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Anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV) comprises a group of rare, potentially
life-threatening autoimmune disorders characterized by necrotizing inflammation of small vessels. Over recent
decades, remarkable advances have been made in unraveling its immunopathogenesis, emphasizing the interplay

]I;I_lmuno,path()genem between genetic predisposition, environmental triggers, loss of immune tolerance, neutrophil extracellular trap
1agnosis . . . . . s . . . . .

8 formation, and complement-mediated neutrophil activation. This review provides an integrative synthesis of
Targeted therapy p p p & Y]
Biomarkers recent mechanistic and clinical insights into AAV, bridging fundamental immunology with translational and

therapeutic advances. Based on an extensive literature search of PubMed and Scopus, studies were selected
according to methodological quality and clinical relevance. Distinct ANCA specificities, proteinase 3 (PR3) and
myeloperoxidase (MPO), define overlapping yet prognostically divergent subsets, with PR3-ANCA linked to
relapsing multisystem disease and MPO-ANCA to renal involvement and progression to kidney failure. Thera-
peutic paradigms have evolved from cyclophosphamide-based induction toward rituximab-centered and
glucocorticoid-sparing regimens, with mepolizumab further improving efficacy and safety profiles. Despite five-
year survival rates exceeding 85%, long-term morbidity persists, driven by relapse and treatment-related toxicity.
However, precision therapy in AAV remains incomplete, as current treatment selection is still guided mainly by
disease severity, organ involvement, relapse risk, comorbidities, renal histology, and risk of glucocorticoid-
toxicity rather than by validated molecular biomarkers. Emerging data on complement activation, urinary in-
flammatory biomarkers, B-cell kinetics, and tissue-based transcriptomic profiling may refine disease endotyping
and individualized monitoring. Collectively, these advances herald a transition from empirical immunosup-
pression toward biologically informed, precision-oriented care in vasculitis.

1. Introduction

Anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis
(AAV) is a group of rare systemic autoimmune diseases characterized by
necrotizing inflammation that primarily targets small-caliber vessels
and, to a lesser extent, medium-caliber vessels [1]. These disorders are
strongly associated with the presence of ANCA, commonly directed
against proteinase 3 (PR3) and myeloperoxidase (MPO) [2].

Clinically, there are three main forms of AAV: granulomatosis with
polyangiitis (GPA), formerly known as Wegener's granulomatosis;

microscopic polyangiitis (MPA); and eosinophilic granulomatosis with
polyangiitis (EGPA), previously termed Churg-Strauss syndrome [1].

Despite its low incidence [3], AAV has a disproportionate clinical
impact due to its potential to affect vital organs, particularly the kidneys
and lungs [4]. Diagnostic assessment remains challenging, given the
heterogeneity of clinical manifestations and the frequent overlap with
other systemic disorders [5].

A better understanding of the immunopathogenesis of AAV is
essential to refine diagnosis and guide targeted therapy. The necessity
for an integrated and early clinical approach is further reinforced by
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these considerations [6].

In this context, the present review synthesizes current advances in
the immunopathogenesis, diagnosis, and treatment of AAV. It also
identifies persisting clinical and translational challenges, with particular
attention to precision medicine and the integration of genetic, immu-
nologic, and clinical data to improve patient outcomes, including how
emerging biomarkers might guide treatment selection beyond ANCA
specificity. Furthermore, the expanding therapeutic landscape, spanning
B-cell depletion, complement blockade, and eosinophil-targeted thera-
pies, demands a synthesis of mechanistic and clinical evidence to guide
precision use.

2. Methods

This review was based on a structured bibliographic search con-
ducted across PubMed and Scopus, complemented by standard reference
textbooks in Immunology, Nephrology, Rheumatology, and Internal
Medicine, as well as cross-referencing from selected articles. The search
was initially conducted between April and September 2025 and was last
updated in June 2026, with a focused post-acceptance update on ava-
copan in July 2026.

The search prioritized publications in English, available in full text,
and published from 2005 onward. Earlier seminal works were also
included when they provided key mechanistic, diagnostic, therapeutic,
or historical insights.

Eligible studies comprised original research articles, meta-analyses,
clinical trials, authoritative reviews, international guidelines, and
selected trial registry records on AAV pathophysiology, diagnosis,
prognosis, digital tools, or management. Non-peer-reviewed materials
and isolated case reports were excluded.

Articles were selected based on their scientific rigor, relevance to the
immunopathogenesis or clinical management of ANCA-associated
vasculitis, and citation impact within the field. Preference was given
to multicenter trials, large cohort studies, international consensus
guidelines, translational studies, and clinically relevant digital or data-
driven studies that contributed to mechanistic understanding or clin-
ical practice. When multiple studies addressed similar questions, the
most recent or comprehensive reports were prioritized.

After source screening, a total of 144 references were included. Data
were comparatively analyzed and organized by topic to ensure scientific
coherence and accuracy.

This article is a narrative review bridging fundamental immunopa-
thogenic mechanisms with current clinical, therapeutic, prognostic, and
digital advances in ANCA-associated vasculitis.

No new data were generated for this review.

3. Anti-neutrophil cytoplasmic antibody-associated vasculitis
3.1. Epidemiology

3.1.1. Incidence and prevalence

Globally, the annual incidence of AAV ranges from 13.3 to 21.6 cases
per million person-years, whereas the prevalence ranges from 187 to
210 per million persons [3]. These data were derived from a meta-
analysis encompassing 25 studies conducted prior to June 2020, pre-
dominantly comprising population-based and hospital-based studies in
Europe, North America, Asia, and Oceania [3]. These figures have
increased over time, most likely reflecting enhanced case ascertainment,
revised classification criteria, and increased patient survival rather than
a true rise in disease occurrence [7-10]. Recent Norwegian data from
2000 to 2016 show this trend, with rising MPA incidence and higher
overall prevalence [11]. The application of the 2022 American College
of Rheumatology/European Alliance of Associations for Rheumatology
(ACR/EULAR) criteria resulted in the reclassification of some cases
previously diagnosed as GPA to MPA [12], underscoring the impact of
classification systems on epidemiological estimates [13,14] (Fig. 1).
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Fig. 1. Global incidence and prevalence of ANCA-associated vasculitis sub-
types. The graph shows the mean incidence (per million person-years) and
prevalence (per million people) of the main subtypes of ANCA-associated
vasculitis (AAV): granulomatosis with polyangiitis (GPA), microscopic poly-
angiitis (MPA), and eosinophilic granulomatosis with polyangiitis (EGPA). GPA
is the most common subtype, with the highest incidence (9.0) and prevalence
(96.8) rates, followed by MPA and EGPA. Information taken from Redondo-
Rodriguez et al. [3].

The incidence and prevalence of AAV vary by clinical subtype. Based
on a worldwide meta-analysis, incidence rates per million person-years
are estimated at 9.0 for GPA, 5.9 for MPA, and 1.7 for EGPA, whereas
prevalence per million people is estimated at 96.8 for GPA, 39.2 for
MPA, and 15.6 for EGPA [3]. These values should be interpreted as
broad comparative estimates, as epidemiological figures vary across
studies, populations, and classification criteria.

3.1.2. Geographic distribution

Distinct geographic patterns have been observed for the different
AAV subtypes (Fig. 2). Epidemiological data reveal a higher incidence of
GPA across Europe, whereas MPA predominates in Asian populations
[15]. Additionally, both GPA and EGPA show increasing incidence with
latitude, with higher rates observed in the Northern Hemisphere, a
pattern that may reflect differences in ultraviolet exposure, vitamin D
status, or infectious triggers [3]. Such geographic and latitudinal pat-
terns suggest the contribution of environmental and possibly epigenetic
factors to disease expression.

Taken together, these patterns underscore the need for standardized
classification and consistent epidemiologic methodologies.

3.1.3. Demographic factors

AAV displays characteristic demographic patterns across its sub-
types, spanning sex, age at diagnosis, and ethnicity. With respect to sex,
amale predominance is evident in MPA (=~ 64% male), whereas GPA and
EGPA show an approximately balanced distribution (= 52% and =~ 45%
male, respectively) [3]. Pediatric-onset GPA and MPA are more common
in females, and GPA is reported more frequently than MPA [16]. The
mean age at diagnosis is typically in the sixth to seventh decades of life.
In GPA, the mean age at diagnosis is approximately 57 years, whereas in
MPA it is older, at about 65 years. Patients diagnosed with EGPA tend to
be younger, with a mean age at diagnosis of approximately 52 years [3].
Ethnic disparities have also been documented, with GPA and MPA being
more prevalent among Caucasian populations [17].

3.1.4. Serological profile

ANCA positivity varies markedly across AAV subtypes (Table 1). In
large French and European cohorts, PR3-ANCA predominates in GPA,
whereas MPA is usually ANCA-positive and predominantly associated
with MPO-ANCA [18,19]. By contrast, most patients with EGPA are
ANCA-negative; when ANCA are present, they are mainly directed
against MPO, while PR3-ANCA positivity is rare [20]. These patterns
should be interpreted in the context of disease phenotype, assay meth-
odology, and cohort composition, particularly because ANCA may be
absent in localized GPA and because antigen-specific results are not
always reported using identical denominators across cohorts [18].
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Fig. 2. Geographical distribution of the incidence of ANCA-associated vasculitis. Comparative representation of the incidence between subtypes of ANCA-associated
vasculitis (AAV): granulomatosis with polyangiitis (GPA) (dark blue sector) and microscopic polyangiitis (MPA) (light blue sector) in various countries. A higher
incidence of GPA is observed in regions of Western Europe and North America, while MPA predominates in Asian countries, such as Japan, and in some Medi-
terranean regions. The distribution shows geographical and latitudinal variations, suggesting possible environmental influences. Information taken from Redondo-
Rodriguez et al. [3]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
ANCA status and antigen specificity across AAV subtypes in large French and
European cohorts.

Subtype of Source cohort PR3- MPO- ANCA
AAV ANCA ANCA negative (%)
(%) (%)
GPA [18] FVSG (n = 795) 75.0 16.5 8.5
MPA® [19] FVSG (n = 378) 3.7 78.4 14.1
EGPA" FVSG & EGPA European 2.2 28.6 69.2
[20] Study Group registry (n

=734)

Percentages represent cohort-specific estimates rather than universal values;
ANCA status and antigen specificity vary across series according to geography,
classification criteria, disease phenotype, ascertainment method, and assay
methodology [3].

Data sourced from primary cohorts: GPA [18], MPA [19], and EGPA [20]. AAV:
ANCA-associated vasculitis; ANCA: antineutrophil cytoplasmic antibodies;
EGPA: eosinophilic granulomatosis with polyangiitis; ELISA: enzyme-linked
immunosorbent assay; FVSG: French Vasculitis Study Group; GPA: gran-
ulomatosis with polyangiitis; MPA: microscopic polyangiitis; MPO: myeloper-
oxidase; PR3: proteinase 3.

@ For MPA, percentages are expressed relative to the 347 patients with
available overall ANCA status. PR3-ANCA and MPO-ANCA counts were derived
from patients with available ELISA specificity; 17 ANCA-positive patients lacked
antigen-specific ELISA results and 4 had dual MPO/PR3 positivity. Accordingly,
the displayed MPA percentages should not be summed as mutually exclusive
categories.

b For EGPA, ANCA status was available for 734 of the 845 patients in the
cohort; percentages are expressed relative to these 734 ANCA-evaluable
patients.

3.2. Etiology

3.2.1. Genetic factors
Genome-wide association studies (GWASs) have identified several

genes associated with AAV susceptibility [21-23]. A strong association
has been demonstrated between the major histocompatibility complex
(MHC) class II and AAV, as well as a genetic dissociation between the
clinical subtypes MPA and GPA [22].

PR3-ANCA has been linked to the human leukocyte antigen (HLA)-
DP gene, whereas MPO-ANCA is associated with the HLA-DQ gene but
not with HLA-DP [22]. This association has been consistently observed
in patients with MPA and in some patients with GPA harboring MPO-
ANCA [22]. These data suggest a relationship between specific HLA
genomic factors, namely the HLA-DPBI1*04:01 allele for PR3-ANCA/
GPA and HLA-DRB1%*09:01 for MPO-ANCA/MPA, and the ANCA anti-
genic target, rather than with the clinical subtype itself [24].

Beyond HLA, several non-MHC loci contribute to AAV susceptibility,
particularly in PR3-ANCA/GPA [25]. Variants in the PRTN3 gene, which
encodes proteinase 3, are associated with increased neutrophil PR3
expression and a higher risk of GPA. The PTPN22 620 W allele has also
been linked to GPA by altering T-cell receptor signaling [26]. Loss-of-
function SERPINAI alleles (Z and S) reduce alpha-1 antitrypsin activ-
ity. This deficiency is one of the most consistently replicated genetic risk
factors for GPA and has been associated with worse outcomes [27].

Beyond genetic and environmental determinants, regulatory mech-
anisms such as post-transcriptional modulation and chromatin remod-
eling may further influence immune tolerance in AAV, although these
aspects remain insufficiently characterized [22,23].

Together, these findings support the biological distinction between
PR3-ANCA and MPO-ANCA disease and reinforce the value of ANCA
specificity in disease stratification.

3.2.2. Environmental factors and chemical substances

Several environmental exposures, particularly silica dust and infec-
tious agents, have been identified as risk factors for AAV [28], with
multiple epidemiological studies demonstrating a strong link between
silica exposure and the MPO-ANCA variant of the disease [29]. As an
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example, large-scale seismic events have been observed to coincide with
a higher incidence of AAV, likely due to elevated ambient silica con-
centrations [30], a common soil constituent [31]. An increased preva-
lence of AAV has also been reported among agricultural workers,
attributed to both silica exposure and contact with pesticides and sol-
vents that may act as pathogenic triggers.

It is suggested that silica may contribute to AAV pathogenesis by
triggering an inflammatory response involving alveolar macrophage
activation [32], neutrophil recruitment, and lymphocyte stimulation. In
this process, neutrophil-derived MPO is processed by macrophages and
presented to immune cells, facilitating MPO-ANCA development
[32,33].

A correlation between bacterial infections and AAV has been docu-
mented, particularly in relation to Staphylococcus aureus (S. aureus)
colonization and GPA [34]. S. aureus—derived superantigens can
nonspecifically activate T and B lymphocytes, thereby promoting cell
proliferation and cytokine release [35]. Moreover, the presence of toxic
shock syndrome toxin-1, produced by S. aureus, has been identified as a
risk factor for disease relapse [35].

Exposure to certain medications, including propylthiouracil, hy-
dralazine, D-penicillamine, minocycline, and levamisole-adulterated
cocaine, has been demonstrated to induce AAV [36-38]. The patho-
genesis of drug-induced AAV is heterogeneous. In some cases, such as
with propylthiouracil, hydralazine, and D-penicillamine, the proposed
mechanism includes the stimulation of polyclonal B lymphocytes, which
leads to ANCA production [39]. In the case of levamisole-adulterated
cocaine, however, proposed mechanisms include vascular toxicity,
neutrophil extracellular trap formation, and broader autoimmune acti-
vation, rather than direct B-cell stimulation [38]. Furthermore, drug-
induced AAV frequently targets multiple antigens, and ANCA produc-
tion generally ceases upon drug withdrawal [39].

Finally, tobacco smoking has been associated with an increased risk
of AAV, particularly for MPO-ANCA disease, with both former and
current smokers demonstrating elevated susceptibility [40].

Taken together, these findings emphasize a multifactorial model in
which genetic susceptibility interacts with environmental and epige-
netic factors to drive loss of tolerance and ANCA formation.

3.3. Pathogenesis

3.3.1. ANCA production and role

ANCA are autoantibodies directed against enzymes located in
neutrophil granules, namely PR3 and MPO. These autoantibodies play a
central role in the pathophysiology of AAV, although their presence
alone does not always predict disease [41].

Following the loss of tolerance, driven by the genetic and environ-
mental factors previously described [42], PR3 and MPO are processed
and presented by antigen-presenting cells (and other innate cells), which
produce a cytokine milieu (for example, IL-1p, IL-6, TGF-f, and IL-23)
that can favor differentiation of CD4™ T cells with Th17 characteristics
and support B-cell help [6]. This process results in the production of
interleukin 17 (IL-17), which stimulates macrophages to produce in-
flammatory mediators such as tumor necrosis factor (TNF-a) and
interleukin 1 beta (IL-1p) [6]. These cytokines, in turn, induce neutro-
phil priming, leading to the translocation of MPO and PR3 from intra-
cellular granules to the cell surface [43].

In parallel, expanded T-cell subsets that deliver B-cell help, espe-
cially T follicular helper (Tfh) and peripheral helper (Tph) cells that
secrete IL-21, are increased in active AAV. These cells support B-cell
differentiation and high-affinity ANCA production [44]. In addition,
they prime neutrophils and can induce the translocation of ANCA anti-
gens, which are normally located in intracellular granules, to the cell
surface [39]. Upon receiving signals from T lymphocytes, B lymphocytes
proliferate and differentiate into plasma cells that produce ANCA [43].
The pathogenicity of antibodies depends on multiple features, such as
titer, isotype/subclass, epitope specificity, and affinity, as well as Fc
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glycosylation patterns. Several studies have associated alterations, such
as reduced galactosylation and changes in fucosylation, with disease
activity and relapse risk [45].

It is important to note that, although ANCA types share common
immunopathological pathways, they have distinct production mecha-
nisms that reflect different immunological stimuli, genetic influences,
and inflammatory contexts [46].

The production of MPO-ANCA is associated with impaired clearance
of neutrophil extracellular traps (NETs), due to reduced activity of
serum deoxyribonuclease I (DNase I), which is the enzyme responsible
for cleaving the deoxyribonucleic acid (DNA) of NETs. The presence of
anti-NET antibodies has also been reported in some patients and may
contribute to NETs persistence [47]. These mechanisms extend MPO
exposure to the immune system and potentially promote loss of toler-
ance [48].

In addition to these NET-related mechanisms, B-cell activating factor
(BAFF), a cytokine essential for B-cell survival and maturation, is also
frequently elevated in active AAV, where it correlates with disease ac-
tivity and supports the expansion and activation of ANCA-producing B
cells [6,49].

In the specific case of PR3-ANCA, a mechanism of molecular mimicry
has been proposed in which S. aureus expresses genetic sequences
complementary to the human PRTN3 gene, which encodes PR3. This
genetic homology could explain a mechanism of molecular mimicry,
through which chronic exposure to S. aureus could contribute to the loss
of immune tolerance and the development of PR3-ANCA, but this re-
mains an area of active investigation rather than a definitive explanation
[46,50].

The sequence of immune events described is summarized in Fig. 3,
which illustrates ANCA production, cell activation, and the inflamma-
tory consequences at the vascular level.

3.3.2. Contribution of neutrophils and NETs

When primed, neutrophils can display MPO or PR3 antigens on their
cell surface that are recognized by ANCA. These antibodies bind to the
antigens, and their Fc regions simultaneously interact with the Fcy re-
ceptors present on neutrophils [43]. This interaction triggers uncon-
trolled activation, resulting in the excessive release of cytokines,
reactive oxygen species (ROS), and proteolytic enzymes [51]. The result
is the formation of NETs [43,52]. A variety of signaling pathways have
been implicated in the regulation of NETosis in AAV, including
Receptor-Interacting Protein Kinase 3 (RIPK3) and cyclophilin
D-dependent mechanisms. Ongoing research is exploring therapeutic
strategies that enhance NETs clearance, such as DNase I administration
or the restoration of efferocytosis, the process by which phagocytes
engulf and remove apoptotic or damaged cells [53].

Platelets also participate by forming platelet-leukocyte aggregates
that enhance NETs formation (e.g., via thrombin-protease-activated
receptor (PAR) signaling) and by contributing to activation of the
alternative complement pathway [54].

NET-associated proteases, including neutrophil-derived matrix met-
alloproteinases (MMPs) such as MMP-9, can further contribute to
endothelial injury by promoting endothelial MMP-2 activation,
apoptosis, extracellular matrix degradation, and vascular dysfunction.
At the same time, ANCA antigens contained within NETs can activate the
alternative complement pathway and intensify the autoimmune
response [52,55-57].

Thus, ANCA can trigger a vicious cycle of NETs production, leading
to continuous exposure of ANCA antigens to the immune system. In-
dividuals with AAV may have an increased propensity to form NETs due
to bacterial infections with S. aureus, which strongly induce NETs [58]
and appear to be associated with relapses [52,59]. Consistent with this,
GPA is characterized by nasal mucosal dysbiosis, with enrichment of
S. aureus and loss of commensal species, which has been implicated as a
local trigger of inflammation and relapse [60].
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Fig. 3. Integrated immunopathogenic mechanisms in ANCA-associated vasculitis. The loss of tolerance to myeloperoxidase (MPO) and proteinase 3 (PR3) triggers an
autoimmune response involving both innate and adaptive immune systems. Antigen-presenting cells (APCs) activate CD4" T cells, promoting the differentiation of
Th17 cells and the release of IL-17A, which enhances the production of cytokines by macrophages. Complement activation through C5a-C5aR signaling primes
neutrophils, enabling ANCA binding and Fcy receptor engagement. This leads to respiratory burst and degranulation. Impaired degradation of neutrophil extra-
cellular traps (NETs) exposes autoantigens, histones, and matrix metalloproteinases (MMPs), thereby sustaining vascular injury. B-cell activating factor (BAFF) and T-
cell-derived IL-21 further drive chronic ANCA production, thus reinforcing the inflammatory loop. Based on Nakazawa et al. [41]. Created in BioRender. Domingos,

T.G. (2026) https://BioRender.com/v7trxnl

3.3.3. Complement system activation

The complement system plays a central role in the pathophysiology
of AAV, particularly in disease associated with MPO-ANCA [61].

Studies in mouse models have shown that the alternative comple-
ment pathway is essential for the development of the disease. Mice
deficient in complement component 4 (C4) develop vasculitis when
administered MPO-ANCA, like normal mice. However, mice lacking
complement component 5 (C5) or factor B do not develop the disease,
which suggests the importance of this pathway [61]. One key mecha-
nism involves the activation of neutrophils by the anaphylatoxin C5a.
Upon binding to C5a receptor 1 (C5aR1), C5a amplifies neutrophil
activation and drives necrotizing small-vessel injury across multiple
organs, with glomerulonephritis (GN) serving as a representative
example of this pathogenic process [62,63]. Consistent with these
experimental findings, clinical studies have shown elevated factor B and
properdin, together with glomerular deposition of alternative-pathway
components, supporting a self-amplifying C5a-neutrophil feedback
loop in active disease [64].

C5a also induces neutrophil tissue factor release, contributing to a

hypercoagulable state in patients with vasculitis [44,65]. Furthermore,
elevated serum levels of C3a and C5a are observed in patients with
active vasculitis, which supports the activation of the alternative
pathway and the stimulation of neutrophils through C5aR1 [43,66].

These insights into the C5a-C5aR1 axis are not only mechanistic but
have also motivated clinical trials of targeted inhibitors, underscoring
the translational relevance of complement activation in AAV.

Altogether, neutrophil activation, NETs formation, and complement
amplification establish a self-perpetuating cycle that promotes endo-
thelial injury and necrotizing vasculitis.

3.4. Clinical manifestations

According to the 2012 Revised Chapel Hill Consensus Conference
definitions, AAV is a group of necrotizing small-vessel vasculitides
characterized by few or no immune deposits, most associated with MPO-
ANCA or PR3-ANCA [1].

Despite these predominant patterns, AAV displays marked clinical
heterogeneity, with manifestations varying widely according to the
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specific subtype, the organs involved, and the extent of vascular injury
[67]. GPA typically involves the upper and lower respiratory tracts,
where granulomatous inflammation may precede systemic disease and
occasionally extend to ocular or orbital structures [67-69]. MPA pre-
dominantly affects the kidneys, usually manifesting as pauci-immune
necrotizing glomerulonephritis with microscopic hematuria and non-
nephrotic proteinuria, and may present with rapidly progressive renal
dysfunction, often accompanied by pulmonary capillaritis or interstitial
lung disease [4,67-70]. EGPA combines asthma, eosinophilia, and nasal
polyps, and typically progresses through overlapping allergic, eosino-
philic, and vasculitic phases. ANCA-positive forms exhibit vasculitic
features such as neuropathy, whereas ANCA-negative forms are char-
acterized by eosinophil-driven cardiac and pulmonary injury
[67,68,71]. Disease presentation and severity are determined by the
level of vascular involvement and disease activity [72].

Early recognition of these organ-specific features and timely initia-
tion of therapy are critical to prevent irreversible damage and improve
long-term outcomes. Table 2 summarizes the spectrum of organ
involvement across the three principal AAV subtypes.

Across all subtypes, patients may exhibit nonspecific constitutional
symptoms, such as malaise, fever, fatigue, and weight loss, that can
precede organ-specific involvement by several weeks or months [68,73].

Respiratory involvement also contributes to subtype differentiation.
GPA is mainly characterized by granulomatous upper and lower airway
disease, whereas EGPA is dominated by asthma and eosinophilic pul-
monary inflammation [67-69]. In MPA, pulmonary involvement in-
cludes diffuse alveolar hemorrhage (DAH) and interstitial lung disease,
the latter is particularly associated with MPO-ANCA positivity, often
shows a usual interstitial pneumonia (UIP) pattern, and is reported more
frequently in Japanese and other Asian cohorts than in predominantly
Caucasian populations [79-81].

Cardiac and neurological manifestations are most prognostically
relevant in EGPA, reflecting eosinophil-driven myocardial and periph-
eral nerve damage [67,68,71,74]. Although GPA is most often associ-
ated with central nervous system involvement due to its granulomatous
pattern, central nervous system (CNS) manifestations may also occur in
MPA and EGPA, albeit infrequently [74,78].

Renal involvement is the key prognostic determinant in AAV, most
prominent in MPO-ANCA MPA, where pauci-immune necrotizing
glomerulonephritis is the dominant renal lesion and may lead to rapidly
progressive loss of kidney function [4,67-70]. PR3-ANCA GPA can also
develop glomerulonephritis, but typically within a broader multi-
systemic pattern and with a higher relapse tendency [75,76]. In
contrast, renal disease is less frequent and usually milder in EGPA,
occurring mainly in ANCA-positive vasculitic forms [67,68,71]. These
patterns reflect the subtype-specific immunopathogenic pathways
driving renal involvement.

Taken together, these phenotypic patterns reflect the underlying
immunopathogenic mechanisms, namely granulomatous inflammation
in PR3-ANCA GPA, pauci-immune necrotizing vasculitis (without
granulomas) in MPO-ANCA MPA, and eosinophilic inflammation in
EGPA. Integrating these mechanisms facilitates accurate subtype dif-
ferentiation and prognostic assessment, while providing a foundation
for continued progress toward precision-based therapy.

3.5. Diagnosis

A comprehensive understanding of the immunopathogenic mecha-
nisms underlying AAV is critical for accurate diagnosis. The diagnostic
process should therefore integrate clinical presentation, laboratory and
imaging findings, and, whenever possible, histological confirmation, to
capture both the systemic and organ-specific dimensions of the disease.

The diagnosis can be particularly challenging, as these are rare dis-
eases with highly heterogeneous and often non-specific clinical pre-
sentations. They may be encountered in virtually any medical specialty;
ANCA testing can be negative or non-specific; and histological
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Table 2
Clinical spectrum of organ involvement in ANCA-associated vasculitis.
Organ/System GPA MPA EGPA
Cutaneous Purpura, Purpura, skin ulcers, Purpura and
System nodules, and and livedo may be subcutaneous
ulcerations are observed [68,73]. nodules are
frequent due to common, often
granulomatous associated with
inflammation of eosinophilic
dermal arterioles infiltration [68].
[68,73].
Cardiovascular Cardiac Cardiac Cardiac disease
System involvement manifestations is frequent and is
may manifest as include transient a leading cause
conduction conduction of mortality due
abnormalities or, disturbances and to eosinophilic
less commonly, reduced ventricular myocarditis or
as pericarditis, contractility [68]. endomyocardial
myocarditis, or fibrosis
ischemic events [67,71,74].
[68].
ENT System ENT disease is ENT involvement is Nasal polyps and
highly prevalent less frequent than in chronic
and may precede  GPA; when present, it  eosinophilic
systemic may include mild sinusitis
involvement. sinusitis or otitis [67].  dominate the
Manifestations presentation
include chronic [68,72].
sinusitis, nasal
crusting, septal
perforation,
subglottic
stenosis, and
may extend to
the orbit, causing
scleritis, uveitis,
or orbital
pseudotumor
[67-69].
Gastrointestinal GI involvement Abdominal pain and Gastrointestinal
System includes intestinal bleeding involvement in
abdominal pain may occur due to EGPA is
and bleeding. mesenteric vasculitis characterized by
Severe [67]. eosinophilic
hemorrhage or inflammation,
perforation are with
rare but manifestations
associated with including

poor outcomes abdominal pain
[4,68]. [12].
Renal/Urinary Renal Renal involvement is Renal disease is

System involvement the hallmark of MPA uncommon and
occurs in a and is often severe, usually mild;
substantial frequently associated when present,
proportion of with MPO-ANCA. It mainly in ANCA-
patients, usually may present as renal- positive cases, it
as pauci-immune  limited vasculitis in may show pauci-
necrotizing older patients and immune GN or
crescentic GN may progress rapidly eosinophilic
with microscopic as RPGN, with a high interstitial
hematuria and risk of irreversible nephritis, with
non-nephrotic kidney damage at progression to
proteinuria onset [4,67-70]. kidney failure
[4,67-70]. It being rare
generally occurs [3,67-69].
within a broader
multisystemic
phenotype, and
PR3-ANCA
positivity is
associated with a
higher relapse
risk [75,76].

Common Across renal AAV, common features include pauci-immune
features necrotizing crescentic GN, microscopic hematuria, often with

dysmorphic erythrocytes or red-cell casts, and usually non-
nephrotic proteinuria [4,67-70,77].

(continued on next page)
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Table 2 (continued)

Organ/System GPA MPA EGPA
Neurological Neurological Neurological Neurological
System involvement is involvement is manifestations
less commonly predominantly are frequent and
peripheral; peripheral, most primarily
however, GPA is commonly presenting peripheral,
the subtype most  as mononeuritis driven by
associated with multiplex due to eosinophilic

inflammation or
vasculitis, and
may lead to
persistent

CNS disease,
including [74].
pachymeningitis

and cranial

ischemic nerve injury

neuropathies deficits [74].
[74,78].
Respiratory Disease of the Pulmonary Asthma is nearly
System upper and lower involvement occurs in  universal and
respiratory tract nearly half of MPA often precedes

disease are patients, with vasculitis by

defining manifestations suchas  years.

features. DAH and interstitial Pulmonary
Nodules, lung disease, often infiltrates and
cavitary lesions, with a UIP pattern. DAH may occur,
and DAH are UIP may precede MPA  particularly in
typical, often in MPO-ANCA ANCA-positive

causing dyspnea, patients and is less cases [12,67].

cough, and responsive to
hemoptysis immunosuppressants,
[67-69]. while non-UIP

patterns often respond
better [79,80].

ANCA: antineutrophil cytoplasmic antibodies; CNS: central nervous system;
DAH: diffuse alveolar hemorrhage; EGPA: eosinophilic granulomatosis with
polyangiitis; ENT: ear, nose, and throat; GI: gastrointestinal; GN: glomerulone-
phritis; GPA: granulomatosis with polyangiitis; MPA: microscopic polyangiitis;
RPGN: rapidly progressive glomerulonephritis; UIP: usual interstitial
pneumonia.

confirmation is not always feasible, with the sensitivity and specificity of
biopsy varying according to the organ involved.

At present, no universally accepted diagnostic criteria exist for AAV.
Notably, updated classification criteria were proposed in 2022 by the
ACR/EULAR, aiming to differentiate AAV subtypes [12].

3.5.1. Clinical, laboratory, and imaging assessment

In cases of pulmonary involvement, respiratory symptoms such as
persistent cough or dyspnea warrant a complete blood count to detect
possible hemoglobin decline, which may indicate pulmonary hemor-
rhage [82]. Definitive diagnosis of DAH requires bronchoscopy with
bronchoalveolar lavage (BAL). BAL also enables microbiological sam-
pling to assess for infection [83]; however, in life-threatening DAH,
immunosuppressive therapy should not be delayed when AAV is
strongly suspected, and empirical antimicrobial coverage may be
required while microbiological results are pending. Treatment decisions
should therefore be individualized according to clinical severity, infec-
tious risk, and the likelihood of active vasculitis [12,82,83]. In all pa-
tients presenting with DAH, testing for anti-glomerular basement
membrane (anti-GBM) antibodies is mandatory, as recommended by the
EULAR guidelines. This evaluation is crucial because a subset of AAV
cases, particularly those positive for MPO-ANCA, may overlap with anti-
GBM disease, which carries a poorer renal prognosis and may require
prompt plasma exchange in addition to standard immunosuppressive
therapy [12].

All patients should undergo initial chest imaging to assess for
thoracic involvement, even in the absence of respiratory symptoms, as
pulmonary manifestations are common and may influence diagnosis and
management. Chest X-ray is a rapid, accessible screening tool and is
typically recommended as the first-line modality [84]. However, chest
X-ray may miss subtle or early findings, while chest computed tomog-
raphy (CT) offers higher sensitivity for detecting nodules, masses,
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cavitation, and interstitial changes, which are key discriminators in GPA
and MPA [85].

For suspected upper airway involvement, CT of the paranasal sinuses
is indicated to assess structural and inflammatory changes [86-88].
Additionally, otorhinolaryngologic examination is a key component of
the diagnostic process [82].

In all patients, it is essential to perform a urinalysis to identify
microhematuria and/or proteinuria, even in the absence of renal
dysfunction, edema, or new-onset hypertension [82]. If proteinuria is
detected, quantification should be performed, using the protein-to-
creatinine ratio or a 24-h urine collection [82]. Microscopic examina-
tion of urine sediment is also recommended to detect dysmorphic
erythrocytes, particularly acanthocytes, which are highly specific
markers of glomerular origin and strongly suggest active glomerular
injury [77].

Cardiac assessment is essential, particularly in EGPA, where cardiac
involvement strongly influences prognosis [67]. A baseline electrocar-
diogram (ECG) and measurement of cardiac biomarkers (high-sensi-
tivity troponin and N-terminal pro-B-type natriuretic peptide) are
recommended for all patients, followed by transthoracic echocardiog-
raphy to screen for ventricular dysfunction and pericardial disease.
When symptoms, abnormal biomarkers, or unexplained ECG or echo-
cardiographic findings raise concern, cardiac magnetic resonance im-
aging (MRI) should be performed to detect myocarditis or
endomyocardial fibrosis [67,82].

For patients presenting with symptoms of peripheral neuropathy,
such as paresthesia, numbness, or muscle weakness, electro-
neuromyography is indicated [89]. In suspected CNS disease, man-
ifested by seizures, cognitive impairment, or focal neurological deficits,
brain or spine MRI is recommended to detect structural lesions [78].

These investigations not only establish the extent of organ involve-
ment but also provide the clinical framework within which serological
and histopathological results must be interpreted.

3.5.2. Serologic assessment of ANCA

Because ANCA are directly implicated in the pathophysiology of
AAV, their detection represents a pivotal step in diagnostic confirmation
and disease stratification.

As summarized in Table 1, ANCA positivity and antigen specificity
vary across AAV subtypes. Accordingly, serological evaluation is
strongly recommended as part of the diagnostic work-up [90].

Currently, the main methods for ANCA detection are indirect
immunofluorescence (IIF) and antigen-specific immunoassays,
including enzyme-linked immunosorbent assay (ELISA)-based methods
[90,91]. IIF distinguishes cytoplasmic (C-ANCA) and perinuclear (P-
ANCA) patterns, generally associated with PR3-ANCA and MPO-ANCA,
respectively [91]. However, atypical fluorescence patterns may occur
and can reflect antibodies against other neutrophil antigens, such as
lactoferrin, elastase, or bactericidal permeability-increasing protein;
these specificities are not routinely used for AAV diagnosis because their
diagnostic and prognostic significance is less well established than that
of PR3-ANCA and MPO-ANCA [90-92]. Accordingly, antigen-specific
immunoassays for PR3-ANCA and MPO-ANCA are preferred in sus-
pected GPA and MPA because they directly detect the clinically vali-
dated ANCA specificities most strongly associated with AAV diagnosis
and classification [90-92].

The choice of fixative strongly influences ANCA pattern recognition.
Ethanol fixation promotes artifactual MPO redistribution to the nuclear
periphery, producing the characteristic P-ANCA pattern. In contrast,
formalin preserves the native intracellular localization of granule pro-
teins, preventing MPO perinuclear redistribution; as a result, anti-MPO
antibodies no longer yield a P-ANCA pattern, while the cytoplasmic
staining typical of PR3-ANCA (C-ANCA) is maintained [91].

ELISA provides antigen-specific identification of PR3-ANCA and
MPO-ANCA [90,91]. In this assay, antigens are immobilized on a solid
phase, and autoantibodies in the patient's serum bind specifically to
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them. This interaction is subsequently detected by an enzyme-labeled
antibody, enabling a quantitative and specific measurement [90].

Current consensus recommends high-quality antigen-specific im-
munoassays (PR3- and MPO-ANCA) as the preferred initial screening
method for GPA and MPA, without the categorical need for IIF. Indirect
immunofluorescence may be reserved for cases with negative or low-
positive immunoassay results when clinical suspicion remains high
[92]. This recommendation follows the 2017 revised international
consensus on ANCA testing [92] and its 2020 update [90].

Nonetheless, ANCA negativity does not exclude AAV. A considerable
subset of patients with GPA or MPA may test negative by both IIF and
antigen-specific immunoassays. In these cases, if clinical suspicion re-
mains high, repeat testing with complementary methodologies and
histopathological evaluation of affected tissue is warranted [92].
Conversely, ANCA positivity alone is insufficient for diagnosis, as false-
positive results may occur. These are particularly associated with low-
titer immunoassay results and with several non-vasculitic conditions,
including inflammatory bowel disease, autoimmune liver disease, sys-
temic autoimmune disorders, chronic infections such as infective
endocarditis, and exposure to drugs like hydralazine, propylthiouracil,
minocycline, or levamisole-adulterated cocaine [92]. In that regard,
serologic testing should always be interpreted within the clinical context
and supported by histopathological confirmation whenever feasible to
ensure diagnostic accuracy and prognostic relevance.

3.5.3. Histopathological assessment

Histopathology provides the most definitive confirmation of vascu-
litic injury and remains indispensable for correlating serologic findings
with underlying tissue pathology, thereby guiding therapeutic decision-
making in AAV [93]. The diagnostic yield of biopsy varies by site, with
tissue samples obtained from the kidney, lung, muscle, skin, nerve, or
nasal mucosa depending on the clinical context [94]. Among these, renal
biopsy provides the highest diagnostic value [93].

Renal histology typically reveals pauci-immune necrotizing cres-
centic GN (Fig. 4) [4]. Increasing emphasis is placed on assessing not
only acute lesions (cellular crescents, fibrinoid necrosis) but also chronic
features such as glomerulosclerosis, interstitial fibrosis, tubular atrophy,
and arteriosclerosis [93].

Beyond descriptive morphology, renal biopsy findings can also be
categorized using prognostic classification systems, such as the Berden
histopathologic classification and the ANCA Renal Risk Score (ARRS)
[95,96]. These tools are widely used and are further detailed in the
Prognosis section.

Despite their specificity, histopathological findings may occasionally
be inconclusive or nonspecific [74]. While biopsy continues to play an
important role in diagnosis, it may be unnecessary when clinical
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presentation and serological results are highly suggestive of AAV or
when the risks outweigh the expected diagnostic benefit [4,12].

Accurate diagnosis requires integration of clinical, serologic, and
histopathologic findings, as ANCA testing alone is insufficient and bi-
opsy remains the gold standard when feasible.

3.6. Therapeutic approaches

Accurate diagnosis and early identification of organ-threatening
involvement are decisive for optimizing therapeutic outcomes. Recent
advances in classification and diagnostic precision have directly
informed treatment algorithms, paving the way for more targeted,
steroid-sparing regimens.

Over recent decades, treatment of AAV has advanced considerably,
with the incorporation of more targeted and safer therapies aimed at
achieving sustained remissions with fewer adverse effects [97]. Histor-
ically, prior to the introduction of glucocorticoids (GC) in combination
with cyclophosphamide (CYC), AAV carried a dismal prognosis, with
one-year mortality exceeding 80% [97]. The advent of GC plus CYC
dramatically improved outcomes, with two-year survival rates
approaching 75% [97].

Treatment of AAV is typically divided into two phases: induction of
remission and maintenance of remission (Fig. 5). Each phase should be
tailored according to disease severity and comorbidities [4,46]. Induc-
tion, generally lasting three to six months, aims to rapidly suppress
active inflammation and halt organ damage. This is followed by main-
tenance therapy, typically extending over two to four years, to prevent
relapse [4]. Current recommendations largely align the management of
GPA and MPA, given their immunopathological and therapeutic simi-
larities, whereas EGPA requires a distinct approach due to its specific
clinical and pathophysiological features.

3.6.1. Induction of remission in GPA and MPA

In patients with life-threatening organ involvement, such as GN,
pulmonary hemorrhage, or cardiac disease, high-dose GC combined
with potent immunosuppressants is recommended [12].

Historically, CYC has been the standard of care and remains an
important option in severe cases, particularly in patients with severe
disease involving vital organs [12]. However, several clinical trials,
including the landmark RAVE trial, demonstrated that rituximab (RTX),
an anti-CD20 monoclonal antibody, is non-inferior to CYC and superior
in preventing relapse in relapsing disease, though patients with severe
renal impairment (serum creatinine >4 mg/dL) were excluded from this
trial [98]. As such, CYC is sometimes preferred in these situations. In
selected cases, combination therapy with RTX and CYC may be
considered to reduce cumulative CYC exposure [70].

Fig. 4. Renal histopathological findings. Renal biopsy from a patient with ANCA-associated vasculitis showing pauci-immune necrotizing glomerulonephritis, with
fibrin deposition (arrow) and cellular crescents (*). Adapted from Molnar et al. [5], CC BY 4.0.
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Fig. 5. Therapeutic management algorithm for ANCA-associated vasculitis (AAV). In granulomatosis with polyangiitis (GPA) and microscopic polyangiitis (MPA),
remission is induced with glucocorticoids plus rituximab (RTX) or cyclophosphamide (CYC), while methotrexate (MTX) or mycophenolate mofetil (MMF) may be
considered in non-organ-threatening disease. In eosinophilic granulomatosis with polyangiitis (EGPA), mepolizumab or benralizumab may be considered for re-
lapsing or refractory disease. Maintenance relies on RTX, azathioprine (AZA), MTX, or MMF, and plasma exchange remains an option for rapidly progressive
glomerulonephritis (RPGN) or severe alveolar hemorrhage. Relapse generally requires re-initiation of induction therapy. Adapted from Hellmich et al. [12].

GC remains a cornerstone of induction therapy. However, concerns
about cumulative toxicity, especially in elderly patients [99], have
prompted evaluation of reduced-dose regimens. The PEXIVAS trial
[100], which enrolled patients with severe disease defined by reduced
estimated glomerular filtration rate (eGFR <50 mL/min/1.73 m?) or
pulmonary hemorrhage, demonstrated that a reduced-dose GC regimen
was as effective as the standard approach, with lower risk of adverse
effects [100]. Current consensus favors initiating high-dose therapy with
tapering to 5 mg/day by four to five months in severe disease, while
lower-dose regimens may be considered in patients without organ-
threatening manifestations [12].

In patients with non-organ-threatening disease, RTX is recom-
mended as the preferred induction agent in current guidelines, while
methotrexate (MTX) and mycophenolate mofetil (MMF) remain alter-
natives in selected cases [12]. Although both MTX and MMF have been
associated with higher relapse rates, their use may be guided by disease
phenotype and renal function [101,102]. MTX remains a useful option
for localized or ENT-predominant GPA without renal impairment or
other organ-threatening manifestations, but should be used with caution
and at reduced doses when eGFR falls below 60 mL/min/1.73 m? and is
contraindicated below 30 mlL/min/1.73 m? [70,101,103]. Particular
caution is also warranted when MTX is combined with other antifolate
agents, including co-trimoxazole, as additive toxicity may increase the
risk of cytopenia or myelosuppression [104]. In contrast, MMF may be
more appropriate in selected patients with non-severe ANCA-associated
GN, particularly when renal function limits MTX use [12,70,102,105].

Within this evolving therapeutic landscape, avacopan, an oral C5aR1
antagonist that disrupts the C5a-neutrophil amplification loop, exem-
plified the translation of complement biology into targeted therapy for
GPA and MPA [106,107]. Following the ADVOCATE trial, it was
approved as an adjunct to standard induction therapy and incorporated
into treatment recommendations as a potential strategy to reduce GC
exposure [12,106]. However, the ADVOCATE publication was retracted
in 2026 following concerns regarding trial conduct, endpoint assess-
ment, and the reliability of the reported efficacy findings [108]. These
concerns prompted the United States Food and Drug Administration to
propose the withdrawal of TAVNEOS approval and the European Med-
icines Agency’s Committee for Medicinal Products for Human Use to
recommend revocation of the European marketing authorisation for
Tavneos; postmarketing reports of serious drug-induced liver injury
have further contributed to the reassessment of its benefit-risk profile
[109,110]. At the time of writing, both regulatory procedures remained
ongoing, and no final decisions had been issued [109,110], while the

AAV management recommendations cited in this review continued to
include avacopan [12]. Accordingly, these developments have intro-
duced substantial uncertainty regarding the evidence supporting the
efficacy and GC-sparing role of avacopan. Its future place in AAV
treatment remains uncertain and should be reassessed in light of final
regulatory decisions, the response of the marketing authorisation
holder, future guideline updates, and the availability of additional
reliable evidence.

Plasma exchange may be considered as an adjunctive therapy in
patients with severe GN (serum creatinine >3.4 mg/dL or dialysis
requirement) or alveolar hemorrhage with hypoxemia [12,70]. The
earlier MEPEX trial demonstrated a short-term reduction in risk of
progression to end-stage kidney disease (ESKD) with plasma exchange in
severe renal vasculitis, although without sustained long-term benefit
[111]. More recently, PEXIVAS found no overall survival or renal sur-
vival advantage [100], suggesting that plasma exchange should be
reserved for carefully selected cases [12].

3.6.2. Induction of remission in EGPA

Therapeutic strategies in EGPA differ from those used in GPA and
MPA, reflecting its distinct pathophysiology and clinical phenotype.
Because EGPA-specific trials are scarce, many recommendations are
extrapolated from those diseases, and the intensity of induction therapy
is guided primarily by the presence and severity of organ- or life-
threatening manifestations.

In patients with organ- or life-threatening manifestations, high-dose
GC should be combined with either CYC or RTX, with RTX increasingly
recognized as an alternative to CYC rather than being reserved for cases
of intolerance or contraindication [12,103]. In the absence of such
manifestations, GC alone can induce remission in most patients, but
relapses are frequent during tapering, so an additional agent is often
considered to limit cumulative GC exposure [12,103]. Mepolizumab
(MEPO), an interleukin-5 inhibitor, is the best-established GC-sparing
option in this setting: the ACR conditionally favors adding it to GC at
induction, whereas EULAR positions it primarily for relapsing or re-
fractory disease [12,103]. MEPO can therefore be used as part of
remission induction in non-severe EGPA and not only for relapse pre-
vention [103,112]. Benralizumab, an interleukin-5 receptor antagonist,
has since shown non-inferiority to MEPO in relapsing or refractory EGPA
and represents a further eosinophil-targeted option [113].

As remission is achieved, the therapeutic focus must shift from
inflammation control to long-term relapse prevention, balancing effi-
cacy with minimization of cumulative immunosuppression.
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3.6.3. Maintenance of remission in GPA and MPA

Following induction, maintenance therapy aims to reduce relapse
risk, which remains high in AAV [4]. The MAINRITSAN [114] and
RITAZAREM [115] trials demonstrated that fixed-interval RTX was su-
perior to azathioprine (AZA) for maintaining remission, with signifi-
cantly lower relapse rates [70,114,115]. Alternatives include AZA, MTX,
or MMF, though these are associated with higher relapse risk [70] and
are generally reserved for situations where RTX is contraindicated or
unavailable [12].

In less severe cases without life-threatening involvement, mainte-
nance therapy may be continued with the same agent used during in-
duction, commonly RTX, MTX, or AZA [12].

3.6.4. Maintenance of remission in EGPA

MEPO has demonstrated efficacy in relapsing, non-life-threatening
EGPA. The MIRRA trial confirmed that MEPO significantly reduced
relapse rates, improved disease control, and lowered GC requirements,
with a favorable safety profile [112]. More recently, benralizumab
demonstrated non-inferiority to MEPO in the MANDARA trial and is now
also approved for relapsing or refractory EGPA [113]. In cases of organ-
threatening EGPA, maintenance follows strategies similar to GPA and
MPA, with AZA, MTX, RTX, MEPO, or other approved biologic options
selected according to disease phenotype, prior response, and treatment
availability [12].

The management of AAV is evolving from broad immunosuppression
to mechanism-based precision therapy, integrating B-cell depletion and
eosinophil-targeted biologics to achieve sustained remission with min-
imal GC exposure and toxicity.

3.6.5. Toward biomarker-guided treatment selection

Despite these advances, treatment selection in AAV is still guided
mainly by clinical phenotype and risk considerations, including disease
severity, organ involvement, relapse risk, and risk of GC-related toxicity,
rather than by validated molecular biomarkers [12,107]. Refining
therapy beyond ANCA antigen specificity will require biomarkers that
reflect individual disease biology and predict treatment response, an
area in which immunological, transcriptomic, and urinary candidates
are beginning to emerge.

Serial CD19" B-cell and ANCA monitoring has been tested prospec-
tively in the MAINRITSAN2 trial, in which an individually tailored RTX
re-infusion strategy based on CD19" B-cell reappearance and/or ANCA
reappearance or an increase in titer was associated with relapse rates
that were not statistically different from fixed-schedule RTX, while using
fewer infusions [116].

Pharmacogenomic approaches may also contribute to future treat-
ment individualization, although evidence in AAV remains limited. In a
pharmacogenomic analysis of the RAVE trial, variants in Fcy receptor
and cytochrome P450 genes were examined in relation to response to
RTX or CYC, but no pharmacogenomic marker has yet been validated to
guide routine induction treatment selection [117].

Tissue-based profiling has shown more direct therapeutic potential:
spatial and single-cell transcriptomic analysis of kidney biopsies from
patients with ANCA-associated glomerulonephritis (ANCA-GN) identi-
fied cytokine-producing CD4" and CD8" T cells as a pathogenic renal
inflammatory signature and, through computational drug prediction,
nominated ustekinumab, an anti-IL-12/IL-23 p40 monoclonal antibody,
which was associated with clinical and renal responses when used as
add-on therapy in a small proof-of-concept series [118].

Non-invasively, urinary soluble CD163 has shown the ability to
distinguish active renal vasculitis from remission and extrarenal disease
activity, and, particularly when combined with urinary monocyte che-
moattractant protein-1 (MCP-1) or new/worsening proteinuria, may
help identify renal inflammatory activity and inform decisions about
repeat biopsy in selected clinical contexts [119,120].

However, these approaches remain insufficiently validated for
routine treatment selection and should currently be interpreted as
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promising tools rather than established decision-making instruments
[107].

3.6.6. Emerging therapies

As biomarker-informed stratification evolves, emerging therapies
targeting complement, B cells, plasma cells, and eosinophil-associated
pathways may further expand individualized treatment options.

Upstream complement inhibition is under study with the factor B
inhibitor iptacopan [121] and the anti-factor Bb antibody ruxoprubart
[122], both in phase 2 studies combined with RTX. Obinutuzumab, a
type II anti-CD20 antibody, is being investigated for its ability to achieve
deeper B-cell depletion and reduce the risk of relapse [123]. In highly
refractory AAV, plasma cell-directed therapy with daratumumab, an
anti-CD38 monoclonal antibody, has also been reported in small case-
based studies, but remains experimental and requires prospective vali-
dation [124]. Early-phase cellular therapies, including anti-CD19
chimeric antigen receptor T-cell (CAR-T) products, are entering clin-
ical evaluation for autoimmune diseases [125-127].

In EGPA, investigational strategies are also expanding beyond
currently approved biologics. Depemokimab, a long-acting anti-IL-5
antibody, is currently being evaluated in the phase 3 OCEAN trial in
adults with relapsing or refractory EGPA, aiming to assess whether
sustained IL-5 blockade can provide prolonged remission and further GC
tapering [128]. Janus kinase (JAK) inhibition is another early investi-
gational strategy in EGPA, supported by preliminary clinical experience
with tofacitinib and nonclinical data with selective JAK1 inhibition,
although controlled clinical evidence is still lacking [129]. In parallel,
tezepelumab, an anti-thymic stromal lymphopoietin (TSLP) inhibitor
monoclonal antibody, is being investigated in the phase 2b RACEMATE
trial as a strategy to target epithelial alarmin-driven inflammation in
non-severe active EGPA [130].

Together, these emerging therapies reflect a shift toward more tar-
geted and durable approaches in AAV and EGPA, aiming to achieve
sustained remission while minimizing treatment-related toxicity.

3.7. Prognosis

The marked improvement in survival observed over recent decades
largely reflects advances in immunosuppressive therapy and earlier
disease recognition. Nevertheless, residual morbidity remains substan-
tial, emphasizing the need for continuous refinement of treatment and
monitoring strategies.

3.7.1. Overall survival

The introduction of modern combined immunosuppressive regi-
mens, as well as the use of RTX, has substantially improved survival in
AAV [131].

In a recent large retrospective observational study from Istanbul
(1997-2021), the 5-year survival rate was 88.1%, and overall survival
over the full follow-up period was 80.3%. A stratification of patients
according to clinical subtypes revealed that GPA patients demonstrated
5-year and overall survival rates of 91% and 84.5%, respectively. In
contrast, MPA patients exhibited significantly lower rates of 81% and
67.2%, respectively [132]. Despite these advances, infection remains
the leading cause of mortality during both induction and maintenance
phases, followed by active vasculitis, cardiovascular disease, and ma-
lignancy related to cumulative immunosuppression [12,133].

3.7.2. Prognostic factors and scores

Advanced age has been identified as a major independent predictor
of mortality in AAV, and male sex has also been associated with a less
favorable outcome [133]. Current evidence suggests that ANCA speci-
ficity provides more prognostic information than clinical subtype alone.
Specifically, patients with MPO-ANCA have a higher likelihood of
developing kidney failure, whereas those with PR3-ANCA are more
prone to relapse [75].
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These variables are incorporated into several prognostic and
damage-assessment tools. In EGPA, the Five-Factor Score (FFS) remains
useful for mortality risk assessment, but it does not capture all clinically
relevant manifestations, particularly peripheral nervous system
involvement; therefore, severe neurologic disease such as mononeuritis
multiplex may still justify more intensive immunosuppression even in
the absence of FFS-defined poor-prognosis factors [134,135]. The Bir-
mingham Vasculitis Activity Score (BVAS) quantifies disease activity
and correlates with relapse risk [136], while the Vasculitis Damage
Index (VDI) measures accumulated, often treatment-related, organ
damage [137]. In research settings, the Combined Damage Assessment
Index (CDA) has been used to capture a broader spectrum of damage,
although its greater complexity and lower feasibility make it less suit-
able for routine clinical practice, in contrast to the VDI [138].

In addition, kidney-specific instruments provide robust prognostic
information: the Berden histopathologic classification stratifies biopsy
findings, with clear predictive value for renal survival [95], and the
ARRS integrates eGFR at presentation with the proportion of normal
glomeruli and crescents, allowing accurate risk stratification for ESKD at
diagnosis [96]. Collectively, these tools encompass both general and
organ-specific predictors: FFS for mortality in EGPA, BVAS for activity,
VDI for cumulative damage, and ARRS/Berden for kidney outcomes,
supporting individualized clinical decision-making and standardized
reporting in research.

3.7.3. Renal prognosis

Renal involvement remains the single most important predictor of
outcome [4]. Patients presenting with severely impaired kidney func-
tion, particularly those with an estimated glomerular filtration rate
below 15 mL/min/1.73 m?, face a significantly higher risk of mortality
and progression to end-stage kidney disease [70]. Long-term follow-up
studies report cumulative incidences of kidney failure rising steadily
with disease duration.

Renal histopathology provides further prognostic insight: a higher
percentage of normal glomeruli on biopsy is strongly associated with
renal survival. For patients progressing to kidney failure, trans-
plantation offers excellent outcomes, with a 10-year patient survival rate
of approximately 86% reported in contemporary European cohorts,
clearly outperforming dialysis [139].

3.7.4. Relapse

Relapse is common in AAV, affecting 15-45% of patients within the
first two to three years of follow-up. This variability reflects differences
in follow-up duration, patient characteristics, and the choice of main-
tenance therapy [140]. PR3-ANCA positivity has been shown to
consistently predict a substantially higher relapse risk compared with
MPO-ANCA [76]. In this context, RTX has demonstrated greater efficacy
than AZA for relapse prevention [114].

The presence of additional clinical features, including pulmonary,
cardiovascular, and upper respiratory tract involvement, has been
associated with an increased risk of relapse. This underscores the
importance of a meticulous systemic assessment at the time of diagnosis
and during long-term follow-up [75].

Prognosis is now largely determined by ANCA specificity and renal
involvement, highlighting the role of individualized risk stratification
tools for long-term outcomes.

3.8. Artificial intelligence and digital tools in AAV

Artificial intelligence and digital tools are increasingly being
explored in AAV, although their role remains preliminary. Current ap-
plications include automated histopathological assessment, disease
phenotyping, relapse identification, and the analysis of large real-world
datasets. In renal disease, a deep-learning pipeline has been developed
to classify glomerular lesions in ANCA-GN according to the Berden
histopathological classification [141].
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Other data-driven approaches have used registry and electronic
health record data to improve disease subclassification, relapse ascer-
tainment, and case identification. For example, model-based clustering
of large European registry datasets has identified clinically meaningful
GPA/MPA subgroups with prognostic value beyond conventional clin-
ical diagnosis or ANCA specificity [142]. A computable phenotype using
ANCA changes, blood and urine tests, imaging findings, immunosup-
pression status, and treatment modifications has also been developed to
identify relapse retrospectively when BVAS data are missing or unreli-
able [143]. Natural language processing has further improved the
identification of AAV cases in electronic health records, reducing
dependence on International Classification of Diseases, Tenth Revision
(ICD-10) codes alone [144].

Although these approaches have shown promising results in specific
applications, their performance and generalizability across different
clinical settings remain uncertain. Accordingly, they may support case
finding, registry-based research, biopsy assessment, and relapse ascer-
tainment, but they do not replace expert clinical, serological, and his-
topathological evaluation [141-144].

4. Discussion

The literature describes AAV as an immune-mediated small-vessel
vasculitis in which dysregulated immune mechanisms drive vascular
injury. The apparent rise in incidence and prevalence likely reflects
improved case detection and survival [7,8]. Rates differ by subtype and
geography, with GPA more common in Europe and MPA in Asia [15]. As
shown in Fig. 2, this geographic variation supports the hypothesis that
environmental exposure and latitude may influence disease expression.
Beyond improved case ascertainment, rising prevalence may also reflect
environmental and epigenetic changes, although their relative contri-
bution remains uncertain.

From genetic predisposition to clinical phenotype, AAV can be un-
derstood as a continuum in which genetic background and environ-
mental triggers interact to shape immune dysregulation and disease
expression. Susceptibility reflects the combined influence of genomic
factors and exposures such as silica, infections, selected medications,
and tobacco [21-23]. Together, these factors promote loss of tolerance
[42], pathogenic neutrophil activation [39,43], complement activation
[57,61], and small-vessel damage [57]. This mechanistic framework
supports the biological distinction between PR3-ANCA and MPO-ANCA
disease and helps explain differences in clinical presentation, relapse
tendency, renal involvement, and treatment response. Nevertheless, the
relative contribution of each pathogenic driver varies across patients
and remains difficult to define within current clinical classification.

Translating this biology into a diagnosis still relies on the integration
of clinical, serological, and histopathological data [12]. However, while
PR3/MPO immunoassays are central, the persistence of ANCA-negative
cases and the limitations of serology in atypical or limited disease
reinforce the need to interpret ANCA testing within a broader clinical
and histological framework.

High clinical suspicion should prompt repeat testing and biopsy
when feasible [92]. Renal tissue remains the most informative [93], and
kidney-specific tools (Berden classes and the ARRS) add prognostic
precision beyond descriptive pathology [95,96]. In practice, a positive
ANCA test supports but does not confirm the diagnosis. Biopsy provides
the highest diagnostic yield and should be prioritized when manage-
ment would change. ANCA specificity, organ pattern, and biopsy chro-
nicity should drive treatment and follow-up strategy.

Therapeutically, induction has shifted from CYC-based to RTX-
centered strategies for many patients, with CYC retained for selected
severe presentations [70,98]. In parallel, reduced-dose GC regimens
have shown that disease control can increasingly be achieved with lower
GC exposure [100]. These developments mark a clear move toward
treatment individualization, although routine treatment selection re-
mains largely guided by clinical phenotype, organ involvement, relapse
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risk, and comorbidity rather than by validated molecular predictors
[12,70,107].

For maintenance, B-cell depletion reduces relapse more effectively
than traditional antimetabolites and is the preferred approach when
available and appropriate [114,115]. Recent trials have shown that GC
exposure can be reduced without compromising short-term disease
control, while plasma exchange is no longer supported for routine use
after PEXIVAS demonstrated no overall survival or renal benefit in un-
selected severe AAV populations [100].

These targeted strategies are likely to broaden further, with agents
directed at complement activation, B-cell depletion, plasma-cell persis-
tence, and eosinophil-associated pathways now being evaluated across
the AAV spectrum [121-130]. However, most of these approaches
remain investigational, and it remains unclear whether they will provide
more durable remission, better organ protection, or lower cumulative
treatment-related toxicity than current regimens.

Prognosis has improved substantially with contemporary drug regi-
mens [131], yet long-term outcomes remain driven by age, comorbidity,
and especially renal involvement at presentation [75,133]. Because
ANCA specificity is related to outcomes, with MPO-ANCA being more
closely associated with kidney failure [75], and PR3-ANCA conferring a
higher relapse risk [76], reporting the disease based on clinical subtype
and ANCA specificity provides clearer risk stratification. Although sur-
vival rates now exceed 85% at five years, morbidity remains significant
due to treatment-related toxicity and chronic kidney damage. Several
scores can help quantify risk, including the FFS for mortality risk
assessment in EGPA, the BVAS for disease activity and relapse risk
[134,136], and the Berden/ARRS for renal survival [95,96]. Integrating
these tools supports standardized prognostic assessment and may help
align treatment intensity with long-term renal and systemic risk.

Complementing established prognostic scores, artificial intelligence
and digital methods are beginning to be explored in AAV, mainly to
support histopathological assessment, the analysis of large clinical
datasets, and electronic health record-based case identification, relapse
ascertainment, and data-driven disease subclassification [141-144].
Because their accuracy, interpretability, and generalizability across
clinical settings remain insufficiently established, these tools should
currently be regarded as adjunctive research and decision-support in-
struments used alongside expert clinical, serological, and histopatho-
logical evaluation.

Taken together, these findings mark a turning point in AAV care,
from the empirical suppression of inflammation toward strategies that
seek to sustain remission, protect organs, and reduce the long-term
burden of treatment.

5. Future perspectives

The progress achieved in AAV has changed the clinical landscape,
but it has also made the remaining gaps clearer.

One priority is to clarify how environmental exposures, aging-related
factors, and epigenetic regulation influence disease expression and long-
term outcomes. In parallel, better molecular, urinary, imaging, and
tissue-based markers are needed to improve the recognition of active
disease, particularly in atypical, limited, ANCA-negative, or clinically
silent forms. Such tools may help distinguish persistent inflammation
from irreversible damage and support earlier, more confident clinical
decisions.

Improving disease assessment is also essential for a more personal-
ized therapeutic approach. In view of the uncertainty surrounding
avacopan, the therapeutic potential of complement inhibition in AAV
requires confirmation in independent, rigorously conducted studies.
Such studies should first establish whether a favorable benefit-risk
profile can be demonstrated and, if so, identify the patients most likely
to benefit, the optimal treatment duration, and the biomarkers that
could guide patient selection and treatment monitoring.

The same principle applies to maintenance therapy. Although RTX-
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based regimens have improved relapse prevention, the optimal dura-
tion of treatment and the safest timing of withdrawal remain uncertain
[114]. This is especially relevant in patients with previous relapse, PR3-
ANCA disease, persistent low-level ANCA positivity, or incomplete
immunological remission [115]. Future work should clarify whether
these findings should lead to closer monitoring, individualized retreat-
ment strategies, or simply continued observation.

Looking ahead, artificial intelligence may help connect clinical,
histological, registry, and electronic health record data in AAV. Future
work should refine and externally validate Al-assisted biopsy evalua-
tion, while also improving tools for relapse ascertainment, patient
stratification, and registry-based research [141-144].

Finally, refractory disease and frequent relapses remain among the
clearest unmet needs. New approaches, including complement-directed
therapies, deeper B-cell depletion, eosinophil-targeted strategies, and
cellular therapies such as CAR-T, should be evaluated according to their
durability, safety, organ protection, and place within existing treatment
pathways. Ultimately, the next step in AAV care is not simply to add
more treatments, but to use each option with greater precision, preser-
ving remission while reducing long-term harm.

6. Conclusion

AAV remains a complex group of autoimmune small-vessel vascu-
litides, in which clinical heterogeneity reflects substantial underlying
biological diversity. Differences between PR3-ANCA, MPO-ANCA, and
ANCA-negative disease influence organ involvement, relapse risk, renal
prognosis, and therapeutic response, making early recognition and in-
tegrated clinical, serological, and histological assessment essential for
individualized management.

At the same time, advances in immunopathogenesis have reshaped
the understanding and treatment of these diseases. The roles of
neutrophil activation, NETs formation, complement amplification, B-
cell dysregulation, and eosinophil-driven inflammation have helped
explain distinct disease phenotypes and supported the development of
more targeted approaches. In this context, RTX, MEPO, and benralizu-
mab have expanded therapeutic options and reinforced the move away
from broad, GC-heavy immunosuppression toward more selective and
potentially safer strategies.

Despite this progress, AAV care remains only partly precision-based.
In daily practice, treatment decisions are still guided mainly by disease
severity, organ involvement, relapse risk, comorbidity, and treatment
availability rather than by validated molecular predictors. The field has
therefore moved closer to biologically informed care, but true precision
medicine will depend on translating these mechanistic insights into
practical tools that help preserve remission, protect organs, reduce the
long-term burden of treatment, and ultimately improve both survival
and quality of life for patients with AAV.
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