding of FD, which removes the Ba
fragment and produces the active convertase, C3bBb. Circulating
C3 now binds to C3bBb, whereupon C3a is released by Bb-
mediated cleavage and C3b is covalently deposited on the surface
[94]. FD inhibitors such as danicopan impair the conversion of
C3b-bound FB and prevent the formation of AP C3 convertases
[48]. Although termed FB inhibitor, iptacopan’s functional target
is actually the Bb fragment of the convertase, thereby affecting
convertase-mediated activation of C3; its effect on convertase
formation is indirect by impairing C3b deposition [45]. While
this distinction may have little impact in some disorders, it is
speculated that target selection within the AP may become more
critical in diseases like C3 glomerulopathy, where preformed,
stable C3 convertases lead to high complement turnover. In
such cases, inhibition of existing convertases by targeting Bb,
or protection of the C3 substrate by compstatin derivatives,
could prove more effective than preventing the formation of new
convertases [93].

United we stand — the advent of
combination therapies

The trend of combining two or more drugs to enhance the treat-
ment of disorders is gaining momentum across various indication
areas. While long established in cancer and infectious disease
therapy to mitigate resistance development risks, this strategy
is increasingly utilized to leverage additive or synergistic drug
effects by harnessing distinct modes of action while minimizing
potential adverse events associated with individual drugs. Notable
examples include dual antiplatelet therapies for thrombotic event
prevention and highly active antiretroviral therapies for HIV
infection management. Within current therapies, avacopan is
commonly paired with glucocorticoids for treating AAV; indeed,
avacopan is primarily seen as a glucocorticoid-sparing adjunct
therapy for severe AAV forms [22]. Of course, co-medication may
vary depending on disease state, comorbidities, and other factors.

Yet, with an expanding array of complement-targeted drugs
and a better understanding of disease mechanisms, combina-
tion and add-on therapies also emerge as means to specifically
modulate the treatment of complement-related disorders. PNH
once again takes center stage in this context. Experimental
studies suggest that co-administration of different C3- and/or
C5-targeted drugs may be crucial for preventing breakthrough
hemolysis in PNH [53, 95]. Alexion’s LMW FD inhibitor, dan-
icopan, received specific FDA approval in 2024 as an add-on
therapy for patients with inadequate responses to anti-C5 treat-
ment. While C5 blockade attenuates intravascular hemolysis,
concurrent inhibition of AP activity at the FD level regulates
opsonization associated with extravascular and breakthrough
hemolysis risks. A combination of two C5-targeted drugs is
currently undergoing phase 3 trials [96, 97]. Cemdisiran, an
RNA interference drug that impedes hepatic C5 biosynthesis, was
previously assessed as monotherapy in PNH. Despite substantially
reducing plasma C5 levels (>90%), the drug failed to adequately
control hemolysis, likely due to significant extrahepatic C5 pro-
duction [98]. Combining cemdisiran with the anti-C5 antibody
pozelimab, approved for CHAPLE treatment, enables conservative
antibody dosing due to markedly reduced baseline C5 levels.
This combination is also being evaluated in a phase 3 trial for
gMG [99]. Moreover, modalities that combine activities against
different intervention points in a single molecule, such as a fusion
protein between an anti-C5 mAb and the regulatory domains of
FH (KP104, Kira Pharma) [100], reached clinical development
stages.

While combining complement-targeted drugs may enhance
established indications like PNH, more profound and transfor-
mative impacts may arise from pairing drugs targeting comple-
ment, coagulation, and other host defense pathways. In acute
and/or thromboinflammatory conditions, inhibiting a single path-
way may prove inadequate. Despite complement’s clear involve-
ment in conditions like COVID-19, transplant rejection, sep-
sis, and ischemia-reperfusion injury during stroke or myocardial
infarction [101–103], monotherapies with complement therapeu-
tics, antithrombotics, or other pathway-specific interventions typ-
ically demonstrated limited therapeutic efficacy. Combining exist-
ing drugs with diverse pathway activities or employing broad-
spectrum host defense modulators could offer additional avenues
to address these unmet medical needs.

Are we there yet? Opportunities beyond
low-hanging fruits and beaten paths…

The strides made in treating complement-related disorders are
truly transformative, benefiting both the growing number of
patients gaining access to increasingly effective and convenient
treatment options and the research community, which can rely
on clinically validated data. With the therapeutic arsenal rapidly
expanding to include a dozen distinct drug entities, one might
be tempted to think we have surpassed expectations and that the
market is or will soon be saturated. This naturally prompts the
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question: “Is there a future in complement-focused drug discov-
ery and development?”

A glance at the pipelines of many pharmaceutical and biotech
companies resoundingly affirms that there is indeed a bright
future. A multitude of modalities are currently under evaluation
in clinical trials, and new experimental modulators are being
reported with astonishing frequency [1, 4, 5, 7]. The pharmaceu-
tical industry’s leading role in bringing complement-targeted ther-
apeutics to the clinic has been both instrumental and necessary.
At the same time, the survey of currently available options reveals
certain risk mitigation commonly observed during the shift from
“garage band” to mainstream development, including the gravita-
tion towards validated indication fields and established treatment
modalities. Indeed, PNH treatments and C5-targeted drugs as the
standard-bearers of the initial therapeutic breakthrough [14] still
dominate in 2024, and most of the approved drug entities and
their targets are traditionally considered “druggable” (i.e. serine
protease inhibitors and GPCR antagonists) or pharmaceutically
approachable (i.e. mAb; Table 1). Compared with the situation
only 5 years ago, however, it is exciting to see that we finally have
a panel of inhibitors in the clinic that cover almost all complement
activation stages, from initiation to effector functions (Fig. 1).

Although complement is largely perceived as an extracellular
defense system, it is increasingly appreciated that the presence of
intracellular complement proteins (i.e. complosome) affects cell
homeostasis and may shape complement processes in health and
disease [104]. Even if known complement-related disease mech-
anisms can be largely attributed to the system’s canonical extra-
cellular functions, there is considerable interest in the develop-
ment of complosome modulators. But even within the traditional
therapeutics realm, there are still some gaps and unmet needs
that could or should be addressed. For example, none of the cur-
rent drugs specifically impair LP activation. Narsoplimab, an mAb
inhibiting MASP-2, has completed phase 3 trials for hematopoi-
etic stem cell transplant-associated thrombotic microangiopathy
[105, 106], but no positive decision has been made by the FDA.
If narsoplimab is approved for this or another clinically evaluated
condition, including lupus nephritis, it will likely be the first LP-
specific drug to enter the market. Another interesting initiation
target is C2, the equivalent to FB of the AP; as C2 is activated
by both C1s and MASP-1/2 to form C3 convertases, its inhibition
would simultaneously impair CP and LP activity. A C2-directed
mAb, empasiprubart, is currently tested in phase 2 trials for mul-
tifocal motor neuropathy [107]. Additional strategies to curb CP
activation, for example, by preventing C1q binding to antibod-
ies (ANX007, Anoxxon) or interfering with the activity of the C1
complex (RLS-0071), have also advanced in clinical development
[108, 109].

While the core components of AP activation and amplifica-
tion, that is, C3, FB, and FD, are meanwhile covered by specific
inhibitors, the exploration of new targets at this stage is shift-
ing toward modulators. Approaches under preclinical and clini-
cal investigation include mAbs against the convertase stabilizer
properdin, recombinant forms of physiological AP regulators (e.g.
FH, CR1 [102]), and inhibitors of MASP-3, which is involved in

the maturation of FD [110]. Within the terminal pathway, avail-
able inhibitors so far prevent the activation of C5 or block C5a-
mediated signaling. Notwithstanding the auxiliary activity of the
C5 inhibitor zilucoplan to destabilize MAC-initiating C5b-6 com-
plexes [44], no complement drug that specifically targets MAC
formation is currently approved. Antibodies and other inhibitors
against MAC components, in particular, C6 and C7, are in devel-
opment. Of course, the fact that many targets are covered by
approved drugs does not mean that no new developments should
be expected. On the contrary, different treatment modalities for
the same target may either improve the treatment of established
diseases or even open new applications. One source for novel
therapeutic modalities that may appear surprising at first glimpse
but makes sense when considering the need for pathogens to
avoid any complement attack is microbial- and parasite-derived
complement inhibitors [111, 112]. Although PK properties and
immunogenicity may impose challenges, particularly outside a
short-term use in acute disorders, such inhibitors often feature
potent activity and intriguing modes of action. Several pathogen-
derived complement modulators are in preclinical development,
and the tick protein nomacopan (Akari) with dual activity against
C5 and leukotriene B4 is clinically evaluated in PNH and other
indications [113, 114].

Indication expansion may well be the most critical factor in
determining the future of complement-targeted drug discovery
and development. While most available drugs are currently
approved for one specific indication, either based on pathophys-
iology or strategic reasons, it is likely that many will venture
into new indications in the future. The case of eculizumab
impressively demonstrated that such an expansion strategy,
partially driven by compassionate or off-label use, can be highly
successful. Indeed, most complement therapeutics and clinical
candidates are evaluated for more than one indication. Among
the diseases for which approval is imminent, or at least seems
likely, are C3 glomerulopathy, IgA nephropathy, lupus nephritis,
and hematopoietic stem cell transplant-associated thrombotic
microangiopathy. As clinicians across various disciplines become
increasingly aware of the complement system’s role in disease and
clinical complications, completely novel indications may appear
on the therapeutic radar. This is perhaps best illustrated by the
case of CHAPLE, where treatment opportunities were established
only a few years after the clinical description of the disease [39,
40]. Although it could appear that many “low-hanging fruits” —
indications with highly defined complement pathophysiology and
driven by druggable targets — have already been harvested by
pharmaceutical companies, there are still opportunities abound.
The almost exclusive focus on rare diseases served as a necessary
stepping-stone to establishing complement-directed therapeutics
but the early clinical and commercial success also distracted
from shifting the focus on common conditions and establishing
a sustainable long-term strategy beyond orphan markets. The
recent progress in the treatment of AMD is a positive step in this
direction but needs to be followed by concerted efforts involving
partners from research, development, and the clinic. Alongside
prevalent autoimmune and inflammatory disorders, ischemic
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injury, transplant/biomaterial-related complications, neurological
and metabolic diseases present frontiers with promising achieve-
ments [2, 4, 9, 115, 116]. Notably, oncotherapy has emerged
as another potential key area for complement therapeutics.
Rituximab and many other mAb for cancer therapy already
engage complement-dependent cytotoxicity as a critical effector
arm to facilitate the immune-mediated elimination of cancer cells
[117], and considerable effort is currently invested in antibody
engineering to improve such effector functions (e.g. HexaBodies
[118]). At the same time, the recognition that the complement
system plays an important part in shaping the inflammatory
microenvironment and overall immune response, the addition of
complement inhibitors or engagers to other immune therapy arms
such as checkpoint inhibition could open exciting avenues [119].

The implementation of careful clinical diagnostics will not
only play a critical role in indication extension but also in
patient stratification for clinical trials and therapeutic monitor-
ing. While the assessment of complement-related biomarkers
becomes increasingly important, interpreting results is not
always straightforward and warrants the collaboration of experts
in the field. For example, recent studies have correlated sev-
eral complement activation markers with the manifestation of
Long-COVID syndrome [120–122]. While this could imply that
complement is a key contributor to this debilitating and poorly
understood condition, thereby opening therapeutic avenues,
elevated complement markers may also be an accompany-
ing sign of inflammatory and tissue-damaging processes that
drive the disorder. Careful clinical and experimental validation
will therefore always be essential when following up on such
observations.

Similarly, risk assessment remains an ongoing task that cannot
be neglected. Initial and deeply rooted safety concerns, primarily
grounded in theoretical considerations and observations from
patients with complement deficiencies, have fortunately not been
substantiated. Therapeutic complement inhibition has proven
relatively safe, even for long-term use in chronic conditions,
provided that appropriate precautions such as vaccination and
careful patient instruction are implemented [4, 7, 9]. One reason
for the better-than-expected risk profile is the redundancy in
antimicrobial defense, particularly the increasingly prominent
role of adaptive over innate responses throughout life. In various
conditions, the detrimental and permanent consequences of
inappropriate complement activation may outweigh the partial
and situational limitation of defensive functions. Yet, despite
the largely favorable risk assessment thus far, it is important
to acknowledge that complement inhibition does constitute an
intervention in a system with critical roles in defense, home-
ostasis, and beyond. Bacterial infections remain a risk, with
the potential for severe adverse events, as do severe hemolytic
crises upon PK or PD breakthroughs. With an increasing number
of patients being treated with complement-targeted drugs, the
statistical likelihood of expected or new adverse drug events
will rise. Similar to the treatment strategy necessitating distinct
intervention points, drug modalities, and administration options
for each potential complement-related indication, safety assess-

ments must be conducted with equal context awareness. Novel
and advanced strategies, including combination therapies or
the use of tissue-targeted rather than solution-based inhibitors,
may contribute to making complement therapies even more
convenient and safe to use. In the latter case, efficient targeting
to sites of complement activation can for example be achieved
by fusing complement inhibitors to entities that bind opsonins or
cell surface markers (e.g. ADX-097, Q32; FH1-5/anti-C3d [123]),
by coating cells or material surfaces with regulator-recruiting
entities, or by employing the intrinsic recognition capacities of
complement regulators [124–126].

When considering the challenges and opportunities discussed
in the previous sections, it indeed seems more likely that we are
just getting started rather than reaching a plateau. The introduc-
tion of additional inhibitors and expansion into new and more
prevalent indication areas is expected to benefit patients. Hope-
fully, it may also improve access to such life-changing treatments,
which is often restricted by the high cost of current complement
therapies. As in the case of eculizumab [127–129], biosimilars
could provide valuable instruments to achieve this goal, espe-
cially when patent protection of the second and third wave of
complement-targeted therapeutics will expire in a few years. The
clinical awareness of complement in disease, the numerous mod-
els, diagnostic tests, and research tools established along the way,
and the confidence in complement as a targeted platform for ther-
apeutic intervention are expected to propel new endeavors, par-
ticularly for academic and clinical researchers and biotech com-
panies. The “fruits” may hang a bit higher and require more effort
to be picked, but achieving the next steps along the path may be
even more rewarding and foster creativity, insight, and increasing
awareness of the complement system’s role in disease and therapy.

Acknowledgements: This work was supported by grants from
the Swiss National Science Foundation (no. 310030_219969,
205321_204607).
Open access funding provided by Universitat Basel.

Conflict of interest: D.R. is the inventor of patent applications
describing complement inhibitors and their therapeutic use, some
of which have been licensed by Amyndas Pharmaceuticals. Part
of his research is supported by a Research Acceleration Grant
from CSL Behring, and he has performed consulting services for
and/or received speaker honoraria from pharmaceutical compa-
nies, including Roche, Novartis, Alexion, Sobi, and Greenova-
tion/Elevia.

Author contributions: Daniel Ricklin wrote the manuscript and
designed the figures.

Data availability statement: Data sharing is not applicable to
this article as no new data were created or analyzed in this study.

© 2024 The Author(s). European Journal of Immunology published by
Wiley-VCH GmbH.

www.eji-journal.eu



12 of 15 Daniel Ricklin Eur. J. Immunol. 2024;54:2350816

Peer review: The peer review history for this article is available
at https://publons.com/publon/10.1002/eji.202350816.

References

1 Lamers, C., Ricklin, D. and Lambris, J. D., Complement-targeted thera-

peutics: an emerging field enabled by academic drug discovery. Am. J.

Hematol. 2023. 98(Suppl): S82–S89.

2 Mastellos, D. C.,Hajishengallis, G. and Lambris, J. D., A guide to comple-

ment biology, pathology and therapeutic opportunity. Nat. Rev. Immunol.

2024. 24: 118–141.

3 Ricklin, D., Reis, E. S. and Lambris, J. D., Complement in disease: a

defence system turning offensive. Nat. Rev. Nephrol. 2016. 12: 383–401.

4 West, E. E., Woodruff, T., Fremeaux-Bacchi, V. and Kemper, C., Com-

plement in human disease: approved and up-and-coming therapeutics.

Lancet 2024. 403: 392–405.

5 Holers, V. M., Complement therapeutics are coming of age in rheuma-

tology. Nat. Rev. Rheumatol. 2023. 19: 470–485.

6 Zelek, W. M., Xie, L., Morgan, B. P. and Harris, C. L., Compendium of

current complement therapeutics. Mol. Immunol. 2019. 114: 341–352.

7 Mastellos, D. C., Ricklin, D. and Lambris, J. D., Clinical promise of next-

generation complement therapeutics. Nat. Rev. Drug Discov. 2019. 18: 707–

729.

8 Ricklin, D.,Mastellos, D. C.,Reis, E. S. and Lambris, J. D., The renaissance

of complement therapeutics. Nat. Rev. Nephrol. 2018. 14: 26–47.

9 Pouw, R. B. and Ricklin, D., Tipping the balance: intricate roles of the

complement system in disease and therapy. Semin. Immunopathol. 2021.

43: 757–771.

10 Zipfel, P. F. and Skerka, C., From magic bullets to modern therapeutics:

Paul Ehrlich, the German immunobiologist and physician coined the

term ‘complement’. Mol. Immunol. 2022. 150: 90–98.

11 Ehrlich, P. and Morgenroth, J., Ueber Haemolysine. Zweite Mittheilung.

Berlin. Klin. Wochenschr. 1899. 1: 481–486.

12 Simon, C. E. and Thomas, W. S., On complement-fixation in malignant

disease. J. Exp. Med. 1908. 10: 673–689.

13 Ricklin, D. and Lambris, J. D., Complement-targeted therapeutics. Nat.

Biotechnol. 2007. 25: 1265–1275.

14 Rother, R. P., Rollins, S. A., Mojcik, C. F., Brodsky, R. A. and Bell, L., Dis-

covery and development of the complement inhibitor eculizumab for

the treatment of paroxysmal nocturnal hemoglobinuria. Nat. Biotechnol.

2007. 25: 1256–1264.

15 Kareem, S., Jacob, A.,Mathew, J.,Quigg, R. J. and Alexander, J. J., Comple-

ment: functions, location and implications. Immunology 2023. 170: 180–

192.

16 Singh, P. and Kemper, C., Complement, complosome, and complotype:

a perspective. Eur. J. Immunol. 2023. 53: e2250042.

17 Haffner, M. E.,Whitley, J. andMoses, M., Two decades of orphan product

development. Nat. Rev. Drug Discov. 2002. 1: 821–825.

18 Lu, R. M.,Hwang, Y. C., Liu, I. J., Lee, C. C., Tsai, H. Z., Li, H. J. and Wu, H.

C., Development of therapeutic antibodies for the treatment of diseases.

J. Biomed. Sci. 2020. 27: 1.

19 Packman, C. H., Rosenfeld, S. I., Jenkins, D. E., Jr.,Thiem, P. A. and Leddy,

J. P., Complement lysis of human erythrocytes. Differing susceptibility

of two types of paroxysmal nocturnal hemoglobinuria cells to C5b-9. J.

Clin. Invest. 1979. 64: 428–433.

20 Frei, Y., Lambris, J. D. and Stockinger, B., Generation of a monoclonal

antibody tomouse C5 application in an ELISA assay for detection of anti-

C5 antibodies. Mol. Cell. Probes 1987. 1: 141–149.

21 Wurzner, R., Schulze, M., Happe, L., Franzke, A., Bieber, F. A., Opper-

mann, M. and Gotze, O., Inhibition of terminal complement complex

formation and cell lysis by monoclonal antibodies. Complement Inflamm.

1991. 8: 328–340.

22 Jayne, D. R.W.,Merkel, P. A., Schall, T. J., Bekker, P. and Group, A. S., Ava-

copan for the treatment of ANCA-associated vasculitis. N. Engl. J. Med.

2021. 384: 599–609.

23 Herper, M., The world’s most expensive drugs. Forbes 2010.

24 Klein, R. J., Zeiss, C., Chew, E. Y., Tsai, J. Y., Sackler, R. S., Haynes, C.,

Henning, A. K. et al., Complement factor H polymorphism in age-related

macular degeneration. Science 2005. 308: 385–389.

25 Edwards, A. O., Ritter, R., 3rd, Abel, K. J., Manning, A., Panhuysen, C.

and Farrer, L. A., Complement factor H polymorphism and age-related

macular degeneration. Science 2005. 308: 421–424.

26 Haines, J. L.,Hauser, M. A., Schmidt, S., Scott,W. K.,Olson, L. M.,Gallins,

P., Spencer, K. L. et al., Complement factor H variant increases the risk

of age-related macular degeneration. Science 2005. 308: 419–421.

27 Edmonds, R., Steffen, V., Honigberg, L. A. and Chang, M. C., Alterna-

tive complement pathway inhibition by lampalizumab: analysis of data

from chroma and spectri phase III clinical trials. Ophthalmol. Sci. 2023. 3:

100286.

28 Zuber, J., Fakhouri, F., Roumenina, L. T., Loirat, C. and Fremeaux-Bacchi,

V. and French Study Group for a, H. C. G., Use of eculizumab for atyp-

ical haemolytic uraemic syndrome and C3 glomerulopathies. Nat. Rev.

Nephrol. 2012. 8: 643–657.

29 Howard, J. F., Jr., Utsugisawa, K., Benatar, M., Murai, H., Barohn, R.

J., Illa, I., Jacob, S. et al., Safety and efficacy of eculizumab in anti-

acetylcholine receptor antibody-positive refractory generalised myas-

thenia gravis (REGAIN): a phase 3, randomised, double-blind, placebo-

controlled, multicentre study. Lancet Neurol. 2017. 16: 976–986.

30 Heier, J. S., Lad, E. M., Holz, F. G., Rosenfeld, P. J., Guymer, R. H., Boyer,

D., Grossi, F. et al., Pegcetacoplan for the treatment of geographic atro-

phy secondary to age-related macular degeneration (OAKS and DERBY):

two multicentre, randomised, double-masked, sham-controlled, phase

3 trials. Lancet 2023. 402: 1434–1448.

31 Kim, M. S. and Prasad, V., The clinical trials portfolio for on-label and

off-label studies of eculizumab. JAMA Intern. Med. 2020. 180: 315–317.

32 Sheridan,D.,Yu,Z.X.,Zhang,Y.,Patel, R.,Sun, F.,Lasaro,M.A.,Bouchard,

K. et al., Design and preclinical characterization of ALXN1210: a novel

anti-C5 antibody with extended duration of action. PLoS One 2018. 13:

e0195909.

33 Gerber, G. F. and Brodsky, R. A., Pegcetacoplan for paroxysmal nocturnal

hemoglobinuria. Blood 2022. 139: 3361–3365.

34 Lamers, C., Mastellos, D. C., Ricklin, D. and Lambris, J. D., Compstatins:

the dawn of clinical C3-targeted complement inhibition. Trends Pharma-

col. Sci. 2022. 43: 629–640.

35 Hillmen, P., Szer, J., Weitz, I., Roth, A., Hochsmann, B., Panse, J., Usuki,

K. et al., Pegcetacoplan versus eculizumab in paroxysmal nocturnal

hemoglobinuria. N. Engl. J. Med. 2021. 384: 1028–1037.

36 Kimoto, Y. and Horiuchi, T., The complement system and ANCA associ-

ated vasculitis in the era of anti-complement drugs. Front. Immunol. 2022.

13: 926044.

37 Berentsen, S., Barcellini, W.,D’Sa, S. and Jilma, B., Sutimlimab for treat-

ment of cold agglutinin disease: why, how and for whom? Immunotherapy

2022. 14: 1191–1204.

© 2024 The Author(s). European Journal of Immunology published by
Wiley-VCH GmbH.

www.eji-journal.eu

https://publons.com/publon/10.1002/eji.202350816


Eur. J. Immunol. 2024;54:2350816 HIGHLIGHTS 13 of 15

38 Roth, A.,Berentsen, S.,Barcellini,W.,D’Sa, S., Jilma, B.,Michel,M.,Weitz,

I. C. et al., Sutimlimab in patients with cold agglutinin disease: results of

the randomized placebo-controlled phase 3 CADENZA trial. Blood 2022.

140: 980–991.

39 Ozen, A., Chongsrisawat, V., Sefer, A. P., Kolukisa, B., Jalbert, J. J.,

Meagher, K. A., Brackin, T. et al., Evaluating the efficacy and safety

of pozelimab in patients with CD55 deficiency with hyperactivation of

complement, angiopathic thrombosis, and protein-losing enteropathy

disease: an open-label phase 2 and 3 study. Lancet 2024. 403: 645–656.

40 Ozen, A., Comrie, W. A., Ardy, R. C., Dominguez Conde, C., Dalgic, B.,

Beser, O. F., Morawski, A. R. et al., CD55 deficiency, early-onset protein-

losing enteropathy, and thrombosis. N. Engl. J. Med. 2017. 377: 52–61.

41 Belot, A., Benezech, S. and Tusseau, M., A new drug for rare diseases:

pozelimab for CHAPLE disease. Lancet 2024. 403: 592–593.

42 Khanani, A. M., Patel, S. S., Staurenghi, G., Tadayoni, R., Danzig, C. J.,

Eichenbaum,D.A.,Hsu, J. et al., Efficacy and safety of avacincaptad pegol

in patients with geographic atrophy (GATHER2): 12-month results from

a randomised, double-masked, phase 3 trial. Lancet 2023. 402: 1449–1458.

43 Howard, J. F., Jr., Bresch, S., Genge, A., Hewamadduma, C., Hinton, J.,

Hussain, Y., Juntas-Morales, R. et al., Safety and efficacy of zilucoplan

in patients with generalised myasthenia gravis (RAISE): a randomised,

double-blind, placebo-controlled, phase 3 study. Lancet Neurol. 2023. 22:

395–406.

44 Tang, G. Q., Tang, Y., Dhamnaskar, K., Hoarty, M. D., Vyasamneni,

R., Vadysirisack, D. D., Ma, Z. et al., Zilucoplan, a macrocyclic pep-

tide inhibitor of human complement component 5, uses a dual mode

of action to prevent terminal complement pathway activation. Front.

Immunol. 2023. 14: 1213920.

45 Mainolfi, N., Ehara, T., Karki, R. G., Anderson, K., Mac Sweeney, A.,

Liao, S. M., Argikar, U. A. et al., Discovery of 4-((2S,4S)-4-ethoxy-1-((5-

methoxy-7-methyl-1H-indol-4-yl)methyl)piperidin-2-yl)benzoic Acid

(LNP023), a factor B inhibitor specifically designed to be applicable to

treating a diverse array of complement mediated diseases. J. Med. Chem.

2020. 63: 5697–5722.

46 Peffault de Latour, R., Roth, A., Kulasekararaj, A. G., Han, B., Schein-

berg, P., Maciejewski, J. P., Ueda, Y. et al., Oral iptacopan monotherapy

in paroxysmal nocturnal hemoglobinuria. N. Engl. J. Med. 2024. 390: 994–

1008.

47 Lee, J. W., Griffin, M., Kim, J. S., Lee Lee, L. W., Piatek, C., Nishimura,

J. I., Carrillo Infante, C. et al., Addition of danicopan to ravulizumab

or eculizumab in patients with paroxysmal nocturnal haemoglobinuria

and clinically significant extravascular haemolysis (ALPHA): a double-

blind, randomised, phase 3 trial. Lancet Haematol. 2023. 10: e955–e965.

48 Wiles, J. A., Galvan, M. D., Podos, S. D., Geffner, M. and Huang, M., Dis-

covery and development of the oral complement factor D inhibitor Dan-

icopan (ACH-4471). Curr. Med. Chem. 2020. 27: 4165–4180.

49 Fukuzawa, T., Sampei, Z., Haraya, K., Ruike, Y., Shida-Kawazoe, M.,

Shimizu, Y.,Gan, S.W. et al., Long lasting neutralization of C5 by SKY59,

a novel recycling antibody, is a potential therapy for complement-

mediated diseases. Sci. Rep. 2017. 7: 1080.

50 Liu, H., Xia, L., Weng, J., Zhang, F., He, C., Gao, S., Jia, J. et al., Efficacy

and safety of the C5 inhibitor crovalimab in complement inhibitor-naive

patients with PNH (COMMODORE 3): a multicenter, Phase 3, single-arm

study. Am. J. Hematol. 2023. 98: 1407–1414.

51 Peffault de Latour, R., Hosokawa, K. and Risitano, A. M., Hemolytic

paroxysmal nocturnal hemoglobinuria: 20 years of medical progress.

Semin. Hematol. 2022. 59: 38–46.

52 Risitano, A.M., Paroxysmal nocturnal hemoglobinuria in the era of com-

plement inhibition. Am. J. Hematol. 2016. 91: 359–360.

53 Schmidt, C. Q. and Smith, R. J. H., Protein therapeutics and their lessons:

expect the unexpected when inhibiting themulti-protein cascade of the

complement system. Immunol. Rev. 2023. 313: 376–401.

54 Mastellos, D. C., Ricklin, D., Yancopoulou, D., Risitano, A. and Lambris,

J. D., Complement in paroxysmal nocturnal hemoglobinuria: exploiting

our current knowledge to improve the treatment landscape. Expert Rev.

Hematol. 2014. 7: 583–598.

55 Notaro, R. and Luzzatto, L., Breakthrough hemolysis in pnh with prox-

imal or terminal complement inhibition. N. Engl. J. Med. 2022. 387: 160–

166.

56 Versino, F. and Fattizzo, B., Complement inhibition in paroxysmal noc-

turnal hemoglobinuria: from biology to therapy. Int. J. Lab Hematol. 2024.

46(Suppl): 43–54.

57 Griffin, M., Kelly, R., Brindel, I., Maafa, L., Trikha, R., Muus, P., Munir, T.

et al., Real-world experience of pegcetacoplan in paroxysmal nocturnal

hemoglobinuria. Am. J. Hematol. 2024. 99: 816–823.

58 Peffault De Latour, R., Kulasekararaj, A., Scheinberg, P., Ferber, P.,

Lawniczek, T., Thorburn, C., Dahlke, M. R. et al., Clinical breakthrough

hemolysis (BTH) during monotherapy with the oral factor B inhibitor

iptacopan is generally not severe and managed without treatment dis-

continuation: 48-week data from the phase III APPLY-PNHandAPPOINT-

PNH trials in paroxysmal nocturnal hemoglobinuria (PNH). ASH Annual

Meeting and Exposition, San Diego, USA. 2023.

59 Michael, M., Bagga, A., Sartain, S. E. and Smith, R. J. H., Haemolytic

uraemic syndrome. Lancet 2022. 400: 1722–1740.

60 Leon, J., LeStang, M. B., Sberro-Soussan, R., Servais, A., Anglicheau, D.,

Fremeaux-Bacchi, V. and Zuber, J., Complement-driven hemolytic ure-

mic syndrome. Am. J. Hematol. 2023. 98(Suppl): S44–S56.

61 Duval, A. and Fremeaux-Bacchi, V., Complement biology for hematolo-

gists. Am. J. Hematol. 2023. 98(Suppl): S5–S19.

62 Noris, M., Bresin, E., Mele, C. and Remuzzi, G., genetic atypical

hemolytic-uremic syndrome. In Adam, M. P., Feldman, J., Mirzaa, G. M.,

Pagon, R. A., Wallace, S. E., Bean, L. J. H., Gripp, K. W. and Amemiya, A.

(Eds.) GeneReviews((R)), Seattle (WA) 1993.

63 May, O., Merle, N. S., Grunenwald, A., Gnemmi, V., Leon, J., Payet,

C., Robe-Rybkine, T. et al., Heme drives susceptibility of glomerular

endothelium to complement overactivation due to inefficient upregu-

lation of heme oxygenase-1. Front. Immunol. 2018. 9: 3008.

64 de Jong, S., Tang, J. and Clark, S. J., Age-related macular degeneration:

a disease of extracellular complement amplification. Immunol. Rev. 2023.

313: 279–297.

65 Wilke, G. A. and Apte, R. S., Complement regulation in the eye: implica-

tions for age-related macular degeneration. J. Clin. Invest. 2024. 134.

66 Anderson, D. H., Radeke, M. J., Gallo, N. B., Chapin, E. A., Johnson, P. T.,

Curletti, C. R., Hancox, L. S. et al., The pivotal role of the complement

system in aging and age-related macular degeneration: hypothesis re-

visited. Prog. Retin. Eye Res. 2010. 29: 95–112.

67 Dolgin, E., Age-related macular degeneration foils drugmakers. Nat.

Biotechnol. 2017. 35: 1000–1001.

68 Geerlings, M. J., de Jong, E. K. and den Hollander, A. I., The complement

system in age-related macular degeneration: a review of rare genetic

variants and implications for personalized treatment. Mol. Immunol.

2017. 84: 65–76.

69 Rathi, S., Hasan, R., Ueffing, M. and Clark, S. J., Therapeutic targeting

of the complement system in ocular disease. Drug Discov. Today 2023. 28:

103757.

70 Jalink, M., de Boer, E. C. W., Evers, D., Havinga, M. Q., Vos, J. M. I.,

Zeerleder, S., de Haas, M. et al., Halting targeted and collateral damage

© 2024 The Author(s). European Journal of Immunology published by
Wiley-VCH GmbH.

www.eji-journal.eu



14 of 15 Daniel Ricklin Eur. J. Immunol. 2024;54:2350816

to red blood cells by the complement system. Semin. Immunopathol. 2021.

43: 799–816.

71 San, P. P. and Jacob, S., Role of complement in myasthenia gravis. Front

Neurol. 2023. 14: 1277596.

72 Gilhus, N. E., Tzartos, S., Evoli, A., Palace, J., Burns, T. M. and Verschu-

uren, J., Myasthenia gravis. Nat. Rev. Dis. Primers 2019. 5: 30.

73 Howard, J. F., Jr.,Vu,T.,Mantegazza, R.,Kushlaf, H.,Suzuki, S.,Wiendl,H.,

Beasley, K. N. et al., Efficacy of ravulizumab in patients with generalized

myasthenia gravis by time from diagnosis: a post hoc subgroup analysis

of the CHAMPION MG study. Muscle Nerve 2024. 69: 556–565.

74 Jarius, S.,Paul, F.,Weinshenker, B.G.,Levy,M.,Kim,H. J. andWildemann,

B., Neuromyelitis optica. Nat. Rev. Dis. Primers 2020. 6: 85.

75 Chamberlain, J. L., Huda, S., Whittam, D. H., Matiello, M., Morgan, B.

P. and Jacob, A., Role of complement and potential of complement

inhibitors in myasthenia gravis and neuromyelitis optica spectrum dis-

orders: a brief review. J. Neurol. 2021. 268: 1643–1664.

76 Damelang, T., Brinkhaus, M., van Osch, T. L. J., Schuurman, J., Labrijn,

A. F., Rispens, T. and Vidarsson, G., Impact of structural modifications of

IgG antibodies on effector functions. Front. Immunol. 2023. 14: 1304365.

77 Nimmerjahn, F., Vidarsson, G. and Cragg, M. S., Effect of posttransla-

tional modifications and subclass on IgG activity: from immunity to

immunotherapy. Nat. Immunol. 2023. 24: 1244–1255.

78 Lim, E. H. T., Vlaar, A. P. J., de Bruin, S., Ruckinger, S., Thielert, C.,Habel,

M., Guo, R. et al., Pharmacokinetic analysis of vilobelimab, anaphyla-

toxin C5a and antidrug antibodies in PANAMO: a phase 3 study in crit-

ically ill, invasively mechanically ventilated COVID-19 patients. Intensive

Care Med. Exp. 2023. 11: 37.

79 Harris, E., FDA approves Vilobelimab for emergency use in hospitalized

adults. JAMA 2023. 329: 1544.

80 European Medicines Agency, Assessment Report: Enjaymo 2022.

81 Martins, J. P., Kennedy, P. J., Santos, H. A., Barrias, C. and Sarmento, B.,

A comprehensive review of the neonatal Fc receptor and its application

in drug delivery. Pharmacol. Ther. 2016. 161: 22–39.

82 Latuszek, A., Liu, Y., Olsen, O., Foster, R., Cao, M., Lovric, I., Yuan, M.

et al., Inhibition of complement pathway activation with Pozelimab, a

fully human antibody to complement component C5. PLoS One 2020. 15:

e0231892.

83 Sampei, Z.,Haraya, K., Tachibana, T., Fukuzawa, T., Shida-Kawazoe, M.,

Gan, S.W., Shimizu, Y. et al., Antibody engineering to generate SKY59, a

long-acting anti-C5 recycling antibody. PLoS One 2018. 13: e0209509.

84 Al Shaer, D.,Al Musaimi, O.,Albericio, F. and de la Torre, B. G., 2023 FDA

TIDES (peptides and oligonucleotides) harvest. Pharmaceuticals (Basel)

2024. 17.

85 Lamers, C.,Xue, X., Smiesko, M., van Son, H.,Wagner, B., Berger, N., Sfy-

roera, G. et al., Insight into mode-of-action and structural determinants

of the compstatin family of clinical complement inhibitors.Nat. Commun.

2022. 13: 5519.

86 de la Torre, B. G. and Albericio, F., The pharmaceutical industry in 2023:

an analysis of FDA drug approvals from the perspective of molecules.

Molecules 2024. 29.

87 Chen, B. M., Cheng, T. L. and Roffler, S. R., Polyethylene glycol immuno-

genicity: theoretical, clinical, and practical aspects of anti-polyethylene

glycol antibodies. ACS Nano 2021. 15: 14022–14048.

88 Hasturk, H., Hajishengallis, G., Forsyth Institute Center for, C., Transla-

tional Research, s., Lambris, J. D., Mastellos, D. C. and Yancopoulou, D.,

Phase IIa clinical trial of complement C3 inhibitor AMY-101 in adults

with periodontal inflammation. J. Clin. Invest. 2021. 131.

89 Skendros, P., Germanidis, G., Mastellos, D. C., Antoniadou, C., Gavri-

ilidis, E.,Kalopitas, G.,Samakidou,A. et al., Complement C3 inhibition in

severe COVID-19 using compstatin AMY-101. Sci. Adv. 2022. 8: eabo2341.

90 Shirley, M., Zilucoplan: first approval. Drugs 2024. 84: 99–104.

91 Lipinski, C. A., Rule of five in 2015 and beyond: Target and ligand struc-

tural limitations, ligand chemistry structure and drug discovery project

decisions. Adv. Drug. Deliv. Rev. 2016. 101: 34–41.

92 Bekker, P.,Dairaghi, D., Seitz, L., Leleti, M.,Wang, Y., Ertl, L., Baumgart, T.

et al., Characterization of pharmacologic and pharmacokinetic proper-

ties of CCX168, a potent and selective orally administered complement

5a receptor inhibitor, based on preclinical evaluation and randomized

phase 1 clinical study. PLoS One 2016. 11: e0164646.

93 Schubart, A., Flohr, S., Junt, T. and Eder, J., Low-molecular weight

inhibitors of the alternative complement pathway. Immunol. Rev. 2023.

313: 339–357.

94 Ricklin, D.,Reis, E. S.,Mastellos, D. C.,Gros, P. and Lambris, J. D., Comple-

ment component C3 - the “Swiss Army Knife” of innate immunity and

host defense. Immunol. Rev. 2016. 274: 33–58.

95 Mannes,M.,Dopler, A.,Zolk, O., Lang, S. J.,Halbgebauer, R.,Hochsmann,

B.,Skerra, A. et al., Complement inhibition at the level of C3 or C5:mech-

anistic reasons for ongoing terminal pathway activity. Blood 2021. 137:

443–455.

96 Regeneron Pharmaceuticals, A c5 inhibitor-controlled study to evaluate

the efficacy and safety of pozelimab and cemdisiran combination ther-

apy in adult patients with paroxysmal nocturnal hemoglobinuria (PNH)

who are complement inhibitor treatment-naive or have not recently

received complement inhibitor therapy.https://classic.clinicaltrials.gov/

show/NCT05133531 2022.

97 Regeneron Pharmaceuticals, A study to examine the long-term safety,

tolerability, and effectiveness of pozelimab and cemdisiran combination

therapy in adult patients with paroxysmal nocturnal hemoglobinuria.

https://classic.clinicaltrials.gov/show/NCT05744921 2023.

98 Gaya, A., Munir, T., Urbano-Ispizua, A., Griffin, M., Taubel, J., Bush, J.,

Bhan, I. et al., Results of a phase 1/2 study of cemdisiran in healthy sub-

jects and patients with paroxysmal nocturnal hemoglobinuria. EJHaem

2023. 4: 612–624.

99 Regeneron Pharmaceuticals, A study to examine the efficacy and

safety of pozelimab and cemdisiran combination therapy in adult

patients with symptomatic generalized myasthenia gravis. https://

classic.clinicaltrials.gov/show/NCT05070858 2021.

100 Zhang, F.,Zhang, L.,Yang,C.,Wang,C.,Yue,C.,Yan,H.,Ma, J. et al., KP104,

a bifunctional C5 antibody/factor H fusion protein, effectively controls

both intravascular and extravascular hemolysis: interim results from a

phase 2 study in complement inhibitor-naïve PNH patients. Blood 2023.

142: 572–572.

101 Risitano, A. M., Mastellos, D. C., Huber-Lang, M., Yancopoulou, D., Gar-

landa, C., Ciceri, F. and Lambris, J. D., Complement as a target in COVID-

19? Nat. Rev. Immunol. 2020. 20: 343–344.

102 Mollnes, T. E. and Huber-Lang, M., Complement in sepsis-when science

meets clinics. FEBS Lett. 2020. 594: 2621–2632.

103 Ekdahl, K. N.,Teramura, Y.,Hamad, O. A.,Asif, S.,Duehrkop, C., Fromell,

K., Gustafson, E. et al., Dangerous liaisons: complement, coagulation,

and kallikrein/kinin cross-talk act as a linchpin in the events leading to

thromboinflammation. Immunol. Rev. 2016. 274: 245–269.

104 West, E. E. and Kemper, C., Complosome - the intracellular complement

system. Nat. Rev. Nephrol. 2023. 19: 426–439.

105 Castelli, M., Mico, M. C., Grassi, A., Algarotti, A., Lussana, F., Finazzi, M.

C.,Rambaldi, B. et al., Safety and efficacy of narsoplimab in pediatric and

© 2024 The Author(s). European Journal of Immunology published by
Wiley-VCH GmbH.

www.eji-journal.eu

https://classic.clinicaltrials.gov/show/NCT05133531
https://classic.clinicaltrials.gov/show/NCT05133531
https://classic.clinicaltrials.gov/show/NCT05744921
https://classic.clinicaltrials.gov/show/NCT05070858
https://classic.clinicaltrials.gov/show/NCT05070858


Eur. J. Immunol. 2024;54:2350816 HIGHLIGHTS 15 of 15

adult patients with transplant-associated thrombotic microangiopathy:

a real-world experience. Bone Marrow Transplant. 2024. 59: 1161–1168.

106 Dudler, T.,Yaseen, S. and Cummings,W. J., Development and character-

ization of narsoplimab, a selective MASP-2 inhibitor, for the treatment

of lectin-pathway-mediated disorders. Front. Immunol. 2023. 14: 1297352.

107 Campbell, C. I., McGonigal, R., Barrie, J. A., Delaere, J., Bracke, L., Cun-

ningham, M. E., Yao, D. et al., Complement inhibition prevents glial

nodal membrane injury in a GM1 antibody-mediated mouse model.

Brain Commun. 2022. 4: fcac306.

108 Goss, J.,Hair, P., Kumar, P., Iacono, G., Redden, L.,Morelli, G., Krishna, N.

et al., RLS-0071, a dual-targeting anti-inflammatory peptide - biomarker

findings from a first in human clinical trial. Transl. Med. Commun. 2023. 8:

1.

109 Sun,Y.,Wirta, D.,Murahashi,W.,Mathur, V.,Sankaranarayanan, S.,Tay-

lor, L. K.,Yednock, T. et al., Safety and target engagement of complement

C1q inhibitor ANX007 in neurodegenerative eye disease: results from

phase I studies in glaucoma. Ophthalmol. Sci. 2023. 3: 100290.

110 Belcher, J. D.,Nguyen, J.,Chen, C.,Abdulla, F.,Conglin, R., Ivy, Z. K.,Cum-

mings, J. et al., MASP-2 and MASP-3 inhibitors block complement acti-

vation, inflammation, and microvascular stasis in a murine model of

vaso-occlusion in sickle cell disease. Transl. Res. 2022. 249: 1–12.

111 Lambris, J. D., Ricklin, D. and Geisbrecht, B. V., Complement evasion by

human pathogens. Nat. Rev. Micro. 2008. 6: 132–142.

112 Bennett, K.M.,Rooijakkers, S. H. and Gorham, R. D., Jr., Let’s tie the knot:

marriage of complement and adaptive immunity in pathogen evasion,

for better or worse. Front. Microbiol. 2017. 8: 89.

113 Sadik, C. D., Rashid, H.,Hammers, C. M.,Diercks, G. F. H.,Weidinger, A.,

Beissert, S., Schauer, F. et al., Evaluation of Nomacopan for treatment of

bullous pemphigoid: a phase 2a nonrandomized controlled trial. JAMA

Dermatol. 2022. 158: 641–649.

114 Schols, S., Nunn, M. A., Mackie, I., Weston-Davies, W., Nishimura, J. I.,

Kanakura, Y., Blijlevens, N. et al., Successful treatment of a PNH patient

non-responsive to eculizumab with the novel complement C5 inhibitor

coversin (nomacopan). Br. J. Haematol. 2020. 188: 334–337.

115 Zelek, W. M. and Morgan, B. P., Targeting complement in neurodegen-

eration: challenges, risks, and strategies. Trends Pharmacol. Sci. 2022. 43:

615–628.

116 King, B. C. and Blom, A. M., Complement in metabolic disease:

metaflammation and a two-edged sword. Semin. Immunopathol. 2021. 43:

829–841.

117 Golay, J. and Taylor, R. P., The role of complement in the mechanism of

action of therapeutic anti-cancer mAbs. Antibodies (Basel) 2020. 9.

118 Hiemstra, I. H., Santegoets, K. C. M., Janmaat, M. L., De Goeij, B., Ten

Hagen, W., van Dooremalen, S., Boross, P. et al., Preclinical anti-tumour

activity of HexaBody-CD38, a next-generation CD38 antibody with supe-

rior complement-dependent cytotoxic activity. EBioMedicine 2023. 93:

104663.

119 Merle, N. S. and Roumenina, L. T., The complement system as a target

in cancer immunotherapy. Eur. J. Immunol. 2024: e2350820.

120 Cervia-Hasler, C., Bruningk, S. C., Hoch, T., Fan, B., Muzio, G., Thomp-

son, R. C., Ceglarek, L. et al., Persistent complement dysregulation with

signs of thromboinflammation in active long Covid. Science 2024. 383:

eadg7942.

121 Lee, J. D. andWoodruff, T. M., Complement(ing) long-COVID thromboin-

flammation and pathogenesis. Trends Immunol. 2024. 45: 397–399.

122 Baillie, K., Davies, H. E., Keat, S. B. K., Ladell, K., Miners, K. L., Jones, S.

A., Mellou, E. et al., Complement dysregulation is a prevalent and ther-

apeutically amenable feature of long COVID. Med. 2024. 5: 239–253.e235.

123 Liu, F., Ryan, S. T., Fahnoe, K. C.,Morgan, J. G.,Cheung, A. E., Storek, M. J.,

Best, A. et al., C3d-targeted factor H inhibits tissue complement in dis-

easemodels and reduces glomerular injurywithout affecting circulating

complement. Mol. Ther. 2024. 32: 1061–1079.

124 Holers, V. M., Tomlinson, S., Kulik, L., Atkinson, C., Rohrer, B., Banda, N.

and Thurman, J. M., New therapeutic and diagnostic opportunities for

injured tissue-specific targeting of complement inhibitors and imaging

modalities. Semin. Immunol. 2016. 28: 260–267.

125 Bechtler, C., Koutsogiannaki, S., Umnyakova, E., Hamid, A., Gautam, A.,

Sarigiannis, Y., Pouw, R. B. et al., Complement-regulatory biomaterial

coatings: activity and selectivity profile of the factor H-binding peptide

5C6. Acta Biomater. 2023. 155: 123–138.

126 Sonnentag, S. J.,Dopler, A.,Kleiner, K.,Garg, B. K.,Mannes,M., Spath, N.,

Akilah,A. et al., Triple-fusion protein (TriFu): a potent, targeted, enzyme-

like inhibitor of all three complement activation pathways. J. Biol. Chem.

2024. 300: 105784.

127 Lee, H., Park, J., Jang, H., Lee, S. J. and Kim, J., Population pharma-

cokinetic, pharmacodynamic and efficacy modeling of SB12 (proposed

eculizumab biosimilar) and reference eculizumab. Eur. J. Clin. Pharmacol.

2024. 80: 1325–1338.

128 McBride, H. J., Frazer-Abel, A., Thiemann, S., Lehto, S. G., Hutterer, K.

M. and Liu, J., Functional similarity of ABP 959 and eculizumab in sim-

ulated serum models of aHUS and NMOSD. Ann. Hematol. 2023. 102:

3299–3309.

129 Gusarova, V.,Degterev, M., Lyagoskin, I., Simonov, V., Smolov, M.,Taran,

S. and Shukurov, R., Analytical and functional similarity of biosimilar

Elizaria(R) with eculizumab reference product. J. Pharm. Biomed. Anal.

2022. 220: 115004.

Abbreviations: AAV: ANCA-associated vasculitis · aHUS: atypical
hemolytic uremic syndrome · AMD: age-related macular degen-
eration · ANCA: antineutrophil cytoplasmic antibody · AP: alter-
native pathway · BM: Bruch’s membrane · C3aR: C3a receptor ·
C5aR1: C5a receptor 1 · CAD: cold agglutinin disease · CHAPLE:
CD55 deficiency with hyperactivation of complement, angiopathic
thrombosis, and protein-losing enteropathy · CP: classical path-
way · CR1-4: complement receptor 1–4 · EC: endothelial cell ·
Epi: epithelial cell · FB: factor B · FcRn: neonatal Fc receptor ·
FD: factor D · FH: factor H · GA: geographic atrophy · gMG: gen-
eralized myasthenia gravis · GPCR: G protein-coupled receptor ·
IVH: intravascular hemolysis · LMW: low molecular weight · LP:
lectin pathway · MAC: membrane-attack complex · MASP: MBL-
associated serine protease · MBL: mannose-binding lectin · NET:
neutrophil extracellular trap · NMOSD: neuromyelitis optica sys-
tem disorders · PD: pharmacodynamics · PK: pharmacokinetics ·
RCA: regulators of complement activation

Full correspondence: Dr. Daniel Ricklin, Molecular Pharmacy Group,
Department of Pharmaceutical Sciences, University of Basel,
Klingelbergstrasse 50, 4056 Basel, Switzerland
e-mail: d.ricklin@unibas.ch, d.ricklin@mac.com

Received: 3/6/2024
Revised: 31/8/2024
Accepted: 2/9/2024
Accepted article online: 3/9/2024

© 2024 The Author(s). European Journal of Immunology published by
Wiley-VCH GmbH.

www.eji-journal.eu

mailto:d.ricklin@unibas.ch
mailto:d.ricklin@mac.com

	Complement-targeted therapeutics: Are we there yet, or just getting started?
	Introduction
	CSI: amazing 9040� a brief history of complement system inhibition
	Complement as platform target system: a blessing 9040� and a curse
	Inhibitors in all shapes and sizes
	United we stand 9040� the advent of combination therapies
	Are we there yet? Opportunities beyond low-hanging fruits and beaten paths9040&
	References 


