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Chapter 3 

Abstract 
 

Small vessel vasculitides associated with anti-neutrophil cytoplasmic auto-
antibodies (ANCA) are severe systemic diseases that may affect any organ. 
Increasing clinical and experimental evidence indicates that ANCA are 
causally involved in disease pathogenesis mainly through activation of 
neutrophils resulting in endothelial cell injury. Recent studies suggest a 
previously unsuspected but crucial role for alternative pathway complement 
activation in ANCA disease pathogenesis. In this brief review, we will 
discuss the evidence for complement system activation in ANCA associated 
vasculitides and propose a working model that links ANCA, neutrophils and 
complement activation in causing an inflammatory amplification loop that 
may explain the severe leukocytoclastic inflammation that is typical for 
ANCA associated vasculitis. 
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Anti-neutrophil cytoplasmic autoantibodies (ANCA) asscociated 
vasculitides 
 

Anti-neutrophil cytoplasmic auto-antibodies (ANCA) are associated with 
small vessel necrotizing vasculitis that is characterized 
immunopathologically by a paucity of immunoglobulin deposits in vessel 
walls. ANCA-associated vasculitides (AAV) can cause organ-limited 
disease, such as renal limited vasculitis with pauci-immune necrotizing and 
crescentic glomerulonephritis (NCGN), or systemic vasculitis, including 
Wegener’s granulomatosis, microscopic polyangiitis, and Churg-Strauss 
syndrome [1]. Approximately 90% of patients with active, untreated disease 
have circulating ANCA. The primary antigenic targets of ANCA are the 
lysosomal enzymes myeloperoxidase (MPO-ANCA) and proteinase-3 (PR3-
ANCA) of neutrophil granulocytes and monocytes [2]. Increasing clinical and 
experimental evidence indicates that ANCA IgG cause AAV.  
 
ANCA are pathogenic: Evidence from human studies 
 

There is no evidence on the presence of ANCA IgG before clinical 
expression of the associated diseases occurs. However, a strong correlation 
exists between the presence of ANCA IgG and ANCA-associated diseases, 
therefore ANCA IgG is a useful and widely used tool in the diagnosis of AAV 
[3]. Although there has been debate on whether ANCA levels parallel the 
clinical and histological activity of the disease, many patients show 
decreased or absent ANCA titers during periods of quiescence [4,5]. A 
subsequent rise in ANCA titer from low titer has been suggested as 
predictive of clinical relapse. For example, a prospective study by Boomsma 
et al [6] has shown that rising levels of ANCA IgG preceded the onset of 
clinical relapse of AAV in about 90% of the cases. Surveillance of the 
alterations in ANCA titers is therefore considered to be helpful in the 
prediction of disease relapse [7]. A pathogenic role for ANCA is also 
supported by the effectiveness of immunosuppressive therapy, the 
effectiveness of plasma exchange, and the presence of ANCA antigens 
within glomeruli and crescents in NCGN [3]. The most direct clinical 
evidence that ANCA are pathogenic is the development of 
glomerulonephritis and pulmonary haemorrhage in a neonate shortly after 
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birth from a mother with MPO-ANCA associated microscopic polyangiitis, 
apparently caused by transplacental transfer of ANCA IgG [8,9].  
Taken together, data from these clinical studies suggest, but of course do 
not prove, that ANCA are directly pathogenic in AAV. 
 
ANCA are pathogenic: Evidence from in vitro studies 
 

Various in vitro observations support a pathogenic role for circulating ANCA. 
Sera or purified IgG from ANCA-positive patients, as well as monoclonal 
antibodies directed against MPO or PR3, can induce degranulation and an 
oxidative burst in healthy human neutrophils that are pretreated with 
inflammatory cytokines, such as TNF-α [10,11] and IL-18 [12]. This 
pretreatment, or priming, of neutrophils leads to translocation of both MPO 
and PR3 to the neutrophil surface, where they are available for ANCA 
binding. ANCA IgG bind the surface-expressed antigens via their F(ab’)2 
portions and trigger neutrophil activation by ligation of constitutively 
expressed Fcγ receptors, FcγRIIa and FcγIIIb [13-15]. 
ANCA-activated PMNs are capable of damaging cultured human umbilical 
vein endothelial cells (HUVECs) [16], and firm adhesion of PMNs to a 
monolayer of TNF-α treated HUVECs is greatly increased after ANCA-IgG 
pretreatment [17], thus providing a link between ANCAs and vascular 
disease. Indeed, it was shown that neutrophils from patients with ANCA-
associated vasculitis exist in a primed state, with increased surface 
expression of PR3, and that spontaneous superoxide production in these 
neutrophils is significantly higher than in neutrophils from normal controls 
[18].  
 
ANCA are pathogenic: Evidence from in vivo studies 
 

The pathogenic role of ANCA IgG in the development of AAV is supported 
by different animal models of AAV and glomerulonephritis that have been 
developed in the last decade. Xiao et al [19] induced disease that is 
remarkably similar to human ANCA disease by intravenous injection of 
mouse anti-MPO IgG or anti-MPO lymphocytes into mice. The anti-MPO 
IgG or anti-MPO lymphocytes were obtained from MPO knockout mice 
immunized with purified mouse MPO. In the anti-MPO IgG transfer model, 
all mice developed pauci-immune focal necrotizing and crescentic 
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glomerulonephritis after 6 days whereas some mice also developed 
systemic small vessel vasculitis. In a subsequent study it was shown that 
induction of glomerulonephritis by anti-MPO IgG is enhanced by bacterial 
lipopolysaccharide most likely through priming of circulating neutrophils, and 
thus increased availability of MPO at the surface of circulating neutrophils, 
and by activating the endothelium making it more susceptible for interaction 
with activated neutrophils [20]. Furthermore, it was shown that disease 
induction requires neutrophils as the main effector cells. Pretreatment of 
recipient mice with a rat mAb (NIMP-R14) that depletes mouse neutrophils 
completely blocked the induction of glomerulonephritis in this model [21].  
Little et al [22] immunized Wistar-Kyoto rats with human MPO, which leads 
to the generation of antibodies against human MPO, that cross react with rat 
neutrophils. After 8 weeks MPO-immunized rats displayed mild pauci-
immune crescentic glomerulonephritis and focal pulmonary capillaritis. In 
addition, Little et al investigated the early effects of MPO-ANCA on 
leukocyte-endothelial interactions employing intravital microscopy on 
mesenteric venules. Although no evidence was found for increased 
leukocyte-endothelial interactions under basal conditions, leukocyte firm 
adhesion and transmigration were significantly enhanced in MPO-
immunized rats after topical application of the pro-inflammatory stimulus 
CXCL1. To confirm that these effects were due to circulating MPO-ANCA, 
Ig’s purified from sera from MPO-immunized rats were intravenously 
injected into naïve Wistar-Kyoto rats. These experiments showed that MPO-
ANCA Ig on its own induced leukocyte firm adhesion and greatly enhanced 
leukocyte firm adhesion and transmigration elicited by topical CXCL1. Of 
particular interest are the observations that the MPO-ANCA enhanced 
leukocyte-vessel wall interactions led to microvascular injury. In MPO-
immunized rats as well as in naïve rats that had received MPO-ANCA Ig, 
prominent post-capillary venular haemorrhage was observed after 
superfusion with CXCL1 indicating severe endothelial cell injury. 
Recently, enhanced leukocyte-endothelial interactions induced by MPO-
ANCA IgG have also been demonstrated in mice employing intravital 
microscopy of the cremasteric microvasculature. In these experiments, 
systemic injection of anti-MPO IgG decreased leukocyte rolling in favor of 
increased adhesion to and transmigration across the endothelium after local 
treatment of the cremaster muscle with various proinflammatory stimuli 
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(TNF-α, IL-1β and, keratinocyte chemokine). Furthermore, the anti-MPO 
mediated effects were blocked by co-administration of anti-CD18 antibodies 
and absent in Fc receptor γ chain deficient mice emphasizing the critical 
roles of β2 integrins and Fc receptors [23].  
Schreiber et al [24] recently described a novel mouse model of anti-MPO-
induced disease. MPO knockout mice (Mpo-/-) were immunized with mouse 
MPO, irradiated and then transferred with bone marrow cells from either 
Mpo-/- or Mpo+/+ wild type mice. Engraftment of Mpo+/+ cells in Mpo-/- 
mice with circulating anti-MPO resulted in pauci-immune focal necrotizing 
and crescentic glomerulonephritis in all mice. In addition, transfer of Mpo+/+ 
bone marrow cells into irradiated Mpo-/- mice lead to disease induction, 
while transfer of Mpo-/- bone marrow cells into irradiated Mpo+/+ mice did 
not, demonstrating that Mpo+/+ bone marrow-derived cells are required 
pathogenic targets for anti-MPO IgG to cause disease. 
The above described animal models all pertain to MPO-ANCA driven 
disease. Using a similar strategy as described by Xiao et al, Pfister et al [25] 
investigated whether a model of PR3-ANCA associated disease could be 
established. Immunization of mice deficient for PR3 and neutrophil elastase 
with murine PR3 led to the generation of antibodies to murine PR3, whereas 
subsequent transfer of mPR3 positive sera to wildtype mice significantly 
aggravated the inflammatory response elicited by local TNF-α 
administration. However, this approach did not induce vasculitis or 
glomerulonephritis, even when mice were pretreated with 
lipopolysaccharide as a proinflammatory stimulus. The discrepancy between 
the murine model of anti-MPO IgG-induced NCGN and its PR3 equivalent is 
as yet unexplained, but may indicate functional differences in pathogenic 
potential between PR3-ANCA and MPO-ANCA. Clearly, more research 
needs to be done and the search for an animal model of anti-PR3 induced 
NCGN is still ongoing.  
 
 
Complement system: three activating pathways 
 

The complement system is a central component of innate and humoral 
immunity. The main functions of the complement system are: defence 
against bacterial infection, bridging innate and adaptive immunity, and 
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disposing of immune complexes and the products of inflammatory injury 
[26,27]. The complement system comprises of more than 30 plasma and 
membrane-bound proteins. Depending on the activation trigger, the 
complement cascade follows one of three pathways: the classical, lectin or 
alternative pathway (Figure 1). All three pathways are activated in a 
sequential manner, with activation of one component leading to the 
activation of the next. These pathways converge at the central component 
of the complement system, C3. Sufficient activation of C3 leads to the 
formation of the membrane attack complex (MAC) on complement activating 
surfaces.  
 

 
Figure 1: Overview of the complement activation pathways. 

 
Activation of the classical pathway is initiated via binding of its recognition 
molecule C1q to antibody complexes on the surface of pathogens. This 
leads to conformational changes that result in the activation of the 
associated serine proteases C1r and C1s. C1s activate C4 and C2 leading 
to the formation of the C4bC2a complex, the classical pathway C3 
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convertase. This convertase leads to activation of the central complement 
component C3. 
Activation of the lectin pathway occurs in response to recognition of 
mannose-binding lectin (MBL) and ficolins of various carbohydrate ligands 
on the surface of microorganisms. This results in activation of the MBL-
associated serine proteases (MASP-1, MASP-2 and MASP-3). MASP-2 
cleaves C4 and subsequently C2 leading to the formation of the same C3 
convertase as the classical pathway, C4bC2a. 
Activation of the alternative pathway depends on spontaneous hydrolysis of 
C3 in plasma leading to the formation of C3(H2O) which binds to factor B. 
Subsequent activation by factor D results in the formation of C3(H2O)Bb. 
This complex constantly cleaves additional C3 to C3a and C3b at a low rate. 
In the presence of an activating surface (e.g. a bacterial wall), C3b is 
protected from inactivation by regulatory proteins like factor I and H. As a 
result the more active alternative pathway C3 convertase C3bBb is formed, 
which is further stabilized by properdin. 
Recent evidence indicates the existence of a fourth pathway of complement 
activation. In this pathway, direct C3 activation by either the classical or 
lectin pathway occurs without the involvement of C2 or C4 [28,29]. 
The early activation steps of the classical, lectin and alternative route of 
complement activation converge in a common terminal pathway. The 
addition of a further C3b molecule to the C3 convertase complex leads to 
the formation of C3bBbC3b (alternative pathway) or C4bC2aC3b (classical 
and lectin pathways). These C5 convertases initiate the assembly of the 
MAC by cleavage of C5 to C5a and C5b. C5a functions as a potent 
anaphylotoxin. C5b forms a tri-molecular complex with C6 and C7, which 
after inserting into a cell membrane, binds C8 and multiple C9 molecules. 
This results in the completion of the pore-forming MAC (C5b-9) on the target 
cell, and leads to cell lysis. 
 
Complement in human disease 
 

Traditionally, the major function of the complement system has been 
thought to be recognition and elimination of pathogens through direct killing 
and/or stimulation of phagocytosis [30,31]. In recent years, also 
immunoregulatory roles of the complement system have become clear [32]. 
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These include, enhancement of humoral immunity, modification of T cell 
immunity [33], shaping the development of the antibody repertoire [34], and 
regulation of tolerance to nuclear self-antigens [35,36]. In addition to 
important roles in normal host responses to self and foreign antigens, the 
complement system has been shown to be causally involved in tissue injury 
during ischemic, inflammatory, autoimmune, neurodegenerative and 
infectious diseases. The involvement of complement is usually complex and 
may include both an inappropriate initiation of the cascade and deficiencies 
in specific components or regulators. Table 1 shows an overview of human 
diseases in which complement system activation has been implicated. For 
more detailed information the reader is referred to some excellent recent 
reviews on this topic [37,38].  
 

Table 1: Evidence for complement activation involvement in human disease 
Human disease Type of study  Authors 
Rheumatoid arthritis Animal models 

Human studies 
Review 

Hietala et al [58], Banda et al [59], Ji et al [60] 
Neuman et al [61] 
Mizuno et al [62] 

Antiphospholipid antibody 
syndrome 

Animal models 
Review 

Holers et al [63], Girardi et al [64] 
Salmon et al [65] 

Systemic Lupus Erythematosus Animal models 
Human studies 
Review 

Wang et al [66], Watanebe et al [67], Elliot et al 
[68] 
Holers et al [69] 
Bao et al [70] 

Asthma Animal models 
Human studies 
Review 

Humbles et al [71], Taube et al [72] 
Krug et al [73] 
Kohl et al [74] 

Ischemia-reperfusion injury Animal models 
Human studies 

Rehrig et al [75], Jordan et al [76], Chan et al [77] 
Thurman et al [78] 

Atypical haemolytic uremic 
syndrome 

Review Kavanagh et al [79] 

Membranoproliferative 
glomerulonephritis 

Review De Cordoba et al [80] 

Age-related macular 
degeneration 

Review De Cordoba et al [80] 

Multiple Sclerosis Animal models 
Review 

Boos et al [81], Szalai et al [82], Nataf et al [83] 
Rus et al [84] 

Glomerulonephritis Animal models 
Human studies 

Berger et al [85], Quigg et al [86] 
Wilson et al [87] 

Neurodegenerative diseases Animal models 
Human studies 
Review 

Maier et al [88] 
Yasojima et al [89] 
Bonifati et al [90] 

 
 
The Complement system in ANCA-associated vasculitis 
 

It has generally been assumed that the complement system is not involved 
in the pathogenesis of AAV, mainly because there is a paucity of 
immunoglobulin or complement deposition in vessel walls in AAV as 

 45 



Chapter 3 

compared to the substantial immunoglobulin and complement deposition 
that is observed in immune complex disease and anti-glomerular basement 
membrane disease. However, several studies did find a certain degree of 
immune complex deposition in skin lesions [39] as well as in early lesions in 
renal biopsies [40,41] from patients with AAV (see Table 2). The largest 
series came from a study at John-Hopkins University, in which 126 patients 
with ANCA-associated glomerulonephritis were investigated. It was found 
that 73/126 (57.9%) patients and 10/126 (7.9%) patients had C3 and C1q 
deposition in renal histopathology, respectively. In addition, Persson and 
colleagues [42] have reported skewed expression of C3 and C4 gene 
polymorphisms in AAV patients. In these studies the gene frequency of C3F 
was increased compared with controls in the PR3-ANCA positive subgroup 
whereas the frequency of C4A3 was increased in the whole group of 
patients with AAV. Collectively, these data suggest a role for the 
complement system in the pathogenesis of AAV. 
It also has to be realized that an important mediator of vascular 
inflammation does not necessarily have to be present in high concentrations 
in vessel walls. For example, there is a paucity of IgG in the vascular lesions 
of AAV, yet increasing evidence indicates that IgG is the primary pathogenic 
factor causing these inflammatory lesions [43].  
ANCA disease is not associated with hypocomplementemia. However, this 
is not a sensitive indicator of complement involvement because certain 
forms of glomerulonephritis and vasculitis - such as Henoch-Schönlein 
purpura and anti-GBM disease - that have substantial vascular deposits of 
complement do not have hypocomplementemia [44]. In a variety of 
diseases, described earlier in this review, complement activation has been 
identified as a major mediator of injury and inflammation although there is 
little or no complement localization at the site of injury. 
 
Evidence from in vitro studies 
As previously described, various in vitro studies indicate that ANCA IgG can 
fully activate TNF-α primed neutrophils and cause them to release lytic and 
toxic granule enzymes and reactive oxygen species. Among the mediators 
that are released by activated neutrophils are also factors that can activate 
complement. Shingu et al [45] demonstrated that the oxygen radicals 
released from activated neutrophils can activate C3 and C5 in normal 
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serum. Vogt et al [46] showed that the myeloperoxidase products released 
from activated human PMNs can activate C5 and ultimately lead to 
formation of the MAC. Venge et al [47] and Johnson et al [48] demonstrated 
that proteases derived from human PMNs are able to convert C3 and/or C5. 
Recently, Xiao et al [43] showed that the activation of human neutrophils by 
human MPO-ANCA or PR3-ANCA IgG releases factors that activate 
complement with the generation of C3a. Although this study does not 
identify what factor or what factors are responsible for complement 
activation and which complement activating pathway is involved in the C3a 
generation, this is the subject of ongoing studies. Clearly, these in vitro 
studies support a link between ANCA, neutrophils and complement 
activation. 
 

Table 2: Evidence for complement deposition in AAV. 
 
Authors Year  No. of cases Disease  Complement deposition 

(complement components 
(number of patients)) 

Hu et al. [91] 1977 1 WG C3 (1) 
Ronco et al. [92] 1983 11 WG C3 (6) 
Pinching et al. [93] 1983 13 WG C3 (8) 
Lanham et al. [94] 1984 5 CSS C3 (3) 
Grotz et al. [95] 1991 11 WG C3 (10) 
Andrassy et al. [96] 1992 20 WG C3c (4) and C3d 
Brouwer et al. [97] 1994 20 WG C3 (10) 
Allmaras et al. [98] 1997 3 RLV and IgA 

nephropathy  
C3c (3) and C3d 

Haas et al. [99] 2000 6 AAV (with IgA 
deposits) 

C3 (6) 

Neumann et al. [100] 2003 45 AAV C3 (2), C1q (7) 
Vizjak et al. [101] 2003 135 AAV C3 (119), C1q (33) 
Haas et al. [40] 2004 126 AAV C3 (71), C1q (10) 
Abbreviations: WG = Wegener’s granulomatosis; RLV = renal limited vasculitis; AAV = ANCA-associated 
vasculitis 
 
 
Evidence from in vivo studies 
 

Recent observations in the anti-MPO induced NCGN mouse model suggest 
a critical role of complement activation in ANCA associated disease. 
Complement depletion with cobra venom factor completely blocked the 
development of glomerulonephritis and vasculitis by injection of MPO IgG or 
transfer of anti-MPO splenocytes [43]. Subsequently, the role of specific 
complement activation pathways was studied using mice deficient for the 
common pathway component C5, classical and lectin pathway component 
C4, and alternative pathway component factor B. These studies revealed 
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that anti-MPO IgG induced NCGN is dependent on an intact alternative 
pathway. Whereas C4-deficient mice developed NCGN comparable to wild 
type mice, transgenic mice deficient for C5 or factor B were completely 
protected from disease induction [43]. Further support for the role of 
complement in this model of ANCA disease was reported by Huugen et al 
[49] who investigated the effects of  a C5 inhibiting antibody. Mice received 
anti-C5 8h before or one day after disease induction with anti-MPO IgG and 
LPS. None of the mice that received anti-C5 before disease induction 
developed glomerulonephritis, and anti-C5 administration 1 day after 
disease induction also resulted in an 80% reduction in glomerular crescent 
formation. Overall, these mouse studies support a crucial role for alternative 
pathway complement activation in ANCA-associated NCGN. 
 
Linking ANCA, neutrophils, and complement activation 
 

In addition to complement activating factors, neutrophils are also a source of 
various complement factors including C3 [50] and components that are 
unique to the alternative pathway, factor B and properdin [51,52]. Thus, at 
sites of neutrophilic inflammation all necessary components of the 
alternative pathway C3 and C5 convertases complexes are present. 
Properdin is, unlike most other complement components, not synthesized in 
the liver. Properdin mRNa has, amongst others, been detected in peripheral 
blood monocytes, T cells, and neutrophils, as well as in different bone-
marrow progenitor cell lines. In neutrophils, properdin is stored in secondary 
granules that are released on activation [53]. Various inflammatory 
mediators including LPS and C5a stimulate properdin release from 
neutrophils [51]. As properdin is the essential positive regulatory component 
of the alternative complement pathway, it is tempting to speculate that 
ANCA activation of neutrophils can initiate a cycle of properdin release with 
C5a generation that in turn causes more neutrophil recruitment, activation, 
and properdin release to perpetuate the cycle.  
Although it is unknown whether neutrophils also express factor D, a serine 
protease required for the cleavage of factor B, this relatively small enzyme 
(23 kD) can easily diffuse throughout the extravascular fluid [54]. Moreover, 
neutrophils contain several serine proteases, including elastase and 
kallikrein, that share considerable homology with factor D and could replace 
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its function [55]. For example, similar to factor D, kallikrein can cleave factor 
B and can activate the alternative pathway C3 convertase [56]. 
Interestingly, neutrophils can also secrete the complement components C6 
and C7 [57], allowing the cells to induce the formation of the final 
complement activation product, the C5b-9 MAC. 
 
Working model for ANCA mediated vascular inflammation through 
alternative pathway activation 
 

From the studies described above a working model for the pathogenesis of 
AAV can be deduced in which three key-players act together to generate 
full-blown vasculitis. (Figure 2) The first players are the neutrophils being the 
most prominent source of the ANCA antigens, MPO and PR3. Secondly, a 
proinflammatory environment, in vitro created by addition of TNF-α, is 
required to “pre-activate” the neutrophils causing increased availability of 
the ANCA antigens on the outer membrane of circulating neutrophils and 
monocytes. In addition, this local proinflammatory environment leads to 
upregulation of adhesion molecules on the endothelium to which primed 
neutrophils adhere. Finally, ANCA bind to their antigenic targets on adhered 
neutrophils and monocytes, resulting in their activation and the release of 
lytic granule constituents and reactive oxygen radicals that are injurious to 
the endothelium. 
We hypothesize that an additional effect of ANCA mediated neutrophil 
activation is the release of factors that activate the complement system, 

thereby initiating an inflammatory amplification cascade that ultimately 
results in the symptomatology that is clinically observed. The fact that 
neutrophils contain various components of the alternative but not of the 
classical pathway implies that upon neutrophil activation by ANCA the 
alternative pathway dominates over the classical activation pathway.  
We propose that this mechanism underlies the severe necrotic inflammation 
that is observed in AAV. However, direct evidence for the involvement of 
complement activation, and in particular activation of the alternative 
pathway, in human ANCA-associated disease is lacking and requires more 
research. Such studies are needed, not only to validate the results from the 
animal studies but also to establish whether targeting the complement 
system is a potential therapeutic option in these severe diseases.   
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Figure 2: Proposed working model for ANCA mediated vascular inflammation through 
alternative pathway complement activation.  
Neutrophils are primed by cytokines to express ANCA antigens (MPO and PR3) at the cell surface. Primed 
neutrophils adhere to susceptible endothelium and ANCA antibodies interact with the ANCA antigens, 
resulting in neutrophil activation. The ANCA-activated neutrophils release factors (e.g. properdin, factor B, 
proteases, oxygen radicals, and MPO) that can directly damage the endothelium but also activate the 
alternative complement pathway with the generation of the powerful neutrophil chemoattractant C5a. This 
complement activation amplifies neutrophil influx and activation eventually culminating in the severe 
necrotizing inflammation of the vessel wall as observed in ANCA disease. 
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