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Abstract: Anti-neutrophil cytoplasmic antibody (ANCA) associated vasculitis (AAV) is a systemic autoimmune disease 
characterized by leukocytoclastic inflammation of small blood vessels. Commonly detected autoantibodies include 
anti-protease 3 (PR3) and anti-myeloperoxidase (MPO). Although cell necrosis plays an important role in the produc-
tion of autoantibodies and the pathogenesis of AAV, the correlation between their titers and disease activity remains 
elusive. As improved detection techniques facilitate early diagnosis, a satisfactory efficacy can be achieved in pa-
tients with mild to medium severe AAV treated with glucocorticoids and immunosuppressants. However, resistant 
and relapsing AAV, sometimes life-threatening, do exist in clinical practice. In-depth understanding of pathogenesis 
of AAV may lend novel insight into the mechanism responsible for its formation and help find effective targeted 
therapies for refractory patients. 
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Introduction

Anti-neutrophil cytoplasmic antibodies (ANCA) 
associated vasculitis (AAV) refers to a group of 
systemic autoimmune diseases with protean 
manifestations [1]. The histopathologic feature 
is leukocytoclastic vasculitis, and renal biopsy 
often shows a pauci-immune necrotizing and 
crescentic glomerulonephritis. To date, several 
subtypes of AAVs have been identified includ-
ing microscopic polyangiitis (MPA), granuloma-
tosis with polyangiitis (GPA) and eosinophilic 
GPA (EGPA), etc. [2]. Indirect immunofluores-
cence reveals two types of ANCA targeting 
myeloperoxidase (MPO) in perinuclear area (p- 
ANCA) and protease 3 (PR3) in cytoplasm 
(c-ANCA). In most cases, GPA is associated 
cANCA and MPA with pANCA [3]. Since EGPA  
differs from GPA and MPA with regards to his- 
topathology and clinical features, it is not dis-
cussed in this review [4].

The pathogenesis of AAV is multifaceted and 
numerous factors may be involved, including 
the ANCA-induced activation of cytokine-pri- 
med neutrophils, the formation of neutrophils 
extracellular traps (NETs) and the activation of 

alternative complement pathways. Thus, neu-
trophils are not only effector cells for endothe-
lial injury, but also as targets of innate immuni- 
ty [5]. Aberrant functions of T and B cells, two 
major types of adaptive immunity cells, may 
break the tolerance and cause tissue damage. 
Their deregulation induces the activation of the 
neutrophils with subsequent inflammation and 
necrosis of the wall of small blood vessels, 
eventually progressing to AAV [6, 7]. Although  
in most patients with AAV, remission can be 
achieved by glucocorticoids (GCs) combining 
with immunosuppressants, treatment of resis-
tant and refractory AAV remains a tremendous 
challenge and an unmet medical need. Inten- 
sive and extensive studies are being conducted 
to unveil the pathogenesis of AAV and to evalu-
ate the efficacy of some investigative drugs. In 
this review, we summarized recent progresses 
in these respects, and discuss future directions 
of the AAV research.

Methods

PubMed was searched for combinations of the 
following indexed subject headings [MeSH]: An- 
tineutrophil cytoplasmic antibody (ANCA) as- 
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sociated vasculitis, microscopic polyangiitis 
(MPA), granulomatosis with polyangiitis (GPA), 
autoimmunity, pathogenesis, targeted treat-
ment. Eosinophilic GPA (EGPA) was excluded 
from this review.

Pathogenesis 

The genetic, epigenetic and environmental fac-
tors may be involved in the pathogenesis of 
AAV. Major histocompatibility complex II (MHC-
II) related genes are closely related to AAV for-
mation. GPA and MPA are associated with HLA-
DP and HLA-DQ, respectively [8]. In addition, 
epigenetic regulation such as histone modifica-
tion, DNA methylation and micro-RNA regula-
tion, may play a role in their pathogenesis [9]. 
Further, infectious factors [10], airborne parti-
cles [9], certain medicines and drug addiction 
also contribute to the development of AAV [11]. 
Despite these findings, the underlying mecha-
nism for AAV is not completely understood.

Neutrophils in the AAV formation

The basic mechanism for injury of vascular 
endothelial cells 

Neutrophils, an important cell type in innate 
immunity, can phagocytize invading pathogens, 
causing degranulation, increased cytokine pro-
duction and the formation of neutrophil extra-
cellular traps (NETs) [12]. When neutrophils are 
stimulated by pro-inflammatory factors, espe-
cially tumor necrosis factor alpha (TNF-α) or 
C5a, MPO and PR3 migrate from the cytoplasm 
to the cell membrane where ANCAs bind to 
these specific antigens. This process initiates 
with the binding of antigen to the Fc portion of 
antibodies with involvement of β2-integrin, fol-
lowed by the binding of the antigen to the Fab 
portion of ANCAs on neutrophil surface. Such 
binding induces respiratory burst and degranu-
lation of neutrophils [5], and regulates the 
expression of tissue factors in neutrophils and 
endothelial cells, which results in hypercoagu-
lability in AAV patients [13]. ANCAs further 
increase the production of proinflammatory cy- 
tokines by primed neutrophils. At the same 
time, reactive oxygen species (ROS) and lytic 
enzymes are generated or released [14]. These 
processes cause damage of vascular endothe-
lial cells, leading to formation of vasculitis. In a 
mouse model of MPO-ANCA vasculitis, neutro-
phil depletion prevented disease progression, 

confirming the pivotal role of neutrophils in  
AAV [15]. Moreover, a previous study showed 
that synthesis of PR3 was dysregulated in 
mature neutrophils from GPA patients [16]. As 
PR3 may cause neutrophil apoptosis and the 
expression of PR3 was upregulated on the 
membrane of the apoptotic neutrophils, GPA 
patients have a decreased apoptosis of neutro-
phils [17, 18]. PR3-expressing apoptotic neu- 
trophils may act as a danger signal and increa- 
se production of proinflammatory cytokines, 
chemokines and nitric oxide (NO) via IL-1R1/
MyD88 signaling pathway. Similarly, PR3 mem-
brane anchorage on apoptotic cells may acti-
vate macrophages with a subsequent inflam-
matory response. While after phagocytosis of 
apoptotic cells, PR3 destroys the anti-inflam-
matory reprogramming of macrophages, which 
decreases production of the anti-inflammatory 
factors and leads to an amplification loop of 
sustained inflammation [19].

Complements, NETs and ANCA 

Formation and degradation of NETs

NETs are lattice-like structures containing ex- 
tracellular DNA, histones, and neutrophil gran-
ule proteins such as MPO and PR3. As an inte-
gral part of the innate immune system, NETs 
are critical to host defense. When stimulated by 
the pathogens, immune complexes and chemi-
cal compounds, they can be released, and cap-
ture and kill the pathogens [20, 21].

The formation of NETs may result from exces-
sive activation of neutrophils [20], or from de- 
generation and necrosis of these cells [22]. 
Carmona-Rivera et al. have demonstrated that 
adenosine deiminase 2 (ADA2) can decrease 
the concentration of extracellular adenosine in 
inflammatory sites, and the deficiency of ADA2 
(DADA2) may activate the NF-κB pathway in 
macrophages with subsequent increase in the 
production of TNF-α. Patients with DADA2 often 
develop vasculitis. These findings suggest that 
increased concentrations of extracellular ade-
nosine may promote NET formation [23]. Th- 
rough a nicotinamide adenine dinucleotide ph- 
osphate (NADPH)-oxidase (NOX)-dependent or 
-independent mechanisms, upstream media-
tors induce neutrophils to release NETs, and 
these mediators include ANCA, C5a, TNF-α, 
anti-lysosomal membrane protein 2 antibodies 
(anti-LAMP-2) and high mobility group box pro-
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tein 1 (HMGB1). It is plausible to postulate that 
different bioactive proteins on NETs may cause 
different disease phenotypes [24]. Neutrophil 
elastase may not only change the cytoskeleton 
of neutrophils, but also translocate to the 
nucleus where it works together with MPO to 
cause chromatin decompensation and the NET 
formation [25]. Generally speaking, the forma-
tion of lytic NETs relies on the activity of the 
NADPH oxidase. Upon stimulation, arginine re- 
sidues are converted to citrulline residues by 
PAD4, resulting in histone deamination, the 
loss of positive charge and chromatin decom-
pensation [26, 27]. An in vitro study showed 
that anti-LAMP-2 antibodies activated neutro-
phils to release NETs with autoantigens and 
antimicrobial peptides. NETs from AAV patients 
also express LAMP-2 and inhibition of auto- 
phagy can reduce anti-LAMP-2 mediated NET 
release [28]. These NETs may be released from 

neutrophils of peripheral blood and bronchoal-
veolar lavage in active AAV patients, inciting  
the generation of thrombin and activation of 
alternative complement pathway [13]. In addi-
tion, NETs activate plasmacytoid dendritic cells 
and autoreactive B cells in a TLR9-dependent 
manner, resulting in the production of ANCAs 
[20]. Further, they cause the death of endo- 
thelial cells through histone-dependent cyto-
toxicity [29], as evidenced by necrotizing lesi- 
ons detected by immunofluorescent microsco-
py [30]. Since overexposure to NETs can cause 
tissue damage such as angiopathy, in physio-
logical conditions, the formation and break-
down of NETs are tightly regulated [31]. NETs 
increase the uptake of ANCA antigens by my- 
eloid dendritic cells (mDCs) [32], and cause the 
breakdown of tolerance to ANCA antigens [33], 
leading to vasculitis in lung and kidney in naï- 
ve mice immunized with NET components of 
mDCs [32] (Figure 1).

Figure 1. The formation and effector functions of NETs. Through a NADPH oxidase dependent mechanism, upstream 
mediators such as ANCA, C5a, TNFα, anti-LAMP-2 and HMGB1, prime neutrophils towards NET release. Bioactive 
proteins on NETs including MPO, LAMP-2, and HMGB1 cause alternation of cytoskeleton, generation of thrombin 
and activation of the alternative complement pathway, production of autoantibodies by B cells, and necroptosis of 
endothelial cells and damage of adjacent tissues.
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As NETs are mainly degraded by DNase1 in 
serum, the absence of DNase1 causes persis-
tent presence of the NETs, leading to blood  
vessel obstruction and organ damage [34]. 
Compared to healthy individuals, the serum 
DNase1 activity and the ability to degrade NETs 
are significantly lower in the MPA patients [33]. 
The observations made in mouse model sh- 
owed that pretreating NETs with DNase1 was 
critical for the production of ANCA, suggesting 
the formation of MPO-ANCA and PR3-ANCA 
requires the NETs-derived DNA [32]. Of note, 
DNase-1 treatment can prevent autoimmune 
response and pathogenesis of necrotizing cres-
centic glomerulonephritis in mice [31]. In addi-
tion, NETs induce the formation of autoreactive 
B cells causing persistent ANCA production. 
Collectively, antigen presentation, structural 
change of autoantigens and incomplete de- 
gradation of NETs result in NETosis and ANCA 
production.

Previous study has shown that ANCA-induced 
NETs formation is mainly mediated by receptor-
interacting protein kinase-3 (RIPK1/3) and ph- 
osphorylation of the pseudokinase mixed-lin-
eage kinase domain-like (MLKL) proteins, two 
major mediators of necroptosis pathway [31]. 
In addition, NETs activate alternative, instead 
of classical complement pathway, which incit- 
es endothelial cell damage [31]. These studies 
suggest that NETosis is a critical process to  
link neutrophil activation, complement produc-
tion and endothelial injury. 

Both circulatory and glomerular depositions of 
NETs can be detected in AAV patients, and may 
contribute to anti-MPO-induced renal injury 
[20, 35]. In the serum of MPA patients, anti-
NET antibodies were detected, and IgG defi-
ciency resulted in increased NETs degradation 
[36]. Nevertheless, observations with respect 
to the relationship among the serum level of 
NETs, the titers of ANCAs and the disease ac- 
tivity of AAV are inconsistent, often times, con-
troversial [33, 35, 37-39]. Some studies dem-
onstrated a potential correlation between NETs 
and clinical disease activity [33, 35], while 
other studies suggested that excessive NETs 
formation was independent of the presence of 
ANCAs [38, 39]. Lack of gold standard to quan-
tify NETs in vivo may be responsible for such 
discrepancy. Further studies are warranted to 
establish a reliable and reproducible method to 

assess the effects of NETs on the disease 
activity of AAV. 

The role of complement system

Complement system is the important player in 
innate immunity through elimination of foreign 
cells and microorganisms, induction of adap-
tive immune response, formation of immune 
complexes, cell apoptosis and tissue inflamma-
tion. Observations made from animal models 
and clinical studies indicate that the activation 
of complement system, especially, alternative 
pathway, plays a pivotal role in the develop-
ment of AAV [40]. The deposition of alternative 
complement pathway components on NETs, as 
mentioned above, is also found in vitro [41].

C5a is a major activator for neutrophils [40]. It 
is also a potent chemoattractant able to re- 
cruit different adaptive immune cells including 
T cells. As T cells express C5a receptors on the 
surface, they can migrate to activation sites 
[42]. In addition, C5a participates in the activa-
tion of phagocytes and the release of enzymes 
and oxidants from granulocytes. In mouse mod-
els of MPO-ANCA vasculitis, complement acti-
vation is critical for AAV formation [43]. Fur- 
ther, C5a was detected in the supernatants of 
ANCA-activated neutrophils, causing neutrophil 
activation and ANCA-mediated glomerulone-
phritis by binding to neutrophil surface recep-
tors [44].

Two downstream molecules, namely, sphingo-
sine-1-phosphate (S1P) and high mobility group 
box 1 (HMGB1), are important players in the 
C5a activation of neutrophils [40]. S1P is a bio-
active sphingolipid metabolite released from 
neutrophils and can increase the expression of 
C5aR on the surface of neutrophils to activate 
C5a, forming a vicious cycle. The S1P receptor 
antagonist inhibits C5a-induced neutrophil mi- 
gration and ANCA-induced respiratory burst 
and degranulation [45]. In physiological condi-
tion, HMGB1 locates in the nuclei and acts as a 
pro-inflammatory mediator after release. In the 
C5a primed neutrophils, HMGB1 is released 
from the cytoplasm, and its exocytosis incre- 
ases the translocation of ANCA antigens. The 
serum HMGB1 level correlates with the disea- 
se activity of AAV, and the release of NETs is 
enhanced when HMGB1 interacts with TLR2, 
TLR4 and RAGE in a NOX-dependent manner 
[46]. The activation of neutrophils is further 
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reinforced by C5a [47]. It is tempting to specu-
late that interactions between S1P, HMGB1 
and C5a play an essential role in ANCA-me- 
diated activation of neutrophils.

In summary, in the presence of ANCA, neutro-
phils and complement alternative pathway 
build up an amplification loop, eventually lead-
ing to the development of AAV [41, 48] (Figure 
2).

Adaptive immunity-the role of T cells and B 
cells in AAV

Interactions between T cells and B cells

A previous study shows that the number of con-
stitutively activated T cells is increased in AAV 
patients, which is positively correlated with dis-

ease severity [49]. Similar findings have been 
made regarding the role of B cells in AAV. B 
cells can not only present antigens to autore- 
active T cells and provide the required co-stim-
ulation signals for T cell activation, but also 
repress the anti-inflammatory activity of regula-
tory T cells (Tregs) [50].

T cells: Aberrant regulation and function of T 
cells have been well established in AAV pa- 
tients. TH17 cells are a subset of T helper cells 
that can be detected in renal lesions of AAV 
patients. These cells promote the initiation and 
recruitment of neutrophils, and induce the pro-
duction of autoantibody. Thus, they have detri-
mental effects on parenchymal cells at the  
site of inflammation [51]. In AAV, these cells 
produce a large amount of proinflammatory 

Figure 2. An amplification loop consisting of neutrophils, NETs and complements. Upon stimulation by pro-inflam-
matory factors, MPO and PR3 migrate from the cytoplasm to the cell membrane where ANCAs bind to them. ANCAs 
in turn increase the secretion of proinflammatory cytokines. Meanwhile, ROS and lytic enzymes are generated and 
NETs is released. NETs stimulate autoreactive B cells to produce autoantibodies in a TLR9-dependent manner and 
activate the alternative complement pathway to induce the production of C5a. S1P and HMGB1 are also released 
from neutrophils. S1P upregulates the expression of C5aR on the surface of neutrophils and HMGB1 increases the 
translocation of ANCA antigens. Finally, neutrophils are further activated and endothelial cells are injured in the 
process.
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patients, which skew in a fraction of naïve T 
cells towards Th17 cells in inflammatory sites 
[70]. B cell-derived IL-6 also promotes the pro-
liferation of B cells and activates macrophages 
with subsequent increase in the production of 
other cytokines. It has been showed that se- 
rum IL-6 concentrations correlated with the dis-
ease activity in AAV and may rapidly decline 
once remission achieved [71]. TGF-β produced 
by Bregs is an anti-inflammatory cytokine able 
to modulate the activity of T cells [65]. Another 
anti-inflammatory cytokine produced by Bregs, 
e.g. IL-10, suppresses pathological immunity 
and induces CTLA4 and FoxP3 expression in T 
cells by direct cell-cell contact between Bregs 
and T cells mediated by CD40-CD40L interac-
tion [72]. IL-17 can stimulate macrophages to 
secret TNF-α, resulting in upregulated expres-
sion of PR3 on neutrophils and the activation  
of NADPH oxidase in neutrophils and amplified 
immune response and persistent inflammation 
in AAV patients [52, 73]. IL-17 can cause direct 
damage to renal tubular cells, podocytes and 
endothelial cells, which results in further re- 
lease of chemokines, loss of E-cadherin ex- 
pression and lysis of the cytoskeleton with in- 
creased apoptosis, eventually progressing to 
renal injury [51].

Treatment 

Significant improvement in the prognosis of 
AAV patients has been witnessed in the past 
few decades. Treatments of AAV consist of 
remission induction and maintenance. Induc- 
tion is to rapidly suppress inflammation to pre-
vent permanent organ damage. Glucocorticoid 
(GCs) and cyclophosphamide (CTX) are most 
commonly used medicines in remission induc-
tion. When complete remission is achieved, 
usually in 3-6 months, a longer remission main-
tenance lasting about 2 years is required to 
prevent relapses. The main drugs to maintain 
remission include methotrexate (MTX), azathio-
prine (AZA), mycophenolate mofetil (MMF) and 
leflunomide (LEF). Adverse effects of these 
drugs should be monitored carefully and peri-
odically. When stable remission is achieved, 
the drugs can be discontinued [74-77]. How- 
ever, some refractory or resistant patients do 
not respond well to these treatments. It is 
imperative to develop new medicines, prefera-
bly, steroid-sparing drugs, for these patients. 
Some agents targeting B cells, BAFF, T cells, 
cytokines and complements are under inten-

cytokines IL-17 and IL-23. Importantly, the dif-
ferentiation of some Tregs into TH17 cells and 
impaired suppressive functions of Tregs have 
been noticed in these patients [52-54]. While 
total Tregs with weak suppressive activity are 
higher, especially, CD4+CD25+FoxP3+Tregs, the 
percentages and numbers of activated Tregs 
are lower in AAV patients [55]. Effector T cells 
are amplified in AAV and persistently activated. 
The balance of T cell immunity is disrupted 
because of increased percentage of the FoxP3-
expressing Treg cells, increased number of 
effector CD4+ T cell and dysfunctional co-inhib-
itory PD1/PDL1-axis [56-58]. Moreover, the 
transcriptional characteristics of CD8+ T cells 
are associated with the frequency of recur-
rence in AAV patients [59]. These findings indi-
cate a pivotal role of T cells in AAV pathogene-
sis and progression.

B cells: B-cell Activating Factor (BAFF), a cyto-
kine of the TNF-α ligand superfamily, is of great 
importance in B cell homeostasis and interac-
tion with activated T cells, causing the relea- 
se of IFN-γ and amplification of autoimmune 
effects [60]. Elevated BAFF concentrations cor-
relate with disease activity and ANCA titers in 
MPA and GPA patients [61, 62]. Besides, an in 
vitro study suggested that ANCAs may activate 
TNF-α primed neutrophils to release BAFF and 
improve the survival of B cell [61]. Of note, ter-
tiary lymphoid structures (TLS) with a germinal 
center containing follicular dendritic cells and 
the highly proliferative B cells have been identi-
fied in glomerulonephritis lesions. It provides 
an essential source for antigen-presenting cells 
to promote T cell maturation at the periphery 
[63, 64]. In addition, CD25highTGF-βhigh regula- 
tory B cells (Bregs) can inhibit the differentia-
tion of naïve T cells into Th-1 or Th-17 and pro-
duce different cytokines, mainly IL-10, which 
can inhibit or enhance autoimmune responses 
[6]. Bregs can also induce the apoptosis of ac- 
tivated T cells and enhance Tregs differentia-
tion via intercellular contact and TGF-β secre-
tion [65, 66]. The abnormal distribution of 
Bregs in active AAV patients has also been 
reported [67]. As there is no consensus on the 
production of IL-10 in AAV, more studies are 
needed to characterize Bregs phenotype and 
the effect of B cell on AAV [68, 69] (Figure 3).

Cytokine mediated regulation

High levels of circulating cytokines including 
IL-6 and TGF-β have been detected in the AAV 
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sive clinical studies (Table 1), and more evi-
dence is needed for their wide clinical applica-
tions. Based on the critical role of B cells in  
AAV pathogenesis, the B-cell-targeted thera-
pies have been investigated extensively and 
intensively. Rituximab (RTX), a chimeric mono-
clonal antibody (mAb) against CD20, is the best 
studied biological agent for induction in pati- 
ents with both new or relapsing AAV patients 
[89]. Major clinical trials associated with RTX 
for vasculitis are listed in the Table 2. Compar- 
ed to conventional treatment, most targeted 
drugs are correlated with a reduction in relapse 
rate and earlier withdraw of immunosuppres-
sants and glucocorticoid [79, 84, 88, 94, 95]. 
Several lines of evidence demonstrate that the 
administration of targeted drugs may be much 
safer and more cost-effective although impair- 
ed immune response and the infection-relat- 
ed adverse effect may increase [82, 87, 96, 
97]. More studies are warranted to determine 

the optimal duration of treatment, the efficacy 
of cumulative targeted drugs therapy, and long-
term outcomes after discontinuation.

Discussion

In this review, we summarized the recent prog-
ress regarding pathogenesis and novel treat-
ments of AAV. It is now well accepted that  
ANCA is a main player in AAV formation, and 
neutrophils have a pivotal role in vasculitis. In 
addition, neutrophils, NETs and complement 
systems constitute an inflammatory circulatory 
amplification pathway in the course of disease 
progression. We hypothesize that during this 
process, the plasticity of neutrophils may be 
reduced, and their capability to adapt morpho-
logically to arterioles is impaired, which causes 
their sequestration in small vessels. Neither T 
cells nor B cells can be also ignored, regardless 
of the production of cytokines or the induction 

Figure 3. The role of T cell and B cell in AAV. NETs activates dendritic cells to produce TGF-β and IL-6, which skew 
in a fraction of naïve T cells towards Th17 cells in inflammatory sites. TH17 cells release IL-17, which stimulates 
macrophages to secret TNF-α and IL-1β, resulting in activation of neutrophils and recruitment of monocytes to dif-
ferentiate into macrophages. While Bregs inhibit the differentiation of naïve T cells into Th-17 and produce different 
cytokines, mainly IL-10, which induces CTLA4 and FoxP3 expression in Tregs via direct cell-cell contact between 
Bregs and Tregs mediated by CD40-CD40L interaction. Bregs also enhance Tregs differentiation via TGF-β secretion.
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Table 1. Major targeted drugs for AAV
Medicine Classification Property Effect
Rituximab B cell-targeted agents Chimeric anti-CD20 monoclonal antibody. Superior to CTX/AZA regimens in inducing remission and reducing relapse.

Ofatumumab [78] B cell-targeted agents humanized anti-CD20 monoclonal antibody. As a substitute for RTX.

Bortezomib [79, 80] B cell-targeted agents cell-permeable, reversible, selective proteasome inhibitor. Improve disease activity in refractory AAV patients.

Belimumab [81] BAFF-targeted therapies humanized monoclonal antibody against soluble BAFF. Used for maintenance therapy. 

Alemtuzumab [82] T cell-targeted agents Humanized anti-CD52 monoclonal antibody. Used for refractory AAV with high adverse events.

Abatacept [83, 84] T cell-targeted agents fusion protein bound to CD28 on T cells and CD80 or CD86 on 
antigen presenting cells.

It has steroid-saving capabilities and be well tolerated.

Tocillizumab [85] Cytokines-targeted agents humanized anti-IL-6 receptor antibody. There is not enough evidence of treatment in AAV.

Etanercept [86, 87] Cytokines-targeted agents soluble TNF-α receptor combined with an IgG1 Fc portion. It does not improve stable response rates and refers to tumorigenesis.

Avacopan [88] Anti-complement therapies C5a receptor antagonist. Replace steroid treatment with low incidence of adverse reactions.

Table 2. Major randomized controlled trials associated with RTX for AAV
Trial and Year Rationale/Question Behind Study Conclusion
RAVE, 2010 [90] RTX for remission induction in AAV. RTX was not inferior to daily CTX treatment for induction of 

remission in severe AAV and more effective in relapsing disease.

RITUXVAS, 2010 [91] RTX-CTX regimen for remission induction in AAV. The RTX-based regimen was not superior to CTX for severe 
ANCA-associated vasculitis and had nothing to reduce early 
severe adverse events.

MAINRITSAN, 2014 [92] Low-dose RTX for maintenance in AAV. Fixed-interval RTX is superior to AZA for prevention of disease 
relapse and more accessible to acquire sustained remission.

MAINRITSAN-2, 2018 [93] Remission maintenance with RTX dosing based on criteria of relapse. AAV relapse rates did not differ significantly between individually 
tailored and fixed schedule rituximab regimens.

Rituximab Vasculitis Maintenance Study (RITAZAREM) Whether repeating RTX stops vasculitis returning, how long patients remain well 
after the repeated RTX treatments are stopped, and if repeated RTX is safe.

It is ongoing (https://clinicaltrials.gov/ct2/show/
NCT01697267).
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of ANCAs. Their dysfunctions, changes in num-
ber and distribution have an indelible effect on 
the initiation of neutrophils and the establish-
ment of an inflammatory circulatory amplifica-
tion pathway. It is through this vicious cycle  
that the adhesion of accumulating neutrophils 
to endothelial cells is enhanced and a link is 
established between neutrophils initiation, vas-
cular inflammation and the coagulation cas-
cades, which eventually causes damage to vas-
cular endothelial cells. 

In the past decades, long-term survival rates 
have improved significantly due to the use of 
immunosuppressants including CTX, MTX and 
AZA. Simultaneously, novel targeted therapies 
are more commonly used in clinical practice, 
and numerous clinical trials are ongoing to test 
the efficacy of some new drugs for AAV.

The low incidence of AAV and the long duration 
of clinical trials make it difficult to recruit 
patients. In addition, due to the differences  
in assessment approaches and accuracy, no 
standardized protocol is available, causing 
inconsistency when interpreting the results. 

Several critical questions are not yet answered. 
Firstly, it is not clear why the deposited com-
plexes are pauci-immune segmental, whether 
the type of disease or ANCA is a major deter- 
minant of clinical outcomes in AAV patients. 
Secondly, what is the best method to quantify 
NETs accurately and detect complement acti-
vation in vivo routinely. Thirdly, controversy re- 
mains regarding the predictors of relapsing  
vasculitis including ANCA titer, serum B cells 
level and NETs concentration. Fourthly, several 
targeted drugs, such as Tabalumab, Atacicept 
and Eculizumab, have not been demonstrated 
their clinical efficacy for AAV. Finally, despite 
the significance of NETs in AAV formation, no 
targeted drugs are available to prevent the for-
mation and degradation of NETs, and to regu-
late the process of neutrophil apoptosis. Great 
endeavors to find effective drugs targeting 
NETosis will be needed in future studies. 

Conclusions

In summary, AAVs are complex diseases with 
the involvement of many factors. Different com-
ponents of the immune system interact with 
each other to form a vicious cycle causing per-

sistent inflammation. The prognosis of AAV has 
greatly improved in the recent years. More  
comprehensive studies are warranted to deter-
mine the predictors of relapse, and to develop 
effective drugs for refractory patients. 

Acknowledgements

Dr. Tian-Fang Li was supported by the grants 
from the Natural Science Foundation of China 
(U1704177 and 81871811).

Disclosure of conflict of interest

None.

Abbreviations

ANCA, antineutrophil cytoplasmic antibody; 
AAV, anti-neutrophil cytoplasmic antibodies 
associated vasculitis; MPA, microscopic poly-
angiitis; GPA, granulomatosis with polyangiitis; 
EGPA, eosinophilic GPA; MPO, myeloperoxi-
dase; PR3, protease 3; NETs, neutrophils extra-
cellular traps; TNF-α, tumor necrosis factor 
alpha; C5a, complement 5a; ROS, reactive oxy-
gen species; ADA2, adenosine deiminase 2; 
DADA2, deficiency of ADA2; NADPH, nicotin-
amide adenine dinucleotide phosphate; LAMP-
2, lysosomal membrane protein 2; HMGB1, 
high mobility group box protein 1; TF, tissue fac-
tor; PAD4, peptidylarginine deiminase IV; TLR, 
toll-like receptors; mDCs, myeloid dendritic 
cells; RIPK3/MLKL, receptor-interacting protein 
kinase-3/mixed lineage kinase domain-like; 
S1P, sphingosine-1-phosphate; NOX, nicotin-
amide adenine dinucleotide phosphate oxi- 
dase; Tregs, regulatory T cells; IL-, interleukin-; 
FoxP3, forkhead box P3; BAFF, B-cell activating 
Factor; IFN, interferon; Bregs, regulatory B 
cells; TGF, transforming growth factor; CTLA, 
cytotoxic T lymphocyte associated antigen; 
GCs, glucocorticoid; CTX, cyclophosphamide; 
MTX, methotrexate; AZA, azathioprine; MMF, 
mycophenolate mofetil; LEF, leflunomide; RTX, 
rituximab.

Address correspondence to: Dr. Tian-Fang Li, De- 
partment of Rheumatology, The First Affiliated Hos- 
pital of Zhengzhou University, Zhengzhou 450000, 
China. Tel: +86-15713865716; E-mail: tfli@zzu.edu.
cn

References

[1]	 Lamprecht P, Kerstein A, Klapa S, Schinke S, 
Karsten CM, Yu X, Ehlers M, Epplen JT, Holl-Ul-



AAV pathogenesis and treatments

4103	 Am J Transl Res 2020;12(8):4094-4107

rich K, Wiech T, Kalies K, Lange T, Laudien M, 
Laskay T, Gemoll T, Schumacher U, Ullrich S, 
Busch H, Ibrahim S, Fischer N, Hasselbacher 
K, Pries R, Petersen F, Weppner G, Manz R, 
Humrich JY, Nieberding R, Riemekasten G and 
Muller A. Pathogenetic and clinical aspects of 
anti-neutrophil cytoplasmic autoantibody-as-
sociated vasculitides. Front Immunol 2018; 9: 
680.

[2]	 Jennette JC, Falk RJ, Bacon PA, Basu N, Cid 
MC, Ferrario F, Flores-Suarez LF, Gross WL, 
Guillevin L, Hagen EC, Hoffman GS, Jayne DR, 
Kallenberg CG, Lamprecht P, Langford CA, Luq-
mani RA, Mahr AD, Matteson EL, Merkel PA, 
Ozen S, Pusey CD, Rasmussen N, Rees AJ, 
Scott DG, Specks U, Stone JH, Takahashi K and 
Watts RA. 2012 revised international chapel 
hill consensus conference nomenclature of 
vasculitides. Arthritis Rheum 2013; 65: 1-11.

[3]	 Bosch X, Guilabert A and Font J. Antineutrophil 
cytoplasmic antibodies. Lancet 2006; 368: 
404-418.

[4]	 Greco A, Rizzo MI, De Virgilio A, Gallo A, Fus-
coni M, Ruoppolo G, Altissimi G and De Vincen-
tiis M. Churg-Strauss syndrome. Autoimmun 
Rev 2015; 14: 341-348.

[5]	 Jennette JC and Falk RJ. Pathogenesis of anti-
neutrophil cytoplasmic autoantibody-mediated 
disease. Nat Rev Rheumatol 2014; 10: 463-
473.

[6]	 von Borstel A, Sanders JS, Rutgers A, Stege-
man CA, Heeringa P and Abdulahad WH. Cel-
lular immune regulation in the pathogenesis of 
ANCA-associated vasculitides. Autoimmun Rev 
2018; 17: 413-421.

[7]	 Rubin SJS, Bloom MS and Robinson WH. B cell 
checkpoints in autoimmune rheumatic diseas-
es. Nat Rev Rheumatol 2019; 15: 303-315.

[8]	 Lyons PA, Rayner TF, Trivedi S, Holle JU, Watts 
RA, Jayne DR, Baslund B, Brenchley P, Bruch-
feld A, Chaudhry AN, Cohen Tervaert JW, De-
loukas P, Feighery C, Gross WL, Guillevin L, 
Gunnarsson I, Harper L, Hruskova Z, Little MA, 
Martorana D, Neumann T, Ohlsson S, Padma-
nabhan S, Pusey CD, Salama AD, Sanders JS, 
Savage CO, Segelmark M, Stegeman CA, Tesar 
V, Vaglio A, Wieczorek S, Wilde B, Zwerina J, 
Rees AJ, Clayton DG and Smith KG. Genetically 
distinct subsets within ANCA-associated vas-
culitis. N Engl J Med 2012; 367: 214-223.

[9]	 Nakazawa D, Masuda S, Tomaru U and Ishizu 
A. Pathogenesis and therapeutic interventions 
for ANCA-associated vasculitis. Nat Rev Rheu-
matol 2019; 15: 91-101.

[10]	 Ooi JD, Jiang JH, Eggenhuizen PJ, Chua LL, van 
Timmeren M, Loh KL, O’Sullivan KM, Gan PY, 
Zhong Y, Tsyganov K, Shochet LR, Ryan J, 
Stegeman CA, Fugger L, Reid HH, Rossjohn J, 
Heeringa P, Holdsworth SR, Peleg AY and Kitch-
ing AR. A plasmid-encoded peptide from 

Staphylococcus aureus induces anti-myeloper-
oxidase nephritogenic autoimmunity. Nat Com-
mun 2019; 10: 3392.

[11]	 Balavoine AS, Glinoer D, Dubucquoi S and We-
meau JL. Antineutrophil cytoplasmic antibody-
positive small-vessel vasculitis associated with 
antithyroid drug therapy: how significant is the 
clinical problem? Thyroid 2015; 25: 1273-
1281.

[12]	 Mantovani A, Cassatella MA, Costantini C and 
Jaillon S. Neutrophils in the activation and reg-
ulation of innate and adaptive immunity. Nat 
Rev Immunol 2011; 11: 519-531.

[13]	 Kambas K, Chrysanthopoulou A, Vassilopoulos 
D, Apostolidou E, Skendros P, Girod A, Arelaki 
S, Froudarakis M, Nakopoulou L, Giatromano-
laki A, Sidiropoulos P, Koffa M, Boumpas DT, 
Ritis K and Mitroulis I. Tissue factor expression 
in neutrophil extracellular traps and neutrophil 
derived microparticles in antineutrophil cyto-
plasmic antibody associated vasculitis may 
promote thromboinflammation and the throm-
bophilic state associated with the disease. Ann 
Rheum Dis 2014; 73: 1854-1863.

[14]	 Falk RJ, Terrell RS, Charles LA and Jennette JC. 
Anti-neutrophil cytoplasmic autoantibodies in-
duce neutrophils to degranulate and produce 
oxygen radicals in vitro. Proc Natl Acad Sci U S 
A 1990; 87: 4115-4119.

[15]	 Xiao H, Heeringa P, Liu Z, Huugen D, Hu P, Mae-
da N, Falk RJ and Jennette JC. The role of neu-
trophils in the induction of glomerulonephritis 
by anti-myeloperoxidase antibodies. Am J 
Pathol 2005; 167: 39-45.

[16]	 McInnis EA, Badhwar AK, Muthigi A, Lardinois 
OM, Allred SC, Yang J, Free ME, Jennette JC, 
Preston GA, Falk RJ and Ciavatta DJ. Dysregu-
lation of autoantigen genes in ANCA-associat-
ed vasculitis involves alternative transcripts 
and new protein synthesis. J Am Soc Nephrol 
2015; 26: 390-399.

[17]	 Surmiak M, Hubalewska-Mazgaj M, Wawrzyc-
ka-Adamczyk K, Musial J and Sanak M. De-
layed neutrophil apoptosis in granulomatosis 
with polyangiitis: dysregulation of neutrophil 
gene signature and circulating apoptosis-relat-
ed proteins. Scand J Rheumatol 2020; 49: 57-
67.

[18]	 Kantari C, Pederzoli-Ribeil M, Amir-Moazami O, 
Gausson-Dorey V, Moura IC, Lecomte MC, Ben-
hamou M and Witko-Sarsat V. Proteinase 3, 
the Wegener autoantigen, is externalized dur-
ing neutrophil apoptosis: evidence for a func-
tional association with phospholipid scrambla-
se 1 and interference with macrophage 
phagocytosis. Blood 2007; 110: 4086-4095.

[19]	 Millet A, Martin KR, Bonnefoy F, Saas P, Mocek 
J, Alkan M, Terrier B, Kerstein A, Tamassia N, 
Satyanarayanan SK, Ariel A, Ribeil JA, Guillevin 
L, Cassatella MA, Mueller A, Thieblemont N, 



AAV pathogenesis and treatments

4104	 Am J Transl Res 2020;12(8):4094-4107

Lamprecht P, Mouthon L, Perruche S and Wit-
ko-Sarsat V. Proteinase 3 on apoptotic cells 
disrupts immune silencing in autoimmune vas-
culitis. J Clin Invest 2015; 125: 4107-4121.

[20]	 Kessenbrock K, Krumbholz M, Schonermarck 
U, Back W, Gross WL, Werb Z, Grone HJ, Brink-
mann V and Jenne DE. Netting neutrophils in 
autoimmune small-vessel vasculitis. Nat Med 
2009; 15: 623-625.

[21]	 Brinkmann V, Reichard U, Goosmann C, Fauler 
B, Uhlemann Y, Weiss DS, Weinrauch Y and Zy-
chlinsky A. Neutrophil extracellular traps kill 
bacteria. Science 2004; 303: 1532-1535.

[22]	 Fuchs TA, Abed U, Goosmann C, Hurwitz R, 
Schulze I, Wahn V, Weinrauch Y, Brinkmann V 
and Zychlinsky A. Novel cell death program 
leads to neutrophil extracellular traps. J Cell 
Biol 2007; 176: 231-241.

[23]	 Carmona-Rivera C, Khaznadar SS, Shwin KW, 
Irizarry-Caro JA, O’Neil LJ, Liu Y, Jacobson KA, 
Ombrello AK, Stone DL, Tsai WL, Kastner DL, 
Aksentijevich I, Kaplan MJ and Grayson PC. De-
ficiency of adenosine deaminase 2 triggers 
adenosine-mediated NETosis and TNF produc-
tion in patients with DADA2. Blood 2019; 134: 
395-406.

[24]	 Frangou E, Vassilopoulos D, Boletis J and 
Boumpas DT. An emerging role of neutrophils 
and NETosis in chronic inflammation and fibro-
sis in systemic lupus erythematosus (SLE) and 
ANCA-associated vasculitides (AAV): implica-
tions for the pathogenesis and treatment. Au-
toimmun Rev 2019; 18: 751-760.

[25]	 Papayannopoulos V, Metzler KD, Hakkim A and 
Zychlinsky A. Neutrophil elastase and myelo-
peroxidase regulate the formation of neutro-
phil extracellular traps. J Cell Biol 2010; 191: 
677-691.

[26]	 Wang Y, Li M, Stadler S, Correll S, Li P, Wang D, 
Hayama R, Leonelli L, Han H, Grigoryev SA, Al-
lis CD and Coonrod SA. Histone hypercitrullina-
tion mediates chromatin decondensation and 
neutrophil extracellular trap formation. J Cell 
Biol 2009; 184: 205-213.

[27]	 Wigerblad G and Kaplan MJ. NETs spread ever 
wider in rheumatic diseases. Nat Rev Rheuma-
tol 2020; 16: 73-74.

[28]	 Tang S, Zhang Y, Yin SW, Gao XJ, Shi WW and 
Wang Y. Neutrophil extracellular trap formation 
is associated with autophagy-related signalling 
in ANCA-associated vasculitis. Clin Exp Immu-
nol 2015; 180: 408-418.

[29]	 Saffarzadeh M, Juenemann C, Queisser MA, 
Lochnit G, Barreto G, Galuska SP, Lohmeyer J 
and Preissner KT. Neutrophil extracellular 
traps directly induce epithelial and endothelial 
cell death: a predominant role of histones. 
PLoS One 2012; 7: e32366.

[30]	 Gupta S and Kaplan MJ. The role of neutrophils 
and NETosis in autoimmune and renal diseas-
es. Nat Rev Nephrol 2016; 12: 402-413.

[31]	 Schreiber A, Rousselle A, Becker JU, von Mas-
senhausen A, Linkermann A and Kettritz R. 
Necroptosis controls NET generation and me-
diates complement activation, endothelial 
damage, and autoimmune vasculitis. Proc Natl 
Acad Sci U S A 2017; 114: E9618-E9625.

[32]	 Sangaletti S, Tripodo C, Chiodoni C, Guarnotta 
C, Cappetti B, Casalini P, Piconese S, Parenza 
M, Guiducci C, Vitali C and Colombo MP. Neu-
trophil extracellular traps mediate transfer of 
cytoplasmic neutrophil antigens to myeloid 
dendritic cells toward ANCA induction and as-
sociated autoimmunity. Blood 2012; 120: 
3007-3018.

[33]	 Nakazawa D, Shida H, Tomaru U, Yoshida M, 
Nishio S, Atsumi T and Ishizu A. Enhanced for-
mation and disordered regulation of NETs in 
myeloperoxidase-ANCA-associated microscop-
ic polyangiitis. J Am Soc Nephrol 2014; 25: 
990-997.

[34]	 Jimenez-Alcazar M, Rangaswamy C, Panda R, 
Bitterling J, Simsek YJ, Long AT, Bilyy R, Krenn 
V, Renne C, Renne T, Kluge S, Panzer U, Mizuta 
R, Mannherz HG, Kitamura D, Herrmann M, 
Napirei M and Fuchs TA. Host DNases prevent 
vascular occlusion by neutrophil extracellular 
traps. Science 2017; 358: 1202-1206.

[35]	 Soderberg D, Kurz T, Motamedi A, Hellmark T, 
Eriksson P and Segelmark M. Increased levels 
of neutrophil extracellular trap remnants in the 
circulation of patients with small vessel vascu-
litis, but an inverse correlation to anti-neutro-
phil cytoplasmic antibodies during remission. 
Rheumatology (Oxford) 2015; 54: 2085-2094.

[36]	 Hattanda F, Nakazawa D, Watanabe-Kusunoki 
K, Kusunoki Y, Shida H, Masuda S, Nishio S, 
Tomaru U, Atsumi T and Ishizu A. The presence 
of anti-neutrophil extracellular trap antibody in 
patients with microscopic polyangiitis. Rheu-
matology (Oxford) 2019; 58: 1293-1298.

[37]	 Wang H, Sha LL, Ma TT, Zhang LX, Chen M and 
Zhao MH. Circulating level of neutrophil extra-
cellular traps is not a useful biomarker for as-
sessing disease activity in antineutrophil cyto-
plasmic antibody-associated vasculitis. PLoS 
One 2016; 11: e0148197.

[38]	 Heeringa P, Rutgers A and Kallenberg CGM. 
The net effect of ANCA on neutrophil extracel-
lular trap formation. Kidney Int 2018; 94: 14-
16.

[39]	 Kraaij T, Kamerling SWA, van Dam LS, Bakker 
JA, Bajema IM, Page T, Brunini F, Pusey CD, 
Toes REM, Scherer HU, Rabelink TJ, van Koo-
ten C and Teng YKO. Excessive neutrophil ex-
tracellular trap formation in ANCA-associated 
vasculitis is independent of ANCA. Kidney Int 
2018; 94: 139-149.

[40]	 Chen M, Jayne DRW and Zhao MH. Comple-
ment in ANCA-associated vasculitis: mecha-
nisms and implications for management. Nat 
Rev Nephrol 2017; 13: 359-367.



AAV pathogenesis and treatments

4105	 Am J Transl Res 2020;12(8):4094-4107

[41]	 Wang H, Wang C, Zhao MH and Chen M. Neu-
trophil extracellular traps can activate alterna-
tive complement pathways. Clin Exp Immunol 
2015; 181: 518-527.

[42]	 Nataf S, Davoust N, Ames RS and Barnum SR. 
Human T cells express the C5a receptor and 
are chemoattracted to C5a. J Immunol 1999; 
162: 4018-4023.

[43]	 Xiao H, Schreiber A, Heeringa P, Falk RJ and 
Jennette JC. Alternative complement pathway 
in the pathogenesis of disease mediated by 
anti-neutrophil cytoplasmic autoantibodies. 
Am J Pathol 2007; 170: 52-64.

[44]	 Schreiber A, Xiao H, Jennette JC, Schneider W, 
Luft FC and Kettritz R. C5a receptor mediates 
neutrophil activation and ANCA-induced glo-
merulonephritis. J Am Soc Nephrol 2009; 20: 
289-298.

[45]	 Hao JA, Huang YM, Zhao MH and Chen M. The 
interaction between C5a and sphingosine-
1-phosphate in neutrophils for antineutrophil 
cytoplasmic antibody mediated activation. Ar-
thritis Res Ther 2014; 16: R142.

[46]	 Ma YH, Ma TT, Wang C, Wang H, Chang DY, 
Chen M and Zhao MH. High-mobility group box 
1 potentiates antineutrophil cytoplasmic anti-
body-inducing neutrophil extracellular traps 
formation. Arthritis Res Ther 2016; 18: 2.

[47]	 Wang C, Wang H, Hao J, Chang DY, Zhao MH 
and Chen M. Involvement of high mobility 
group box 1 in the activation of C5a-primed 
neutrophils induced by ANCA. Clin Immunol 
2015; 159: 47-57.

[48]	 Camous L, Roumenina L, Bigot S, Brachemi S, 
Fremeaux-Bacchi V, Lesavre P and Halbwachs-
Mecarelli L. Complement alternative pathway 
acts as a positive feedback amplification of 
neutrophil activation. Blood 2011; 117: 1340-
1349.

[49]	 Marinaki S, Kalsch AI, Grimminger P, Breedijk 
A, Birck R, Schmitt WH, Weiss C, van der 
Woude FJ and Yard BA. Persistent T-cell activa-
tion and clinical correlations in patients with 
ANCA-associated systemic vasculitis. Nephrol 
Dial Transplant 2006; 21: 1825-1832.

[50]	 Hoffman W, Lakkis FG and Chalasani G. B 
cells, antibodies, and more. Clin J Am Soc 
Nephrol 2016; 11: 137-154.

[51]	 Dolff S, Witzke O and Wilde B. Th17 cells in 
renal inflammation and autoimmunity. Autoim-
mun Rev 2019; 18: 129-136.

[52]	 Abdulahad WH, Lamprecht P and Kallenberg 
CG. T-helper cells as new players in ANCA-as-
sociated vasculitides. Arthritis Res Ther 2011; 
13: 236.

[53]	 Nogueira E, Hamour S, Sawant D, Henderson 
S, Mansfield N, Chavele KM, Pusey CD and 
Salama AD. Serum IL-17 and IL-23 levels and 
autoantigen-specific Th17 cells are elevated  

in patients with ANCA-associated vasculitis. 
Nephrol Dial Transplant 2010; 25: 2209-2217.

[54]	 Vignali DA, Collison LW and Workman CJ. How 
regulatory T cells work. Nat Rev Immunol 
2008; 8: 523-532.

[55]	 Wang Y, Zhang S, Zhang N, Feng M, Liang Z, 
Zhao X, Gao C, Qin Y, Wu Y, Liu G, Zhao J, Guo 
H and Luo J. Reduced activated regulatory T 
cells and imbalance of Th17/activated Treg 
cells marks renal involvement in ANCA-associ-
ated vasculitis. Mol Immunol 2020; 118: 19-
29.

[56]	 Dolff S, Witzke O and Wilde B. Th17 cells: do 
regulatory B-cells (Breg) take control in ANCA-
vasculitis? Rheumatology (Oxford) 2019; 58: 
1329-1330.

[57]	 Free ME, Bunch DO, McGregor JA, Jones BE, 
Berg EA, Hogan SL, Hu Y, Preston GA, Jennette 
JC, Falk RJ and Su MA. Patients with antineu-
trophil cytoplasmic antibody-associated vascu-
litis have defective Treg cell function exacer-
bated by the presence of a suppression-resi- 
stant effector cell population. Arthritis Rheum 
2013; 65: 1922-1933.

[58]	 Wilde B, Hua F, Dolff S, Jun C, Cai X, Specker C, 
Feldkamp T, Kribben A, Cohen Tervaert JW and 
Witzke O. Aberrant expression of the negative 
costimulator PD-1 on T cells in granulomatosis 
with polyangiitis. Rheumatology (Oxford) 2012; 
51: 1188-1197.

[59]	 McKinney EF, Lyons PA, Carr EJ, Hollis JL, Jayne 
DR, Willcocks LC, Koukoulaki M, Brazma A, Jo-
vanovic V, Kemeny DM, Pollard AJ, Macary PA, 
Chaudhry AN and Smith KG. A CD8+ T cell tran-
scription signature predicts prognosis in auto-
immune disease. Nat Med 2010; 16: 586-591.

[60]	 Coquery CM, Loo WM, Wade NS, Bederman 
AG, Tung KS, Lewis JE, Hess H and Erickson 
LD. BAFF regulates follicular helper T cells and 
affects their accumulation and interferon-gam-
ma production in autoimmunity. Arthritis Rheu-
matol 2015; 67: 773-784.

[61]	 Holden NJ, Williams JM, Morgan MD, Challa A, 
Gordon J, Pepper RJ, Salama AD, Harper L and 
Savage CO. ANCA-stimulated neutrophils re-
lease BLyS and promote B cell survival: a clini-
cally relevant cellular process. Ann Rheum Dis 
2011; 70: 2229-2233.

[62]	 Nagai M, Hirayama K, Ebihara I, Shimohata H, 
Kobayashi M and Koyama A. Serum levels of 
BAFF and APRIL in myeloperoxidase anti-neu-
trophil cytoplasmic autoantibody-associated 
renal vasculitis: association with disease activ-
ity. Nephron Clin Pract 2011; 118: c339-345.

[63]	 Steinmetz OM, Velden J, Kneissler U, Marx M, 
Klein A, Helmchen U, Stahl RA and Panzer U. 
Analysis and classification of B-cell infiltrates 
in lupus and ANCA-associated nephritis. Kid-
ney Int 2008; 74: 448-457.



AAV pathogenesis and treatments

4106	 Am J Transl Res 2020;12(8):4094-4107

[64]	 Dumoitier N, Terrier B, London J, Lofek S and 
Mouthon L. Implication of B lymphocytes in the 
pathogenesis of ANCA-associated vasculitides. 
Autoimmun Rev 2015; 14: 996-1004.

[65]	 Lee KM, Stott RT, Zhao G, SooHoo J, Xiong W, 
Lian MM, Fitzgerald L, Shi S, Akrawi E, Lei J, 
Deng S, Yeh H, Markmann JF and Kim JI. TGF-
beta-producing regulatory B cells induce regu-
latory T cells and promote transplantation tol-
erance. Eur J Immunol 2014; 44: 1728-1736.

[66]	 Candando KM, Lykken JM and Tedder TF. B10 
cell regulation of health and disease. Immunol 
Rev 2014; 259: 259-272.

[67]	 Popa ER, Stegeman CA, Bos NA, Kallenberg CG 
and Tervaert JW. Differential B- and T-cell acti-
vation in Wegener’s granulomatosis. J Allergy 
Clin Immunol 1999; 103: 885-894.

[68]	 Todd SK, Pepper RJ, Draibe J, Tanna A, Pusey 
CD, Mauri C and Salama AD. Regulatory B cells 
are numerically but not functionally deficient in 
anti-neutrophil cytoplasm antibody-associated 
vasculitis. Rheumatology (Oxford) 2014; 53: 
1693-1703.

[69]	 Sanders JS, Huitma MG, Kallenberg CG and 
Stegeman CA. Plasma levels of soluble inter-
leukin 2 receptor, soluble CD30, interleukin 10 
and B cell activator of the tumour necrosis  
factor family during follow-up in vasculitis as-
sociated with proteinase 3-antineutrophil cyto-
plasmic antibodies: associations with disease 
activity and relapse. Ann Rheum Dis 2006; 65: 
1484-1489.

[70]	 Kleinewietfeld M and Hafler DA. The plasticity 
of human Treg and Th17 cells and its role in 
autoimmunity. Semin Immunol 2013; 25: 305-
312.

[71]	 Berti A, Warner R, Johnson K, Cornec D, Schro-
eder DR, Kabat BF, Langford CA, Kallenberg 
CGM, Seo P, Spiera RF, St Clair EW, Fervenza 
FC, Stone JH, Monach PA, Specks U and Merkel 
PA; RAVE-ITN Research Group. The association 
of serum interleukin-6 levels with clinical out-
comes in antineutrophil cytoplasmic antibody-
associated vasculitis. J Autoimmun 2019; 105: 
102302. 

[72]	 Kessel A, Haj T, Peri R, Snir A, Melamed D, 
Sabo E and Toubi E. Human CD19(+)
CD25(high) B regulatory cells suppress prolif-
eration of CD4(+) T cells and enhance Foxp3 
and CTLA-4 expression in T-regulatory cells. 
Autoimmun Rev 2012; 11: 670-677.

[73]	 Reumaux D, Hordijk PL, Duthilleul P and Roos 
D. Priming by tumor necrosis factor-α of hu-
man neutrophil NADPH-oxidase activity in-
duced by anti-proteinase-3 or anti-myeloperox-
idase antibodies. J Leukoc Biol 2006; 80: 
1424-1433.

[74]	 Yates M, Watts RA, Bajema IM, Cid MC, Crest-
ani B, Hauser T, Hellmich B, Holle JU, Laudien 

M, Little MA, Luqmani RA, Mahr A, Merkel PA, 
Mills J, Mooney J, Segelmark M, Tesar V, West-
man K, Vaglio A, Yalcindag N, Jayne DR and 
Mukhtyar C. EULAR/ERA-EDTA recommenda-
tions for the management of ANCA-associated 
vasculitis. Ann Rheum Dis 2016; 75: 1583-
1594.

[75]	 Pagnoux C, Mahr A, Hamidou MA, Boffa JJ, 
Ruivard M, Ducroix JP, Kyndt X, Lifermann F, 
Papo T, Lambert M, Le Noach J, Khellaf M, 
Merrien D, Puechal X, Vinzio S, Cohen P, 
Mouthon L, Cordier JF and Guillevin L; French 
Vasculitis Study Group. Azathioprine or metho-
trexate maintenance for ANCA-associated vas-
culitis. N Engl J Med 2008; 359: 2790-2803.

[76]	 Metzler C, Miehle N, Manger K, Iking-Konert C, 
de Groot K, Hellmich B, Gross WL and Rein-
hold-Keller E; German Network of Rheumatic 
Diseases. Elevated relapse rate under oral 
methotrexate versus leflunomide for mainte-
nance of remission in Wegener’s granulomato-
sis. Rheumatology (Oxford) 2007; 46: 1087-
1091.

[77]	 Jones RB, Hiemstra TF, Ballarin J, Blockmans 
DE, Brogan P, Bruchfeld A, Cid MC, Dahlsveen 
K, de Zoysa J, Espigol-Frigole G, Lanyon P, Peh 
CA, Tesar V, Vaglio A, Walsh M, Walsh D, Wal-
ters G, Harper L and Jayne D; European Vascu-
litis Study Group (EUVAS). Mycophenolate 
mofetil versus cyclophosphamide for remis-
sion induction in ANCA-associated vasculitis: a 
randomised, non-inferiority trial. Ann Rheum 
Dis 2019; 78: 399-405.

[78]	 McAdoo SP, Bedi R, Tarzi R, Griffith M, Pusey 
CD and Cairns TD. Ofatumumab for B cell de-
pletion therapy in ANCA-associated vasculitis: 
a single-centre case series. Rheumatology (Ox-
ford) 2016; 55: 1437-1442.

[79]	 Bontscho J, Schreiber A, Manz RA, Schneider 
W, Luft FC and Kettritz R. Myeloperoxidase-
specific plasma cell depletion by bortezomib 
protects from anti-neutrophil cytoplasmic auto-
antibodies-induced glomerulonephritis. J Am 
Soc Nephrol 2011; 22: 336-348.

[80]	 Novikov P, Moiseev S, Bulanov N and Shchegol-
eva E. Bortezomib in refractory ANCA-associat-
ed vasculitis: a new option? Ann Rheum Dis 
2016; 75: e9.

[81]	 Jayne D, Blockmans D, Luqmani R, Moiseev  
S, Ji B, Green Y, Hall L, Roth D, Henderson RB 
and Merkel PA; BREVAS Study Collaborators. 
Efficacy and safety of belimumab and azathio-
prine for maintenance of remission in antineu-
trophil cytoplasmic antibody-associated vascu- 
litis: a randomized controlled study. Arthritis 
Rheumatol 2019; 71: 952-963.

[82]	 Walsh M, Chaudhry A and Jayne D. Long-term 
follow-up of relapsing/refractory anti-neutro-
phil cytoplasm antibody associated vasculitis 



AAV pathogenesis and treatments

4107	 Am J Transl Res 2020;12(8):4094-4107

treated with the lymphocyte depleting antibody 
alemtuzumab (CAMPATH-1H). Ann Rheum Dis 
2008; 67: 1322-1327.

[83]	 Ruderman EM and Pope RM. The evolving clin-
ical profile of abatacept (CTLA4-Ig): a novel co-
stimulatory modulator for the treatment of 
rheumatoid arthritis. Arthritis Res Ther 2005; 
7 Suppl 2: S21-25.

[84]	 Langford CA, Monach PA, Specks U, Seo P, 
Cuthbertson D, McAlear CA, Ytterberg SR, Hoff-
man GS, Krischer JP and Merkel PA; Vasculitis 
Clinical Research Consortium. An open-label 
trial of abatacept (CTLA4-IG) in non-severe re-
lapsing granulomatosis with polyangiitis (We-
gener’s). Ann Rheum Dis 2014; 73: 1376-
1379.

[85]	 Berti A, Cavalli G, Campochiaro C, Guglielmi B, 
Baldissera E, Cappio S, Sabbadini MG, Doglioni 
C and Dagna L. Interleukin-6 in ANCA-associat-
ed vasculitis: rationale for successful treat-
ment with tocilizumab. Semin Arthritis Rheum 
2015; 45: 48-54.

[86]	 Wegener’s Granulomatosis Etanercept Trial 
(WGET) Research Group. Etanercept plus stan-
dard therapy for Wegener’s granulomatosis. N 
Engl J Med 2005; 352: 351-361.

[87]	 Silva F, Seo P, Schroeder DR, Stone JH, Merkel 
PA, Hoffman GS, Spiera R, Sebastian JK, Davis 
JC Jr, St Clair EW, Allen NB, McCune WJ, Ytter-
berg SR and Specks U; Wegener’s Granuloma-
tosis Etanercept Trial Research Group. Solid 
malignancies among etanercept-treated pa-
tients with granulomatosis with polyangiitis 
(Wegener’s): long-term followup of a multi-
center longitudinal cohort. Arthritis Rheum 
2011; 63: 2495-2503.

[88]	 Jayne DRW, Bruchfeld AN, Harper L, Schaier M, 
Venning MC, Hamilton P, Burst V, Grundmann 
F, Jadoul M, Szombati I, Tesař V, Segelmark M, 
Potarca A, Schall TJ and Bekker P; CLEAR Study 
Group. Randomized trial of C5a receptor in-
hibitor avacopan in ANCA-associated vasculi-
tis. J Am Soc Nephrol 2017; 28: 2756-2767.

[89]	 Moiseev SV, Smitienko I, Bulanov N, Karovaiki-
na E and Novikov PI. Changing landscape of 
immunosuppression in ANCA-associated vas-
culitis. Ann Rheum Dis 2020; 79: e59.

[90]	 Stone JH, Merkel PA, Spiera R, Seo P, Langford 
CA, Hoffman GS, Kallenberg CG, St Clair EW, 
Turkiewicz A, Tchao NK, Webber L, Ding L, Se-
jismundo LP, Mieras K, Weitzenkamp D, Ikle D, 
Seyfert-Margolis V, Mueller M, Brunetta P, Allen 
NB, Fervenza FC, Geetha D, Keogh KA, Kissin 
EY, Monach PA, Peikert T, Stegeman C, Ytter-
berg SR and Specks U; AVE-ITN Research 
Group. Rituximab versus cyclophosphamide 
for ANCA-associated vasculitis. N Engl J Med 
2010; 363: 221-232.

[91]	 Jones RB, Tervaert JW, Hauser T, Luqmani R, 
Morgan MD, Peh CA, Savage CO, Segelmark M, 
Tesar V, van Paassen P, Walsh D, Walsh M, 
Westman K and Jayne DR; European Vasculitis 
Study Group. Rituximab versus cyclophospha-
mide in ANCA-associated renal vasculitis. N 
Engl J Med 2010; 363: 211-220.

[92]	 Guillevin L, Pagnoux C, Karras A, Khouatra C, 
Aumaitre O, Cohen P, Maurier F, Decaux O, 
Ninet J, Gobert P, Quemeneur T, Blanchard-
Delaunay C, Godmer P, Puechal X, Carron PL, 
Hatron PY, Limal N, Hamidou M, Ducret M, 
Daugas E, Papo T, Bonnotte B, Mahr A, Ravaud 
P and Mouthon L; French Vasculitis Study 
Group. Rituximab versus azathioprine for 
maintenance in ANCA-associated vasculitis. N 
Engl J Med 2014; 371: 1771-1780.

[93]	 Charles P, Terrier B, Perrodeau E, Cohen P, 
Faguer S, Huart A, Hamidou M, Agard C, Bon-
notte B, Samson M, Karras A, Jourde-Chiche N, 
Lifermann F, Gobert P, Hanrotel-Saliou C, God-
mer P, Martin-Silva N, Pugnet G, Matignon M, 
Aumaitre O, Viallard JF, Maurier F, Meaux-Ru-
ault N, Riviere S, Sibilia J, Puechal X, Ravaud P, 
Mouthon L and Guillevin L; French Vasculitis 
Study Group. Comparison of individually tai-
lored versus fixed-schedule rituximab regimen 
to maintain ANCA-associated vasculitis remis-
sion: results of a multicentre, randomised con-
trolled, phase III trial (MAINRITSAN2). Ann 
Rheum Dis 2018; 77: 1143-1149.

[94]	 Smith RM, Jones RB, Guerry MJ, Laurino S, 
Catapano F, Chaudhry A, Smith KG and Jayne 
DR. Rituximab for remission maintenance in 
relapsing antineutrophil cytoplasmic antibody-
associated vasculitis. Arthritis Rheum 2012; 
64: 3760-3769.

[95]	 Alberici F, Smith RM, Jones RB, Roberts DM, 
Willcocks LC, Chaudhry A, Smith KG and Jayne 
DR. Long-term follow-up of patients who re-
ceived repeat-dose rituximab as maintenance 
therapy for ANCA-associated vasculitis. Rheu-
matology (Oxford) 2015; 54: 1153-1160.

[96]	 Moiseev SV, Bulanov NM, Zykova AS and 
Novikov PI. Rituximab in ANCA-associated vas-
culitis: fewer infusions or ultra low-dose main-
tenance therapy? Ann Rheum Dis 2019; 78: 
e99.

[97]	 Roberts DM, Jones RB, Smith RM, Alberici F, 
Kumaratne DS, Burns S and Jayne DR. Ritux-
imab-associated hypogammaglobulinemia: in-
cidence, predictors and outcomes in patients 
with multi-system autoimmune disease. J Auto-
immun 2015; 57: 60-65. 


