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Abstract: The complement system is a key component of innate immunity since it plays a critical role
in inflammation and defense against common pathogens. However, an inappropriate activation of the
complement system is involved in numerous disorders, including peripheral neuropathies. Current
strategies for neuropathy-related pain fail to achieve adequate pain relief, and although several
therapies are used to alleviate symptoms, approved disease-modifying treatments are unavailable.
This urgent medical need is driving the development of therapeutic agents for this condition, and
special emphasis is given to complement-targeting approaches. Recent evidence has underscored the
importance of complement component C5a and its receptor C5aR1 in inflammatory and neuropathic
pain, indicating that C5a/C5aR1 axis activation triggers a cascade of events involved in pathophysi-
ology of peripheral neuropathy and painful neuro-inflammatory states. However, the underlying
pathophysiological mechanisms of this signaling in peripheral neuropathy are not fully known. Here,
we provide an overview of complement pathways and major components associated with dysregu-
lated complement activation in peripheral neuropathy, and of drugs under development targeting the
C5 system. C5/C5aR1 axis modulators could represent a new strategy to treat complement-related
peripheral neuropathies. Specifically, we describe novel C5aR allosteric modulators, which may
potentially become new tools in the therapeutic armory against neuropathic pain.

Keywords: complement system; C5a/C5aR axis; C5a receptor1; peripheral neuropathy; pain; C5aR
inhibitor; allosteric modulator

1. Introduction

The complement system is a crucial element of the innate immune response that
works in concert with antibodies and phagocytic cells to clear pathogens [1]. It consists of
a number of precursor proteins that are cleaved by specific proteases to generate various
complement peptides and fragments, ultimately leading to the formation of the Membrane
Attack Complex (MAC) [2]. One of the key components of the complement system is the
Complement 5 (C5) protein, the cleavage of which is mediated by the serine proteases C5
convertases to generate two different fragments [3]: C5a, which is a potent chemoattractant
and pro-inflammatory modulator [4,5], and C5b, which initiates the formation of MAC,
mediating cell lysis and triggering inflammation [6]. When properly activated, C5a is
crucial for host defence system and clearance of pathogens; however, its inappropriate
activation is involved in a wide range of disorders, including peripheral neuropathic
diseases [7,8].
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Here, we provide an overview of complement pathways and key components that are
associated with the dysregulated complement activation in the onset and progression of
peripheral neuropathies. Specifically, we describe the involvement of C5a and C5a receptor
1 (C5aR1) signalling in several peripheral neuropathies, such as Guillain-Barré syndrome
(GBS), chronic inflammatory demyelinating polyradiculoneuropathy (CIDP), familial amy-
loid polyneuropathy (FAP), and chemotherapy-induced peripheral neuropathy (CIPN).
We also discuss emerging anti C5-targeted therapies, including monoclonal antibodies,
peptidomimetics and small molecules that are currently under pre-clinical development
or that are already used in clinical practice, highlighting how anti-C5 treatments may
provide an alternative and selective approach to the challenging treatment of neurological
conditions that respond poorly to current therapies.

2. Complement Pathways

The complement is a major component of the innate immune system and acts as a
bridge between innate and acquired immunity. Over the years, it has become clear that the
complement has various functions, ranging from the mediation of inflammatory responses
to the regulation of host cell clearance after their programmed cell death [9], and takes
part in nearly every step of the immune reaction. It is composed of over 50 proteins [10].
Among these, the soluble ones are produced mainly by the liver and can be detected in
the plasma and on cell surfaces as inactive precursors (zymogens) [1]; their cleavage by
serine proteases activates a cascade of enzymatic reactions that is tightly regulated to
assure complement activation is triggered only at specific locations, thus avoiding host
tissue damage.

Activation of the complement system occurs through three distinct pathways: the
classical (CP), lectin (LP), and alternative (AP) pathways [2] (Figure 1).

Although each of them is differentially initiated and is characterised by unique and
specific factors, they all include the activation of C3 and C5 and lead to a common pathway,
which results in the formation of the MAC, ultimately inducing cell lysis by binding to the
target cell membrane [11]. The CP is activated by the binding between Immunoglobulins M
or G (IgM or IgG), and several other proteins such as C-reactive protein and serum amyloid
P protein [12], and C1 complex, which is constituted by the sensing molecule C1q and two
heterodimers formed by the zymogens C1r and C1s [12]. C1q activates C1r, which in turn
cleaves C1s [13]. Once activated, C1 enzyme complex mediates the cleavage of native C4,
which is followed by cleavage of C2 and the subsequent formation of the C3 convertase
C4bC2a. The C3 convertase activates C3, triggering the dissociation of C3 into C3a and
C3b. C3b then binds to the existing C3 convertase to form the C5 convertase C4bC3bC2a
complex, which cleaves C5 to generate two different fragments, namely C5a and C5b [14].
The LP is very similar to the CP. The activated LP complex has an oligomer structure similar
to the pentamolecular C1 complex [15] and is triggered by serine proteases associated with
mannose-binding lectins (MBLs) and with ficolins, another family of lectins, which are
able to recognize pathogens [16]. Upon activation by these signals, the enzymes of the
complex mannan-binding lectin serine protease (MASP) 1 and 2 mediate the formation
of the C3 convertase C4bC2a, which activates the same downstream pathways as occurs
in CP [17]. In contrast to the classic and lectin pathways, the AP can autoactivate using
a process termed “tickover” of C3 [18]. Initially, a spontaneously generated thioester-
hydrolysed form of C3 (C3(H2O)) interacts with factor B and factor D to form the fluid
phase alternative pathway C3 convertase C3(H2O)Bb [19]. C3(H2O)Bb cleaves native C3 to
generate C3a and C3b, and the latter binds to its receptor on the lipid membrane. On the
membrane, C3b combines with factor B, which is cleaved by factor D to form the alternative
pathway C3 convertase C3bBb [14]. Properdin (P), a positive regulator of the complement
system, stabilizes C3bBb, and the binding of additional C3b (amplification loop) to the
existing alternative pathway C3 convertase generates a C5 convertase, thus leading to the
production of C5a and C5b [14].
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Figure 1. C5a complement activation pathways. The C5a complement system can be activated
through three pathways: classical (CP), lectin (LP), and alternative (AP). CP begins with antibody-
mediated activation of C1 complex, which leads to formation of the C4bC2a complex, the C3
convertase. This C3 convertase cleaves C3 to produce C3b, which forms a complex with C4b and
C2a. This complex is the C5 convertase, which cleaves C5 to produce C5a and C5b. The LP begins
with signal recognition by oligomeric structures of mannose- binding lectin (MBL), ficolins and
collectins, which activate mannan-binding lectin serine proteases (MASP) 1 and 2, which in turn
mediate the production of C4b. From this point, the LP follows the same steps as the CP. In the AP,
C3 interacts with factor B (B) and factor D (D), leading to cleavage of further C3, and this process is
perpetuated through an amplification loop. In the final step of this pathway, even properdin (P) is
involved. Additional C3b binds to the C3 convertase and forms a C5 convertase, which cleaves C5
to form C5a and C5b. C5a activates on C5aR1, a prototypical G-protein coupled receptor (GPCR)
recruiting immune cells to the site of inflammation. Drugs targeting C5 or C5aR1 in different stage of
development are reported in the gray rectangles. T-arrow indicates inhibition of pathway at point
of intersection.

As it is a very complex system, various mechanisms can interfere with the complement
cascade leading to over-activation and consequent neuronal damage and disease [20].
Dysregulated complement mechanisms, such as those involving C5 components, contribute
to the initiation and progression of several neuropathies [21,22].

3. Peripheral Neuropathies and C5a/C5aR1 Axis

The term “neuropathy”, or also peripheral neuropathy (PN), refers to a group of condi-
tions characterized by damage and loss of function of nerve cells in the brain or peripheral
nervous system (PNS). The population prevalence is about 2400 per 100,000 rising with age
to 8000 per 100,000 [23]. Although the damage occurs most frequently in the PNS, also brain
injuries, such as stroke, can result in neuropathic symptoms [24]. Moreover, neuropathies
can be expressions of neurodegenerative diseases [25], where the degeneration of sensory
nerve fibres is due to a wide variety of insults, including diabetes, infectious diseases and
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nutritional deficiencies, and chemotherapy treatments [26]. Symptoms usually include
numbness and paresthesia and are often accompanied by weakness and pain [27,28].

So far, progress in developing treatments for neuropathies has been frustratingly slow.
In fact, despite the availability of therapies that can alleviate symptoms—as, for example,
in the case of mild pain, which may be relieved by over the counter analgesics and topical
patches—and can address conditions associated with PN [29–32], no treatments have
been approved to date that directly modulate the underlying mechanisms of neuropathies.
Current pharmacological therapies are only partially effective, and prolonged exposure
to such agents can cause unwanted side effects. Consequently, there is an urgent need
to identify and label specific molecular targets and to develop agents to treat pain by
exploiting alternative biological pathways.

Over the last few years, evidence has indicated that C5a activation triggers a cascade
of events that are involved in the pathophysiology of PN and in the genesis of painful states
of neuro-inflammation [8]. C5a exerts its biological functions by binding two receptors,
C5a receptor-like 1 (C5aR1, also referred to as CD88), a class A seven-transmembrane G-
protein-coupled receptor (GPCR), and C5a receptor-like 2 (C5aR2, also known as C5L2 or
GPR77) [33], a homolog of C5aR1, but which is not coupled to intracellular heterotrimeric
G-proteins due to a mutation in G-protein recognition sequence. C5aR1 is expressed by a
broad range of cell types, including all cells of myeloid origin (neutrophils, eosinophils,
monocytes, macrophages, dendritic cells, mast cells), lymphocytes, and non-myeloid cells,
such as lung, liver, kidney, skin, and central nervous system (CNS) cells [5,34]. C5aR2
is highly expressed in human tissues, such as bone marrow, spleen, and lung, as well as
in immune cells, including most myeloid cells and specific T cell subsets [35]. C5aR1 is
well-known for its pro-inflammatory effect [36]; conversely, the role of C5aR2 is poorly
understood and still controversial [37]. Although C5aR2 can independently induce and
modulate C5a biological functions through α-arrestin signalling, further investigations are
needed to better understand its actual role [38].

By contrast, the C5a/C5aR1 axis triggers leukocyte recruitment and pro-inflammatory
cytokines production, which drive inflammatory and neuropathic pain [39–41]. Up-
regulated levels of C5a and C5aR were found in spinal cord microglia in animals subjected
to spared nerve injury (SNI), a model of neuropathic pain [42], while local activation
of C5aR1 was found to be implicated in the mechanical nociceptive sensitization in an
in vivo model of postoperative pain [43]. In a similar model, PMX-53, a C5aR1 antag-
onist, decreased mechanical allodynia, oedema, and the levels of several inflammatory
mediators present in incised skin [44]. Moreover, local pre-treatment of rats with PMX-53,
attenuated mechanical hyperalgesia induced by zymosan, carrageenan, lipopolysaccharide,
and ovalbumin, suggesting its role in the control of inflammatory pain [45]. In addition,
oral administration of DF2593A, a non-competitive allosteric C5a inhibitor, effectively re-
duced mechanical hyperalgesia in a carrageenan and complete Freund’s adjuvant-induced
inflammatory pain model. Furthermore, DF2593A reduced mechanical hypersensitiv-
ity in a model of neuropathic pain induced by SNI [40]. Notably, C5aR1 disruption in
knock-out (KO) mice suppressed thermal hyperalgesia compared to wild-type (WT) mice
and decreased mechanical sensitization after paw incision [40,41,43], suggesting a major
involvement of C5a/C5aR1 axis in pain and inflammation after surgery.

In sum, the administration of C5aR1 antagonists produce analgesic effects in various
models of inflammatory and neuropathic pain, highlighting the therapeutic potential of
pharmacologically targeting the C5a/C5aR1 axis for chronic pain management.

4. Disease of the Peripheral Nervous System (PNS)

The role of C5a/C5aR axis activation in pain generation in neuropathies has been
widely investigated in several pharmacological studies. The following paragraphs describe
the more recent major findings in the field of PNS and discuss possible implications of the
complement system in the pathogenesis of different neuropathic disorders.
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4.1. Guillain-Barré Syndrome

GBS is a clinically heterogeneous spectrum of rare post-infectious neuropathies that
usually occur in otherwise healthy patients and encompasses acute inflammatory demyeli-
nating polyradiculoneuropathy (AIDP), acute motor axonal neuropathy (AMAN), acute
motor-sensory axonal neuropathy (AMSAN), Miller–Fisher syndrome (MFS) and some
other regional variants [46–48]. GBS is estimated to affect about 1 in 100,000 people each
year and it can strike at any age and both sexes [49]. The exact cause of GBS is not known;
it is characterized by symptoms that often affect the arms, breathing muscles, and even the
face, reflecting widespread nerve damage. Several pathologic and etiologic subtypes of
GBS exist, and in many cases it develops subsequently to minor infections but is not associ-
ated with other autoimmune or systemic disorders. Usually, GBS occurs after an infectious
disease, during which antibodies that cross-react with gangliosides at nerve membranes-
with anti-GQ1b ganglioside antibodies being the principal biomarkers of GBS [50]—are
aberrantly generated and directed against the PNS, causing nerve damage or impairment
of nerve conduction [51]. Anti-GQ1b ganglioside antibodies are principal biomarkers of
GBS [50]. The concept of infection-triggered antibody cross-reactivity is well established
in axonal GBS and this mechanism is suspected to play a key role in demyelinating GBS.
Intravenous administration of immunoglobulins and plasma exchange are effective in
treating GBS [52,53]; other therapeutic strategies have been tested in animal models, but
their bench-to-bedside transfer is still lacking [54].

Inhibition of C5 complement component activation in experimental ex vivo and
in vivo GBS models was extensively used to investigate the pathogenesis of GBS and
to evaluate complement deposition in the nerve membrane [55–59]. Specifically, the
complement inhibitor APT070 (Mirococept), which regulates C5 and C3 convertases, was
shown to be efficacious in an anti-GQ1b-mediated mouse model of the GBS variant MFS,
inhibiting the formation of MAC complexes and protecting nerve terminals [57]. Similarly,
the anti-C5a monoclonal antibody eculizumab, which inhibits formation of C5a and C5b-9,
was reported to prevent complement damage and respiratory paralysis in another severe
in vivo mouse model of MFS generated via anti-GQ1b antibody and normal human serum
injection as a complement source [58]. Together, these findings have raised the possibility
of developing clinical trials using anti-C5a in GBS and in other antibody-mediated terminal
motor neuropathies involving complement activation.

4.2. Chronic Inflammatory Demyelinating Polyradiculoneuropathy

CIDP is the most common chronic inflammatory neuropathy, and it is usually charac-
terized by slow progressive, symmetric, proximal and distal paresis and sensory dysfunc-
tion. Symptoms develop in few months and the disease course can be either chronically
progressive or relapsing with stepwise progression [60]. Prevalence is about 1 in 200,000 in
children and 1–7 in 100,000 in adults, but it is recently accepted that the frequency is
underestimated [61]. Although CIDP has been classified as an autoimmune disorder, in
which an aberrant immune response is directed towards components of peripheral nerves
causing segmental and multifocal demyelination, axonal degeneration and perivascular or
endoneurial inflammatory infiltrates of macrophages and T cells, the exact mechanisms
underlying the development of its immunopathology is still far from to be defined.

Individuals with CIDP lack a detectable antibody titer specific for major compact
myelin proteins, thus suggesting that serum constituents, such as cytokines or components
of the complement cascade, rather than myelin-directed antibodies might contribute to
peripheral nerve injury [60,62,63]. Supporting the hypothesis that complement activation
can be a potential pathogenic mechanism for this disease, complement component C3d
deposition has been detected on the outer surface of PNS Schwann cells in biopsies from
patients with CIDP [60,64,65]. Moreover, clinical studies demonstrated that CIDP patients
have increased serum and cerebrospinal fluid levels of C5a [66], which is the result of the
proinflammatory function of C3d aimed at recruiting myeloid cells, such as macrophages,
to inflammation sites through complement receptors and inducing tissue injury through



Biomedicines 2021, 9, 399 6 of 18

formation of the MAC. These findings suggest that systemic and local terminal complement
activation is a characteristic feature of inflammatory demyelinating polyneuropathies and
support a role of complement activation in the pathogenesis of CIDP.

4.3. Familial Amyloid Polyneuropathy

FAP, or transthyretin (TTR) amyloid polyneuropathy, is a progressive sensorimotor
and autonomic neuropathy of adult onset, which is characterized by systemic accumulation
of amyloid fibrils constituted of aberrant TTR protein [67]. The global prevalence is
unknown, but in Japan it has been recently estimated to be around 1 person per million in
the general population [68]. FAP is a heterogeneous disorder with a clinical presentation
that varies based on the genotype and geographic origin [69,70]. To date, more than
40 TTR mutations have been identified and associated with different patterns of organ
involvement, age of onset and disease progression [71,72]. The most common type of
mutation is a substitution of valine for methionine at position 30 (ATTRV30M) [73]. The
symptoms depend on the site of protein accumulation in the body and, although each
TTR variant leads to a different phenotype, PN and cardiomyopathy are predominant
hallmarks [74]. The disease usually worsens over 5 to 15 years, and often leads to death
caused by heart failure due to TTR protein deposits. Liver transplantation is currently the
only treatment for preventing synthesis of the amyloidogenic variants of TTR [75].

Nerve biopsies of individuals with amyloidogenic TTR revealed that in amyloid
deposits, transthyretin is aggregated with several other proteins, such as apolipoprotein E,
serum amyloid P, and complement C1q [76], suggesting a role for C1q in the pathogenesis
of the disease. C1q protein has been shown to be involved also in other amyloidosis,
such as Alzheimer’s disease, activating the complement pathway leading to neuronal
loss [77]. It is speculated that the complement plays a dual role: although it is known that
C1q is able to exert a neuroprotective function against toxic concentrations of soluble pre-
amyloid aggregates [78,79], C5a is recognized as having a detrimental neuro-inflammatory
effect [80]. However, the impact of C5aR/C5a axis activation in ATTRV30M amyloidosis
remains to be clarified.

4.4. Chemotherapy-Induced Peripheral Neuropathy

CIPN is the most common neurologic complication of chemotherapy, often limiting the
efficacy of cancer treatments [81]. Between 30% and 40% of patients receiving chemotherapy
are reported to experience CIPN, and this number is expected to grow as more aggressive
pharmacological agents emerge and survival rates increase [82]. The incidence of CIPN
varies from 10% to 100%, depending upon the specific anticancer drug or drug combination
administered and upon the dosing regimen [83]. CIPN causes pain, sensory loss and poor
dexterity, with a significant impact on patient quality of life. When pain is too severe, a
change in chemotherapy regimen may be required, with risk of reducing the therapeutic
efficacy, or patients may choose to discontinue the treatment [84]. For example, both
oxaliplatin and paclitaxel, two widely used chemotherapeutics, have been shown to cause
neurotoxicity and alterations in sensory neurons, triggering CIPN [85,86].

Current CIPN management is far from satisfactory, and this is largely due to an inade-
quate understanding of the complexity of CIPN pathophysiology. The main neurobiological
mechanisms involved in CIPN include impaired immune cell signalling and ion channel ex-
pression, neurotoxicity, mitochondrial dysfunction, and axon degeneration [87]. Emerging
evidence suggests that the immune system and immune-mediated neuro-inflammation are
crucial events in the development of CIPN [88]. In particular, a recent study reported that
in paclitaxel-induced mechanical allodynia the complement cascade is reduced in C3 KO
rats compared to WT animals, and that MAC is tightly involved in the damage of neuronal
cells, suggesting that complement may be a novel target for the treatment of CIPN [89].
However, since C3 deficiency almost completely abolishes the release of C5a and MAC,
which are crucial for the physiological protection against pathogens, and thus exposes the
patient to an increased risk of infections and related side effects, the role of C5a-mediated
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signalling in CIPN models should be further investigated with the aim to develop more
targeted treatment.

5. C5 Component Targeted Therapies

Several findings indicate that C5 exerts a potent nociceptive activity and contributes
to the genesis of both inflammatory and neuropathic pain [8,90,91]. Identifying modulators
able to inhibit the C5 cascade may, thus, pave the way toward the development of improved
treatments for neuropathic pain.

To date, advances have been made in the characterization of molecular mechanisms
underlying C5 signalling, and several C5 inhibitors and modulators have been devel-
oped [92]. Currently, the most encouraging therapeutic approaches include monoclonal
antibodies modulating C5 component pathways or peptidomimetics that mimic specific
portions of C5aR, as well as small molecules targeting specific C5aR binding sites, and
potent and selective C5aR inhibitors.

In the following sections, we describe C5- and C5aR-targeting drugs and discuss the
importance of the allosteric mechanism of action of novel C5aR antagonists as well as their
potential in the treatment of neuropathies such as those previously described.

6. Targeting C5

Most of the new molecules identified and developed against C5 are monoclonal
antibodies. Among these, eculizumab (Soliris®), a monoclonal antibody against C5, binds
to C5 and blocks its cleavage into C5a and C5b, ultimately preventing the formation of the
MAC matrix [93–95] (Table 1).

Table 1. List of compounds under development targeting the complement system.

Drug Indication Trial Phase/Study
Type Recruitment Status NCT Number

Eculizumab,
C5-targeting antibody

PNH Phase 2/3

Only recruiting
Trials are listed

NCT04079257
aHUS-associated multiple organ

dysfunction syndrome in
hematopoietic stem cell

transplant recipients

Phase 2 NCT03518203

Refractory GMG Phase 3 NCT03759366
COVID-19 Phase 2 NCT04346797

CHAPLE disease Prospective Cohort NCT03950804
PNH Phase 3 NCT04432584
PNH Phase 3 NCT03818607
PNH Phase 3 NCT04434092

End Stage Liver Disease Phase 1 NCT03468140
PNH Observational Study NCT01374360
aHUS Observational Study NCT01522183

Neuromyelitis optica spectrum
disorder Phase 2/3 NCT04155424

ABP959, C5-targeting
antibody (eculizumab

biosimilar)
PNH Phase 3 Recruiting NCT03818607

SB12 C5-targeting
antibody (eculizumab

biosimilar)
PNH Phase 3 Active, not

recruiting NCT04058158

BCD-148, C5-targeting
antibody (eculizumab

biosimilar)

PNH Phase 3 Active, not
recruiting NCT04060264

Healthy subjects Phase 1 Completed NCT04027803
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Table 1. Cont.

Drug Indication Trial Phase/Study
Type Recruitment Status NCT Number

Nomacopan,
C5-targeting protein

PNH, aHUS Phase 3 Recruiting NCT03829449
BP Phase 2 Completed NCT04035733

PNH Phase 3 Completed NCT03588026

PNH Phase 2 Enrolling by
invitation NCT03427060

PNH Phase 2 Completed NCT02591862

AKC Phase 1/2 Active, not
recruiting NCT04037891

Ravulizumab,
C5-targeting antibody

COVID-19, thrombotic
microangiopathies acute kidney

injury
Phase 3

Only recruiting
Trials are listed

NCT04570397

Neuromyelitis optica
Neuromyelitis optica spectrum

disorder
Phase 3 NCT04201262

TMA Phase 3 NCT04557735
ALS Phase 3 NCT04248465

COVID-19 severe pneumonia,
acute lung injury, acute

respiratory distress syndrome
pneumonia, Viral

Phase 3 NCT04369469

TMA Phase 3 NCT04543591
PNH Phase 3 NCT03406507

COVID-19 Phase 4 NCT04390464
Atypical hemolytic-uremic

syndrome Observational Study NCT01522183

PNH Observational Study NCT01374360
PNH Phase 3 NCT04432584

Pozelimab,
C5-targeting antibody

Healthy volunteer Phase 1 Active, not
recruiting NCT04491838

Healthy subjects (in combination
with cemdisiran) Phase 1 Recruiting NCT04601844

CHAPLE Phase 2/3 Recruiting NCT04209634

Crovalimab,
C5-targeting antibody

PNH Phase 3 Not yet recruiting NCT04654468
PNH Phase 3 Recruiting NCT04432584
PNH Phase 3 Recruiting NCT04434092

PNH Phase 1/2 Active, not
recruiting NCT03157635

Cemdisiran, C5
targeting RNAi

therapeutic

IgAN, Berger disease,
glomerulonephritis Phase 2 Recruiting NCT03841448

Healthy Phase 1 Recruiting NCT04601844
aHUS Phase 2 Withdrawn NCT03303313
PNH Phase 1 Completed NCT02352493
TMA Phase2 Not yet recruiting NCT03999840

IFX-1, C5a targeting
antibody

Pyoderma gangrenosum Phase 2 Recruiting NCT03971643
Severe COVID-19 pneumonia Phase 2/3 Recruiting NCT04333420

GPA, MPA Phase 2 Active, not
recruiting NCT03712345

GPA, MPA Phase 2 Active, not
recruiting NCT03895801

HS Phase 2 Completed NCT03487276
HS Phase 2 Completed NCT03001622

Systemic inflammatory response
syndrome, C.surgical procedure,

cardiac
Phase 2 Completed NCT02866825

Severe sepsis, septic shock Phase 2 Completed NCT02246595
Drug Safety Phase 1 Completed NCT01319903
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Table 1. Cont.

Drug Indication Trial Phase/Study
Type Recruitment Status NCT Number

BDB-001, C5a targeting
antibody

COVID-19 pneumonia Phase 2/3 Recruiting NCT04449588
Solid tumor Phase 1 Recruiting NCT04196530
Solid tumor Phase 1 Recruiting NCT03486301

Solid tumor, pancreatic cancer,
virus associated tumors,

non-small cell lung cancer,
melanoma, bladdder cancer,
triple negative breast cancer

Phase 2 Not yet recruiting NCT03915678

ALXN1007, C5a
targeting antibody

Antiphospholipid (aPL)-positive Phase 2 Terminated NCT02128269
Acute (GVHD), GIGVHD Phase 2 Terminated NCT02245412

Healthy Phase 1 Completed NCT01883544
Healthy Phase 1 Completed NCT01454986

Zilucoplan,
C5-targeting peptide

GMG Phase 3 Recruiting NCT04115293

ALS Phase 2/3 Enrolling by
invitation NCT04436497

ALS Phase 2/3 Recruiting NCT04297683
GMG Phase 3 Recruiting NCT04225871

COVID-19 Phase 2 Active, not
recruiting NCT04382755

COVID-19 Phase 3 Recruiting NCT04590586
IMNM Phase 2 Recruiting NCT04025632

PNH Phase 2 Active, not
recruiting NCT03225287

PNH Phase 2 Completed NCT03030183
PNH Phase 2 Completed NCT03078582
GMG Phase 2 Completed NCT03315130

Tesidolumab,
C5-targeting protein

Wet AMD, Exudative MD Phase 2 Completed NCT01535950

PNH Phase 2 Active, not
recruiting NCT02534909

Transplant associate
microangiopathy Phase 2 Terminated NCT02763644

Kidney transplantation Phase 1 Completed NCT02878616
Geographic atrophy, AMD Phase 2 Completed NCT01527500

Advanced AMD Phase 1 Completed NCT01255462
Geographic atrophy Phase 1 Completed NCT02515942
Neovascular AMD Phase 2 Terminated NCT01624636

Non-infectious intermediate
uveitis, non-infectious posterior

uveitis, non-infectious
panuveitis

Phase 2 Completed NCT01526889

Avacopan,
C5aR1-targeting small

molecule

ANCA-associated vasculitis Phase 3 Completed NCT02994927
ANCA-associated vasculitis Phase 2 Completed NCT02222155

Vasculitis Phase 2 Completed NCT01363388
aHUS Phase 2 Terminated NCT02464891
IgAN Phase 2 Completed NCT02384317

Hidradenitis, suppurativa acne
inversa Phase 2 Active, not

recruiting NCT03852472

C3 Glomerulopathy Phase 3 Recruiting NCT03301467

Avacincaptad,
C5-targeting

oligonucleotide

Geographic atrophy secondary
to AMD Phase 2/3 Completed NCT02686658

IPCV Phase 2 Completed NCT02397954
AMD Phase 2 Completed NCT03362190
IPCV Phase 2 Withdrawn NCT03374670

Stargardt disease 1 Phase 2 Recruiting NCT03364153
Geographic atrophysecondary to

MD Phase 3 Recruiting NCT04435366
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Table 1. Cont.

Drug Indication Trial Phase/Study
Type Recruitment Status NCT Number

Avdoralimab,
C5aR1-targeting

antibody

BP Phase 2 Recruiting NCT04563923
COVID-19, infection advanced

and metastatic hematological or
solid tumor

Phase 2 Recruiting NCT04333914

COVID-19 Phase 2 Active, not
recruiting NCT04371367

Advanced solid tumors Phase 1 Recruiting NCT03665129

Abbreviations: NCT, national clinical trial; aHUS, atypical hemolytic uremic syndrome; AKC, atopic keratoconjunctivitis; ALS, amyotrophic
lateral sclerosis; AMD, age-related macular degeneration; ANCA, anti-neutrophil cytoplasmic autoantibody; BP, Bullous pemphigoid;
CHAPLE, complement hyperactivation, angiopathic thrombosis, protein losing enteropathy; COVID-19, coronavirus disease 2019; GBS,
Guillain-Barré syndrome; GIGVHD, gastrointestinal graft versus host disease; GMG, generalized myasthenia gravis; GPA, granulomatosis
with polyangiitis IgAN, IgA nephropathy; GVHD, graft versus host disease; HS, hidradenitis suppurativa; IMNM, immune-mediated
necrotizing myopathy; IPCV, idiopathic polypoidal choroidal vasculopathy; MD, macular degeneration; MPA, microscopic polyangiitis;
PNH, paroxysmal nocturnal hemoglobinuria; TMA, complement-mediated thrombotic microangiopathy.

Eculizumab was the first drug approved by Food and Drug Administration (FDA) [96]
for the treatment of paroxysmal nocturnal haemoglobinuria (PNH) [97] and atypical
haemolytic uremic syndrome (aHUS) [98], and it is currently under clinical evaluation for
its application in several other diseases and conditions, such as GBS [99], neuromyelitis op-
tica [100], kidney and liver transplant rejection [101], systemic lupus erythematosus [102],
chemotherapy-induced thrombotic microangiopathy (TMA) [103], and generalized myas-
thenia gravis [104]. Biosimilars of eculizumab, such as ABP 959 (NCT03818607), BCD-148
(NCT04060264) and SB12 (NCT04058158), are in phase 3 of evaluation for treatment of
patients with PNH.

Since treatment with eculizumab was shown to be not completely effective in PNH,
new optimized antibodies, follow up compounds of eculizumab, have been developed
in recent years [105]. Among these, crovalimab, a novel anti-C5 sequential monoclonal
antibody recycling technology, is currently under investigation for PNH (NCT03157635)
as promising results were obtained after its administration once every 4 weeks in patients
with PNH [106]. Nomacopan, formerly known as rVA576 (Coversin), a second-generation
C5 complement inhibitor, is a bi-functional recombinant small protein which is currently
in phase 3 of clinical development for PNH (NCT03588026). Like eculizumab, nomaco-
pan prevents cleavage and activation of C5 but it binds C5 at a different site, and this
makes it a potentially useful agent to treat PNH patients who are resistant to eculizumab
therapy because of C5 genetic variants [107]. Ravulizumab (Ultomiris®), also known as
ALXN1210, is a humanized monoclonal antibody designed to bind to and prevent the
activation of C5. The molecule is a long-acting C5 inhibitor, which was engineered from
eculizumab with increased elimination and half-life, thus allowing an extended dosing in-
terval from two to eight weeks [108]. It is indicated for the treatment of patients with PNH
(NCT03406507), aHUS (NCT01522183) and for the inhibition of complement-mediated
TMA [108]. Ravulizumab is under current development for amyotrophic lateral sclerosis
(ALS) (NCT04248465), neuromyelitis optica spectrum disorder (NMOSD) (NCT04201262)
and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection (COVID-19)
(NCT04570397). Zilucoplan is a small (3.5 kDa), 15–amino acid macrocyclic peptide that
binds to C5 with high affinity and specificity [109], and it is currently under clinical develop-
ment for the generalized myasthenia gravis (NCT04115293) and COVID-19 (NCT04590586).
Pozelimab is a fully human anti-complement C5, designed for the potential treatment of
PNH and CD-55 deficient protein-losing enteropathy (CHAPLE disease) (NCT04209634).
The molecule showed to be more potent in decreasing C5 levels and hemolysis in humans
and animal models compared to eculizumab and ravulizumab [110], pushing its further
investigation for the treatment of PNH and other complement-mediated diseases. Finally,
a PEGylated anti-C5 aptamer, avacincaptad pegol sodium (Zimura®), is also under active
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development in a phase 2/3 trial in patients with geographic atrophy secondary to dry
age-related macular degeneration (AMD) [111].

7. Targeting C5aR

One of the most studied C5aR antagonists, avacopan (Vynpenta®), previously called
CCX-168, is an orally available selective small molecule optimized for the treatment of
orphan and rare renal conditions, primarily anti-neutrophil cytoplasmic auto-antibody
(ANCA)-associated vasculitis [112]. Based on promising results from the phase 3 ADVO-
CATE trial, FDA approval was requested in July 2020.

Avdoralimab, also known as IPH5401, is a human monoclonal antibody that targets
C5aR expressed on neutrophils and myeloid-derived suppressor cells (MDSCs), reducing
the release of pro-inflammatory factors and the proliferation of cancer cells [113–115]. Block-
ing C5a/C5aR1 axis is now being investigated in clinical trials for the treatment of non-small
cell lung cancer (NCT03665129), advanced/metastatic cancer and SARS-CoV-2 infection
(NCT04333914), and bullous pemphigoid (NCT04563923). As previously mentioned, no
C5aR inhibitors are currently under development for the treatment of neuropathies.

8. Allosteric C5a Receptor Inhibitors

Over the last few decades, a plethora of molecules targeting C5, C5a, and/or C5a
receptors have been described [95,116]. However, despite the number of preclinical and
clinical studies reported, few C5 and C5a receptor inhibitors have been tested in clinical
trials and approved for clinical use, mainly as a result of unclear disease mechanisms and
unwanted side effects [117].

The dysregulation of complement components contributes to the pathogenesis of
various diseases, including neuropathy [21]. Although targeting C5 cleavage was shown to
be the most successful strategy in complement-targeted therapies [92,95], developing more
selective approaches targeting only one of the two products deriving from C5 cleavage
and exploiting alternative mechanisms could be preferable. Considering the crucial role
that complement system plays in the innate defense against common pathogens and in
immune signalling, caution should be taken when using complement-targeted therapeutics,
especially in the treatment of chronic diseases [118]. As observed in patients treated with
anti-complement therapy, prolonged complement suppression through the chronic use of
immunomodulators can increase susceptibility of patients to certain pyogenic infection
or result in adverse events [119]. Eculizumab, for example, impairs host defense against
meningococcal infection and increases susceptibility to various infectious pathogens, mak-
ing vaccination necessary two weeks before the first administration of the compound to
avoid this risk [120,121]. Thus, a good and clear safety profile must be a priority in the
development of new candidate drugs.

To date, many strategies have been proposed to design more promising complement-
specific drugs with the aim of improving the treatment of complement component-mediated
disorders. Several studies have suggested a two-site binding mechanism for C5a, with
C-terminal segment responsible for activating C5aR2, leading to the development of C5aR
antagonists such as peptidomimetics mimicking the structure of C-terminal segment of
C5a [122]. The cyclic hexapeptide PMX-53 was developed as a competitive antagonist of
C5aR1, with activity at nanomolar concentrations [123]. The molecule blocks C5aR1 at an
earlier stage of the immune and inflammatory process compared to the targets of currently
available anti-inflammatory drugs and was found efficacious when given by intravenous,
intraperitoneal, and subcutaneous injection, as well as by transdermal administration in
several rat models of inflammatory diseases [123]. In humans, PMX-53 resulted safe and
well tolerated both as an oral formulation for the treatment of inflammatory disorders
and as a topical formulation for the treatment of rheumatoid arthritis and psoriasis [124].
Discouragingly, the molecule displayed several drawbacks, mainly due to its peptide
nature and low bioavailability, which significantly limit its use. PMX-205, a lipophilic
analogue of PMX-53, was found to have greater in vivo efficacy and stability than its parent
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molecule [123], and has thus been suggested as an ideal drug candidate for several human
diseases, including neurological disorders. Many other small molecules with improved
drug-like properties exerting reversible and competitive action on C5aR were subsequently
developed [122,125]. However, their limited translation to humans is probably due to an in-
sufficient understanding of disease mechanisms and the main parameters influencing their
efficacy, such as lifetime of the receptor-ligand complex, which determines the duration of
the inhibitory action on C5aR functions [125,126].

An alternative strategy to design more specific C5aR inhibitors could be to develop
allosteric modulators of C5aR that, due to their structurally-driven design, generally
show improved drug-likeness properties and consequently improved safety characteris-
tics [94,127]. In this context, promising results have been achieved with the non-competitive
allosteric inhibitor DF2593A in a SNI animal model of chronic neuropathic pain [40], in the
pathogenesis of which C5a/C5aR axis is known to play a role. The molecule was originally
identified from a drug discovery approach based on a bio- and chemo-informatic platform
targeting GPCRs, including C5aR, aimed at selecting and characterizing new chemical
classes of allosteric modulator. Due to the unavailability of the crystal structure of C5aR
protein, the design of this novel class of allosteric small-molecular-weight C5aR inhibitors
was conducted using a homology modelling approach by exploiting combined information
on structural and functional features of allosteric sites in homologous chemokine recep-
tors [40]. Starting from the results on DF2593A, additional medicinal chemistry, in vitro,
and in vivo pharmacological studies led to the identification and characterization of novel
chemical classes of C5aR allosteric inhibitors, thus allowing the selection of a second gen-
eration and new lead compound, DF3966A, with optimized pharmacokinetic and safety
profiles but with the same activity and selectivity previously observed [128].

With these data, a new paradigm is emerging for the development of complement-
targeted drugs in which the use of allosteric C5aR inhibitors could represent a new strategy
to treat and mitigate pain in different neuropathies induced by a dysregulation of comple-
ment component response.

9. Conclusions

Neuropathy-related pain is a challenging condition to treat and current therapeutic
strategies fail to achieve adequate pain relief primarily because the main causes of pain
are complex, knowledge of the underlying mechanisms is poor, and the selection of
treatment options is often incorrect [29]. Even if patients can find some relief when the
underlying cause is addressed, they require careful monitoring and follow-up. Developing
drugs to treat any type of nerve pain or to prevent it from getting worse relies on a clear
understanding of the mechanisms involved.

The field of complement-targeted therapeutics is developing rapidly and holds promise
for the treatment of several neuropathies in the pathogenesis of which the complement is
an important factor. Studies investigating a variety of novel drugs—either approved or in
late-stage of clinical development—have confirmed that anti-complement approaches can
provide new insights into disease mechanisms and enhanced therapies in a growing num-
ber of diseases [117,129]. However, several challenges remain to be addressed. For example,
the different role of C5aR1 and C5aR2 inhibition in these diseases is poorly understood, and
inhibition of C5 activation for prolonged time periods results in increased susceptibility to
infectious diseases and other undesired effects. By gaining a greater understanding of the
specific mechanisms underlying drug action and optimizing functional selectivity, the use
of allosteric inhibitors could speed up the development of anti-complement therapeutic
strategies and potentially yield new complement-targeted therapies to treat neuropathic
diseases for which no cure is yet available.
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