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Abstract
Both the innate and the acquired immune system are involved in the pathophysiology of renal vasculitis. However,
anti-neutrophil cytoplasmic antibody (ANCA)-associated renal vasculitis is characterized by a ‘pauci-immune’ pattern of
immunofluorescence during kidney biopsy, indicating the
relative lack of immunoglobulin and complement deposition within the kidney. On the other hand, evidence is accumulating that ANCA, autoantibodies against constituents of
primary granules of neutrophils and the lysosomes of monocytes, play a pathogenic role in renal vasculitis. In this review
we will discuss both in vitro and in vivo experimental data
providing compelling evidence that ANCA are a primary
pathogenic factor in renal vasculitis, mainly by augmenting
leukocyte-endothelial interactions. We will also address
novel data, pointing at the role of, in addition to ANCA, nonspecific proinflammatory signals. Finally, we propose a working hypothesis of the pathogenesis of ANCA-associated renal vasculitis.
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Introduction

Vasculitis is a pathological process characterized by
inflammation and necrosis of blood vessel walls. The vasculitic process can affect vessels of any type, size or location and therefore can cause damage and dysfunction in
virtually any organ system. In the kidney, vasculitis preferentially affects the small vessels (arterioles, capillaries,
venules) [1]. In patients with systemic vasculitis, involvement of the kidney has great impact on prognosis and
choice of therapy but may be discovered relatively late in
the disease course, particularly when symptoms of systemic disease are lacking. Microscopic hematuria with or
without proteinuria is consistent with renal vasculitis.
Renal function may be well preserved in the early phase
whereas rapid deterioration of renal function is an ominous sign mandating prompt diagnosis and initiation of
therapy. Microvascular inflammation and focal segmental fibrinoid necrosis with extracapillary proliferation
and crescent formation is the histopathological hallmark
of disease [2].
In the pathophysiology of renal vasculitis, both the innate and the acquired immune system are involved. Based
on immunofluorescence studies of kidney biopsies, three
patterns are found [3]. First, an immune complex-medi-
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Table 1. Characteristics of ANCA-associated vasculitides

Disease

Churg-Strauss syndrome
Wegener’s granulomatosis
Microscopic polyangiitis
Renal limited vasculitis

Clinical

Asthma, eosinophilia, neuropathy, nephritis
Nose bleeds, nephritis, lung lesions
Nephritis, alveolar lung hemorrhage, purpura
Nephritis

ated pattern such as in Henoch-Schönlein purpura, cryoglobulinemic vasculitis and systemic lupus erythematosus nephritis. Second, a linear fluorescence pattern due
to a direct antibody-mediated attack such as in anti-glomerular basement membrane (GBM) disease. Third, the
so-called ‘pauci-immune’ pattern that is strongly associated with the presence of anti-neutrophil cytoplasmic autoantibodies (ANCA). Pauci-immune indicates the relative lack of immunoglobulin and complement deposition
within the kidney as demonstrated by indirect immunofluorescence techniques. ANCA-associated vasculitides
consist of four separate syndromes: Wegener’s granulomatosis, microscopic polyangiitis, Churg-Strauss syndrome, and renal limited vasculitis. The primary antigenic targets of ANCA are the lysosomal enzymes myeloperoxidase (MPO-ANCA) and proteinase 3 (Pr3-ANCA),
although other target antigens, e.g. human lysosomal-associated membrane protein 2 (h-LAMP-2) [4], have been
described [5]. ANCA are quite frequently but not always
found in these forms of vasculitis. The type of ANCA
(MPO or Pr3) correlates well, but not exactly, with the
clinical picture (table 1). However, in cases where there is
renal involvement, ANCA is present almost invariably
[6].
The strong association of rises in elevated ANCA titers
and disease reactivation suggests a pivotal pathogenic
role of these autoantibodies in renal vasculitis [7]. The
recent description of a case in which transfer of maternal
ANCA during pregnancy resulted in pulmonary hemorrhage and impaired renal function in a newborn within
48 h after delivery further substantiates the immunopathogenic and causative role of ANCA in a human model [8]. We will briefly summarize the evidence obtained
from in vitro and in vivo studies that ANCA are indeed
an important factor in ANCA-associated renal vasculitis.
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Percentage of patients
MPO-ANCA

Pr3-ANCA

30–70
10–30
30–70
30–70

<10
>70
10–30
10–30

Pathophysiological Mechanisms

In vitro
ANCA are directed against constituents of the primary granules of neutrophils and the lysosomes of monocytes [5]. This can be either Pr3, a 29-kDa neutral serine
protease, or MPO, a 140-kDa enzyme involved in the generation of reactive oxygen species. ANCA that recognize
Pr3 produce a characteristic granular cytoplasmic staining pattern on ethanol-fixed granulocytes when detected
by a standard indirect immunofluorescence technique
(c-ANCA). ANCA that react with MPO, on the other
hand, produce a perinuclear staining pattern (PANCA).
The in vitro evidence that these autoantibodies induce
or sustain vascular inflammation, either directly or indirectly, is firm and has been reviewed in many reports. [for
recent reviews, see 9, 10].
The key event appears to be the activation of neutrophils by ANCA [11]. This results in the generation of reactive oxygen intermediates, derived from superoxide
anion, degranulation with extracellular release of lysosomal enzymes, such as elastase, metalloproteases and
including the ANCA antigens themselves [12]. These
neutrophil-derived products confer toxicity for endothelial cells and tissue constituents [13]. Moreover, ANCA
induce increased neutrophil cytokine production, such
as interleukin (IL)-1, which further stimulates local inflammatory processes [11].
The neutrophil response itself is greatly enhanced by
minor (pro)inflammatory stimuli, such as TNF-, that
prime the interaction between ANCA and the neutrophil
[11]. In vivo, these proinflammatory stimuli may for instance be induced by preceding or concomitant infectious agents. In the primed neutrophil, the ANCA antigens, Pr3 and MPO, translocate to the cell surface, facilitating the binding to ANCA. Binding of the F(ab)2
portion of ANCA IgG with these ANCA antigens and siNephron Exp Nephrol 2007;105:e10–e16
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multaneous interaction between the Fc part of ANCA
IgG and Fc receptors on the same cell or on neighboring
neutrophils triggers the signaling cascade leading to further neutrophil activation. It is suggested that other, nonFcR-mediated neutrophil membrane cofactors are used
as well by ANCA, but these have not been identified yet
[14].
Signaling pathways thus far identified to be involved
in neutrophil activation include p38 mitogen-activated
protein kinase (MAPK), extracellular signal-regulated
kinase as well as phosphatidylinositol-3 kinase control
systems [15–17]. Recently, Hewins et al. [18] reported
that IL-18 is expressed in kidneys of patients with ANCAassociated glomerulonephritis, and that IL-18 primes
neutrophils, via p38MAPK, for increased superoxide
production in response to ANCA. Interestingly, the
ANCA-induced superoxide production in IL-18-primed
neutrophils was not affected by anti-TNF- antibody
treatment, suggesting a direct effect of IL-18 on priming
neutrophil oxygen radical production [18]. Since IL-18 is
best known for its role in polarization of naïve T cells to
a Th1 response with subsequent production of interferon- [19], the observations by Hewins et al. [18] also suggest an involvement of Th1-mediated responses in
ANCA-associated diseases, but this remains to be established.
Interestingly, ANCA also appear to interact with the
cell surface of apoptotic neutrophils with subsequent opsonization of these cells, thereby modulating the release
of proinflammatory mediators by macrophages [20]. In
addition, ANCA have been shown to enhance the neutrophil adherence to endothelial monolayers, whereas coincubation of ANCA-activated neutrophils and endothelial
cells induces endothelial cell lysis, via the CD11/CD18 integrin pathway [13, 21]. The adherence of these locally
activated neutrophils is crucial for subsequent injury to
endothelial cells and destruction of underlying tissue.
In vivo
Although in vitro data suggest a pathogenic role of
ANCA in (renal) vasculitis, in vivo data are required to
support the concept.
The term ‘pauci-immune’ used as an eponym for
ANCA-associated vasculitis in a sense is confusing considering the presence of these autoantibodies in the blood,
the influx of innate immune cells, and the severe damage
that occurs to the glomerular capillary wall. Although
indeed immune complexes (ICX), containing IgG or IgA,
are generally lacking in the classic lesions of ANCA-associated glomerulonephritis, non-specific IgM deposits
e12
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and certainly complement deposition are often present,
suggesting prior ICX deposition [22].
Induction of MPO-ANCA in Brown-Norway rats immunized with human MPO did not appear to induce renal
vasculitis [23]. However, unilateral perfusion of the left
kidney with a neutrophil extract, containing MPO, and
hydrogen peroxide (H2O2), induced severe necrotizing
crescentic glomerulonephritis only in MPO-immunized
Brown-Norway rats and no lesions in the non-immunized
control rats. Most interestingly, ICX deposits were observed in the kidney shortly after perfusion, but these ICX
appeared to have dissolved already at the time that renal
damage was at its peak. Using a similar approach, Yang et
al. [24] observed that the degree of histological injury correlated with the amount of glomerular IgG immune deposits and concluded that this perfusion rat model is an
example of ICX-mediated glomerulonephritis.
The contention that some kind of ICX deposition, even
other than ANCA along the glomerular capillary wall,
enhances local immune responses was further supported
by the finding that MPO-immunized rats injected with
anti-GBM antibodies, in a dose as low that anti-GBM itself did not induce glomerulonephritis, developed severe
necrotic lesions in the kidney whereas this did not happen
in non-immunized rats [25].
In these rat models the role of ANCA could still be interpreted as coincidental, but over the last years new and
elegant experiments have further corroborated the ‘in
vivo’ pathogenic implications of ANCA in renal vasculitis. Xiao et al. [26] immunized MPO-deficient mice with
murine MPO, creating development of circulating antiMPO antibodies in these mice. Then, along two lines of
evidence they showed that ANCA induces glomerulonephritis. First, adoptive transfer of splenocytes from murine MPO-immunized MPO-deficient mice into recombinase activating gene knockout (RAG2–/–) mice that lack
functioning B and T lymphocytes induced circulating
anti-MPO antibodies in the recipient mice. This was accompanied by the development of severe renal lesions
characterized by invasion of inflammatory cells and fibrin within Bowman’s space resulting in the formation of
crescents. Second, intravenous injection of purified antiMPO IgG into RAG2–/– mice or wild-type mice also, although in a milder form, induced focal necrotizing crescentic glomerulonephritis, closely resembling the picture
in human disease, with typical paucity of immune reactants (complement and Igs), at least in the later phase of
glomerular disease. These data strongly suggest that
ANCA, even without clear participation of T or B lymphocytes, can induce vasculitis.
van Paassen/Cohen Tervaert/Heeringa

Recent studies by Little et al. [27] provide additional
support for the in vivo pathogenic potential of MPOANCA. Upon immunization with human MPO, WKY
rats developed anti-human MPO antibodies that were
cross-reactive with rat MPO and 6 weeks after immunization a substantial number of rats had developed pauciimmune necrotizing crescentic glomerulonephritis and
pulmonary capillaritis. By intravital microscopy, MPOANCA-rich IgG was found to enhance leukocyte-endothelial interactions elicited by proinflammatory stimuli
leading to post-capillary venular hemorrhage.
In contrast to the in vivo models of MPO-ANCA-mediated vasculitis/glomerulonephritis, development of an
animal model for Pr3-ANCA-mediated vasculitis has
proven to be more difficult. In the mouse, anti-Pr3 antibodies elicited by immunization of Pr3/elastase-deficient
mice with recombinant murine Pr3 did not appear to be
pathogenic by themselves but did enhance TNF--induced local inflammatory responses [28]. These observations suggest functional and pathogenic differences between MPO- and Pr3-ANCA, as has been suggested to be
present in patients as well [29]. The mechanisms underlying these differences are not well understood. It is, however, important to emphasize that the physical and structural characteristics of the ANCA target antigens, MPO
and Pr3, are very different [28]. MPO is a highly cationic
140-kDa homodimer with a theoretical isoelectric point
(pI) of 10.2 whereas Pr3 is a 30-kDa protein with a theoretical pI of 7.7 [28]. These physical differences lead to
differential interactions with negatively charged proteoglycans and extracellular matrix components in the kidney as has been demonstrated by renal perfusion studies
in rats [30, 31]. In addition, released MPO and Pr3 do not
only bind to the surface of endothelial cells but are also
internalized by these cells where they exert differential
effects [32]. For example, internalization of Pr3 causes
endothelial cell apoptosis whereas internalization of
MPO induces the generation of oxygen radicals [32].
Thus, differences in clinical and pathological expression
of disease between MPO- and Pr3-ANCA may be influenced by antigen dependent effects on the endothelium.
The experimental animal models are powerful tools to
further explore the hypotheses that arise from both clinical observations and in vitro data in an in vivo setting.
Huugen et al. [33] thus recently tested the hypothesis, derived from clinical experience, that besides ANCA, a second (non-specific) proinflammatory signal is necessary
to induce more severe disease. Indeed, systemic administration of bacterial lipopolysaccharide (LPS) as proinflammatory stimulus dose-dependently increased renal

injury (glomerular crescent formation and necrosis) induced by concomitant anti-MPO IgG. In the early phase,
as expected, accumulation of neutrophils occurred and
these cells were found to be the main effector cells in disease induction [34]. Also, LPS induced a transient increase in TNF-, together with a rise in circulating MPO
levels. However, anti-TNF- treatment by a single intraperitoneal injection of anti-murine TNF- antibody TN3
attenuated, but did not prevent, the LPS-mediated aggravation of anti-MPO IgG-induced glomerulonephritis.
Recent, preliminary data from this model indicate an unexpected but crucial role for the alternative pathway of
complement activation in disease induction [abstract:
Xiao et al., Kidney Blood Press Res 2005;28:159] and suggest that targeting complement factor C5 is a potential
therapeutic option in MPO-ANCA-mediated glomerulonephritis [abstract: Huugen et al., J Am Soc Nephrol
2005; 16(suppl):30]. Clearly, these preliminary observations require further studies.
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T Cells

The fact that ANCA are predominantly of the IgG isotype and that isotype switching is dependent on T-helper
cells indicates that T lymphocytes must be involved in the
onset of the autoimmune response. However, whether T
cells also play a role in the effector phase of the disease is
still a matter of debate. In the mouse, anti-MPO-mediated necrotizing crescentic glomerulonephritis can be induced in mice that lack functioning T and B cells and by
anti-MPO antibodies alone [26]. Both observations demonstrate that antigen-specific T cells are not required for
the induction of acute injury but they do not exclude a
role for T cells in the later stages of the disease. Normally,
acute injury is followed by a chronic inflammatory phase
that is governed by macrophages and T cells and often
leads to fibrosis. However, this late phase of injury in
ANCA-associated vasculitides and the role of T cells
therein have not been extensively studied.
The evidence that T-cell responses are altered in
ANCA-associated vasculitides is firm and has recently
been extensively reviewed [35]. In patients with ANCAassociated vasculitis, activated circulating T cells with a
Th1 cytokine profile have been demonstrated during active disease as well as during remission [36, 37]. In addition, T cells derived from granulomatous tissue of Wegener granulomatosis patients also display a Th1 cytokine profile [38]. Of particular interest are recent
observations showing expanded populations of CD4+
e13

Fig. 1. Working hypothesis for the pathogenesis of ANCA-associated vasculitis.
Proinflammatory cytokines and chemokines, e.g. TNF- , released due to local or
systemic infection cause upregulation of
endothelial adhesion molecules (e.g. selectins, ICAM-1, and VCAM) and prime the
neutrophil. Neutrophil priming causes
upregulation of neutrophil adhesion molecules (CD11b) and translocation of the
ANCA antigens from their lysosomal
compartments to the cell surface. Engagement of the F(ab)2 portion of ANCA with
ANCA antigens on the cell surface and interaction of the Fc part of the antibody
with Fc receptors activates the neutrophil
causing increased neutrophil-vessel wall
adherence and transmigration. ANCAmediated neutrophil activation also triggers reactive oxygen radical production
and causes degranulation resulting in the
release of lysosomal enzymes including
the ANCA antigens MPO and Pr3. Released MPO and Pr3 bind to endothelial
cells and extracellular matrix proteins
which, in the presence of ANCA, results in
transient in situ immune complex (IXC)
formation. These locally formed ICX together with C5a generation via activation
of the alternative pathway (AP) of complement activation amplify the inflammatory
response by enhancing neutrophil recruitment. Ultimately, necrotizing vasculitis
develops [figure adapted from 9, with permission].
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and CD8+ T cells that lack the expression of the costimulatory molecule CD28 in peripheral blood of Wegener
granulomatosis patients that correlated with more severe
disease manifestations [39]. CD4+CD28– T cells have also
been detected in granulomas and appear to contribute to
IFN- and TNF- production [40]. The main question,
however, remains whether the observed T-cell responses
are ANCA antigen-specific. So far, results from studies
attempting to identify MPO and Pr3-reactive T cells in
patients with vasculitis are inconsistent and have revealed
that such cells can occur in normal individuals as well
[41, 42]. These observations suggest that antigens other
than MPO and Pr3 may be involved in driving the aberrant T-cell responses in ANCA-associated vasculitides as
well. In this respect, proteins of Staphylococcus aureus
which show homology with human Pr3 are potential candidates [43, 44].
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A Working Hypothesis for the Pathogenesis of
ANCA-Associated Vasculitis (fig. 1)

We derive our current working hypothesis from the
experimental data described above. In this hypothesis,
ANCA and proinflammatory stimuli of infectious origin
synergize in causing necrotizing vasculitis. Proinflammatory signals promote the adhesion of neutrophils to
the endothelium and cause translocation of the ANCA
antigens to the neutrophil cell surface enabling their interaction with ANCA. Binding of ANCA to primed neutrophils induces activation of these cells resulting in oxygen radical production and the release of lysosomal enzymes including the ANCA antigens themselves. Because
of their cationic nature, released MPO and Pr3 will bind
to the surface of endothelial cells and tissue matrix resulting in small amounts of in situ ICX formation. The ICX
deposits are most likely transient because they will envan Paassen/Cohen Tervaert/Heeringa

hance further recruitment and activation of neutrophils
that in turn attack and dissolve these focally formed ICX.
The in situ formed ICX initiate and sustain an innate inflammatory amplification loop that probably also involves activation of the alternative pathway of the complement system. Ultimately, necrotizing vascular injury
develops.
The recently developed animal models for ANCA-mediated vasculitis together with ongoing clinical and in
vitro studies will be very helpful in testing the working

hypothesis. In the end, the knowledge gained will be essential to develop less toxic and more specific treatment
modalities for this severe disease.
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