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Anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis
(AAV) is a rare disease, which is characterized by necrotizing small vessel
vasculitis with positive serum ANCA (MPO/PR3-ANCA against myelo-
peroxidase/proteinase 3) and consists of three diseases: microscopic
polyangiitis (MPA), granulomatosis with polyangiitis (GPA) and eosin-
ophilic granulomatosis with polyangiitis (EGPA). The AAV’s etiology
involves genetic (single nucleotide polymorphism: SNP) and environ-
mental factors (infection, harmful microparticles, and drugs) that affect
phenotypic differences between regions and AAV subsets. ANCAs, espe-
cially MPO-ANCA, have pathogenicity and relevant to disease activities,
playing a central role together with neutrophils. The overactivated
neutrophils by ANCAs, as the effector cells, finally release reactive oxy-
gen species, lytic enzymes, matrix metalloproteinases, and neutrophil
extracellular traps (NETs) to cause vascular damage. The pathological
process has been understood by the mechanism of ANCA production and
small vessel vasculitis with the ANCA-cytokine-sequence-theory and the
complementary peptide theory. These have been attributed to the various
dysregulation of not only neutrophils and B cells but also complementary
system, antigen presentation, and T cells. In particular, the complemen-
tary system has been elucidated that C5a is a crucial factor to activate
neutrophils in vivo and in vitro. Subsequently, avacopan, a C5a receptor
antagonist, was shown to be promising in the clinical trials. However,
many issues are left unsolved; more personalized therapy based on
phenotypes, the roles of SNPs from genome-wide association studies, and
the characteristic of ANCA-producing B cells or treatment-refractory
patients. Here, we overviewed the pathogenesis and pathology of AAV,
focusing on the MPA and GPA subtypes.
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1. Introduction

Anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis
(AAV) consists of disorders characterized by necrotizing small blood
vessels and the presence of circulating ANCA. The most widely used
classification of AAV is based on the 2012 International Chapel Hill
Consensus Conference (CHCC). AAV is classified as a primary small
vessel vasculitis, which consists of three diseases: microscopic poly-
angiitis (MPA), granulomatosis with polyangiitis (GPA), and eosinophilic
granulomatosis with polyangiitis (EGPA) [1]. Each of these diseases
shows characteristic clinical presentations, but shares similar patholog-
ical findings, including the necrotizing, pauci-immune vasculitis of
small-sized vessels. Typically, MPA presents with glomerulonephritis and
pulmonary capillaritis, including interstitial pneumonitis and lung
hemorrhage, which often worsens rapidly. Additionally, involvement of
the skin, nerves, and gastrointestinal tract is not uncommon. GPA pre-
sents with symptoms in the upper respiratory tract (ear, nose, and par-
anasal sinus inflammation), pulmonary nodule/hemorrhage, and
glomerulonephritis. The histopathology of GPA is characterized by the
presence of granulomatosis in addition to necrotizing vasculitis. In turn,
EGPA is characterized by a preceding medical history of bronchial
asthma or allergic rhinitis, followed by pulmonary infiltration, skin rash,
peripheral neuropathy, and marked eosinophilia. The pathology of EGPA
shows eosinophilic infiltration with granulomatosis and extravascular
granuloma. In contrast, the histopathology of MPA and GPA presents
with large amounts of neutrophils at the sites of vasculitis or necrosis.

ANCA and neutrophils are key components in MPA and GPA. We will
discuss the role of AAV in pathogenicity and pathology.
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1.1. Epidemiology

AAV is a rare disease. The incidence and prevalence are estimated at
20 per million per year and 46–184 per million people, respectively [2,
3]. The peak age of onset of AAV is between 65 and 74 years [4] and is
significantly higher in MPA [5]. Regional differences exist, and AAV is
more common in white and Asian populations [2]. Regarding the AAV
subsets, Northern Europe and Australia/New Zealand have a higher
prevalence of GPA, whereas in Southern Europe and Asia, MPA has a
higher prevalence [2]. A Japanese retrospective study showed that MPA
is more frequent (MPA 50.0％, GPA 21.2％，EGPA 9.0%）and
MPO-ANCA is predominant [6]. The phenotype may also be attributed to
regional differences, as a case report of pulmonary fibrosis showed an
MPO(þ)ANCA predominance in Japan [7]. The reason for this difference
has not been fully understood; however, it is thought to be related to
genetic and environmental factors.

1.2. Etiology

It has been suggested that the onset of AAV is associated with both
genetic and environmental factors.

1.2.1. Genetic factors
Although very few cases of familial AAV have been reported, there

have been various genetic studies including genome-wide association
studies (GWASs) that have identified single nucleotide polymorphisms
(SNPs) related to susceptibility. GWASs have also suggested some dif-
ferences between the three AAV subsets or in geography [8,9]. A GWAS
on United Kingdom patients revealed obvious genetic differences in GPA
and MPA, and the genetic association was stronger in classification by
ANCAs compared to classification by clinical presentation [10]. In a
summary of some studies, HLA-DR polymorphisms were shown to be
related to susceptibility to MPA and MPO-ANCA(þ) AAV, and HLA-DQ
polymorphisms were shown to be related to resistance, whereas sus-
ceptibility to GPA and PR3-ANCA(þ) AAV was shown to be associated to
HLA-DP polymorphisms [10–12]. Furthermore, a GWAS from North
American further identifiedHLA-DPB1*04 as a risk allele for GPA [12]. In
a regional differences study, Kawasaki et al. showed that HLA-
DRB1*09:01 is common in East Asia, but rare in Europe, and it is asso-
ciated with MPA in Japan [11]. A study reported that the HLADRB1*15
allele is highly frequent in African American GPA and reacts against
sense/complementary PR3 138-169 peptide, which agrees with the
theory of complementary peptide, as discussed below [13,14].

In the non-MHC gene, the single nucleotide polymorphism (SNP) of
PTPN22 is associated with susceptibility to PR3-ANCA(þ) AAV because
the mutation suppresses IL-10 by upregulating the activity of PTPN22
[15]. Moreover, SNPs of SERPINA22 (encoding α1-antitrypsin, which is a
main inhibitor of PR3), PRTN3 (encoding proteinase 3), and SEMA6A
have been associated with resistance to GPA or PR3-ANCA(þ) AAV [10,
12].

However, the mechanisms by which these polymorphisms contribute
to the pathogenesis of AAV remain unclear.

1.2.2. Environmental factors
There are several environmental factors that may cause AAV,

including infection, harmful microparticles, and medical substances.

1) Infection

Some of the infectious diseases were suggested to be involved in the
pathogenesis in AAV. For instance, firstly reported AAV cases in 1982
were related to Ross River virus because of the geographical co-clustering
of both diseases, similarity of the clinical presentations, and the positive
serology of the virus [15]. Staphylococcus aureus, which is also a repre-
sentative infectious factor, produces toxic shock syndrome toxin 1 that
exacerbates GPA and supplies complementary PR3 or mimicry PR3
2

peptide, which leads to PR3-ANCA (we will discuss the theory of com-
plementary peptide below) [13,14,16].

As a caveat, various infection (such as tuberculosis, HIV and infec-
tious endocarditis) yields ANCA in the serum which does not cause AAV
[17,18].

2) Harmful microparticles

It has been reported that several harmful microparticles such as silica,
asbestos, and metal cause AAV [19,20]. Silica is present in glass, cement,
and soil. The increased incidence of MPO-ANCA(þ) AAV in Japanmay be
related to the two massive earthquakes in the country (Hanshin-Awaji
earthquake in 1995, the Great East Japan earthquake in 2011) [21–23].
Besides, the bronchoalveolar lavage fluid from patients presenting with
diffuse alveolar hemorrhage after the Great East Japan earthquake shows
a tendency toward higher silica concentrations, although there is a pos-
sibility that other microparticles cause AAV [24]. The frequency of AAV
also increased after the 2014 Zhaotong earthquake in China [25]. On the
other hand, this was not the case after the 2011 Christchurch Earthquake
in New Zealand [26]. These differences may be caused by the amount of
silica released into the air and the genetic factors that Asians tend to have
AAV with positive MPO-ANCA, which is also a characteristic of
silica-induced AAV.

3) Drugs

It has been reported that the use of hydralazine, minocycline, pro-
pylthiouracil, and levamisole-contaminated cocaine is associated with
the onset of AAV [27–30]. The mechanism of propylthiouracil-induced
AAV has been well elucidated. Propylthiouracil induces abnormal
neutrophil extracellular traps (NETs) to product ANCA (see below in the
section of Pathology) [31–33].

1.3. Anti-neutrophil cytoplasmic antibody

ANCAs are autoantibodies against cytoplasmic antigens expressed in
the primary granules or the lysosome in neutrophils, especially MPO and
PR3, which are detected using indirect immunofluorescence (IIF) mi-
croscopy on ethanol-fixed neutrophils. The staining patterns divide the
ANCAs into perinuclear ANCA (p-ANCA) and cytoplasmic pattern (c-
ANCA). Davies et al. first reported that eight patients had similar clinical
symptoms of histopathology of the pauci-immune segmental necrotizing
glomerulonephritis and the neutrophilic cytoplasm stained with IIF in
1982 [15]. Subsequently, Wounde et al. found that c-ANCA is specific to
patients with GPA in 1985[34]. Falk and Jennette described p-ANCA in
MPA in 1988[35]. P-ANCA mainly recognizes cationic myeloperoxidase
(MPO), which leaks from the primary granules during ethanol fixation
and attaches to the negatively charged nuclear membrane, whereas
C-ANCA binds to proteinase 3 (PR3) in the cytoplasm [2]. Subsequently,
the quantitative measurement of ANCAs for MPO and PR3 using
enzyme-linked immunosorbent assay (ELISA) helps in the identification
of MPO-ANCA and PR3-ANCA. Thus, ANCAs are useful not only for
diagnosis, but also for disease activity parameters in active AAV [36].

However, it has been reported that the titer of ANCA is not always
associated with disease activity, in particular for recurrence [37]. For
one, it has been suggested that there is a difference in epitope or affinity
[38–41]. It is also possible that ceruloplasmin degradation products bind
to ANCA, leading to false-negative results in ANCA(�) AAV patients [41].
Furthermore, there are primary granules and lysosomes that contain
various other proteins, except for MPO or PR3 (ex. bactericidal
permeability-increasing protein, elastase, cathepsin G, and lactoferrin).
ANCAs can bind to those minor antigens, resulting in false positives (i.e.,
ANCA is negative using ELISA but positive using IIF) [42]. In general,
although the detection of minor antigens for ANCA may be correlated
with disease activity, whether these have a role in pathogenicity is not
fully understood [43].
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1.4. Structure, function, and epitope of MPO/PR-3

1.4.1. Myeloperoxidase
Myeloperoxidase is a glycosyl protein, mainly expressed in neutro-

phils, composed of two light chains (14 kDa) and two heavy chains (59
kDa) with a heme-containing enzyme that catalyzes a chemical reaction
of chloride ion and hydrogen peroxide producing hypochlorous acid,
which acts as a sterilizer [44]. The MPO gene is located on chromosome
17q22-q23. Gene expression is detected in granulocyte precursors;
however, low or non-detectable in normal neutrophils [45]. Neutrophils
in AAV increase the expression of MPO/PR-3, which correlates with
disease activity [46,47]. Regarding intracellular distribution, MPO is not
expressed on the cell membrane in stable conditions, but is expressed on
the membrane in active AAV [48]. A few epitope analyses have also been
reported. Most ANCAs inMPO-ANCA(þ) AAV recognize an epitope at the
C and N amino terminus of the MPO heavy chain, and this binding site
has been associated with severe disease activity [38,49]. Another study
reported that a linear epitope, human MPO 447-459, was detected not
only in active AAV, but also in ANCA-negative AAV [41]. Regarding T
cell response to MPO, several reports has identified immunodominant
MPO T-cell epitopes, which are pathogenic to cause AAV in an animal
model (e.g., mouse MPO 409–428, human MPO 431-439, and mouse
MPO 447-461) [50–52].

1.5. Proteinase 3

Proteinase 3, encoded by PRTN3 located on chromosome 19, is a
serine protease enzyme (29 kD glycoprotein) expressed in primary
granules of neutrophils [53,54]. Its function is to digest proteins to
remodel tissue, inactivate azurocidin (known as cationic antimicrobial
protein), and activate inflammatory cytokines [55–57]. PR3 is usually
expressed on the neutrophil cell surface with increasing neutrophil
activation [56]. Epitope mapping studies have identified a complemen-
tary PR3 (cPR3) that is responsive to T cells (the cPR3 peptide model will
be later discussed) [13,58].

1.6. Pathogenicity of ANCA

Several clinical reports have suggested that MPO-ANCA is patho-
genic, whereas this remains controversial for PR3-ANCA [59]. 1)
Transferring maternal anti-MPO-ANCA to neonates causes pulmonary
hemorrhage and glomerulonephritis after birth [60,61]. 2) Rituximab
(anti-CD20 monoclonal antibody), which depletes B cells but not plasma
cells, is effective both as an induction and maintenance treatment of AAV
by decreasing the serum level of ANCA [62,63].

In addition, some basic research has also shown that ANCAs cause
AAV-like disease in animal models. Two landmark studies provided
essential insights into ANCA pathogenesis [64]. Purified anti-MPO IgG or
spleen cells from MPO-deficient mice immunized with murine MPO lead
wild-type mouse and recombinase activating gene 2 (RAG2) deficient
mice, which have deficits of B and T cells, to necrotizing pauci-immune
glomerulonephritis and pulmonary capillaritis such as MPA [65]. Like-
wise, WKY (Wistar-Kyoto) rats immunized with human MPO produced
anti-human MPO antibodies, which also cross-reacted with rat MPO,
resulting in pauci-immune crescent glomerulonephritis and pulmonary
hemorrhage [66]. In vitro studies have reported that ANCAs activate
neutrophils by binding to Fcγ receptors (FcγRIIa and FcγRIIIb) after the
Fab of ANCAs attach to the cell surface MPO or PR3, and, in turn, neu-
trophils produce reactive oxygen species (ROS) and release primary
granules and NETs [67–70]. Another report showed that ANCAs change
CD11b into its active form on neutrophils to promote transmigration
[71].

In contrast, the pathogenicity of PR3-ANCA in vivo is not well un-
derstood, partly because developing well-designed PR3-ANCA-induced
AAV animal models has been unsuccessful [66]. For example, mice and
rats immunized with chimeric human/mouse PR3 could produce
3

anti-PR3 antibodies, but did not develop abnormalities in the kidney or
lung [72]. Non-obese diabetic (NOD) mice immunized with recombinant
mouse PR3 produced anti-PR3 antibodies without vasculitis. However,
when mice bred with NOD and severe combined immunodeficiency
(SCID) mice were transferred with splenocytes derived from NOD mice
immunized with recombinant mouse PR3 in complete Freund’s adjuvant,
they developed severe segmental and necrotizing glomerulonephritis,
but still lacked granuloma [73]. The lower homology of mouse and
human PR3 may contribute to the difficulty in developing GPA model
mice [74].
1.7. Pathology (mechanism of ANCA production and small vessel
vasculitis)

Neutrophils play a central role in AAV and their depletion ameliorates
anti-MPO IgG-induced pauci-immune necrotizing and crescentic
glomerulonephritis [75]. We will describe the mechanism of ANCA
production and small vessel vasculitis with the ANCA-cyto
kine-sequence-theory [76] (Fig. 1). First, immunogen invades the body
under infection and dendritic cells capture the antigen to present to T
cells, which results in macrophage activation and production of inflam-
matory cytokines (e.g., TNFα, IL-1β) to prime neutrophils. Complement
activation also contributes to this process. Following the priming of
neutrophils, cytoplasmic MPO or PR3 is expressed on the membrane to
bind to the Fab of ANCA, and the Fc region of ANCA-attached Fc re-
ceptors on neutrophils [77–79]. Neutrophils overactivated by ANCA
release ROS, lytic enzymes, matrix metalloproteinases, and NETs to cause
vascular damage [70]. TheMPO or PR3 on themembrane or NETs, which
are captured by antigen-presenting cells, are presented to CD4þ T cells or
B cells that produce ANCAs. Several mechanisms maintain and promote
this pathophysiology.

1) Complement system

The histopathology of glomerulonephritis in AAV patients has been
considered as pauci-immune; however, some reports have shown the
deposition of complement in the kidney [80,81]. In addition, it has been
reported that a low serum C3 level predicts a poor renal outcome in AAV
and that the urinary level of complement is higher in active AAV than in
remission [82,83].

Recent evidence from the MPO-ANCA-associated vasculitis model
mouse has shown a role of the complement system, more specifically, the
alternate pathway. Xiao et al. reported that crescentic glomerulonephritis
caused by the transfer of anti-MPO IgG or anti-MPO splenocytes is
blocked by C3 depletion with an injection of Cobra venom factor, in C5-
or factor-B-deficient mice, but not in C4 deficient mice [84]. Further-
more, a C5-inhibiting monoclonal antibody (BB5.1) and a human C5aR
antagonist (CCX168: avacopan) have been shown to improve
MPO-ANCA-induced glomerulonephritis in mice. The importance of this
pathway is also identified in C5aR/CD88 deficient mice [85,86]. An in
vitro study also revealed evidence of complement participation in AAV.
TNFα- and MPO-ANCA- or PR3-ANCA- primed human neutrophils in
healthy persons produce substances that cause complement activation,
including C5a [84,87]. Furthermore, Wang et al. suggested that the
alternative pathway can be activated by proteins in NETs, including
complement factor Bb and properdin, which are known secondary
granules of neutrophils [88].

One phase II study (CLEAR trial) reported that avacopan could safely
reduce the dose of steroids in induction treatment for relapsing active
AAV [89]. The phase III study (ADVOCATE trial) indicated that avacopan
was non-inferior to the active comparator prednisone at week 26 and
superior to prednisone in sustained remission at week 52 in AAV patients
receiving rituximab or cyclophosphamide/azathioprine [90,91].

2) NETosis and NETs



Fig. 1. The mechanism of ANCA production and small-vessel vasculitis [76].
Microorganisms are either captured by dendritic cells or activate the alternative
complement pathway. Dendritic cells lead macrophages to release inflammatory
cytokines through antigen presentation to T cells. The alternative pathway
produces C5a, which stabilizes the C3(H2O)Bb complex. Inflammatory cytokines
or C5a stimulate neutrophils to express MPO and PR3 on their membrane
[77–79]. Fab of ANCA binds them, while Fc of ANCA binds with the Fc receptor
on neutrophils, which results in the release of ROS, lytic enzymes, and NETs that
eventually cause vascular endothelial damage [70].
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NETosis was first described in 2004 as one of the programmed cell
death mechanisms in which neutrophils trap and kill microorganisms by
releasing cytoplasmic components (NETs) that contain DNA and various
proteins such as histones, high-mobility group box 1 (HMGB1), LL37,
neutrophil elastase, calprotectin, MPO, and PR3 [92–94]. Although NETs
generally act as a biological defense against infection, their over-
production leads to damage of endothelial cells or activation of alter-
native complement pathways. NETs also provide MPO and PR3 to
activate the adaptive immune system, producing ANCA [88,95]. The
4

immunogenicity of NETs was previously shown, as its injection leads to
ANCA production and AAV-like disease development. Conversely, the
injection of myeloid dendritic cells loaded with DNase-treated NETs did
not [96]. In addition, it has been reported that anti-histone antibodies
suppress anti-GBM nephritis in mice, which often present rapidly pro-
gressive glomerulonephritis, serum MPO-ANCA, and ANCA-associated
nephritis [97].

Several mechanisms can contribute to persistent NETs in vivo,
including 1) overproduction by neutrophil hyperactivation, 2) suppres-
sion of NETs degradation, and 3) impairment in the degradation of NETs.

1) One study showed that neutrophils from AAV patients have a
tendency to spontaneously release NETs, and the blood level of NETs
components was higher in active AAV patients [98]. 2) DNase I degrades
NETs. The rate of NET degradation and DNase I activity in MPA patients
is lower than that in healthy controls [70,99]. 3) The abnormal forms of
NETs induced by phorbol myristate acetate and propylthiouracil are
difficult to digest by DNase I [31]. Nakazawa et al. provided evidence
that propylthiouracil causes a conformational change, which leads to the
impaired degradation of NETs for the pathogenesis of AAV induction
[31–33].

3) Misfolded MPO/PR3 on the cell membrane with MHC class II

Several GWASs have detected SNPs related to MHC class II in AAV;
however, the mechanism by which MHC class II works in disease
development remains unclear. Arase and Tanimura et al. reported that
MHC class II can transport misfolded ER proteins to the cell membrane
and, as a result, autoantibodies bind the protein in autoimmunity [100,
101]. They also reported that the MPO/HLA–DR complex on the
neutrophilic cell membrane in MPA shows higher expression levels when
compared to that in healthy controls, and the autoantibody binding to the
MPO/HLA–DR complex correlates with an MPA-susceptibility allele
[102]. Thus, it can be hypothesized that AAV patients are prone to ex-
press MPO/PR3 on the cell surface due to the presence of theMHC class II
SNP.

4) B lymphocytes

B cells play an essential role in AAV. Activated B cells are essential for
ANCA production and increase in active GPA patients [103]. B cell
depletion with rituximab is effective in both induction and maintenance
treatment of AAV [63,104]. IL-10-producing regulatory B cells that are
characterized by positive CD5 suppress inflammation [105]. The per-
centage of CD5þ B cells in the peripheral blood of patients with active
AAV was shown to be lower than that in remission after rituximab
treatment or than that of healthy controls [106]. B cells are activated by
cytokines released from neutrophils, including B cell-activating factor
(BAFF)/B lymphocyte stimulator (BLyS). Overproduction of these cyto-
kines may increase autoreactive B cells. Indeed, the levels of circulating
BAFF in active AAV are higher than those in inactive AAV or healthy
controls [107,108].

In addition, Jennette and Falk et al. proposed the theory of auto-
antigen complementarity, which is dependent on B cell adaptive immune
response [13,14] (Fig. 2). First, a complimentary peptide, antisense of
autoantigen, or its mimic is produced by the host or by the microor-
ganism invading the body. Following this, the immune system produces
an idiotypic antibody for the complementary peptide or the mimic.
Finally, an anti-idiotypic antibody that cross-reacts with the autoantigen
epitopes emerges. Indeed, mice immunized with a part of human com-
plimentary PR3 (cPR3) peptide produce antibodies against not only the
cPR3 peptide, but also the PR3 peptide. In addition, serum from GPA
patients contains antibodies against both PR3 and cPR3 [13]. Moreover,
cPR3 can lead to T lymphocyte activation [58]. Bioinformatics analysis
identified a mimicry homolog of the cPR3 peptide from S. aureus [13].
Several clinical findings agree with these speculations. S. aureus coloni-
zation in the upper respiratory tract is associated with the GPA relapse



Fig. 2. Theory of autoantigen complementarity [13,14].
When a complementary peptide, which is antisense to the autoantigen, is pro-
duced, or an antisense peptide mimic invades the body, the immune system
produces an idiotypic antibody for the complementary peptide or mimic.
Following this, an anti-idiotypic antibody is produced and cross-reacts with the
autoantigen epitopes.
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rate [109,110]. Furthermore, a randomized placebo-controlled study
reported that trimethoprim-sulfamethoxazole reduces relapsing events in
GPA patients receiving maintenance therapy [111].

5) T lymphocytes

T cells participate in AAV pathology by activating neutrophils or B
cells by releasing cytokines. CD8þ T cells, which were primed by
phytohemagglutinin, produce IFNγ that leads neutrophils to express
MHC class II in vitro, and the population of CD8þCD28þCD11b þ cells,
which produces IFNγ in active AAV peripheral blood cells, was detected,
but not in patients in remission [112]. It was reported that anti CD8þ

antibody suppresses murine glomerulonephritis upon administration of
murineMPO and anti-mouse GBM globulin [52]. Regarding CD4þ T cells,
Th1 cells express IFN or CD40L to contribute to classical macrophage
activation, which results in the production of TNFα and IL-1β. Th2 cells
release IL-4 and IL-13 to induce anti-inflammatory macrophages. In AAV,
several studies have reported that Th1 is predominant in active AAV, and
Th2 increases in remission [113,114].

However, the evidence of the efficacy of T cell-specific treatments is
still limited, although the effectiveness of cyclophosphamide or cortico-
steroids targeting various cell types, including T cells, has been estab-
lished in AAV. For example, abatacept binds CD80/86 on antigen-
presenting cells through its CTLA-4 to prevent T cell activation. This
treatment has been effective with a high frequency of disease remission
5

and prednisone discontinuation, but only in patients with non-severe
relapsing GPA [115]. It is not known whether abatacept may have a
role in the treatment of the severe form of AAV.
1.8. Future perspective

The future of AAV research lends considerable optimism for better
management of the disease once considered untreatable. Based on recent
advances in the understanding of its pathogenesis, new treatments, in
addition to avacopan, have been in the process of evaluation. A phase 3
clinical trial with belimumab, an anti-BLyS monoclonal antibody for the
maintenance treatment of MPA and GPA (NCT01663623) is being con-
ducted, as is a clinical trial with hydroxychloroquine (NCT04316494).
Hydroxychloroquine is known to suppress flares in SLE [109], and one of
the mechanisms reported is that its accumulation on lysosomes sup-
presses the presence of autoantigens with MHC class II [116]. It could
reduce the expression of the MPO/HLA–DR complex on the neutrophilic
surface.

In contrast, many questions remain. Regarding the treatment, avail-
able evidence suggests that AAV therapy might be optimized using a
personalized approach guided by the ANCA type of the patient. Never-
theless, it is far from precision medicine. Second, although GWASs have
revealed several SNPs correlated with AAV, their role has been mostly
unclear. Further studies that combine GWAS with phenotype, tran-
scriptome, and proteomics may help answer these questions. Third, the
characteristics of ANCA-producing B cells have not been fully identified.
Rituximab is shown to be effective in AAV by depleting all of the B cells,
not plasma cells [117]; however, the safety profile of rituximab is not
better than conventional therapy using cyclophosphamide [63]. Also,
some AAV patients are refractory to the treatment. The ineffectiveness
maybe because autoreactive B cells can be rescued from the deletion in
the presence of high concentrations of BAFF [118]. More specific or
complete suppression therapy for ANCA-producing B cells is warranted.
Fourth, although the C5a antagonist is effective, the histopathologies
show pauci-immune glomerulonephritis. This suggests that activation of
neutrophils rather than immune complex formation plays a central role
in the pathogenesis of AAV. More investigation is needed to examine how
the complement system is activated in AAV. Besides, the detailed analysis
of C5a-activated neutrophils in AAV is lacking.

The understanding of AAV and its treatments have advanced; how-
ever, more basic and clinical research studies are needed to answer the
questions on its pathogenesis, pathology, and more specific treatments.
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