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Summary
Inflammation is a key component of several clinically important disorders, with the recruitment of neutrophils often pivotal to the inflammatory process. Enzymatic activation of the complement cascade results in generation of the complement fragment C5a, a potent chemoattractant for neutrophils. C5a functions by binding to two specific G protein-coupled receptors named C5aR1 and C5aR2 on the surface of neutrophils and drives cell activation and migration. Avacopan (CCX-168) is a small molecule antagonist of C5aR1 which was developed by Chemocentryx.  Avacopan binds with nanomolar affinity to C5aR1 and is a potent inhibitor of neutrophil recruitment in vitro and in vivo. Avacopan appears to be well tolerated and in a phase III trial involving individuals with anti-neutrophil cytoplasmic antibody (ANCA) induced vasculitis, blockade of C5aR1 by avacopan was reported to be efficacious in sparing high levels of glucocorticoid usage, providing an potential alternative protocol for the treatment of relapses.
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Synthesis
To be provided by Clarivate chemistry department if required. 

Background
The complement cascade is a collection of 30 or so serum proteins, which are produced by the liver and which play a vital role in the innate immune response (1).  The cascade is activated by three independent pathways named the classical pathway (activated by antigen-bound antibodies), the alternative pathway (activated by the cell surface of pathogens) and the lectin pathway (triggered by mannose residues on the cell surface of pathogens). All three pathways converge at a single point to generate an enzyme complex termed C3 convertase. Subsequent steps ultimately result in the generation of a membrane attack complex which forms pores in the cell membranes of microbes, resulting in their lysis. Intermediate steps in the complement cascade generate a 74 amino-acid peptide known as C5a which is a potent chemoattractant for neutrophils (2). C5a binds with nanomolar affinity to two cell surface receptors of the G protein-coupled receptor (GPCR) family, known as C5aR1 (C5aR, CD88) and C5aR2 (C5L2, GPR77) respectively.  C5aR1 was identified by expression cloning techniques using differentiated neutrophil-like cell lines (3, 4) and efficiently drives neutrophil migration along gradients of C5a. C5aR2 was identified as a C5a binding receptor by deorphanisation techniques (5, 6) and its status as a bona fide signalling receptor is controversial. Originally described as a simple scavenger of C5a,  more recent data have suggested a potential immunomodulatory signalling role for C5aR2 (7, 8) rather than a direct mediator of neutrophil chemotaxis.

Activation of the complement cascade must be appropriately balanced. If the threshold of activation is too high, then the elimination of microbes is impaired. Conversely, if the threshold of activation is too low, then excessive activation of the cascade can cause damage to otherwise healthy tissues. The formation of immune complexes can drive complement-dependent pathologies seen in several clinically important diseases, including rheumatoid and auto-immune arthritis (9-11), and systemic lupus erythematosus (12).  The lung is particularly sensitive to excessive complement activation with increased levels of C5a thought to play pathological roles in chronic obstructive pulmonary disease (COPD) and asthma (13) and acute lung injury (14). The recent report of a direct correlation between increased levels of C5a in the lung and the severity of COVID-19 is suggestive of a role for C5aR1 in the disproportionate lung inflammation observed clinically, with C5aR1 targeted therapies proving efficacious in mouse models of acute lung injury (15). 
 
Anti-neutrophil cytoplasmic antibody (ANCA)- induced vasculitis is an umbrella term for three types of vasculitis (16).  Antibodies directed against neutrophil proteins trigger both the classical and alternative complement pathways causing damage to small blood vessels notably in the kidneys and lungs (17, 18). A direct pathophysiological role for C5a and C5aR1 in the recruitment and activation of neutrophils in ANCA- induced vasculitis has been demonstrated (19, 20).  Given the involvement of C5a-mediated neutrophil recruitment in such a wide variety of disorders, blockade of C5aR1 and the subsequent impairment of neutrophil recruitment and activation is an attractive therapeutic goal. 

Avacopan (CCX-168, Chemocentryx) is an orally administered, selective inhibitor of human C5aR1 which inhibits neutrophil migration and activation with nanomolar potency as reported using in vitro and in vivo assays.  In a phase III randomised controlled trial in individuals with newly-diagnosed or relapsed ANCA-associated vasculitis, avacopan was reported to be well tolerated and to be an effective replacement for high doses of glucocorticoids. Several studies are either underway or have completed, including phase II studies of avacopan for the treatment of moderate to severe Hidradenitis Suppurativa and Immunoglobulin A nephropathy. 

Preclinical pharmacology
Avacopan (originally known as CCX168) partially obeys Lipinkski’s rule of five (21) with a molecular weight of 581.6 Da, two hydrogen bond donors, 7 hydrogen bond acceptors and a octanol-water partition coefficient (log P) of 7.2. In an initial report regarding the pharmacologic and pharmacokinetic properties of avacopan, the molecule was reported to displace C5a with sub-nanomolar potency in  125I-C5a competition binding assays using differentiated U937 cells (IC50 value of 0.1 nM) (22). 

In keeping with the ligand binding data, blockade of C5a signalling in U937 cells by avacopan using in vitro assays of intracellular calcium flux and chemotaxis was also reported at sub-nanomolar potencies, with IC50 values of 0.1 nM and 0.2nM respectively (22). Excellent selectivity for C5aR1 above other related GPCRs was also reported, with no relevant activities (IC50>5,000 nM) at C5aR2, C3aR or a panel of 72 relevant GPCRs including 18 chemokine receptors.  Importantly, avacopan also had no undesirable activity at the human ERG potassium channel as measured by patch clamp assays (IC50 <5000 nM) (22). This is an important point since several potent inhibitors of chemoattractant receptors (notably those of  chemokines) have fallen at this hurdle, with the potential for inducing a fatal arrhythmia (reviewed in (23)). 

In vitro assays were subsequently verified by Bekker and colleagues using freshly isolated neutrophils purified from the peripheral blood of healthy donors (22). Competitive binding assays using 125I-C5a revealed a sub-nanomolar potency for avacopan (IC50 values of 0.2nM). In assays of neutrophil activation by C5a, avacopan inhibited chemotaxis with low nanomolar potency (IC50 value of 1.7 nM) and intracellular calcium release with sub-nanomolar potency (IC50 value of 0.2nM). Induction of the adhesion molecule CD11b on the surface of neutrophils by exposure to C5a was also inhibited with nanomolar potency (IC50 value of 3 nM). Release of reactive oxygen species in response to a concentration of 0.1nM C5a was also reported to be inhibited by avacopan, although no potency data were provided.  Low nanomolar IC50 values have also been reported in intracellular signalling assays (cAMP, ERK and β-arrestin recruitment) using CHO cell transfectants expressing C5aR1  (24). 
A recent crystal structure of C5aR1 in complex with avacopan at a resolution of 2.2 Å was determined, revealing an allosteric binding pocket for avacopan, with the transmembrane residues Phe-135, Ile-220 and Phe-224 making key interactions with the compound (25). 

Pharmacokinetics and metabolism
Pharmacokinetic data have been reported from mouse, primate and human studies (22, 26). In vivo assays were used to examine both the bioavailability of avacopan and the efficacy in protecting mice against C5a-induced leukopenia. Given the level of identity between human and mouse C5aR1 (67% identity) a human C5aR1 knock-in mouse model was employed as the background. An oral dosing regimen of avacopan at 0.03 mg/kg daily in mice was found to result in a plasma avacopan concentration of 15 nM.  Escalation of the avacopan dose to 0.3 mg/kg daily, resulted in a plasma avacopan concentration of 75 nM (22). Oral dosing of avacopan at 100mg/kg in cynomolgus monkeys resulted in sustained plasma concentrations of the compound with a half-life of 6 h (22). 

As part of a phase I trial of avacopan in forty healthy humans,  one week of either single dosing of avacopan  (1, 3, 10, 30, and 100 mg daily) and three weeks of multiple dosing (1 mg, 3 mg, 10 mg, 30 mg and 50 mg twice daily) was followed for 1 week and 3 weeks respectively (22).  Orally administered avacopan was absorbed rapidly, reaching peak plasma levels between 1 and 2 hours. Mean maximal avacopan plasma levels of 340 nM were reached after a single 100 mg dose, with a reported half-life of 64 hours (22). Elimination of avacopan was reported to be biphasic with an initial rapid clearance phase followed by a longer terminal phase. Clearance was described as moderate to high with an apparently large volume of distribution. Repeat administration studies carried out for a seven-day period reported that steady state levels of avacopan were obtained after 3 to 4 days of oral dosing, with only modest accumulation observed at the higher 50 mg dose. The steady state mean trough concentrations of avacopan following 12 hours of dosing was 61 nM on day 7 on a regimen of 30 mg avacopan taken twice daily.  

Pre-clinical studies
To examine the in vivo efficacy of avacopan in C5aR1-knock in mice, it was administered at various doses and 1hr later, C5a was injected and 1 minute later, circulating leukocyte numbers were evaluated. An oral dosing regimen of avacopan at 0.03 mg/kg daily inhibited the C5a-induced reduction in circulating leukocytes from 53% to 25%. Escalation of the avacopan dose to 0.3 mg/kg daily further protected against C5a-induced effects, with the number of circulating leukocytes in avacopan-treated mice within 10% of baseline values. Escalation of the dose of avacopan to 3 or 30 mg/kg was found to completely block C5a-induced leukopenia (22). Similarly, pre-treatment of cynomolgus monkeys with an orally administered dose of 30 mg/kg avacopan was observed to ablate neutropenia in response to C5a injection  (22).

A model of ANCA-induced glomerulonephritis  was developed in which disease is induced by the introduction of mouse IgG against myeloperoxidase (26).  In this model, deletion of C5aR1 is reported to be protective with respect to the development of crescent nephritis, whereas deletion of C5aR2 exacerbates the disease phenotype. Oral dosage of avacopan in the human C5aR1-knock in mouse at 30 mg/kg daily was observed to significant reduce the severity of disease induced by myeloperoxidase -specific IgG, as judged by several parameters including crescent formation, urine haematuria and proteinuria (26).  

Clinical studies
As part of a Phase I study (CLASSIC) looking at the pharmacodynamics of avacopan,  a twice daily 30mg dose was observed to result in a 94% or greater inhibition of C5a-induced CD11b upregulation on human neutrophils using an ex vivo assay (22).  Based on these data, coupled with the aforementioned in vitro and pre-clinical studies, a dose regiment of 30 mg avacopan twice daily was taken forward into a small Phase II clinical trial (CLEAR) running for 12 weeks (27). Sixty-seven eligible patients with newly diagnosed or relapsing ANCA-associated vasculitis were entered into a randomised placebo-controlled trial with the objective of assessing the potential of avacopan in steroid-sparing. This is a clinically important endpoint,  since long-term glucocorticoid usage can lead to progressive organ damage (28) in addition to an increased risk of infection (29). Control group trialists received placebo plus prednisone starting at 60 mg twice daily or avacopan plus reduced-dose prednisone (20 mg twice daily), or avacopan alone.  In addition, all patients received cyclophosphamide or rituximab therapy. As a clinical endpoint at week 12, the response to avacopan was determined on the basis of a decrease in the Birmingham Vasculitis Activity Score (BVAS) of at least 50% from baseline with no observed worsening in any body system. The group taking the combination of avacopan plus 20 mg prednisone was not inferior to 60mg prednisone as was the group taking avacopan without prednisone. Thus, it appears that antagonism of C5aR1 by avacopan is able to replace high-dosage glucocorticoids.

Accordingly, avacopan proceeded to investigation in a Phase III clinical trial (ADVOCATE) in 330 patients with ANCA-Associated Vasculitis (NCT02994927) with a view to determining its ability to induce and sustain remission (30).  Participants were randomized to receive either avacopan or prednisone in combination with either cyclophosphamide and azathioprine or rituximab over a 52 week period.  Selected primary endpoints were disease remission at 26 weeks and sustained remission at 52 weeks, as assessed by BVAS. This trial completed in 2019 and a presentation at the European League against Rheumatism (EULAR) conference in 2020 reported that it had met both of its primary endpoints (31). At 26 weeks, 72.3% of subjects had achieved remission in the avacopan arm compared to 70.1% in the prednisone arm whilst at 52 weeks, 65.7% subjects achieved sustained remission in the avacopan arm compared to 54.9% in the prednisone arm.  The overall incidence of serious adverse events was reported to be comparable with previous AAV trials at 45.1% and 42.2% for prednisone and avacopan groups, respectively. Thus, avacopan achieved both non-inferiority and superiority to prednisone in the treatment of ANCA-associated vasculitis with an acceptable safety profile. At the time of writing, the Food and drug administration (FDA) have been reported to have accepted the New Drug Application (NDA) of avacopan for Anti-neutrophil cytoplasmic antibody-associated vasculitis for review and have assigned a  Prescription Drug User Fee Act (PDUFA)  action date of 07/07/2021 (32). Although Avacopan was originally granted access to the Priority medicines (PRIME) scheme this application was withdrawn in January 2019 due to the imminent availability of the ADVOCATE trial data with a view to a full marketing authorisation being made in due course (33). 

Conclusion
In conclusion, avacopan appears to be a potent, well tolerated inhibitor of C5aR1, which in a Phase III trial has been shown efficacy in replacing high-dose glucocorticoids in the treatment of ANCA-associated vasculitis. As such, it is one of a number of next-generation therapeutics targeting the complement system with considerable promise (34). Avacopan remains in a couple of active Phase II trials in patients with moderate to severe Hidradenitis Suppurativa (NCT03852472 - AURORA) and C3 glomerulopathy (NCT03301467 - ACCOLADE).

[bookmark: sec015]Although no sepsis events were reported in the earlier 12 week Phase II trial (27), in the longer 52 week Phase III trial, serious infections were reported at 13.3% and 15.2% for the respective avacopan and prednisone arms of the trial (31). This suggesting that as for steroid treatment, long-term blockade of C5aR1 may result in an increased risk of microbial infection. Indeed, the Group-A streptococcus, Steptoccocus pyogenes encodes a C5a peptidase in its armoury to evade the host neutrophil response (35). In addition, given that C5a has been shown to have protective effects in a mouse model of respiratory allergy mediated by C5aR1 (36) there exists the potential for avacopan to induce or exacerbate asthma, which should be evaluated. However, given that avacopan treatment may spare patients of the severe complications of long-term high-dose steroid usage (37) this may be of less importance. Moreover, since C5aR1 has been reported to be a potential player in severe COVID-19, its potential as a therapeutic agent in that setting may also be worthy of investigation. 
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Figure 1. Structure of avacopan with names, identifiers and chemical properties.
CCX-168
(2R,3S)-2-[4-(cyclopentylamino)phenyl]-1-(2-fluoro-6-methylbenzoyl)-N-[4-methyl-3-(trifluoromethyl)phenyl]piperidine-3-carboxamide
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