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1  |  INTRODUC TION

The complement system, a major arm of the humoral innate immune 
system, comprises a cascade of sequentially activated proteases di-
rected at the elimination of pathogens. Deposition of complement 
components on pathogen surfaces, either directly, or via surface-
bound antibodies induces a proteolytic cascade that generates mul-
tiple pro-inflammatory protein fragments with diverse functions: 
Direct cell lysis, chemoattraction and activation of innate immune 

effector cells, and opsonization, that is, facilitation of pathogen re-
moval by phagocytic cells. As the complement system is a rapid and 
amplified pro-inflammatory effector system, it needs to be tightly 
controlled to prevent aberrant and destructive activation. Primary 
failure of these control mechanisms due to mutations of comple-
ment regulators, gain-of function mutations in components of the 
protease cascade or secondary activation of the complement system 
due to autoantibodies that stabilize activating complement prote-
ases or neutralize complement regulators or are directed at “self” 
antigens, all lead to devastating auto-inflammatory diseases.
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Summary
Dysregulation of the alternative complement pathway predisposes individuals to a num-
ber of diseases. It can either be evoked by genetic alterations in or by stabilizing anti-
bodies to important pathway components and typically leads to severe diseases such 
as paroxysmal nocturnal hemoglobinuria, atypical hemolytic uremic syndrome, C3 glo-
merulopathy, and age-related macular degeneration. In addition, the alternative pathway 
may also be involved in many other diseases where its amplifying function for all comple-
ment pathways might play a role. To identify specific alternative pathway inhibitors that 
qualify as therapeutics for these diseases, drug discovery efforts have focused on the 
two central proteases of the pathway, factor B and factor D. Although drug discovery 
has been challenging for a number of reasons, potent and selective low-molecular weight 
(LMW) oral inhibitors have now been discovered for both proteases and several mol-
ecules are in clinical development for multiple complement-mediated diseases. While the 
clinical development of these inhibitors initially focuses on diseases with systemic and/
or peripheral tissue complement activation, the availability of LMW inhibitors may also 
open up the prospect of inhibiting complement in the central nervous system where its 
activation may also play an important role in several neurodegenerative diseases.
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2  |  AC TIVATION AND REGUL ATION 
OF THE ALTERNATIVE COMPLEMENT 
PATHWAY

Depending on the trigger, the complement cascade is activated 
through three distinct pathways (classical, lectin, and alternative), 
which all converge on the proteolytic cleavage of the central com-
plement component C3 into C3a and C3b. While the classical and 
lectin pathways are triggered by immune complexes and specific 
microbial polysaccharides, respectively, the alternative pathway is 
constitutively active at a low level through spontaneous “tick-over” 
hydrolysis of C3 (C3[H2O]).1 Properdin stabilizes C3b and C3Bb for 
local amplification of the alternative pathway.

The activity of the alternative pathway is driven by two trypsin-
like serine proteases, factor D (CFD) and factor B (CFB, Figure 1A). 
Spontaneous hydrolysis of C3 or its proteolytic cleavage to C3b 
induces a pronounced conformational change within its thioester 
domain. This exposes a binding site for factor B and allows forma-
tion of the C3bB complex in a Mg2+ dependent manner. This binding 
step exposes a flexible linker structure within factor B, thus making 
it vulnerable for cleavage by factor D.2 Factor D cleavage of factor B 
releases the Ba fragment and generates the C3 convertase C3bBb, 
which cleaves further C3 molecules and amplifies the complement 
response locally: Newly generated C3b can bind covalently to cell 
surfaces via its reactive thioester group. Since the thioester has a 
very short half-life of approximately 60 μs, C3b attachment normally 
occurs within a few nanometers from the C3 convertase.3 C3bBb 
also has a short half-life of 90 seconds,4 and binding to properdin 
stabilizes the complex by a factor of ten.5 C3b formation can either 

lead to the localized formation of novel surface-bound C3 conver-
tases (C3bBb) for cleavage of more C3 into the pro-inflammatory 
anaphylatoxin C3a and C3b or, if the local concentration of C3bBb 
is already high, new C3b may bind to the C3 convertase directly. 
This results in formation of the C5 convertase (C3bBbC3b) for cleav-
age of C5 and initiation of the terminal complement pathway, which 
culminates in formation of the membrane attack complex C5b-9. 
Finally, local degradation of C3bBb by factor I (CFI) and its co-factor 
factor H (CFH) leads to the formation of iC3b and C3d, which both 
act as opsonins, that is, facilitators of phagocytosis.

It is of note that, in addition to their role in initiation of the alter-
native pathway, C3, factor B and factor D, support rapid amplification 
of all three complement pathways in the so-called amplification loop.6

Although the alternative pathway leads to the proteolytic for-
mation of many immune effector proteins, this review will specifi-
cally focus on the two core protease components of the alternative 
complement pathway, factor B and factor D, and past and current 
pharmacological attempts to interfere with their function using low 
molecular weight (LMW) antagonists.

The core components of the alternative pathway, complement 
factors D and B, are serine proteases. Serine proteases have been 
targeted by the pharmaceutic industry for many years and several 
protease inhibitors have been approved for therapeutic use, for ex-
ample, direct oral anticoagulants (factor Xa and thrombin inhibitors), 
anti-diabetic agents (dipeptidyl peptidase 4 inhibitors) and treatments 
for hereditary angioedema (plasma kallikrein inhibitors).7 In serine 
proteases, the active site serine mediates the nucleophilic attack at 
the peptide bond of the substrate protein via a covalent acyl enzyme 
intermediate and subsequent hydrolysis by water, and substrate 

F I G U R E  1  Protease function in the 
alternative pathway. (A) Proteolytic 
activation of the alternative complement 
pathway. For detailed description see text. 
(B) Schematic representation of the active 
site of proteases, indicating individual 
binding pockets of the protease (S, blue) 
and corresponding substrate amino acids 
(P, red), N-terminally (non-prime, dark 
colors) or C-terminally (prime, light colors) 
of the scissile bond

(A)

(B)
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specificity is determined by sub-pockets in the active site. These pock-
ets are numbered S1, S2, …Sn from the scissile bond towards the N-
terminus of the substrate (non-primed site) and S1', S2', …Sn' from the 
scissile bond towards the C-terminus of the substrate (primed site) as 
shown in Figure 1B.8 The substrate residues that each of these pock-
ets accommodate are designated as P1, P2, …Pn on the non-primed 
and P1', P2', …Pn' on the primed site. Depending on the size and ar-
chitecture of the sub-sites, the specificity of proteases varies greatly. 
Serine protease inhibitors typically bind into the active site of the 
protease where substrate recognition and hydrolysis occur, and the 
sub-pockets most closely to the scissile bond have most successfully 
been used to design selective inhibitors for the respective proteases.

3  |  THE ALTERNATIVE COMPLEMENT 
PATHWAY IN INFL AMMATORY DISE A SES

Activation of the alternative pathway has been implicated in many 
diseases (Table  1). Diagnostically, complement activation in a dis-
ease is inferred, for example, by immunohistochemistry of inflamed 
target tissues or, for systemic diseases, by ELISA-based assays for 
complement fragments or for autoantibodies against complement 
fragments. The detection of somatic or germ-line mutations af-
fecting the alternative pathway may provide additional evidence. 
More recently, the successful clinical use of antibody therapeutics 
directed against C5 strengthened the evidence for the involvement 
of complement pathways in some indications. To build mechanistic 
hypotheses for the specific involvement of the alternative pathway 
in diseases, researchers have used factor D or factor B deficient 
mice or rodent models treated with pathway-specific inhibitors. In 
addition, translational studies using antagonists of the alternative 
complement pathway on patient biosamples or recombinant mutant 
patient proteins does not only provide strong evidence to position 
clinical candidate compounds in an indication, it also supports the 
functional dissection of complex pathologies.9,10

4  |  PROTOT YPIC AL DISE A SES WITH 
HYPER AC TIVE ALTERNATIVE PATHWAY

Over the past decades, genetic evidence or complement-specific 
autoantibodies have pointed to the involvement of the alternative 
pathway in four prototypical diseases: Paroxysmal nocturnal hemo-
globinuria (PNH), atypical hemolytic uremic syndrome (aHUS), C3 
glomerulopathy (C3G), and age-related macular degeneration/geo-
graphic atrophy (AMD/GA). Complement hyperactivation in these 
four diseases affects either both the alternative and the terminal 
pathway (PNH), the alternative pathway on cell surfaces (aHUS, 
AMD/GA) or in the fluid phase (C3G).

The underlying cause of PNH are somatic mutations in the PIG-A 
gene in hematopoietic stem cells, resulting in a decreased or absent 
expression of GPI-anchored proteins on the cell surface, including 
complement regulators CD55 and CD59, which limit C3bBb and 

C5b-9 formation, respectively. Mature erythrocytes lack surface 
expression of an additional complement regulator, CD46.11 As a 
consequence, CD55/CD59 deficient erythrocytes are particularly 
vulnerable to unbridled activation of C3bBb and attack of the ter-
minal pathway, leading to episodic complement-mediated hemolysis.

More diverse mutations in complement-regulatory genes or an-
tibodies against the alternative pathway regulatory protein factor H 
have been found in patients suffering from atypical hemolytic uremic 
syndrome (aHUS), a systemic thrombotic microangiopathy that can 
lead to stroke and renal failure.12,13 Most of these mutations and auto-
antibodies lead to reduced binding of factor H to cell surfaces, thereby 
limiting local complement regulation, while in many of these patients, 
there are no detectable systemic signs of complement consumption. 
In contrast, C3 glomerulopathy (C3G) is characterized by alternative 
pathway dysregulation in the fluid phase, either caused by mutations 
in complement-regulatory proteins or factor H neutralizing autoanti-
bodies or autoantibodies stabilizing C3 or factor B. C3G constitutes a 
more heterogeneous disease entity including dense deposit disease 
(DDD) and C3 glomerulonephritis (C3GN), which are distinguishable 
based on electron microscopical features. Despite complement dys-
regulation in the fluid phase, deposition of C3 fragments but not of 
immunoglobulins is typically found in the kidney of these patients, 
pointing to additional local complement activation. It is of note in this 
context that membranoproliferative glomerulonephritis (MPGN) does 
not refer to a disease entity, but to a histological pattern of hypercellu-
larity and thickening of the renal glomerular basement membrane that 
is observed, amongst other, in C3G.

Another disease with mutations leading to increased alterna-
tive pathway activation is age-related macular degeneration (AMD), 
a pathology that manifests in the retina and may progress to local 
retinal degeneration called geographic atrophy (GA) and visual func-
tion loss. These patients show deposition of complement cleavage 
fragments around subretinal drusen, that is, accumulations of lipids 
and proteins,14,15 and commonly have loss-of-function mutations of 
factor H or, in rare cases, mutations in C3 or factor B.16

The alternative pathway is a potent effector arm of anti-
infectious immunity, and elevated alternative pathway activity con-
fers a survival advantage in patients with acute respiratory failure, 
possibly due to reduced risk of bacteremia.17 Some viruses and bac-
teria have evolved strategies to evade complement attack,18–20 and 
the evolutionary “arms race” with pathogens could be a driver for 
activating mutations of the alternative pathway, yet in some cases 
they may be pathogenic themselves.

All four pathologies with direct evidence of hyperactivated alter-
native pathway activity offer defined entry points for clinical trials 
for specific antagonists of the alternative complement pathway, with 
clear clinical readouts and the potential to interfere pharmacologi-
cally with the root cause of disease. As the key component of the 
alternative pathway, the C3 convertase (C3bBb), is predominantly 
activated locally on cell surfaces, alternative pathway-driven dis-
eases often manifest locally. However, several of these diseases also 
display signs of systemic pathway activation, for example, through 
the production of soluble complement activation and inactivation 
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TA B L E  1  Diseases associated with activation of the alternative pathway (AP) and therapeutic approaches using small-molecule inhibitors

Disease Rationale for involvement of the alternative pathway
Low-molecular weight 
antagonists in Phase 2/3 trials

1.	Prototypic diseases causing AP dysregulation

Paroxysmal nocturnal 
hemoglobinuria (PNH)

Genetic: Mutations in the X-linked phosphatidylinositol glycan class A (PIG-
A) gene on some hematopoietic stem cell clones reduces membrane 
expression the C3bBb regulator CD55 and the C9 regulator CD59135

Functional: Erythrocytes from conditional PIG-A−/− mice show sensitivity to 
complement attack,136,137 PNH patient erythrocytes are susceptible to 
complement lysis138

Pharmacological: Clinical efficacy of eculizumab139 and ravulizumab140 in PNH

Danicopan
Vemircopan
BCX9930
Iptacopan

Atypical hemolytic uremic 
syndrome (aHUS)

Genetic: Surface dysregulation of the AP by diverse genetic or acquired 
mechanisms in 26–62% or patients12

Functional: Mice with hyperfunctional C3 or aHUS-related factor H mutation 
show aHUS-like disease141,142

Pharmacological: Clinical efficacy of eculizumab143 and ravulizumab144

Iptacopan

Age-related macular 
degeneration (AMD) and 
secondary geographic 
atrophy (GA)

Genetic: Polymorphisms in factor H (e.g., Y402H), C3 or FB/C2145

Functional: Cfh−/− mice show disturbed retinal morphology and blood 
supply,146,147 Pharmacological: Systemic eculizumab did not show clinical 
benefit in AMD patients148

Danicopan
Iptacopan

C3 glomerulopathy (C3G) Genetic: Mutations in factor H (similar to aHUS149) or factor H related 
proteins150; or autoantibodies against factor H, or C3 stabilizing antibodies 
(nephritic factors, C3nef)151

Clinical: Glomerular C3 staining and glomerular/sub-endothelial electron-
dense deposits. Low plasma C3 levels common

Functional: Cfh−/− mice116 and humanized C3 mice lacking C3 regulation by 
(murine factors152) show C3G-like disease

Pharmacological: Case report for efficacy of eculizumab in C3G153,154

Danicopan
BCX9930
Iptacopan

2.	Autoantibody-mediated diseases with secondary involvement of the AP

IgA nephropathy Pathophysiology: Immune complexes of galactose-deficient (Gd-)IgA1 and 
autoantibodies in urine155 or blood.156 Deficiency in FHR1 and FHR3 
protects157,158

Clinical: Mesangial IgA/C3 deposits159; mesangial C3 deposition,160 MBL 
deposition30 or rare C1q deposition161 correlates with severity; IgA can 
activate alternative27 or lectin30 pathway

Functional: C5a−/− or C3a−/− are protected in a mouse model of IgAN162

Pharmacological: Case report for partial efficacy of eculizumab163

Vemircopan
BCX9930
Iptacopan

Lupus nephritis Pathophysiology: Multifactorial. Genetic variants of factor H are associated 
with lupus164

Clinical: C3 deposition in the kidney without C1q/C4 deposits had worse 
outcomes in patients,165 serum factor H levels correlate negatively with 
disease score/SLEDAI166

Functional: Factor B-or Factor D-deficient MRL/lpr mice are 
protected,117,120 factor H-deficient MRL/lpr mice show faster disease 
progression167Antisense oligonucleotides targeting FB improve lupus 
nephritis in MRL/lpr and NZB/W mice168

Pharmacological: Case report for efficacy of eculizumab169

Vemircopan
Iptacopan

Cold agglutinin disease 
(CAD)

Pathophysiology: Clonal proliferative disorder of B cells producing cold 
agglutinin (erythrocyte anti-I antigen IgM). No known genetic link.

Clinical: Monospecific direct antiglobulin test detects C3d on surface of 
erythrocytes.170 Alternative pathway as amplification loop.

Pharmacological: Clinical efficacy of sutimlimab (anti-C1s,171) modest efficacy 
of eculizumab172

Iptacopan

(Primary) immune 
Thrombocytopenia/ 
(Idiopathic) immune 
thromboctopenic 
purpura (ITP)

Pathophysiology: Autoantibodies against platelet surface glycoproteins. No 
known genetic link.

Clinical: Patients with ITP activate the classical complement pathway (CP) 
and/or fix complement on platelet surfaces.173,174 Alternative pathway as 
amplification loop.

Pharmacological: Clinical efficacy of sutimlimab (anti-C1s175)

Iptacopan
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products or, particularly in C3G, through the generation of systemic 
C3 convertase.21 Therefore, effective treatment of these diseases 
will require systemically and locally active compounds for alterna-
tive pathway inhibition.

5  |  AUTOIMMUNE DISE A SES WITH 
HYPER AC TIVATION OF THE ALTERNATIVE 
PATHWAY

The alternative pathway has also been invoked as a critical contribu-
tor to autoimmune diseases, downstream of autoantibody forma-
tion. An autoimmune etiology is observed in some patients suffering 
from prototypic diseases with alternative pathway activation where 
autoantibodies enhance alternative pathway activity directly. 
Examples are neutralizing antibodies to the complement-regulatory 
factor H, which are observed in 3% of patients with C3G, and in 
11% of patients with aHUS.22 Other alternative pathway-enhancing 
autoantibodies are the so-called nephritic factors, C3nef and C5nef, 
which are frequently detected in C3G patients.23 Nephritic factors 
bind to neo-epitopes of the assembled C3 and C5 convertases, re-
spectively, thus stabilizing these protease complexes and enhancing 
overall pathway activity. Of note, anti-C3 autoantibodies that en-
hance alternative pathway activity have also been described for a 
subset of patients with systemic lupus erythematosis.24–26

A second class of autoantibodies trigger activation of the alterna-
tive pathway indirectly by different mechanisms. One example is the 
local deposition of immune complexes containing galactose-deficient 
IgA1 complexes and IgG autoantibodies in the kidneys of IgA nephrop-
athy (IgAN) patients. IgA aggregates in serum27 and surface-bound 
IgA128 can lead to alternative pathway activation, which may contrib-
ute to the pathology of IgA nephropathy.27,29 The lectin pathway may 
contribute to the disease in a subset of IgAN patients as well.30

Another example of how alternative pathway proteases are in-
volved in disease is via the amplification loop secondary to classical 
or lectin pathway activation. Autoantibody-driven diseases where 
the classical pathway is hypothesized to play a crucial part are id-
iopathic thrombocytopenia (ITP) or cold agglutinin disease (CAD) 
where autoantibodies bind to platelets or erythrocytes, respec-
tively. In vitro data suggest that the amplification can contribute up 
to 80% to C5b-9 generation after classical pathway activation.31

The functional connection of autoantibodies to alternative path-
way activation is yet more complex in ANCA vasculitis and systemic 
lupus erythematosus (SLE), as neutrophils play a central role in both 

diseases. In ANCA vasculitis, preclinical data suggest that autoantibod-
ies to neutrophil myeloperoxidase (MPO) or proteinase 3 (PR3) trigger 
neutrophil release of microparticles, which in turn activate the alterna-
tive pathway.32,33 In SLE patients, formation of neutrophil extracellular 
traps (NETs),34,35 and their persistence may activate the classical and/
or alternative pathway.36,37 However, not all lupus patients show en-
hanced formation of NETs,35 and some may even express anti-MPO 
autoantibodies, as observed for ANCA vasculitis patients.38 Finally, 
lupus nephritis patients show “full house” nephropathy, that is, local 
deposition of IgM, IgA, IgG, C1q, and C3, demonstrating that multiple 
complement activating mechanisms may be at play. It will be interesting 
to analyze whether prevalence of a certain isotype of autoantibodies 
correlates to classical or alternative complement pathway activation. 
This all points to the extreme heterogeneity of SLE and to the need of 
using biomarkers to identify SLE patients that will benefit most from 
alternative pathway inhibitors. Alternatively, SLE may offer the oppor-
tunity to rationally combine alternative pathway inhibitors with other 
disease-modifying drugs. For example, hydroxychloroquine, the stan-
dard of care treatment in SLE, requires 6 months to reach efficacious 
steady-state exposures,39 while small molecule antagonists of the 
alternative pathway can have a rapid onset of action40 and may thus 
offer more immediate relief to patients.

Yet another field in which antagonists of the alternative path-
way could be considered are acute infections where uncontrolled 
complement activation may contribute to immunopathology. For 
example, factor D inhibition has been proposed as a treatment 
for COVID-19, as SARS-CoV-2 activates the alternative pathway 
through competition with factor H for cell surface binding.41,42 
However, these considerations require a careful risk–benefit assess-
ment, as controlled complement activation contributes to pathogen 
clearance as well. Therefore, complement inhibition during acute 
infectious immunopathologies should ideally be combined with an-
tibiotic treatment and of short duration. This requirement for short 
serum half-life makes small molecules the best modality for this pur-
pose in an intensive care setting.

6  |  TARGET TISSUE PREDILEC TION 
OF ALTERNATIVE PATHWAY-MEDIATED 
DISE A SES

An intriguing observation from genetic and autoantibody-associated 
alternative pathway-mediated diseases is that the strongest 
end-organ damage often manifests in the kidney and the eye. 

Disease Rationale for involvement of the alternative pathway
Low-molecular weight 
antagonists in Phase 2/3 trials

Idiopathic/primary 
membranous 
nephropathy (iMN)

Pathophysiology: Associated with anti-phospholipase A2 receptor antibodies, 
which bind to the corresponding antigens on podocytes to form immune 
complexes. Not a genetic disease.

Functional: Cfb−/− mice are protected from proteinuria induced by α3NC1 
immunization,176 LNP023 protects in rat passive Heymann nephritis9

BCX9930
Iptacopan

TA B L E  1  (Continued)
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Interestingly, kidney diseases such as aHUS and C3G may also show 
ocular symptoms43–45 and ocular diseases such as AMD may be as-
sociated with decreased renal function.46

A plausible reason for this organ predilection is the specific 
tissue microenvironment. In the kidney and the eye, blood vessels 
have a fenestrated structure. This enables plasma components to 
permeate the surrounding tissue, while erythrocytes cannot pass 
through the vessel walls. Consequently, ocular and renal tissue is 
bathed in plasma without the local presence of CR1 on erythrocytes 
which could confer protection against local complement attack. 
Glomerular microvascular endothelial cells also express lower levels 
of the complement regulators (e.g., CD46, CD55, thrombomodulin, 
CFI and CFH), thus facilitating local complement activation.47 In ad-
dition, loss of heparan sulfate proteoglycans in the glomerular base-
ment membrane (GBM), which is observed in several kidney diseases 
including membranous nephropathy and lupus nephritis, reduces 
factor H binding and local regulation of alternative pathway activ-
ity.48 Finally, reduced glomerular filtration leads to increased levels 
of complement factor D in plasma and may drive a systemic alterna-
tive pathway-driven inflammatory feed-forward loop.49

In the eye, photo-oxidation products of the retinal pigment epithe-
lium (RPE) can lead to alternative pathway activation50 and oxidized 
photoreceptor outer segments lead to downregulation of comple-
ment regulators by RPE cells.51 Moreover, at least in rodents, com-
plement factor B is upregulated in the aged RPE, and the alternative 
pathway is continuously active in the anterior chamber of the eye,52,53

Overall, there are multiple opportunities to benefit patients with 
antagonists of the alternative pathway, and Figure 2 illustrates some 
potential and on-going clinical development spaces for these com-
pounds. Some of the diseases are genetic diseases where alternative 
pathway inhibition is expected to deliver transformative efficacy. 

Others are more heterogeneous, complex diseases, in which ongo-
ing clinical trials will tell which subset of patients may benefit from 
these treatments.

These therapeutic prospects have triggered numerous alterna-
tive pathway-directed drug discovery efforts over the past 15 years. 
In most cases, the focus of these has been on low-molecular weight 
(LMW) inhibitors of the pathway-specific proteases factor D and B 
for three main reasons. First, as outlined above, effective treatment 
of many of these diseases requires inhibition both in inflamed tissues 
and systemically, and LMW inhibitors have a higher potential for tis-
sue penetration than neutralizing antibodies. Second, low molecular 
weight antagonists might have a safety advantage with respect to 
infections. Pharmacological blockade of C5 with eculizumab leads to 
an increased risk of infection with encapsulated bacteria54 and the 
alternative pathway may play a role in anti-bacterial protection as 
well.55 In a situation of enhanced infectious risk, the use of a LMW 
inhibitor with a short serum half-life has a general advantage over 
biologics, as they are washed out more quickly to establish full im-
munocompetence should an infection occur. And finally, LMW inhib-
itors have only a marginal effect on the metabolic stability of their 
target proteins, while antibodies often significantly increase the in 
vivo half-life and steady-state levels of their targets.56,57 This effect 
would be most dramatic for a protein like factor D which is cleared 
through the kidney with a plasma half-life of about 1 h58 (see Table 3). 
Constant high production of factor D would rapidly outcompete sys-
temic concentrations of a neutralizing antibody, such that constant 
antibody infusion would be required to reach efficacious exposures. 
One approach to avoid this mechanism could be local treatment, as 
was tried for a neutralizing factor D antibody, lampaliumab, which 
was administered intravitreally for local treatment of AMD, yet not 
further developed thus far.59 Similarly, factor B is present in blood 

F I G U R E  2  Potential indications for antagonists of the alternative complement pathway. Clinical development of factor D and factor 
B antagonists has been pursued in diseases of low heterogeneity and a high level of preclinical and pharmacological validation. Area of 
circles represents prevalence of the diseases (PNH 0.1/100.000, C3G: 0.2/100.000, aHUS: 0.3/100′000, dry AMD: 440/100′000, CAD 
1.6/100′000, ITP: 9.5/100′000, IgAN: 2.5/100′000; ANCA vasculitis: 5–18/100′000; SLE: 20–150/100′000) and hatched circles indicate 
that clinical responses to alternative pathway antagonists may vary between patient subgroups
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at a rather high concentration of 2–3 μM, and while its production 
rate is much slower (1.6% per h),60 efficient neutralization may still 
require unrealistically high steady-state drug levels.

7  |  COMPLEMENT FAC TOR D A S A DRUG 
TARGET

7.1  |  Key aspects of factor D biology relevant for 
drug discovery

Complement factor D, also known as adipsin, is a 24 kDa trypsin-like 
S1 serine protease of 228 amino acids. It has a high turnover rate 
(Table 3) and is excreted through the kidney.58 In healthy individu-
als, factor D has the lowest steady-state serum concentration of all 
central complement proteins (approximately 2  μg/mL or 80 nM),61 
yet its serum levels can increase 10-fold or more in renally impaired 
patients.49,58,62–64

Factor D is synthesized by adipocytes as a pro-enzyme and pro-
cessed in plasma to its latent mature form by mannose-associated 
serum protease 3 (MASP-3).65,66 Patients suffering from MASP-
1/3 deficiency (Malpuech–Michels–Mingarelli–Carnevale disease) 
still express low levels of mature latent factor D suggesting that a 
MASP-3 independent mechanism for pro-factor D cleavage may 
exist.66,67 Latent factor D is characterized by an atypical active 
site architecture: The catalytic triad is in an inactive conformation, 
a self-inhibitory loop (amino acids 214–218) restricts access to the 
non-primed substrate recognition sites, and an Arg218-Asp189 salt 
bridge is at the bottom of the S1 pocket.68 Latent factor D acquires its 
full proteolytic activity by a conformational change which is induced 
upon binding to its surface-bound endogenous substrate, C3bB. 
This triggers factor B cleavage to yield the C3 convertase C3bBb.69 
Initially, factor D was thought to be the rate-limiting protease of the 
alternative pathway, based on low plasma concentrations and stud-
ies with reconstituted factor D deficient plasma.70,71 However, more 
recently it has become clear that in diseases with increased alterna-
tive pathway activity, such as C3G, very low levels of factor D (~1% 
of plasma levels) are sufficient to activate the alternative pathway, 
especially if the C3 convertase is stabilized. This also suggested that 
>90% of enzyme inhibition may be required to fully shut down the 
alternative complement pathway.72 Beyond its function in innate im-
munity, factor D lowers blood glucose73 and promotes adipogenesis 
via generation of C3a,74 and recent data suggests that factor D may 
play a role in aging of dermal fibroblasts as well.75

7.2  |  Factor D inhibitors

Recombinant factor D does not recognize peptide substrates due 
to the self-inhibitory loop which restricts access to the non-primed 
site, but it possesses weak catalytic activity against synthetic lysine-
derived thioesters that only require binding into the S1 pocket.76 
Since the short half-life of the C3b-factor B complex limits its use as 

substrate for biochemical in vitro assays and inhibitor profiling, factor 
B bound to cobra venom factor (CVF) was used as a stable surrogate 
of the endogenous C3bB substrate.77 This biochemical assay system 
was used to discover the first covalent prototypical inhibitors of fac-
tor D (Figure  3A). These inhibitors are hydrolyzed by the enzyme 
and stay covalently attached to the hydroxyl group of the catalytic 
serine, that is, they are “suicide” inhibitors. 3,4-dichloroisocoumarin 
(1)78 and 6-amidino-2-naphthyl 4-guanidino benzoate (FUT-175)77 
are examples of such inhibitors (Figure 3A).

The first factor D inhibitor that entered clinical development was 
BCX-1470 (Biocryst, Figure 3A). It is structurally related to the first 
prototypical inhibitors and has an IC50 value of 93 nM in the above 
biochemical assay.79 It entered Phase 1 clinical trials as an i.v. inject-
able compound. Of note, BCX-1470 lacks factor D specificity and 
shows activity towards multiple other serine proteases, including 
C1s (IC50: 1.6 nM), thrombin (IC50: 42 nM), factor Xa (IC50: 3.2 nM), 
plasma kallikrein (IC50: 1.4 nM), and factor XIIa (IC50: 6.0 nM)80 and 
its clinical development was discontinued, potentially due to safety 
concerns based on the strong off-target activities.

To discover the next generation of more selective, orally bio-
available inhibitors of factor D, scientists at Novartis focused on 
non-covalent inhibition principles and followed multiple hit-finding 
strategies. However, two high-throughput screens, one based on the 
above described thioesterolysis assay and the other on formation of 
the membrane attack complex (MAC, C5b-9), each with >1  million 
compounds, failed to deliver validated hits. The Novartis laboratories 
eventually derived the first non-covalent factor D inhibitor using a 
structure-based design approach in combination with in-silico docking 
of chemical fragments. This approach was inspired by the co-crystal 
structure of kallikrein 7, a structurally related serine protease, with 
a proline-based inhibitor that binds into the S1 pocket of kallikrein 7 
and extends towards the primed site, a region which is open and ac-
cessible in the latent form of factor D. The initial hit was further opti-
mized, also with the help of additional fragment-based screening and 
resulted in the discovery of the first reported non-covalent, potent, 
and orally bioavailable factor D inhibitor (4).81 The inhibitor has an IC50 
value of 30 nM and is highly selective against all 121 tested proteases, 
enzymes, receptors, and ion channels (Figure 3B).

The co-crystal structure of compound 4 bound to factor D 
shows the azaindole moiety positioned in the S1 pocket (Figure 3C). 
Its carboxamide group is interacting with the salt bridge at the bot-
tom of the S1 pocket through extensive hydrogen bonding. The cen-
tral proline-based moiety fills the S1 prime and the bromo pyridine 
moiety the S2 prime pocket, demonstrating the success of the initial 
design principles.82

Since the self-inhibitory loop in rodent factor D adopts a some-
what different conformation compared with the human protease, 
the rodent S1 pocket is significantly smaller and hinders binding of 
compound 4 to rodent factor D. Therefore, knock-in mice for human 
factor D were used for in vivo pharmacology studies. In these mice, 
compound 4 fully blocked LPS-induced activation of the alternative 
complement pathway at 30 mg/kg p.o. and caused sustained inhibi-
tion of Ba generation in plasma.82
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The first oral, clinical stage inhibitor of factor D, ACH-4471 
(5) (also known as ACH-0144471, ALXN2040 or danicopan) was 
reported by Achillion. Danicopan shares common substructure 

motifs with compound 4 consisting of a proline core coupled to 
an amino bromo pyridine and an azaindole moiety (Figure 3B). It 
inhibits factor D proteolytic activity with an IC50 value of 15 nM 

F I G U R E  3  Low molecular weight 
inhibitors of factor D. (A) Prototypic 
covalent factor D inhibitors. (1) 
3,4-Dichloroisocoumarin,78 (2) 6-Amidino-
2-naphthyl 4-guanidino benzoate 
(FUT-175).77 (3) BCX-1470 (Biocryst).80 
(B) Proline-based factor D inhibitors. (4) 
from Novartis81; (5) danicopan83 and (6) 
vemircopan86 from Achillion/Alexion. (C) 
Crystal structure of the complex between 
human factor D (green) and compound 
(4) (magenta, PDB code 5NB7) expanding 
from the S1 pocket into the S1 and S2 
prime site. (D) Representative examples 
from benzylamine and benzylamide-
based factor D inhibitors extracted from 
publications and patents. Compounds 
(7),87 (8),89 (9)90 from Novartis and (10)91 
from Biocryst. (E) Crystal structure of the 
complex between human factor D (green) 
and compound (8)88 (magenta, PDB code 
6QMR) with extended H-bond network of 
aminopropanol motif of ligand to Asp189, 
Ser190, Ile227 and Thr214 in S1 pocket

(A)

(B)

(C)

(D)

(E)
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and alternative pathway activation in vitro with an IC50 value of 
23 nM.83

In healthy volunteers, danicopan showed rapid and complete inhi-
bition of alternative pathway activity for at least 16 hours after a sin-
gle oral dose of 1200 mg.83 However, multiple dosing was associated 
with elevations of liver enzymes in individual subjects at doses at and 
above 500 mg twice daily and limited the maximal dosing for further 
clinical studies to 200 mg three times per day. Two phase 2 studies in 
PNH patients were conducted with this compound (NCT03053102; 
NCT03472885, Table  2). In treatment-naive patients, danicopan 
monotherapy significantly reduced mean LDH levels, a measure of 
erythrocyte lysis, from 5.7 times the upper level of normal (ULN) 
to 1.8 times ULN and increased mean hemoglobin levels by 1.7 g/
dL at day 84.84 Transfusions were reduced from 12 units during the 
84 days preceding treatment with danicopan to 9 units during the 84 
treatment days, suggesting pronounced, but incomplete alternative 
pathway inhibition at the doses tested. When given on top of eculi-
zumab, a neutralizing anti-C5 antibody and current standard of care 
for PNH, danicopan increased mean hemoglobin levels by 2.4 g/dL 
and reduced transfusion requirement from 31 transfusions during 
the 24 weeks pretreatment period (n = 10 patients; eculizumab only) 
to 1 transfusion during the 24-week treatment period.85 Based on 
this result, the compound is currently in Phase 3 clinical trials in PNH 
patients as an add-on therapy to C5 antibodies (eculizumab or rav-
ulizumab). In addition, it is in a Phase 2 trial in Geographic Atrophy 
secondary to AMD. Danicopan was also tested in patients with C3G 
or different types of immune complex-mediated membranoprolifer-
ative glomerulonephritides (NCT03369236 and NCT03124368), but 
development in C3G has been discontinued.

Achillion (acquired by Alexion and subsequently by AstraZeneca) 
is also developing a second oral factor D inhibitor molecule based 
on the same chemical scaffold, ACH-0145228 (6) (also known as 
ALXN2050 or vemircopan) (Figure 3B). This compound appears to 
be more efficacious than danicopan, as it blocks alternative path-
way activity by >85% at lower clinical doses (120 mg twice daily86) 
and provides a plasma Ctrough level of at least about 65 ng/mL. It may 
qualify for monotherapy in PNH and other indications and is cur-
rently in Phase 2 clinical trials for PNH, myasthenia gravis, lupus ne-
phritis, and IgAN (Table 2).

An additional inhibitor series discovered by Novartis scientists 
are benzylamines. This series originated from a chemical fragment-
based drug discovery approach starting from low affinity hits with 
millimolar binding affinity and resulted in the lead compound (7), an 
inhibitor with an IC50 value of 3.4 μM.87 In continuation of the drug 
discovery program, more potent inhibitors derived from the same 
scaffold were later reported by Novartis,88 including compound (8)89 
(IC50: 12 nM) and the non-basic analog (9) (IC50: 23 nM).90 (Figure 3D). 
Consistent with the design rationale, the hydroxyl methyl group in 8, 
when crystallized with factor D, occupied the small pocket created 
in the active conformation of factor D making H-bonding interac-
tions with Thr214 and Ile227 (Figure 3E). The hydroxyl methyl group 
leads to increased selectivity against related S1 proteases, for exam-
ple fXIa (IC50 7.7 μM). In human factor D knock-in mice, compound 8 

fully blocked LPS-induced activation of the alternative complement 
pathway at 10 mg/kg p.o. and caused sustained inhibition of Ba gen-
eration in plasma.88

More recently, another clinical stage factor D inhibitor, BCX9930, 
was discovered by Biocryst. While the structure of this compound 
has not been published, the company disclosed a series of benzyl-
amine derived inhibitors in several patent applications. Compound 
10 is a representative structure highlighted in several applications, 
including in the latest filing,91 which also includes Phase 1 data, 
potentially referring to testing BCX9930 in healthy volunteers. 
The IC50 obtained by PK/PD modeling in a Phase I study (21.7 and 
40.7 nM)92 was very similar to its in vitro potency in a biochemical 
assay (28.1 nM) and a cellular assay measuring C3 fragment deposi-
tion on PNH erythrocytes (39.3 nM).93

The compound was generally well tolerated and AP suppression 
>98% was observed at steady state for MAD doses ≥200 mg twice 
daily. Of note, in the single cohort of healthy volunteers treated 
for an extended period of time (50 mg twice daily, 14 days), a sub-
stantial fraction of individuals (5/12) did not complete the study for 
unknown reasons.91 The Phase 1 study included a cohort of PNH 
patients which was also treated for 2 weeks with 50 mg twice daily, 
followed by treatment with 100 mg twice daily for two additional 
weeks. Treatment resulted in a rapid decline of LDH and an increase 
in hemoglobin levels, both of which were further improved after in-
creasing the dose to 100 mg twice daily. Further doubling of the dose 
to 200 mg twice daily in the extension phase of the study lead to a 
further decline in LDH levels.94 Data for another cohort with higher 
exposures (200 mg twice daily, followed by 400 mg twice daily after 
14 days) has not been published yet. BCX9930 has progressed into 
phase 2/3 clinical trials (Table 2) at a dose of 500 mg twice daily for 
PNH (NCT05116774 and NCT05116787) and a basket trial in C3G, 
IgAN and primary membranous nephropathy (NCT05162066), but 
after a transient partial clinical hold due to increased serum cre-
atinine levels, potentially pointing to kidney related adverse find-
ings, the company is now exploring efficacy with a reduced dose of 
400 mg twice daily.

8  |  COMPLEMENT FAC TOR B

8.1  |  Key aspects of factor B biology

Factor B is a single-chain glycoprotein of ~93 kDa of 764 amino acids 
that is synthesized mainly in the liver, but also in other organs. Factor 
B levels in serum are high, ranging from 200 to 400 μg/mL (2–4 μM). 
They might increase by about 50% upon infection,95 therefore FB 
belongs to the acute phase proteins.

Factor B has two separate contact sites to C3b, and it consists 
of five distinct domains and a linker. The N-terminal Ba part of fac-
tor B (~30 kDa) is formed by three N-terminal CCP or SCR domains 
(complement control protein modules or short consensus repeats) 
of approximately 60 amino acid residues each. This part of factor 
B is required for the initial Mg2+-independent binding of factor B 
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TA B L E  2  Phase 2 and Phase 3 clinical trials with low molecular weight antagonists of Factor D or Factor B. Source: clini​caltr​ials.gov

Compound Indication Phase Comparator/combination Identifier (status, 07/22)

A. Factor D inhibitors

Danicopan (Achillion/
Alexion)

PNH 3 C5 inhibitor co-administration NCT04469465 
(ALPHA, recruiting), 
NCT05389449 (not 
yet recruiting)

NCT03472885 (active, 
not recruiting)

2 None NCT03053102 
(completed)

NCT03181633 (active, 
not recruiting)

C3G 2 None NCT03369236 
(completed)

C3G or IC-MPGN 2 None NCT03124368 
(completed)

NCT03459443 
(completed)

Geographic Atrophy secondary to AMD 2 none NCT05019521 
(recruiting)

COVID-19 2 Remdisivir NCT04988035 (ACTIV-5, 
BET-C, completed)

Vemircopan (Achillion/
Alexion)

PNH 2 None NCT04170023 
(recruiting)

Myasthenia Gravis 2 None NCT05218096 
(recruiting)

Proliferative Lupus Nephritis and IgAN 2 None NCT05097989 
(recruiting)

BCX9930 (BioCryst) PNH 2 None NCT05116774 
(REDEEM-1; active, 
not recruiting)

NCT05116787 
(REDEEM-2; active, 
not recruiting)

NCT04702568 (active, 
not recruiting)

NCT04330534 
(completed)

C3G, IgAN and MN 2 None NCT05162066 (RENEW; 
active, not recruiting)

B. Factor B inhibitors

Iptacopan (Novartis) PNH 3 Anti C5 antibody head-to-head NCT04558918 (APPLY-
PNH; active, not 
recruiting)

None NCT04820530
(APPOINT-PNH, 

recruiting)
NCT04747613 

(recruiting)

2 C5 inhibitor co-administration NCT03439839 
(completed)

None NCT03896152 
(completed)

aHUS 3 None NCT04889430 
(APPELHUS; 
recruiting)

http://clinicaltrials.gov
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to C3b or C3(H2O).96 It is linked to the Bb part of factor B via a 45 
amino acid linker peptide that contains the scissile bond (Arg234-Lys 
235) and is cleaved by factor D during activation. The Bb part con-
sists of a von Willebrand factor type A domain (VWA) and the serine 
protease domain with its catalytic machinery. Initial binding to C3b 
via the CCP domains induces a Mg2+ ion–dependent adhesion site 
(MIDAS) in the VWA domain,97 thus allowing for binding of the Bb 
part to C3b. This induces another conformational change in factor 
B which exposes the linker region and its scissile bond. Cleavage by 
factor D liberates the Ba fragment and generates the proteolytically 
active and C3b-bound Bb portion.2,98–100 The open, that is, factor D 
cleavable form of factor B can also be generated at a low frequency 
by its binding to C3(H2O), and this may allow low-level “tick over” al-
ternative pathway activation with limited involvement of factor D.64 
In this context, it might be interesting to note that kallikrein has been 
suggested as an alternative protease cleaving factor B (and C3).101

Complement factor B is highly conserved across species. As a 
consequence, and different to factor D, factor B inhibitors generally 
inhibit the protease from many different species, including rodent, 
dog, and monkey, and this facilitates preclinical testing of factor B 
inhibitors in in vivo models.

8.2  |  Factor B inhibitors

Less research has been carried out to discover factor B inhibitors 
than for factor D inhibitors, likely due to the concern that the high 
serum levels of factor B would make it hard to reach systemic in-
hibitor exposures that fully block its enzymatic activity without 
compound-related side effects. Due to its unspecific and reactive 

nature, the factor D inhibitor FUT-175 (2) has also been found to in-
hibit factor B,102 although there is little structural similarity between 
the two active sites. Also, covalent peptide aldehyde inhibitors of 
factor B are known,103 but none of these inhibitors qualified for clini-
cal development due to their unfavorable overall biopharmaceutical 
properties.

To identify potent and selective factor B inhibitors with potential 
for clinical development, Novartis scientists screened a chemically 
diverse compound collection (2.5 × 105 compounds) using a proteo-
lytic assay that employed a cobra venom factor (CVF):Bb complex as 
stable surrogate of the C3 convertase.104 This screen identified the 
naphthalene-dihydro-imidazole amine compound 11 which inhibits 
factor B with an IC50 value of 7 μM9,105 (Figure 4A). This compound 
was subsequently optimized for potency and better drug-like prop-
erties. Key steps were the replacement of the naphthyl by an indole 
ring which fills the S1 pocket more efficiently, the replacement of the 
dihydro-imidazole amine by piperidine, and the addition of a benzoic 
acid moiety in position 2 of the piperidine ring which forms an im-
portant hydrogen bond network and significantly adds to potency. 
The final molecule, LNP023/iptacopan, (12), is a highly potent factor 
B inhibitor (IC50 value of 0.01 μM9). The co-crystal structure of ipta-
copan bound to the catalytic domain of human factor B shows the 
indole ring binding into the S1 pocket and orienting the rest of the 
molecule to further fill the non-primed site. The central piperidine 
moiety features a key hydrogen bond to Gly216 (Figure 4B).

Iptacopan is a highly selective inhibitor of factor B, showing 
no inhibition of factor D, no inhibition of classical or lectin com-
plement pathway activity and no significant inhibition in a broad 
assay panel of receptors, ion channels, kinases, and proteases. 
Further profiling demonstrated the compound to potently inhibit 

Compound Indication Phase Comparator/combination Identifier (status, 07/22)

C3G 3 None NCT04817618 (APPEAR-
C3G; recruiting)

2 None NCT03955445 
(recruiting)

NCT03832114 
(completed)

IgAN 3 None NCT04578834 
(APPLAUSE-IgAN; 
recruiting)

NCT04557462 
(recruiting)

2 None NCT03373461 
(completed)

Autoimmune Benign Hematological 
Disorders (ITP and CAD)

2 None NCT05086744 
(recruiting)

Lupus Nephritis 2 None NCT05268289 
(recruiting)

AMD 2 None NCT05230537 
(recruiting)

Idiopathic MN 2 None NCT04154787 
(recruiting)

TA B L E  2  (Continued)
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alternative pathway-induced C5b-9 formation in 50% human 
serum (IC50 value of 0.13 μM) and to be highly efficacious in a 
number of mouse models, including LPS-induced alternative com-
plement pathway activation, KxB/N arthritis and passive Heyman 

nephritis, a model for membranous nephropathy.9 Moreover, using 
erythrocytes from PNH patients, iptacopan was able to block C3 
deposition and prevent their complement-mediated lysis with an 
IC50 value of 0.4 μM.

TA B L E  3  Properties of factor B and factor D relevant to drug discovery

Factor B Factor D

Serum concentration in humans 200–400 μg/mL (2–3 μM)
Serum levels can increase by 50% during 

infection95

2 μg/mL, i.e., 80 nM
Serum levels increase by >10 fold in situations of 

kidney impairment58

Half-life Low clearance: Plasma half-life 30–70 h. Fractional 
metabolic rate (FMR) 1.6%/h in healthy 
individuals, increased in patients 60 ,177

Very high clearance, plasma half-life approximately 1 h. 
Fractional metabolic rate (FMR) 59.6%/h58

Major site of production Hepatocytes, may be expressed by multiple cell 
types at sites of inflammation

Adipocytes, myeloid cells, hepatocytes

Observations in ko mice Normal, healthy115 Spontaneous glomerulonephritis123

Alternative pathway activation by cobra venom 
factor is fully inhibited178

Reduced, but residual alternative pathway activation by 
cobra venom factor178

F I G U R E  4  Low molecular weight 
inhibitors of factor B. (A) Iptacopan (12) 
was developed from a fragment-like 
high-throughput screening hit (11), by 
optimizing interactions in the S1 and in 
the extended S3 pocket.9,105 (B) Crystal 
structure of the complex between human 
factor B (green) and iptacopan (magenta, 
PDB code 6RAV). The indole moiety 
is binding into the S1 pocket and the 
piperidine core into the S3 pocket; Shown 
are key hydrogen bonds to Thr190 and 
Gly216, respectively. (C) Representative 
examples of factor B inhibitors with 
different structural motifs compared 
to iptacopan extracted from Novartis 
patents: (13),112 (14)113 and (15)114
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Novartis advanced iptacopan into clinical development (Table 2) 
for the following reasons. (i) Despite the high factor B serum levels, 
the compound fully blocks factor B activity in vivo due to its very 
high affinity for factor B in combination with the long half-life (30 to 
70 h) of the protease.60,106,107 This means that only a small amount 
of newly synthesized factor B needs to be inhibited by free com-
pound at steady state. (ii) Iptacopan has a favorable overall efficacy 
and safety profile. (iii) The compound is able to block C3 convertase 
and, as a consequence, downstream C5 convertase activity, even in 
settings where factor B might be activated by other proteases than 
factor D.101,108 (iv) In alternative pathway-dependent nephropathies 
like C3G and IgAN, factor B levels are independent of renal function, 
while factor D levels substantially increase with declining kidney 
function.58 As a consequence, inhibitors targeting factor D might re-
quire an adapted higher dosing regimen in renally impaired patients.

Iptacopan was shown to be safe and well tolerated in Phase 1 
clinical trials. Single doses of up to 400 mg and multiple doses up 
to 200 mg twice daily for 2 weeks did not show any serious adverse 
effects. Strong alternative pathway inhibition at steady state was 
achieved at 200 mg twice daily (unpublished), and this dose was se-
lected for the first Phase 2 trial treating PNH patients (n = 10) with 
incomplete response to eculizumab (NCT03439839). In this open 
label trial, iptacopan reduced LDH levels from 539 IU/L to 235 U/L 
and improved hemoglobin concentrations from 97.7 g/L to 129.5 g/L 
at week 13. In addition, all patients were transfusion free (from a 
baseline of a mean of 14.3 transfusions per patient in the year prior 
to study entry) and hematological benefits were maintained also 
throughout the study extension, including for seven patients who 
stopped concomitant standard-of-care treatment and continued on 
iptacopan as monotherapy.109 Iptacopan was subsequently tested in 
treatment-naive PNH patients (NCT03896152) with similar results, 
that is, normalization of hematologic parameters and no requirement 
for blood transfusions at doses of 200 mg twice daily in almost all 
patients.40 Moreover, iptacopan was well tolerated and no thrombo-
embolic event or break-through hemolysis was observed.

In C3G, a 12-week treatment with iptacopan (200 mg twice 
daily) resulted in a 45% reduction in proteinuria (urine protein cre-
atinine ratio, UPCR), normalization of C3 levels and a stabilization 
of eGFR as well as a significant reduction in C3 deposition in the 
kidney in patients with recurrent disease after kidney transplanta-
tion110 (NCT03832114). In addition, treatment of IgA nephropathy 
patients for 6 months with iptacopan (200 mg twice daily) reduced 
UPCR by up to 40% from baseline and ≥ 28% versus placebo111 
(NCT03373461).

Iptacopan is currently in Phase 3 clinical trials for PNH, C3G, 
IgAN, and aHUS, respectively. Phase 2 studies in idiotypic mem-
branous nephropathy, cold agglutinin disease, immune thrombocy-
topenic purpura (ITP), lupus nephritis, and intermediate AMD are 
ongoing.

In order to expand the chemical space for factor B inhibitors fur-
ther, Novartis scientists have invested in additional and extensive hit 
finding activities which led to the discovery of a number of potent 
factor B inhibitors with different chemical structures. Representative 

examples are compounds 13,112 14,113 and 15,114 which inhibit fac-
tor B with IC50 values of 0.003, 0.023, and 0.001 μM, respectively 
(Figure 4C). However, none of those has been reported to advance 
into clinical trials.

9  |  CONCLUSIONS AND PERSPEC TIVES

Today, factor D and factor B have been established as promising tar-
gets to treat diseases with a strong evidence of alternative pathway 
dysregulation, for example, PNH, C3G, aHUS, and AMD. However, 
drug discovery for both targets has been challenging initially. Both 
proteases are latent enzymes with little enzymatic activity outside 
of their natural context and only binding of their natural substrates 
induces their fully active conformation. Targeting factor B may have 
also been considered risky in light of its high abundance in blood. 
However, the screening efforts for factor B inhibitors resulted in 
several diverse starting points which could be optimized to potent, 
selective, and orally bioavailable inhibitors that lead to full inhibi-
tion at steady state at low free compound exposures. Their high in-
trinsic binding affinity to the target compensates for the high factor 
B blood levels. Identifying specific factor D inhibitors proved even 
harder as the self-inhibitory loop prevents access to the non-primed 
site regions beyond the S1 pocket resulting in a rather narrow bind-
ing site for potential inhibitors. Repeated high throughput screen-
ing of a large compound collection using either a direct enzyme or a 
pathway readout remained unsuccessful and provided no validated 
hits. Key success factors to identify potent, selective, and orally 
bioavailable factor D inhibitors was a mix of fragment-based drug 
discovery with an in-silico target family approach starting from a kal-
likrein 7 inhibitor (with no binding affinity to factor D). When assess-
ing the full preclinical profile of the Novartis factor D and factor B 
inhibitors, it was decided to pursue the factor B inhibitor iptacopan 
in light of its superior overall profile including pharmacokinetic and 
preclinical safety data. Other companies have discovered factor D 
inhibitors which also qualified for clinical development and, today, 
inhibitors for both targets are in clinical trials for a number of al-
ternative pathway-related diseases including PNH, C3G, IgAN, and 
AMD.

Despite early clinical data indicating that both factor B and fac-
tor D inhibitors can fully block the alternative complement path-
way in humans at steady state, it may be worth noting that factor B 
and factor D deficient mice have somewhat different phenotypes. 
Factor B deficient mice are healthy and fertile,115 and protected 
in many disease models, including factor H deficiency-induced 
glomerulonephritis,116 lupus nephritis,117 KxB/N arthritis,118 and 
collagen-induced arthritis.119 Young factor D deficient mice are also 
healthy and fertile. They were tested in fewer disease models, but 
also showed protection in lupus nephritis120 and liver inflamma-
tion.121,122 In contrast, aged factor D deficient mice develop sponta-
neous immune complex glomerulonephritis for unknown reasons,123 
and factor H deficiency-induced glomerulonephritis is not rescued 
by genetically removing factor D.64 However, the latter finding, 
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which is thought to reflect factor D independent C3(H2O)-mediated 
alternative pathway activation, might only be clinically relevant in 
very rare settings of almost complete factor H deficiency. So far, 
no fundamental difference has been observed for the efficacy of 
factor B and factor D inhibition in the clinic, based on relatively small 
patient numbers and no head-to-head comparison between inhibi-
tors. With increasing patient numbers, broadening of the indication 
space, and expansion of treatments duration, it will be interesting to 
learn if inhibition of the alternative pathway at different nodes will 
result in a clinical difference.

Clinical development of LMW inhibitors for the alternative path-
way is most advanced in prototypic diseases with strong evidence 
for a hyperactivated alternative pathway and high unmet medical 
need. In parallel, companies have initiated clinical trials to explore 
the use of these compounds for patients or patient subsets suffering 
from other autoimmune diseases, in which secondary pathological 
activation of the alternative pathway may occur. Autoantibody-
driven diseases like immune thrombocytopenia and cold agglutinin 
disease are particularly noteworthy in this context. Here, autoanti-
bodies activate the complement cascade through the classical path-
way, and the alternative pathway might be a key driver of disease via 
the amplification loop. Positive results of these clinical trials might 
substantially open the indication space for LMW alternative path-
way inhibitors in many other autoantibody-driven diseases.

Humans with genetic deficiencies of activating components of 
almost all complement pathways carry an increased risk of infection 
with encapsulated bacteria.55 Such an increased infection risk has also 
been observed upon pharmacologic inhibition of the terminal pathway 
with anti-C5 antibodies.55 This shows that bacterial infections are an 
important safety concern for patients taking complement inhibitors. 
To date, only two individuals with factor B deficiency124,125 and 13 in-
dividuals with factor D deficiency have been identified,70,126–131 who 
were discovered based on a history of infections with encapsulated 
bacteria, (for example, Neisseria meningitidis, Haemophilus influenzae, 
Staphylococcus aureus, Streptococcus pyogenes) in at least one family 
member. While 10 of the 13 individuals with factor D deficiency had 
a history of infections, this was not the case for the other three.129 
Therefore, it has been argued that individuals with alternative path-
way deficiency might still be protected to some degree by an intact 
classical and lectin pathway even in the absence of the amplification 
loop. In addition, several studies were performed to determine if 
vaccination can mitigate the potential infection risk upon alternative 
pathway inhibition. Indeed, danicopan inhibited meningococcal killing 
in the serum of unvaccinated, but not in that of most vaccinated indi-
viduals, whereas the anti-C5 antibody eculizumab blocked meningo-
coccal killing independent of vaccination status.54 In a separate study, 
supra-efficacious concentrations of the factor B inhibitor iptacopan or 
a factor D inhibitor did not inhibit meningococcal killing by serum of 
vaccinated individuals, while inhibition at the level of C3 or C5 did.132 
Similarly, killing of pneumococci was strongly dependent on the al-
ternative pathway only in naive, but not in vaccinated individuals.133 
These data imply that vaccination-induced protective antibody titers 
can bypass the requirement of the alternative pathway to inhibit the 

growth of encapsulated bacteria. Nevertheless, continuous attention 
should be given to bacterial strains for which no vaccination is avail-
able, and to individuals that mounted insufficient antibody titers upon 
vaccination.

The discovery of LMW factor B and factor D inhibitors has 
opened the way to selective and potent inhibition of the alternative 
complement pathway. Based on initial clinical data, expectations are 
high for their therapeutic efficacy in prototypic diseases of alterna-
tive pathway dysregulation and for diseases where alternative path-
way proteases drive disease through the amplification loop. For the 
latter, it will be instructive to see how efficacious these inhibitors are 
compared with neutralizing antibodies or other biologics directed 
against the classical, lectin, and terminal complement pathways. 
In addition, drug discovery efforts for inhibitors of the alternative 
pathway have strongly focused on systemic complement-mediated 
diseases so far, while it has become evident that pathologic com-
plement activation might also play an important role in a number 
of neurodegenerative diseases, including Alzheimer's disease, 
Huntington's disease, and multiple sclerosis.134 Better understand-
ing of the involvement of the alternative pathway in these diseases 
and new clinical trials in these indications have the potential to sig-
nificantly broaden the therapeutic scope of complement inhibitors. 
However, since most available complement inhibitors are antibody-, 
protein-, or peptide-based, their ability to cross the blood–brain 
barrier is rather limited, and there is an urgent need for LMW com-
plement inhibitors with good brain tissue exposure. This shows that 
the clinical development of alternative pathway LMW antagonists 
is at an exciting inflection point, and the use of these compounds in 
translational assays on patient biosamples opens the opportunity for 
better understanding of diseases that may become future clinical in-
dications. Today, feasibility for drug discovery for LMW antagonists 
of the alternative pathway has been firmly established. The coming 
years will widen the path and tell us which patients benefit from 
their clinical use.
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