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Abstract
The complement system, a cornerstone of the innate im-
mune defense, typically confers protection against patho-
gens. However, in various clinical scenarios the comple-
ment’s defensive actions can harm host cells, exacerbating
immune and inflammatory responses. The central compo-
nents C3 and C5 undergo proteolytic cleavage during
complement activation, yielding small active fragments C3a
and C5a anaphylatoxins. Traditionally, these fragments were
associated with inflammation via the specific receptors C3a
receptor (R), C5aR1 and C5aR2. Recent insights, however,
spotlight the excessive C3a/C3aR and C5a/C5aR1 signaling
as culprits in diverse disorders of inflammatory and auto-
immune etiology. This is particularly true for several kidney
diseases, where the potential involvement of anaphylatoxins
in renal damage is supported by the enhanced renal ex-
pression of their receptors and the high levels of C3a and
C5a in both plasma and urine. Furthermore, the production
of complement proteins in the kidney, with different renal
cells synthesizing C3 and C5, significantly contributes to
local tissue injury. In the present review, we discuss the
different aspects of C3a/C3aR and C5a/C5aR signaling in

acute and chronic kidney diseases and explore the thera-
peutic potential of emerging targeted drugs for future
clinical applications. © 2024 S. Karger AG, Basel

The Complement Cascade

The complement cascade follows three canonical
routes: the classical, lectin, and alternative pathways whose
activation occurs through stepwise proteolytic events in a
cascade-like progression (Fig. 1) [1, 2]. This process is
tightly controlled by a large panel of fluid-phase and cell-
membrane regulators to avoid injury of autologous tissues.
However, in several pathological conditions, complement
system is overactivated driving severe inflammation and
tissue injury [1, 2]. The classical activation pathway re-
sponds to antigen-antibody recognition via the C1 com-
plex, whereas the lectin pathway is initiated by mannose-
binding lectin identifying carbohydrate structures on in-
fectious organisms. The alternative pathway is constitu-
tively weakly activated in the host, through spontaneous
hydrolysis known as tick-over. This process enables
complement system to stay primed for a fast and robust
activation [1, 2]. Despite distinct initiation mechanisms,
these pathways converge in the cleavage of the C3 by the
classical/lectin and the alternative C3 convertases, yielding
active proteolytic fragments and finally the membrane
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attack complex (MAC) (Fig. 1). The generated effector
products elicit different biological effects, including
pathogen opsonization, lysis, and inflammatory cell re-
cruitment (Fig. 1). Beside the conventional pathways of
activation, non-complement proteases can locally activate
C3 and C5 during inflammation [3].

The C3a/C3aR and C5a/C5aR Intracellular Signaling

The bioactive products C3a and C5a, small peptides
(77-aa for C3a and 74-aa for C5a) also named anaphy-
latoxins, are generated by the C3 and C5 cleavage through

the canonical pathways [1, 3] (Fig. 1) or intracellular
systems [4]. While physiological conditions maintain
moderately elevated plasma C3a levels (>100 nM) due to
the tick-over C3 degradation, C5a remains nearly un-
detectable. During inflammation, both anaphylatoxins
rise markedly contributing to the intricate cascade of
immune responses. The activity of C3a and C5a is reg-
ulated by plasma carboxypeptidases that can rapidly
metabolize them by removing C-terminal arginine to less-
potent forms, C3a desArg and C5a desArg, with limited
ability to bind to their specific receptor C3aR and C5aR1
expressed on cell membranes [3]. The engagement of
these transmembrane G-protein-coupled receptors

Fig. 1. C3a/C3a receptor and C5a/C5a receptor axis, novel
targets for inhibition of the complement cascade. Complement
activation via the classical, lectin, and alternative pathway
converges to form complement C3 convertases which cleave C3
molecule to generate C3a and C3b in a step that initiates
amplification of the signal cascade. C3b also promotes elimi-
nation of foreign invaders through opsonization that facilitates
contact and recognition by phagocytes. The activation of the
terminal complement pathway occurs when the alternative and
classical C5 convertases cleave C5 in C5a and C5b. C5b binds to
C6, C7, C8, and multiple C9 molecules forming the trans-
membrane pore C5b-9 also known as membrane attack com-

plex (MAC), which triggers lysis of the microbes or injured cells.
The anaphylatoxins C3a and C5a bind to their specific
G-protein-couple receptors C3aR and C5aR1, respectively,
which activate inflammation, chemotaxis of neutrophils and
macrophages, and immune response. Several compounds are
available for the inhibition of anaphylatoxin effects and their
receptors. The figure shows those ones available for experi-
mental studies and development (in gray) or employed in
ongoing or terminated clinical trials (in red). MBL, mannose-
binding lectin; MASP, MBL-associated serine proteases; FB and
FD, Factor B and Factor D; C3aR and C5aR, C3a receptor and
C5a receptor; C, complement.
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promotes GTP/GDP exchange from the G-protein α
subunit, leading to βγ subunit dissociation [3]. Intra-
cellular signaling cascades, propelled by free α and βγ
subunits, involve the phosphorylation of MAPKs, which
activates NF-κB and cAMP response element-binding
protein [3]. Interestingly, C3aR and C5aR1 are also ex-
pressed in different subcellular compartments as mito-
chondria, lysosomes, and endoplasmic reticulum [4].
These receptors, engaged by intracellularly generated C3a
and C5a, are crucial for the regulation of basic cell
physiological processes, including cell metabolism,
autophagy, and gene expression [4], while they may
contribute to cell dysfunction under oxidative stress
conditions [5]. Importantly, a crosstalk of C3aR and
C5aR1 with other receptors like FcR, toll-like receptors
(TLRs), and CCR5 has been also described contributing
to inflammation and tissue injury [3, 6].

A second receptor, C5aR2 (also named C5L2), has
been identified as a G-protein uncoupled receptor for C5a
and C5a desArg [7]. Initially thought to be a decoy re-
ceptor, more recent studies indicate that C5aR2 can
physically interact with C5aR1 and β-arrestin, negatively
regulating their signaling with consequent anti-
inflammatory effects [7]. Conversely, other groups sug-
gest a pro-inflammatory role of C5aR2 in the release of
cytokines, such as IL6 and TNFα, in sepsis models [7]. To
date, the biological and pathophysiological functions of
C5aR2 are still a topic of debate.

The Role of Anaphylatoxins C3a and C5a in
Regulating Innate and Adaptive Immune Responses

C3a and C5a, and their desarginated derivatives, are
pivotal signaling effectors, influencing a wide range of
biological activities from chemotaxis to immune cell
activation, thus playing crucial roles in both innate and
adaptive immunity and inflammation [3, 6, 8].

However, a number of studies reveal a more complex
scenario for C3a/C3aR signaling, which shows dual ac-
tivities in controlling inflammatory processes, depending
on cell types and diseases (Fig. 2) [9]. In this context,
evidence is available that C3a exerts anti-inflammatory
activity by inhibiting the release of cytokines as TNFα,
IL1β, and IL6 by LPS-primed non-adherent peripheral
blood mononuclear cells [9, 10]. Moreover, during in-
fection C3a promotes pathogen elimination through the
induction local macrophage and neutrophil phagocytosis
[6, 8, 11], or bacterial lysis as consequence of its direct
binding to the pathogen membrane [12]. Understanding
the impact of C3a/C3aR activity on neutrophil inflam-

matory response is complex due to contradictory reports.
Following acute damage, C3a mitigates the progression of
the inflammation by preventing neutrophil mobilization
and tissue infiltration in intestinal ischemia/reperfusion
injury [13], whereas it exerts detrimental effects during
acute kidney injury [14]. In other granulocytes as mast
cells, C3a exerts pro-inflammatory activity by promoting
cell migration, cytokine production through PI3K/Akt
signaling pathways and histamine release [15], as well as
it stimulates eosinophil degranulation, via calcium mo-
bilization, and oxidative stress [16]. When monocyte/
macrophage responses become predominant compared
to neutrophils, C3a may indeed operate as a classical pro-
inflammatory mediator [3, 9]. C3aR engagement in-
creases IL6 and TNFα release by monocytes and pro-
motes IL1β secretion, through the NLRP3 in-
flammasome, by regulating ATP efflux [9, 10, 17]. C3a
and C3a desArg increase cytokine production by ad-
herent peripheral blood mononuclear cell activated by
LPS, while they suppress that of non-adherent cells [9, 10]
(Fig. 2). Interestingly, C3a inhibits differentiation/
polarization and migration of M2 macrophages by re-
pressing the PPARγ-dependent transcriptional activation
of M2-specific genes [18].

The anaphylatoxin C5a emerges as one of the most
potent pro-inflammatory peptides exhibiting chemotactic
activity toward neutrophils, phagocytes, and mast cells at
the site of inflammation [3]. In response to C5a stimu-
lation, mast cells release histamine, cytokines, and che-
mokines fostering vasodilation and fluid extravasation
[3]. In neutrophils, C5a influences intracellular calcium
homeostasis through its mobilization from intracellular
stores [3], engendering a more prolonged effect compared
to C3a, which instead triggers calcium influx without
leading cell degranulation [9]. Additionally, in monocytes
and macrophages, C5a boosts TNFα and IL-1β pro-
duction [8]. Beside the direct effect of these anaphyla-
toxins on immune cells, exuberant C3a and C5a acti-
vation also fosters acute inflammation by affecting en-
dothelial cell behavior, leading to changes in vascular
flow, histamine-induced vascular permeability, leukocyte
extravasation, and chemotaxis [19, 20].

In the context of innate immunity, C3a and C5a have
also regulatory function on antigen presenting cells
(APCs) with consequences for the modulation of the
adaptive arms of the immune system [1, 6, 8] (Fig. 2).
Indeed, C3a and C5a bind to antigen presenting cells,
inducing cytokine release and elevating costimulatory
molecules, thus intensifying the adaptive immune re-
sponse and regulating T-cell proliferation and activation
[1, 6, 8]. Furthermore, T cells express C3aR and C5aR1
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enabling local C3a and C5a signaling to directly affect
T-cell function increasing their proliferation and re-
ducing apoptosis, through the PI3K/Akt signaling
pathway [6, 8, 21]. These anaphylatoxins can also in-
fluence the balance between different populations of
T cells, such as T helper cells and cytotoxic T cells [22],
thus shaping the immune response. In addition, C3aR/
C5aR1 signal transduction reduces Treg functions, thus
sustaining the immunoresponse [23]. While these
mechanisms are required for proper T-cell response,
excessive generation of C3a and C5a can induce aberrant
T-cell activity. As an example, sustained C3a-rich envi-
ronment has been shown to promote excessive T-cell
activation and altered phenotypes which can contribute
to infection-associated organ damage, as recently ob-
served during the response to SARS-CoV-2 viral
infection [24].

Altogether, these findings uncovered an intricated role
of C3a/C3aR and C5a/C5aR1 in the balancing of the
proper regulation of innate and adaptive immunity. As a
result, unrestrained C3a and C5a activation contributes to
the exuberant immune and inflammatory responses in
several communicable and noncommunicable diseases
[6, 25, 26].

C3a/C3aR and C5a/C5aR1 Activity in Renal Cells

In the kidney, constitutive expression of C3aR and
C5aR1 has been described in glomerular cells and, even
more, in the tubular epithelium in both humans and
rodents [25, 27–30]. However, during the progression of
immune and nonimmune-mediated forms of kidney
diseases, aberrant C3a/C3aR and C5a/C5aR1 signaling
occurs in the renal tissues, in association with high
anaphylatoxin levels in the serum and urine. Particularly,
the renal expression of C3aR and C5aR1 increases in
acute and chronic kidney diseases including focal seg-
mental glomerulosclerosis (FSGS), membranous ne-
phropathy (MN), lupus nephritis (LN), IgA nephropathy,

diabetic nephropathy (DN) at the early time of glo-
merular injury, and unilateral ureteral obstruction [25,
29–36]. In glomeruli, C3a directly induces podocyte
damage by impairing mitochondrial function, antioxi-
dant defense, and increasing cell motility [37]. Podocytes
are able to synthesize several complement components,
including C3 and complement regulatory factors, some of
which increase in response to injury and contribute to
potentiate tissue damage [31]. Parietal epithelial cells
(PECs) are also susceptible to the detrimental effects of
C3a exhibiting abnormal proliferation and capacity to
migrate from the Bowman’s capsule toward the vascular
tuft, leading to glomerular hyperplastic-like lesions, and
sclerosis [38]. In glomerular endothelial cells (GECs),
C3aR and C5aR1 are constitutively expressed at very low
level, while they are greatly upregulated in experimental
and clinical DN as well as in LN [29, 34, 37]. In vitro, high
levels of C3aR and C5aR1, associated with upregulation
of adhesion molecules P-selectin, ICAM1 and VCAM1,
are observed in endothelial cells in response to C3a and
C5a [20, 39]. Interestingly, high glucose concentration
increases significantly C3aR and C5aR1 expression in
GEC that undergo endothelial-myofibroblast transition
and fibrosis, through TGFβ and Wnt/β-catenin pathways
when challenged with C3a or C5a [29].

Among renal cells, proximal epithelial tubular cells are
the cell population which physiologically exhibits highest
C3aR level in the brush border and basolateral membrane
[27]. In pathological conditions, C3 is activated and C3a
is formed within the tubules by the intrinsic convertase
activity of the proximal tubular cells and by ammonia
[40]. Similarly to what occurs in the endothelial cells, C3a
and C5a directly increase pro-fibrotic αSMA and TGFβ
proteins, favoring tubular cellular dysfunction and fi-
brosis [41, 42]. Moreover, C3aR signaling activation
increases proteoglycan production by cultured tubular
cells, through Akt-mediated activation of the β-catenin/
TCF transcription factor complex, which in turn pro-
motes proliferation and collagen synthesis in renal
fibroblasts [43].

Fig. 2. Effects of C3a and C5a on inflammation and adaptive im-
munity. C3a exerts its anti-inflammatory action decreasing cytokine
production from LPS-primed non-adherent peripheral blood
mononuclear cells (PBMCs), promotes the elimination of germs,
limits neutrophil mobilization from bone marrow and infiltration,
thus preventing tissue injury. C3a induces inflammation by pro-
moting the release of cytokines by activated adherent PBMC and
suppressing differentiation and polarization of M1 into M2 mac-
rophages. C3a, together with C5a, promotes cytokine production by

monocyte/macrophages and stimulates the degranulation of eo-
sinophils and mast cells. C5a also influences intracellular calcium
homeostasis, cell degranulation and activation in neutrophils. In the
context of adaptive immunity, both anaphylatoxins directly, or
through antigen presenting cells (APC), affect T-cell (T helper, T
cytotoxic, and T reg) activation in terms of cell proliferation, cy-
tokine production and reduced apoptosis. PBMCs, peripheral blood
mononuclear cells; LPS, lipopolysaccharide; TNF, tumor necrosis
factor; IL, interleukin; M, macrophage.
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Preclinical and Clinical Evidence of the Role of C3a
and C5a in Renal Diseases

The kidney is particularly vulnerable to complement
overactivation, due to the low expression of complement
regulators and the local production of functionally active
complement components, both in the tubular and glo-
merular compartments, which directly contribute to renal
inflammation and fibrosis [44]. Complement has been
studied in kidney diseases for decades and a great deal of
data has been collected regarding the activation at C3 and
C5 level and deposition of C3b and C5b [45, 46]. More
recently, the pathogenic contributions of C3a and C5a in
the onset and progression of acute and chronic renal
damage, are emerging. C5a mediates the early phase of
acute inflammation, through rapid neutrophil recruitment
and activation, while C3a, together with C5a, coordinates
and amplifies the acute inflammatory and immune re-
sponse later on, when monocytes/macrophages are re-
cruited, leading to tissue injury [6, 25]. In this scenario,
both anaphylatoxins, through their integrating actions,
may also promote directly renal tissue injury by activating
intracellular signaling in the different renal cell pop-
ulations. These processes contribute to bridge from an
acute response toward a pro-fibrotic signaling cascade
leading to chronic renal damage, as detailed below.

Acute Kidney Injury
Growing evidence suggests that both anaphylatoxins C3a

andC5a are important effectors in the onset of acute tubular
injury [47]. In a model of renal ischemia-reperfusion injury
(IRI), the contribution C3a and C5a are sustained by the
increased expression of their receptors in tubular cells as-
sociated with inflammatory cell infiltration and the pro-
duction of TNFα, IL-1β, and IFNγ, as well as chemotactic
factors [14]. The role of C3a and C5a is also demonstrated
by the reduction of inflammatory mediators and tubu-
lointerstitial GR1+ neutrophil and F4/80+ macrophage in-
filtration in mice lacking C3aR or C5aR1 and, to a greater
extent, in C3aR/C5aR1 double knockout mice, leading to an
improvement in tubular cell damage [14]. Previous studies
in IRI models show that the silencing of C5aR1 gene
preserves renal function and reduces inflammation [48].

Although a pathogenic role of C5a has been demon-
strated in experimental IRI, in the clinical practice the
inhibition of C5 with eculizumab does not prevent de-
layed graft function induced by IRI in deceased donor
kidney transplants [49]. The reasons why eculizumab is
not effective in these patients may be attributed to the
upstream activity of the C3 convertase, which is not
inhibited by the treatment. This promotes the activation

of C3a/C3aR signals possibly effectors of oxidative stress,
cytokine production, and innate immune activation
leading to renal injury in delayed graft function [49].

Focal Segmental Glomerulosclerosis
FSGS is an important cause of end-stage renal disease

in children and adolescents and typically presents with
nephrotic range proteinuria. Complement activation
occurs in FSGS patients as documented by the increased
plasma and urine levels of C3a and C5a, associated with
C3b accumulation in areas of renal tissue injury, which
correlates with renal function decline [43, 50].

That C3a and C5a play a pathogenic role in this
disease, is highlighted by preclinical data showing that in
mice with adriamycin (ADR)-induced FSGS, a marked
activation of both the C3a/C3aR and C5a/C5aR1 sig-
naling is associated to podocyte injury and glomerulo-
sclerosis [51]. One of the mechanisms leading to C3a
formation on podocytes in ADR mice involves defective
regulation of the decay-accelerating factor, an important
regulator/inhibitor of C3 activation [52]. Treatment of
ADR mice lacking decay-accelerating factor in podocytes
with C3aR antagonist abrogates the disease, thus im-
plying a key role for locally produced C3a that, upon
binding to podocyte C3aR, induces glomerular injury in
this model [52]. The C3a/C3aR signaling is also critical
for the aberrant adaptive response of PEC to podocyte
damage occurring in the early phases of the glomer-
ulosclerotic process. In this regard, increased glomerular
C3a/C3aR expression is associated with the activation of
the GDNF/c-Ret axis and podocyte-dependent PEC
dysfunction and migration in mice with proteinuric
nephropathy [38]. Engagement of C3a/C3aR signaling is
also instrumental to the development of tubular inter-
stitial fibrosis, albuminuria, and renal dysfunction [41].

Membranous Nephropathy
Patients with autoimmune MN exhibited heightened

deposition of C3b and MAC, a phenomenon that cor-
relates with increased proteinuria [53], as well as C3aR
overexpression on the podocytes [32]. Seven fold higher
levels of C3a and C5a are detected in the serum of these
patients compared to those with FSGS or minimal change
disease [54], suggesting that complement activation is a
defining feature of MN that distinguishes it from other
forms of nephrotic syndrome.

Preclinical studies have shown that complement activa-
tion is a determinant factor for the development of glo-
merular damage in MN and that inhibition of C3 is more
effective in reducing podocyte damage than the blockade of
MAC formation, suggesting an important role of C3 in

6 Nephron
DOI: 10.1159/000538241

Buelli/Imberti/Morigi

D
ow

nloaded from
 http://karger.com

/nef/article-pdf/doi/10.1159/000538241/4217600/000538241.pdf by guest on 24 April 2024

https://doi.org/10.1159/000538241


sustaining immunological glomerular injury [55]. Further-
more, a causal role of C3a/C3aR signaling in inducing
glomerular injury has been demonstrated by the finding that
increased C3a in the plasma of MN patients leads to loss of
synaptopodin and NEHP2, as well as to cytoskeletal alter-
ations in cultured podocytes [32]. Consistently, gene si-
lencing of C3aR and C5aR1 protects podocytes against
sublytic complement-mediated injury in vitro [56]. The
recent evidence that administration of two C3aR antagonists,
SB290157 or JR14a, attenuates proteinuria, foot process
effacement, and electron-dense deposits at a similar extent in
rats with Heymann nephritis [32], highlights the clinical
potential of treatments targeting C3aR in primary MN.

Lupus Nephritis
Numerous studies have highlighted the detrimental

impact of complement activation on LN. Deficiencies in
complement components (C1, C2, C4) increase the risk of
developing systemic lupus erythematosus (SLE) due to
the essential role of an intact complement system in
clearing apoptotic cell bodies and immune complexes,
crucial for preventing autoimmunity [57]. High levels of
glomerular C3aR expression have been detected in kidney
specimens from LN patients and these correlate with
disease severity and activity [34]. Plasma and urinary C3a
levels are increased in patients with active LN compared
to patients in remission [58]. As for C5a, enhanced C5aR1
mRNA expression has been assessed in glomeruli,
whereas only a slight increase in circulating and urinary
C5a occurs in active LN [30, 59].

In experimental LN spontaneously developed by MRL/
Ipr mice, the upregulation of C3aR expression in both
glomerular and tubular cells has been observed [35]. In these
mice, C3aR blockade by SB290157 decreases the renal ex-
pression of IL-1β and RANTES, limiting renal damage and
improving survival [35]. Conversely, MRL/Ipr mice
knockout for C3aR shows an accelerated onset of renal
damage, though not associated to increased severity in the
long-term, suggesting a protective role of C3a in early phase
of the disease [60]. In these C3aR knockout animals, a wide
range of chemokines and chemokine receptors increases in
association with a more rapid rise in serum creatinine in the
early but not late stage of the disease compared to control
MRL/Ipr mice [60]. These data that C3aR deficiency ac-
celerates the onset of chronic inflammation and tubu-
lointerstitial fibrosis highlight the complexity of the role of
C3a/C3aR axis in promoting renal damage in LN. As for
C5aR1, its renal expression increases in MRL/Ipr mice,
before and upon developing kidney disease, and its blockade
reduces albuminuria, preserves renal function, limits renal
inflammatory cell infiltration, and delays mortality [61].

Diabetic Nephropathy
Clinical studies have shown that the complement

system is activated systemically and locally during pro-
gressive DN [62]. In DN patients, plasma levels of C1q,
mannose-binding lectin, Bb, C3a, C5a, as well as their
urinary levels except for C1q, are higher compared with
diabetic patients without renal involvement [62]. In the
kidney, glomerular C3a is associated with increased C3aR
expression in advanced phase of DN and correlates with
glomerular lesions and renal disease progression [29, 62].
In experimental model of DN, a harmful activity of C3a is
demonstrated by data that C3aR blockade (SB290157)
significantly reduces proteinuria and limits glomerular
podocyte injury, through the maintenance of mito-
chondrial function [37]. Similarly, C3aR deficiency in
mice with a high fat diet and streptozotocin-induced DN
alleviates the disease by suppressing macrophages and
T-cell inflammatory response [63]. Further, C3aR and
C5aR antagonists significantly reduce glomerular
endothelial-myofibroblast transition by limiting the
expression of α-SMA, TGFβ, and fibronectin through
Wnt/β-catenin signaling in DN rats [29]. Other com-
pounds targeting C5a/C5aR1, the mixed RNA/DNA
aptamer NOX-D21 and the specific C5aR1a PMX53,
significantly improve renal function and limit glomer-
ulosclerosis and tubulointerstitial damage reducing lipid
accumulation [64], and mitochondrial reactive oxygen
species [65].

Kidney Infection
Distinct and opposing activities of C3a and C5a have

been described during infection. At variance with the
well-documented inflammatory role of the C5a/C5aR1
axis, a protective effect of C3a, in virtue of its antimi-
crobial activity, has been reported in experimental models
of infection-induced renal injury. In acute pyelonephritis
induced by inoculation of Escherichia coli, C3aR is re-
quired for protection against renal injury [11]. The
finding that C3aR deficient mice develop a more severe
disease supports the evidence that the C3a/C3aR axis
confers protection during kidney infection through
suppression of local inflammatory response and en-
hancement of bacterial phagocytosis [11]. The protec-
tive role of C3a is also demonstrated in experimental
chronic pyelonephritis [66]. Here, the lack of C3aR
(global or myeloid cell specific) induces more pro-
nounced renal lesions, tissue inflammation, and ex-
tracellular matrix deposition, whereas treatment with
C3aR agonist reduces disease severity [66]. Conversely,
C5aR1 favors the pathogenesis of chronic kidney in-
fection by Escherichia coli by increasing bacterial
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colonization of tubular epithelium, local inflammatory
responses, and fibrosis as well as impairment of mac-
rophage phagocytic function [67].

C3a- and C5a-Targeted Therapeutics in Renal
Diseases: Clinical Perspectives

The preclinical studies described above have un-
derscored the therapeutic potential of inhibiting C3a and
C5a signaling in acute and chronic kidney diseases;
however, their clinical translation remains largely un-
explored. Numerous strategic approaches have emerged
to counteract the effects of C3a and C5a, as summarized
in Figure 1.While impeding complement activation at the
C3 and C5 levels avoids the generation of C3a and C5a,
the prolonged clinical use of these inhibitors could
heighten the risk of recurrent, life-threatening infections
[2]. Specifically, blocking the classical and alternative
pathways at C3 or the terminal pathway can affect op-
sonization capacity and the clearance of immune com-
plexes and apoptotic cells, as well as the activation of the
immune response [2]. However, it is more advantageous
to target C3a and C5a signaling with specific antibodies or
through the neutralization of the activity/engagement of
the respective receptors with selective antagonists and/or
small peptides as well as the silencing of the receptor
expression.

Several C5a-targeted therapeutics have been pro-
posed for different disorders as delineated in the Table 1
[68]. Completed phase II trials with the anti-C5a anti-
body IFX-1 have provided promising results in patients
with granulomatosis with polyangiitis, in severe CO-
VID-19 pneumonia, in hidradenitis suppurativa and
pyoderma gangrenosum. Another anti-C5a antibody,
ALXN1007, entered in phase II clinical trials for the
treatment of graft-versus-host disease and anti-
phospholipid syndrome. Aptamer technology has been
applied to obtain C5a inhibitors, including NOX-D19
and NOX-D21, which exhibited efficacy exclusively in
models of sepsis and transplant rejection [69, 70]. De-
spite their high selective characteristics and low im-
munogenicity, these L-RNA aptamers have not pro-
gressed to human trials. Focused study on the regulation
of C5a/C5aR1 signals led to the development of specific
C5aR1 inhibitors and/or antagonists (Table 1). The
cyclic peptide PMX53 is one of the first C5aR1 antag-
onist described extensively in experimental inflamma-
tory pathologies with promising results. However, its
clinical translation has not been widespread or very
effective in rheumatoid arthritis, psoriasis, and age-

related macular degeneration [2]. A new molecule,
PMX205, has been developed with higher lipophilia,
enhanced gastrointestinal stability and therapeutic ef-
fects in experimental neurodegenerative disorders [71].
Another compound, CCX168 (avacopan), a non-
peptidic C5aR1 inhibitor, demonstrates favorable out-
comes in phase II studies on ANCA-associated vascu-
litis, leading to an advantageous reduction of the glu-
cocorticoid requirement and improvements in renal
parameters. Encouraged by these positive results, a
phase III study has been performed and completed.
Other phase II/III clinical trials have focused on the
effect of CCX168 in autoimmune disorders with renal
involvement, such as ANCA vasculitis, atypical HUS,
IgA nephropathy, and C3 glomerulopathy [72]. Based
on the current evidence, avacopan is now recommended
as adjunctive treatment in combination with standard
therapy for severe active ANCA-associated vasculitis.
More recently, a potent and selective inhibitor has been
designed, DF2593A, targeting the allosteric “minor
pocket” of C5aR1 which is hypothesized to be highly
conserved in G-protein-coupled receptor class [73]. This
compound has been described as controlling chronic in-
flammation and neuropathic pain in a mouse model [73].
The humanized monoclonal antibody that targets C5aR1
(NNC0215-0384) has demonstrated safety and tolerability
in patients with rheumatoid arthritis. Another anti-C5aR1
antibody, avdoralimab, has produced disappointing results
when given to patients with COVID-19.

Despite their success in experimental models, trans-
lation in clinical practice of inhibitors of the C3a/C3aR
axis is still to be explored. In this regard, the first de-
veloped C3aR antagonist, SB290157, has been extensively
studied and has shown protective effects in multiple
models of acute and chronic inflammatory disorders
including kidney diseases. Nevertheless, in some contexts,
off-target effects and the agonist function of SB290157
have been observed [74]. Recently, another compound
has been developed, the C3aR antagonist JR14a, which
exhibited beneficial effects in experimental MN, akin to
SB290157 [32]. This novel compound could open new
therapeutic perspective for the clinical use. However, one
of the major concerns that limits the use of these com-
pounds derives from the evidence of a “dual role” of C3a/
C3aR pathway (as depicted in Fig. 2) in the regulation of
acute and chronic inflammatory cell responses which
underscores the complexity of this intracellular axis.
While C3aR engagement contributes to renal tissue
damage in acute tubular injury [14] and chronic glo-
merular inflammation [25], in specific pathological set-
tings, C3aR mediates protection by inhibiting
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inflammatory cell infiltration and tissue injury [13, 75].
For all these reasons, in-depth investigations and
awareness on the activity of C3a and its receptor in the
different pathological contexts are needed.

Altogether these findings highlight the detrimental
role of anaphylatoxins in the progression of renal dis-
eases through their vasoactive, pro-inflammatory, and
chemoattractant activity perpetuating the immune

Table 1. Clinical trials of C5a-C5aR1 targeted therapeutics under active development

Compound Target Class Disease Clinical
phase

Status
(completed
trials)

References

IFX-1 C5a Antibody Granulomatosis with
polyangiitis (GPA)

II With results

Granulomatosis with
polyangiitis (GPA)

II With results

Severe COVID-19 Pneumonia II/III With results Vlaar APJ, Lancet
Rheumatol 2020
Vlaar APJ, Lancet Respir
Med 2022

Hidradenitis suppurativa II With results Huang C, Biomedicines
2022

Hidradenitis suppurativa II No results
Septic organ dysfunction II No results
Cardiac surgery II No results
Pyoderma fangrenosum II With results

ALXN1007 C5a Antibody Antiphospholipid (aPL)
syndrome

II With results

Acute-graft-versus-host
disease

II With results

CCX168
(Avacopan)

C5aR1 Small
molecule

aHUS II No results
ANCA-associated vasculitis II With results Jayne DRW, JASN 2017
ANCA-associated vasculitis II With results Merkel PA, ACR Open

Rheumatol 2020
ANCA-associated vasculitis III With results Merkel PA, JMIR Res

Protoc 2020
Jayne DRW, N Engl J Med
2021
Soulsby WD, ACR Open
Rheumatol 2022
Harigai M, Mod
Rheumatol 2023

C3 glomerulopathy II With results Zotta F, Pediatr Nephrol,
2023

IgA Nephropathy II With results Bruchfeld A, Clin Kidney
J 2022

Hidradenitis suppurativa/acne
inversa

II With results Huang C, Biomedicines
2022

NNC0215-0384 C5aR1 Antibody Rheumatoid arthritis I No results
Rheumatoid arthritis I No results

PMX53 C5aR1 Cyclic
peptide

Rheumatoid arthritis Ib With results Vergunst CE, Rheumatol
Oxf Engl 2007

Psoriasis I/IIa No results
Age-related macular
degeneration

I/IIa No results

AVDORALIMAB Antibody Severe COVID-19 pneumonia II With results Carvelli J, Lancet 2022
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response. While C5a blockade primarily addresses the
acute effects of inflammation, targeting C3a signaling
may hold promise in mitigating inflammation and
immune response as well as in limiting renal fibrosis
over time in chronic renal diseases thus supporting the
rationale for future clinical translation of the comple-
ment inhibitors.
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