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Abstract: The complement cascade and Neutrophil Extracellular Traps (NETs) represent
fundamental tools in protecting the host from foreign pathogens. Complement components
and relative fragments, classically assigned to the innate immunity, represent a key link
with the humoral immune response. NETs are a crucial component of the innate immune
response, consisting of chromatin release from activated neutrophils. These web-like
structures facilitate pathogen entrapment and elimination through proteolytic degradation
and antimicrobial effectors. Previous findings suggested complement components and
NETs have a significant role in the pathogenesis of several diseases characterized by
inflammation, such as autoimmune and infectious diseases. However, the crosstalk between
NETs and the complement cascade has only recently been investigated, and several aspects
still need to be fully clarified. Recent evidence seems to suggest a bidirectional link
between the complement cascade and NETosis. We here present the interaction between
complement components and NETs in specific autoimmune diseases that mostly affect the
kidney, such as systemic lupus erythematosus, Antineutrophilic Cytoplasmic Antibody
(ANCA)-associated vasculitis and antiphospholipid syndrome. The mechanisms reported
here may represent specific targets for the development of possible therapeutic strategies.

Keywords: complement cascade; Neutrophil Extracellular Traps; autoimmunity; Systemic
Lupus Erythematosus; ANCA vasculitis; antiphospholipid syndrome; eculizumab; avacopan

1. Introduction
The complement cascade plays a fundamental role in protecting the host from foreign

pathogens, serving as a functional bridge between the adaptive and humoral immune
responses. The complement cascade can be activated through three distinct pathways:
the classical (CP), lectin (LP) and alternative (AP) pathways. Each pathway converges
on C3 convertases, which are enzymatic multimeric protein complexes, resulting in the
cleavage of inactive C3 protein into the functional fragments C3a and C3b. The latter
triggers formation of C5 convertase and cleavage of C5, resulting in formation of the
membrane attack complex (MAC, C5b-9) and subsequent pathogen lysis. Along with MAC,
other soluble and surface-bound split products of the complement system cooperate in the
inflammatory response. C3b may also cover foreign pathogens, resulting in opsonization,
through complement receptor 1 (CR1) on neutrophils and other phagocytes, facilitating the
ingestion and degradation of pathogens [1,2].
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In 2004, Brinkmann et al. [3,4] reported NETosis as a novel way of entrapping and
killing pathogens. NETosis represent a regulated form of neutrophil cell death that con-
tributes to the host defense through the formation of neutrophil extracellular traps (NETs).
Neutrophils are activated and induced to release NETs, composed of chromatin together
with antibacterial peptides and enzymes, through the interaction of microbial products and
immune complexes [5].

In the extrusion of NETs, the activation of oxidative enzymes is fundamental. Among
other things, NADPH induces the release of neutrophil elastase (NE) and myeloperoxidase
(MPO) from cytoplasmic granules. NE induces histone degradation leading to DNA
decondensation. When the nuclear membrane disintegrates, the decondensed chromatin
mixes with cytosolic and granular proteins, forming NETs, which are released outside the
cell (Figure 1). Circulating NETs are then degraded by plasma DNases and subsequently
removed by macrophages [6].
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Figure 1. Representative inflammatory mechanisms leading to NETosis. Neutrophils are activated
by damage-associated molecular patterns (DAMPs) and pathogen-associated molecular patterns
(PAMPs) through binding with Toll-like receptor (TLR) or IgG-Fc receptors, with consequent release
of Ca2+ by the ER. The cytoplasmic increase of Ca2+ activates the protein Kinase-C (PKC) through
the RAF–MEK–MAPK/ERK pathway, a critical intracellular signaling pathway that regulates cell
proliferation, differentiation, survival, and apoptosis. Ca2+ influx and PKC activation have pivotal
roles in stimulating NADPH oxidase activity on the cell surface, promoting the production of reactive
oxygen species (ROSs). The increase in ROSs induces the release of enzymes such as neutrophil
elastase (NE) and myeloperoxidase (MPO). These, together with peptidyl arginine deiminase 4
(PAD4) are commonly localized in the nucleus and involved in chromatin decondensation. The NET
produced from neutrophils is therefore composed of DNA, histones, other nuclear components, and
intracellular enzymes such as NE and MPO.

Recent evidence suggested a bidirectional link between complement cascade and
NETosis, which will be the topic of this review article [7]. We will also discuss recent
findings on interactions between the complement cascade and NETosis in different clinical
conditions, such as autoimmune disease and infectious diseases.
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Herein, we here explore the complex bidirectional interplay between the complement
cascade and NETosis, with a focus on autoimmune diseases with renal involvement. We
highlight recent breakthroughs in understanding how complement activation can drive
NET formation, and conversely, how NETs can amplify complement-mediated inflamma-
tion and tissue damage. Additionally, we provide a concise yet thorough overview of
emerging therapeutic strategies designed to target NETs and complement components,
with the goal of mitigating immune dysregulation and organ damage in these disorders.

2. Interplay of NETosis and Complement Cascade
In the last decade, several findings supported the deep interplay between components

of the complement cascade and NETosis. Preliminary data reported that neutrophils from
C3−/− mice or from C3a receptor (C3aR)-deficient mice did not form NETs [7]. In line with
this, when C3 knock-out mice were given exogenous C3-containing serum from wild-type
mice, the NETotic ability of neutrophils was restored, enforcing the importance of the
complement system for NETosis [7].

2.1. Complement Cascade Activates NETosis

Once activated, neutrophils release complement factors of the AP (Factor B and
properdin) against invading pathogens. The released properdin, through an autocrine
mechanism, deposits on the neutrophil membrane, leading to the cleavage of C3 and
complement activation. The complement cascade activation on the neutrophil membrane
leads to lysing of the neutrophils with consequent NETosis. On the neutrophil membrane,
complement activation is balanced and counteracted by Factor H, an inhibitor of the
AP [8,9].

Palmer et al. [10] recently investigated the DNA release induced by several bacte-
ria such as Staphylococcus aureus and other oral pathogens. The adding of serum to
bacteria culture markedly enhanced NET release. In accordance, NETosis may be pre-
vented by inactivation of the serum complement or by inhibition of bacterial comple-
ment receptor type 1. These mechanisms suggest that the ability of a pathogen to induce
NETosis might inversely correlate with its ability to evade the complement system and
opsonization [11–13].

2.2. NETs Activate Complement Cascade

Since the 1970s, studies have demonstrated that neutrophils and the complement
cascade act synergistically in counteracting pathogens. Several reports showed that proteins
purified from azurophilic granules of neutrophils were able to cleave C3 and C5, such as
MPO, which cleaves C5 into active fragments [14,15]. Similarly, cathepsin G and neutrophil
elastase can activate the complement system through the cleavage of C3 [16].

More recent studies supported the hypothesis that NETs can activate the complement
system to alarm the immune system. Complement activation occurs not only on the
neutrophil membrane, as reported above, but also on released NETs. Properdin, Factor B
and C3 have been found to be deposited on NETs [17–19]. MPO, cathepsin G and proteinase
3, which are largely expressed in neutrophils and are incorporated into NETs, can activate
the complement cascade after NETosis through binding with circulating properdin and
with properdin on NETs [13]. Correspondingly, when isolated NETs were incubated
with non-inactivated serum, complement components were consumed as a result and
the assembled MAC complex was found to be deposited on NETs [9,19]. In all cases,
complement activation by NETs is strongly reduced when DNase-I is added to disrupt the
NET structures [9]. Similarly to what happens on neutrophils, Factor H is also recruited
onto NETs to counteract and to balance the C3b activation [20] (Figure 2).
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Figure 2. Main mechanisms of interplay between complement cascade and neutrophil extracellular
traps (NETs). (a) The binding between complement receptors 1 (CR1) and 3 (CR3) on neutrophils with
a C3b-opsoninized pathogen commonly leads to phagocytosis and NETosis. Factor H, on neutrophil
membranes, limits the inflammatory response, acting as an inhibitor of the link between C3b and CR3.
Neutrophils commonly express Factor B and Properdin, which are fundamental for the formation
and stabilization of C3-convertase, with consequent activation of the complement cascade. (b) This
occurs both at the membrane level and on the NETs. C3b binding to stabilized C3-convertase (1)
leads to the formation of C5-convertase (2), which converts C5 into C5a and C5b (3). C5b with C6,
C7 and C8 forms the membrane attack complex (MAC) complex (4). Myeloperoxidase (MPO) and
cathepsin G, in NETs, can respectively cleave C5 and C3.

Which complement pathway is mainly activated by NETs is still largely debated.
However, in vitro studies suggested that the complement cascade in NETs may be mainly
activated through the AP [17,19].

3. NETosis and Complement Components in Renal Autoimmune Disease
Systemic autoimmune diseases are characterized by the failure of the immune system

to differentiate self from non-self. These conditions are associated with significant morbidity
and mortality, and they can affect many organs and systems, with significant clinical
heterogeneity [21,22].

Systemic autoimmune diseases, such as systemic lupus erythematosus (SLE), ANCA-
associated vasculitis (AAV) and antiphospholipid antibody syndrome (APS), present dif-
ferent clinical manifestations but share significant pathogenic overlaps. These diseases
were classically related to dysfunctions of humoral immunity, but studies over the last two
decades also pointed out the fundamental role of innate immunity and the type I interferon
pathway [23–25].

Despite their beneficial role in host defense, NETs contribute to the pathogenesis of
various autoimmune diseases. The balance between NET release and removal is crucial,
as impaired clearance can exacerbate immune responses against DNA, histones, and
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intracellular proteins, including citrullinated peptides, myeloperoxidase, and proteinase 3
associated with NETs [26].

3.1. Systemic Lupus Erythematosus

SLE represents the archetypal systemic autoimmune disorder, characterized by diverse
clinical manifestations affecting the kidneys, skin, synovial joints, lungs, heart, brain, and
blood vessels. Renal involvement occurs in a substantial percentage of SLE patients,
ranging from 28% to 74%, and is associated with increased mortality rates [27]. Despite
therapeutic interventions, a noteworthy proportion of SLE patients progress to end-stage
kidney disease (ESKD), and the disease’s impact is exacerbated by the risk of recurrence
following kidney transplantation [27–29].

The pathogenesis of SLE is multifactorial, marked by a breakdown in immune tol-
erance against self-antigens, leading to the production of autoantibodies. The intricate
mechanisms underlying SLE pathogenesis remain incompletely understood, with a pivotal
role attributed to defective clearance of apoptotic cell debris, exposing nuclear antigens.
This initial event triggers an innate inflammatory response mediated by toll-like receptors
(TLR), subsequently amplifying T cell and B cell responses against autoantigens [30].

Earlier suggestions implicated neutrophil dysfunction in SLE patients, character-
ized by delayed clearance, heightened apoptosis, and oxidative metabolism [31–33]. No-
tably, individuals with more severe clinical manifestations exhibit increased expression of
neutrophil-specific genes [32].

Research has shown that neutrophils from healthy individuals exhibit increased NET
formation when exposed to sera from SLE patients compared to sera from healthy con-
trols [34]. Similarly, SLE patient neutrophils have a higher propensity for NET release, with
both intrinsic and extrinsic factors contributing to their activation and pathogenic role in
SLE [35].

A unique subset of neutrophils, known as low-density granulocytes, is more abundant
in SLE and releases NETs more promptly [36]. SLE patients also show an impaired ability
to degrade NETs via DNase activity, a critical mechanism that regulates extracellular DNA
levels [37,38].

SLE is also characterized by circulating autoantibodies that target NET components,
forming immune complexes upon binding with DNA or RNA. These complexes, upon
tissue deposition, can activate plasmacytoid dendritic cells, which in turn trigger TLR7 and
TLR9 pathways. This response elevates type I interferon levels, promoting immune cell
activation and further NET formation [39]. Additionally, C1q may interact with antibodies
against NET components, potentially reducing DNase activity, while the generation of
anti-DNase antibodies has been noted in some cases [40]. Consequently, impaired NET
clearance is a key pathogenic mechanism in SLE, associated with lower complement levels
(C3, C4) and higher susceptibility to glomerulonephritis in patients with elevated NET
levels [41,42].

The deep interplay between NETs and complement components in SLE is fur-
ther substantiated by mutations in DNase genes, characteristic of monogenic forms of
SLE [43,44]. In 2001, Yasutomo et al. [45] delineated two cases with mutations in exon 2 of
DNASE1, presenting symptoms and laboratory findings compatible with SLE, exacerbated
by renal involvement with proliferative glomerulonephritis and IgG and C3 glomerular
deposition. Similar findings have been documented in subsequent studies [46,47]. Despite
clinical heterogeneity, all these cases exhibited reduced circulating complement components
and an augmented type I interferon signature, both hallmark features of SLE [47].



Int. J. Mol. Sci. 2025, 26, 2789 6 of 14

3.2. Anti-Neutrophil Cytoplasmic Antibody-Associated Vasculitis

Vasculitis encompasses a spectrum of autoimmune disorders characterized by leuko-
cyte infiltration and activation within the vascular endothelium, leading to inflammation
and tissue damage. AAV are defined by the presence of pathogenic autoantibodies targeting
neutrophil-derived antigens, such as myeloperoxidase and proteinase 3 [48]. Renal involve-
ment is a hallmark of AAV, with pauci-immune glomerulonephritis being the predominant
manifestation [2]. Despite advancements in therapeutic strategies, the risk of progressive
kidney failure remains substantial in AAV patients [49,50]. AAV is characterized by ex-
cessive neutrophil activation, leading to increased formation of NETs. NETs function as
pro-inflammatory scaffolds, promoting endothelial injury, complement activation, and
autoantibody production [51]. NET-driven complement activation plays a pivotal role
in renal vasculitis, exacerbating glomerulonephritis through C5a-dependent neutrophil
recruitment and inflammation. Notably, patients with AAV exhibit elevated circulating
NET levels, and in vitro studies demonstrate that neutrophils exposed to serum from AAV
patients display an increased propensity for NETosis, with NETs exhibiting prolonged
persistence in circulation [51].

NETs have been shown to directly activate the alternative complement pathway,
thereby amplifying inflammation and endothelial damage in AAV [17]. The C5a–C5aR1
axis plays a central role in this pathogenic cycle, as C5a promotes NET formation, es-
tablishing a self-perpetuating loop of neutrophil activation and complement amplifica-
tion [52]. In addition, C5b-9 (membrane attack complex, MAC) deposition on endothelial
cells further exacerbates neutrophil-mediated vascular injury. NETs isolated from bron-
choalveolar lavage fluid and renal biopsies of patients with active AAV display elevated
levels of neutrophil-derived tissue factor, which contributes to thrombosis and inflamma-
tion [53]. Furthermore, Nakazawa et al. [31] identified a complex interplay between NETs,
macrophages, and Toll-like receptor 9-mediated citrullination, which further amplifies the
inflammatory cascade in AAV [31,54].

A reduction in circulating DNase I activity is another key contributor to NET persis-
tence and complement activation in AAV, leading to impaired NET clearance [55]. This
excessive NET burden has two major consequences: sustained complement activation,
which perpetuates endothelial damage, and autoantibody generation, as NETs serve as
scaffolds for ANCA production. Indeed, NETs have been identified as potential autoantigen-
presenting structures, driving ANCA production against MPO and PR3, thereby exacerbat-
ing tissue inflammation and kidney injury [51].

The interplay between NETs and complement activation is fundamental to the pro-
gression of renal vasculitis in AAV. This interaction contributes to persistent inflammation
and endothelial injury, primarily via C5a-mediated neutrophil recruitment and activa-
tion. Furthermore, it fosters thrombosis and tissue damage, driven by NET-bound tissue
factor and complement deposition, and autoantibody generation, with NETs acting as
antigen-presenting platforms for ANCA production. Given the central role of NETs and
complement in AAV pathogenesis, targeting both pathways simultaneously represents
a promising therapeutic approach, potentially mitigating inflammatory and thrombotic
complications while preserving renal function.

3.3. Antiphospholipid Syndrome

In addition to SLE and AAV, NETs have also been implicated in other autoimmune
renal diseases, including APS. APS is an autoimmune disorder characterized by the pres-
ence of antiphospholipid antibodies, which predispose individuals to arterial and venous
thrombosis, primarily affecting the pulmonary and renal vasculature [56].
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Patients with APS exhibit higher serum levels of NETs compared to healthy controls.
Additionally, antiphospholipid antibodies purified from APS patients directly induce NE-
Tosis in control neutrophils, supporting a role for NETs in enhancing thrombin generation
and contributing to the prothrombotic state of APS [42].

Beyond their contribution to thrombosis, recent evidence suggests a critical interplay
between NETs and complement activation in APS, which remains only partially elucidated.
Antiphospholipid antibodies trigger classical complement activation via C1q binding, am-
plifying the inflammatory and prothrombotic response [57]. In parallel, NET components,
as previously described, can bind C1q, further potentiating complement activation and
driving endothelial dysfunction [57]. Conversely, C5a enhances NET formation, creating a
self-reinforcing cycle of immune activation and thrombosis [58].

Moreover, C5b-9 deposition on endothelial cells contributes to neutrophil activation
and further NET release, exacerbating vascular damage. Elevated circulating NET rem-
nants in APS patients have been correlated with disease severity and thrombotic burden,
suggesting their potential role as a biomarker for APS-related vascular injury [59].

Therefore, similarly to other autoimmune renal diseases, targeting both NETs and
complement components could offer novel strategies for APS management. Overall, while
the role of NETs in APS pathogenesis is well-established, their interplay with complement
components remains an active area of investigation. Further studies are needed to define
the mechanistic links between NETosis, complement activation, and thrombogenesis in
APS, potentially unveiling new targeted therapeutic approaches for high-risk or refractory
APS cases.

4. Possible Treatments
Understanding the pathological mechanisms linking complement components, NETs,

and renal involvement in autoimmune disease is fundamental for developing specific thera-
peutic strategies. As summarised in Table 1, modulation of either NET production/removal
or complement inhibition may represent possible effective strategies in the treatment of
autoimmune disease.

Table 1. Main Therapeutical Strategies for modulating NETs and Complement.

Name Class Disease Main
Pathogenic Mechanism Status

Modulation of NET
production

N-acetylcysteine ROS inhibitor
Vasculitis,
SLE
APS

Reduces oxidative
stress-induced NETosis On the market

PAD4 inhibitors (Cl-amidine,
GSK484)

Anti-inflammatory small
molecule

Vasculitis,
SLE
APS

Prevents excessive NET
release by neutrophils Clinical trial Phase I-II

Colchicine,
Hydroxychloroquine Neutrophil inhibitor SLE Suppresses neutrophil

activation and NET release On the market

Capsaicin, Eugenol, Vanillin Phytochemical Vasculitis,
SLE

Reduces NETosis by
inhibiting ROS production
and neutrophil activation

Pre-clinical studies

Modulation of NET removal

Recombinant DNase I
(Dornase alfa) Enzyme

Vasculitis,
SLE
APS

Degrades extracellular DNA,
promoting NET clearance Clinical trial Phase I-II
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Table 1. Cont.

Name Class Disease Main
Pathogenic Mechanism Status

Complement Inhibitors

Eculizumab Humanized monoclonal
antibody aHUS Binds C5 to prevent

generation of MAC On the market

Ravalizumab Humanized monoclonal
antibody aHUS Binds C5 to prevent

generation of MAC On the market

CCX168
(Avacopan)

Anti-inflammatory small
molecule Vasculitis Selective inhibitor of the

complement C5a receptor Clinical trial Phase III

aHUS, hemolytic uremic syndrome; APS, antiphospholipid antibody syndrome; ROS, reactive oxygen species;
SLE, systemic lupus erythematosus.

4.1. Modulation of NET Production

Possible strategies to limit the initial stages of NETosis target reactive oxygen species
(ROS) with common treatments, such as N-acetylcysteine and/or NADPH oxidase in-
hibitors, which have demonstrated modest clinical effects [60]. Colchicine, an anti-
inflammatory agent widely used in gout and pericarditis, has also been reported to reduce
ROS production and NETosis, thereby limiting neutrophil hyperactivation [61]. Inhibitors
of myeloperoxidase, such as 4-aminobenzoic acid hydrazide, have been tested in murine
models of SLE and vasculitis complicated by glomerulonephritis, revealing a notable re-
duction in neutrophil accumulation in glomeruli and coincident proteinuria reduction [34].
An alternative approach to mitigate NET formation is the inhibition of peptidylarginine
deiminase 4 (PAD4) [62]. This strategy has been investigated in several animal models,
including mice with PAD4 deficiency (PAD4−/−). In PAD4-deficient mice exposed to
organ pathologies inducing pulmonary inflammation and acute respiratory distress syn-
drome, a significant decrease in NETosis, reduced neutrophil infiltration in the lungs,
and improved survival were observed compared to wild-type mice [63]. In a different
murine SLE model characterized by increased serum levels of interferon-1, treatment with
Cl-amidine resulted in reduced NET formation and circulating autoantibodies, with a
concomitant normalization of serum complement components. These modifications were
followed by diminished IgG deposition within glomeruli, suggesting a potential renopro-
tective effect [64,65]. In a recent investigation, a biologically active compound library was
systematically screened using a high-content imaging assay, leading to the identification of
vanilloids as a novel class of NET inhibitors. Vanilloids were found to limit the NET release
induced by phorbol myristate acetate and ionomycin while also reducing cytosolic ROS
production, underscoring their dual role in limiting oxidative stress and NETosis [66]. Other
potential NETosis-modulating targets include actin cytoskeleton regulation, chemokine
(C-X-C motif) ligand 5, integrins, and tumor necrosis factor, all of which present promising
therapeutic avenues for disorders characterized by dysregulated NET formation [67–69].

4.2. Modulation of NET Removal

In the last two decades, inhaled recombinant DNase I has been used in patients with
cystic fibrosis and other inflammatory pulmonary conditions, demonstrating therapeutic
efficacy with minor adverse events [70]. DNase I administration has also been explored for
neurodegenerative disorders, such as end-stage Alzheimer’s disease, due to its potential to
clear extracellular DNA accumulations [71,72]. In autoimmune diseases, DNase therapy
has been explored in murine SLE models, with contrasting results. Recombinant DNase I
administration led to a reduction in autoantibody production, amelioration of proteinuria,
and decreased kidney damage in a lupus-prone murine model [73]. While patients with
SLE tolerated recombinant DNase I administration, further studies are needed to validate
its clinical efficacy [74]. Additionally, the presence of anti-DNase antibodies in SLE patients
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may limit therapeutic efficacy, prompting innovative approaches such as the combination of
DNase therapy with anti-DNase antibody blockade to enhance NET clearance and reduce
inflammation [75].

4.3. Complement Component Inhibitors

In recent years, there has been a surge in pharmaceutical interest in advancing com-
plement inhibitors across diverse indications [76]. This heightened attention is notably
underpinned by the exceptional outcomes observed with the anti-C5 blocking antibody
eculizumab, which stands as the pioneering complement inhibitor, initially approved for
paroxysmal nocturnal hemoglobinuria (PNH) and subsequently for atypical hemolytic
uremic syndrome (aHUS) [77]. This anti-C5 humanized monoclonal antibody hinders
C5 cleavage by the C5 convertase, thereby impeding the terminal complement effector
pathway. Its interference prevents the assembly of the membrane attack complex in the
absence of C5b [77].

The European Medicines Agency and the US Food and Drug Administration granted
approval for eculizumab in the treatment of aHUS. This endorsement was based on findings
from two separate prospective trials involving 17 aHUS patients with thrombocytopenia
and 20 aHUS patients needing persistent plasma exchange, respectively [78]. Limited case
reports have documented favorable outcomes with eculizumab in managing refractory
lupus nephritis [79,80]. In a comprehensive review encompassing SLE patients with renal
involvement, irrespective of concurrent lupus nephritis, all six subjects exhibited sustained
improvement in renal function and complement parameter normalization post-eculizumab
treatment at nine-month follow-up [81]. This favorable response extended to patients with
refractory thrombotic microangiopathy linked to SLE [82]. One more randomized phase
II trial Eculizumab in patients with ANCA-associated vasculitis is recruiting participants
(NCT01275287).

Of note, a multicenter, phase II enrolling study (NCT04564339) is evaluating the effi-
cacy and safety of ravulizumab, a more recent humanized monoclonal antibody that inhibits
complement C5, in adults with lupus nephritis. Additionally, an impending clinical trial in
the enrollment phase aims to evaluate the effectiveness and safety of LNP023/Iptacopan, a
factor B inhibitor, in individuals with active lupus nephritis of Class III–IV, with or without
Class V involvement (NCT05268289).

CCX168 (Avacopan), a small molecule C5aR inhibitor, was investigated in a ran-
domized, double-blind, placebo-controlled trial by Jayne et al. [83] The study involved
67 adults with AAV who were treated with Avacopan with or without steroids, alongside
cyclophosphamide or the anti-CD20 monoclonal antibody rituximab. Remarkably, treat-
ment responses were observed in 86% and 81% of the Avacopan with and without steroid
groups, respectively, while the control group exhibited a 70% response rate, meeting non-
inferiority criteria [83]. More recently, same authors reported similar results in randomised
clinical trials on 331 patients with AAV: Avacopan proved non-inferior but not superior to
prednisone taper in terms of remission at week 26 and was superior to prednisone taper
with respect to sustained remission at week 52. All the patients received cyclophosphamide
or rituximab [84].

4.4. Combined Therapies Modulating Complement Components and NETs

The interplay between complement activation and NETosis has significant implica-
tions for therapeutic strategies, particularly in autoimmune and inflammatory diseases
such as SLE, AAV, and APS. As widely reported, NETs can amplify complement activation,
while complement-derived factors promote NET formation, creating a vicious cycle of
inflammation and tissue damage [67]. This bidirectional relationship suggests that simul-
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taneously targeting complement components and NETs may provide synergistic benefits,
reducing immune-mediated tissue injury and improving long-term disease outcomes.

Although still in early-stage research, some combination treatment strategies have
been explored in preclinical and clinical studies. C5 inhibitors such as Eculizumab and
Ravulizumab, in combination with DNase I therapy, have been proposed to reduce
complement-driven inflammation while promoting NET degradation, potentially ben-
efiting SLE and APS patients [85]. Similarly, PAD4 inhibitors including Cl-amidine and
GSK484, combined with C5a receptor antagonists like Avacopan, have been studied in AAV
models, demonstrating reduced NET formation and complement-mediated glomerular
injury [86,87]. Despite the therapeutic potential, dual complement–NET targeting carries
risks that must be carefully evaluated. Since both NETs and complement components are
essential components of innate immunity, their inhibition may lead to increased susceptibil-
ity to infections, particularly encapsulated bacterial infections such as Neisseria meningitidis,
which is a known risk associated with C5 inhibitors [88]. Additionally, since NETs con-
tribute to tissue remodelling and repair, excessive inhibition may result in delayed wound
healing or tissue regeneration impairments [89]. Another potential concern is the risk of
thrombosis or bleeding complications, as both the complement cascade and NETs play key
roles in coagulation homeostasis, and their modulation may shift the balance toward either
a pro-thrombotic or hemorrhagic state, particularly when heparin or anticoagulants are
involved [67].

In conclusion, the development of dual complement–NET inhibition therapies repre-
sents an exciting and promising frontier in the treatment of immune-mediated diseases.
However, rigorous clinical trials are required to determine the optimal balance between
immune suppression and host defense mechanisms, ensuring therapeutic efficacy limiting
adverse effects.

5. Conclusions
In the intricate landscape of immune-related diseases, the collaborative dynamics

between NETs and complement components play a pivotal role. This synergistic alliance
extends beyond localized injury sites to systemic circulation. In autoimmune disorders,
such as SLE and AAV, the orchestrated interplay of the complement cascade and NETs
can significantly influence disease progression. While the past decade has witnessed the
development of targeted drugs focusing on complement components, the modulation of
NETosis remains less charted. Exploring and understanding the intricate interconnections
between NETs and complement pathways may unveil novel therapeutic avenues for chronic
autoimmune conditions.
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