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Chapter 1 

Parts of this chapter have been adapted and modi�  ed from:

- van der Veen BS, de Winther MP and Heeringa P
Antioxid Redox Signal 2009, 11: 2899-2937

- van der Veen BS and Heeringa P
APMIS Suppl  2009, (127): 21-26
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THE GLOMERULAR ENDOTHELIUM

Blood vessels are involved in a variety of biological processes, including oxygen supply, nutrient 

transport, waste clearance, blood pressure regulation, in� ammation, coagulation, and angiogenesis. 

To properly exert these functions, endothelial cells of blood vessels play an important role. 

Endothelial cells are long, � at cells that line the lumens of all blood vessels, forming a highly active 

and selective barrier for the di� erent blood components. The functions of endothelial cells in a 

speci� c vascular bed of an organ are dependent on the function of that organ. Therefore, endothelial 

cells throughout the body show a large heterogeneity in structure and function.1

Endothelial cells of the glomerulus, the blood-� ltering unit of the kidney, are for instance 

particularly involved in permeability.2 Glomerular capillaries � lter blood as they are permeable for 

water and small molecules (Figure 1A). After reabsorption of essential molecules via the tubular 

system into the bloodstream, the � ltration product will ultimately result in urine. A typical feature 

of glomerular endothelial cells is that they contain small pores, so-called fenestrae, that are 

approximately 70 nm in diameter and that enable the di� usion of � ltration products out of the 

bloodstream (Figure 1B). The fenestrated glomerular endothelium, together with the glomerular 

basement membrane (GBM) and podocyte (glomerular epithelial cell) foot processes, form the 

glomerular •sieveŽ that � lters the blood.

Figure 1 Structure of glomerular capillaries. (A) Un� ltered blood enters the capillaries of the glomerulus via 
the a� erent arteriole. The glomerular capillaries fuction as a size- and charge-selective barrier that � lters water 
and small solutes from the blood. The � ltered blood then leaves the glomerulus via the e� erent arteriole. (B) A 
schematic cross-section of a capillary loop showing that the glomerular � ltration barrier consists of fenestrated 
endothelium, basal lamina (i.e. glomerular basement membrane (GBM)), and podocyte foot processes forming 
� ltration slits. Reproduced with permission from Wolters Kluwer Health from reference 2. (color image on page  178)
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ANCA-ASSOCIATED SMALL-VESSEL VASCULITIS AND GLOMERULONEPHRITIS

Vasculitis is de� ned as in� ammation of blood vessels and is characterized by destruction of the 

blood vessel wall. Severe damage of the vessel wall causes local vascular leakage and occlusion of 

the vascular lumen and can lead to organ failure. Vasculitis can occur in blood vessels of any size 

and type and can either be restricted to a single organ (localized) or a� ect blood vessels in multiple 

organs (systemic). Vasculitis in itself is not a disease entity but rather a histopathological criterium 

that can occur secondary to an existing disease but may also have a primary (unknown) cause. One 

group of primary vasculitides comprises systemic vasculitides that a� ect small-to-medium-sized 

blood vessels and are associated with the presence of anti-neutrophil cytoplasmic autoantibodies 

(ANCA).3 Disorders belonging to the group of ANCA-associated small-vessel vasculitides (ANCA-

SVV) include Wegener•s granulomatosis, microscopic polyangiitis, Churg-Strauss syndrome, and 

renal-limited vasculitis, which are each characterized by a distinct spectrum of symptoms and 

histopathological features. ANCA are directed against enzymes stored in the granules of neutrophils 

and the lysosomes of monocytes. The most common antigenic targets for ANCA are the lysosomal 

enzymes myeloperoxidase (MPO)4 and proteinase 3 (Pr3)5, but other targets have been described 

as well.

ANCA-SVV are relatively rare diseases (with an annual incidence of ~20 per million in European 

populations6), but these diseases have an extremely high mortality. For instance, the 1-year mortality 

rate of untreated Wegener•s granulomatosis is 80%, whereas the 5-year mortality rate approaches 

100%.7 Immediate and strong immunosuppressive treatment, generally by a combination of 

cyclophosphamide and prednisolone, is therefore necessary. The current treatment protocols 

have substantially reduced 5-year mortality rates to 25% for Wegener•s granulomatosis, 25-55% for 

microscopic polyangiitis, and 0-32% for Churg-Strauss syndrome.8 Nevertheless, disease relapses 

are frequent in ANCA-SVV patients and they therefore require long-term treatment that is often 

associated with severe side e� ects.

Although ANCA-SVV can a� ect multiple organs, the kidneys and the lungs are the primary organs 

a� ected.3 ANCA-SVV manifest themselves in the kidney predominantly as glomerulonephritis with 

segmental necrotic and � brotic lesions in conjunction with in� ammatory cell in� ltrates (Figure 2). 

The lesions and in� ltrates cause disruption of glomerular capillaries which may eventually lead 

to the formation of crescent-shaped scars of proliferating epithelial cells and macrophages that 

compress the glomerulus.3 The glomerular abnormalities are often accompanied by in� ammatory 

in� ltrates in the tubulo-interstitial area. Besides histological signs of glomerular damage, ANCA-SVV 

patients occasionally have urinary abnormalities such as hematuria and mild proteinuria.

Since the discovery of ANCA by Davies et al in 1982,9 detection of ANCA in patients with vasculitis 

has become a valuable marker in diagnosis.10 The original and still widely used method to screen 

patients for the presence of ANCA is to incubate � xed human neutrophils with patient plasma or 

serum to evaluate binding of ANCA to the neutrophils using indirect immuno� uorescence. When 

ANCA-containing serum is incubated with ethanol-� xed neutrophils, either a cytoplasmic staining 
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pattern (termed c-ANCA) or a perinuclear staining pattern (p-ANCA) is observed. Identi� cation of 

the main target antigens of ANCA revealed that ANCA producing a c-ANCA immuno� uorescence 

pattern recognize Pr3 whereas the vast majority of ANCA producing a p-ANCA staining pattern are 

directed against MPO.

Despite the fact that ANCA are widely used for diagnostic purposes, it has been uncertain for 

a long time whether ANCA are pathogenic and cause the underlying vasculitis or whether their 

presence is a consequence of the severe in� ammatory response. A common characteristic of 

antibody-mediated autoimmune diseases is the deposition of immune products like IgG and 

A B

C D

Figure 2 Pictures illustrating glomerular injury observed in renal biopsies of patients with ANCA-
associated glomerulonephritis. (A) A normal glomerulus. (B) A glomerulus with segmental capillary necrosis 
and neutrophil accumulation. (C) A glomerulus with an extensive cellular crescent that compresses the 
capillary tuft. (D) A glomerulus demonstrating cellular crescent formation with breaks in Bowmans capsule 
and periglomerular in� ltration. All procedures and use of patient tissue were performed according to national 
ethical guidelines. We collected renal biopsy specimens from�patients who were examined in the University 
Medical Center Groningen and diagnosed by a quali� ed nephropathologist. Original magni� cations, 200x. A, B, 
D, Heamatoxylin & Eosin (H&E) stain; C, Methamine-Silver stain.  (color image on page  178)
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complement factors in a� ected tissues. In these diseases, initial deposition of autoantibodies at the 

target site induces an in� ammatory reaction that ultimately leads to local tissue injury. In ANCA-

SVV, only little immune deposits are found in the vasculitic lesions and ANCA-SVV are therefore 

considered to be pauci-immune diseases. The absence of immune deposits in the vasculitic lesions 

led researchers at � rst believe that ANCA were not involved in the pathogenesis of ANCA-SVV. Over 

the last decades, however, several clinical observations and extensive in vitro and experimental 

studies have revealed a pathogenic role for ANCA in ANCA-SVV.11-13

PATHOGENESIS OF ANCA-ASSOCIATED SMALL-VESSEL VASCULITIS … CLINICAL AND IN VITRO 

OBSERVATIONS

Clinical observations

The presence of ANCA is strongly correlated with the occurrence of small-vessel vasculitis. Ninety 

percent of patients with ANCA-SVV have ANCA speci� c for either MPO or Pr3. MPO-ANCA is most 

common in microscopic Polyangiitis, Churg-Strauss Syndrome, and renal-limited vasculitis, whereas 

Pr3-ANCA predominates in patients with Wegener•s granulomatosis. In addition, ANCA titers follow 

disease activity; titers are low during remission and a rise in titer precedes relapses.14 Although the  

second correlation is not strong, these observations suggest a pathogenic role for ANCA. Additional 

evidence for ANCA pathogenicity comes from case reports in which patients treated with various 

drugs, including hydralazine and propylthiouracil developed circulating ANCA followed by vasculitic 

disease, suggesting causation.15 

The most compelling clinical evidence for ANCA pathogenicity comes from observations in 

a pregnant woman with a history of microscopic polyangiitis. Because of active disease during 

pregnancy, MPO-ANCA were transferred across the placenta to the fetus, which caused neonatal 

pulmonary hemorrhage and renal vasculitis immediately after birth.16 When the neonate was 

treated with exchange transfusion and high doses of steroids, the MPO-ANCA level declined below 

detection level and the symptoms disappeared. However, two cases were recently reported in 

which transplacental transfer of ANCA during pregnancy did not cause any vasculitic symptoms 

or other health problems in the neonate.17, 18 The � rst case concerned a patient with microscopic 

polyangiitis having high titers of MPO-ANCA despite being in remission and on maintenance 

immunosuppressive therapy during the entire pregnancy. The other case concerned a patient with 

de novo development of Wegener•s granulomatosis and high titers of Pr3-ANCA during pregnancy. 

Several factors could account for the di� erence in neonatal vasculitis development between these 

three cases. For instance, the immunosuppressive drugs administered to the mothers may have 

crossed the placenta and protected the fetuses with di� erent e� ectiveness. Also, the characteristics 

of the ANCA IgG, such as subclass and epitope speci� cities, may have resulted in di� erences 

in pathogenic potential of the ANCA IgG between the neonates. In addition, the neonate that 

developed vasculitic symptoms upon transplacental transfer of ANCA was prematurily delivered 
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by a cesarian section because of severe preeclampsia of the mother, which may have a� ected the 

vulnerability of the neonate for vascular damage. These studies suggest that high ANCA titers alone 

do not always cause vasculitis and that the pathogenicity of ANCA possibly also depends on other 

factors, such as ANCA characteristics and in� ammatory stimuli.

In vitro observations

Our knowledge on the pathogenic mechanisms involved in ANCA-mediated vascular injury is largely 

obtained from in vitro studies. These studies have shown that ANCA bind to and activate neutrophils, 

which leads to the release of toxic substances that destroy microvascular endothelium.13 This ANCA-

mediated neutrophil activation is completely dependent on cellular antigens as illustrated by the 

lack of activation of MPO-de� cient neutrophils by MPO-ANCA.19 The pathogenic mechanism of 

ANCA is considered to involve three players, i.c., an infectious stimulus, neutrophils, and ANCA. The 

main aspects of the pathogenic mechanisms involved in ANCA-mediated vasculitis are summarized 

in Figure 3 and will be explained below.

For ANCA to fully activate neutrophils in vitro, these cells require priming with a low dose of a 

pro-in� ammatory cytokine such as tumor necrosis factor �D (TNF�D). TNF�D induces translocation of 

the autoantigens to the neutrophil cell surface, making them accessible for binding to ANCA. In 

addition, MPO released from activated neutrophils can bind to unstimulated neutrophils, thereby 

sensitizing these neutrophils for MPO-ANCA-mediated activation.20 Translocation of MPO and Pr3 to 

Figure 3 Proposed scheme for the pathogenic mechanisms involved in ANCA-mediated vasculitis. Step 1: 
Pro-in� ammatory cytokines released upon an infection prime neutrophils, leading to increased expression of 
ANCA antigens (MPO/Pr3), �E2-integrins and Fc�-receptors on the cell membrane. Simultaneously, the cytokines 
activate endothelial cells to express adhesion molecules (e.g. ICAM-1). Step 2: ANCA activate neutrophils by 
binding with their Fab portion to neutrophil-expressed antigens and with their Fc-tail to neutrophil Fc�J-receptors. 
This ANCA-mediated cross-linking of neutrophils induces activation of in� ammatory signal transduction 
pathways. Step 3: ANCA-bound neutrophils adhere to the activated endothelium via integrin-adhesion molecule 
interactions. Step 4: ANCA-mediated activation of neutrophils causes production of reactive oxygen species and 
release of lytic enzymes that can directly harm endothelial cells.  (color image on page  179)
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the cell surface upon TNF�D priming has been shown to depend on the p38 mitogen activated protein 

kinase (MAPK) signaling pathway.21 Furthermore, TNF�D priming increases �E2-integrin membrane 

expression, which is required for neutrophil-endothelial interactions. The need for neutrophil 

priming in vitro suggests a role for some kind of pre-activation trigger in ANCA-SVV patients. Such 

a trigger could, for instance, be provided by a bacterial infection. This idea is supported by studies 

in patients with Wegener•s granulomatosis, showing that chronic nasal carriage of Staphylococcus 

Aureus increases the risk of relapse,22 and that antibacterial (co-trimoxazole) treatment reduces the 

incidence of relapses in patients in remission.23 A causative role for infections in ANCA-SVV patients 

has however not been proven.

The activation of primed neutrophils by ANCA requires both Fab-mediated antigen binding and 

Fc-mediated Fc�J-receptor (Fc�JR) ligation. Although binding of ANCA-derived F(ab•)2 fragments to 

MPO or Pr3 was shown to activate neutrophils in one study,24 the majority of studies support a 

crucial involvement of Fc�J-receptors, especially Fc�JRIIa and Fc�JRIIIb.25-27 Fc�JRIIa is an Fc-receptor with 

high a�  nity for immunoglobulins of the IgG3 subclass. Interestingly, ANCA of the IgG3 subclass are 

more abundantly present in patients with active disease.28, 29 Fc�JR engagement by ANCA leads to 

activation of several kinases, such as tyrosine kinases,30, 31 phosphatidylinositol 3 kinase (PI3K),32-35 

protein kinase B/AKT,32, 34 and protein kinase C.30 The signal transduction pathways downstream of 

ANCA-mediated Fc�JR ligation are, however, di� erent from conventional Fc�JR cross-linking, as there 

is activation of a di� erent subtype of PI3K and no phospholipase D activation.32 It is not clear how 

simultaneous binding of the Fab and Fc portions of ANCA occurs in vivo. ANCA can bind either as a 

monomer to both the antigen and the Fc receptor or as an immune complex to the Fc receptor (i.e. via 

conventional FcR ligation).36 Although these mechanisms initiate di� erent signaling pathways, they 

both result in neutrophil activation. It is conceivable that the two mechanisms occur simultaneously 

as soon as activation is initiated and MPO and Pr3 are released from already activated neutrophils.

When primed neutrophils become activated by ANCA, they are able to bind to and injure 

endothelial cells.37 In vitro � ow assays have shown that ANCA directly enhance neutrophil adhesion 

to and migration through endothelial cell layers that are primed with a low dose of TNF�D.38-40 The 

neutrophil-endothelial cell interactions were shown to be �E2-integrin dependent40. ANCA-activated 

neutrophils produce reactive oxygen species (ROS) that cause oxidative stress. In addition, they 

degranulate, releasing enzymes like MPO, Pr3 and elastase, which can directly harm endothelial 

cells. Pr3 and elastase can induce cell detachment and apoptosis,41 whereas MPO can be involved 

in endothelial cell death in at least 3 ways. First, MPO catalyzes the production of hypochlorous 

acid (HOCl) via oxidation of chloride in the presence of hydrogen peroxide.42 HOCl is a short-lived 

but highly reactive compound that can potentially oxidize any oxidizable group in any substrate, 

including thiol esters and heme groups. Such oxidative modi� cations may alter protein activity and, 

as a consequence, may disrupt cellular function and activity. In addition, when anti-MPO antibodies 

bind to soluble MPO, the ability of MPO to catalyze HOCl production increases even more.43 Second, 

since MPO is a highly cationic protein, it can bind to the endothelial cell membrane.41, 44 Endothelial 
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cell-bound MPO can be recognized by MPO-ANCA, and binding may lead to antibody-mediated 

cellular cytotoxicity.37, 45 Third, MPO can be internalized upon binding to endothelial cells and has 

been shown to induce production of ROS in these cells, which may lead to tissue damage.41 

Besides neutrophils and endothelial cells, other cell types play a role in ANCA-SVV. As mentioned 

above, MPO and Pr3 are also expressed by monocytes, suggesting that monocytes can be activated 

by ANCA as well. Indeed, ANCA were shown to activate monocytes to produce reactive oxygen 

species and chemokines (e.g. interleukin (IL)-8) in vitro.46 In this way, ANCA-activated monocytes 

contribute directly to the in� ammatory process in ANCA-SVV. Since the expression of ANCA antigens 

decreases during the di� erentiation of monocytes to macrophages, ANCA does not a� ect mature 

macrophages.47 Mature macrophages and monocytes are, however, present in granulomatous 

lesions and glomerular crescents in ANCA-SVV. Autoreactive B- and T-cells are probably involved in 

ANCA-SVV as well, with B-cells producing ANCA and T-cells assisting in ANCA production and ANCA 

isotype switching.48

LESSONS LEARNED FROM ANIMAL MODELS OF ANCA-ASSOCIATED SMALL-VESSEL 

VASCULITIS

The mouse model of MPO-ANCA vasculitis

The � rst direct evidence for the pathogenicity of MPO-ANCA came from studies in a mouse model 

developed by Xiao et al in 2002.49 This model di� ers from previous models50-53 as it is an autologous 

model that is not hampered by species di� erences. Xiao et al used puri� ed murine MPO (mMPO) 

isolated from a murine myeloid cell line to immunize Mpo-/- C57BL/6 mice. The immunization 

induced an immune response against mMPO in Mpo-/- mice, resulting in circulating anti-MPO 

antibodies. The authors isolated splenocytes from mMPO immunized Mpo-/- mice, and transferred 

them to recombinase-activating gene-2-de� cient (Rag2-/-) mice, which lack functioning B- and 

T-cells. Rag2-/- mice that received anti-MPO splenocytes developed circulating anti-MPO antibodies 

within 3 days. Thirteen days after splenocyte transfer, these mice showed severe renal failure, as 

demonstrated by increased blood urea nitrogen and serum creatinine levels. In addition, all mice 

developed necrotizing and crescentic glomerulonephritis. In some Rag2-/- mice that received 

splenocytes, vasculitis or granulomatous in� ammation in other organs (e.g. spleen and lungs) was 

observed. Overall, these results suggested that anti-MPO antibodies can cause systemic vasculitis 

and glomerulonephritis.

To con� rm that the anti-MPO antibodies alone were indeed pathogenic, total IgG was isolated 

from mMPO immunized Mpo-/- mice, and the puri� ed IgG was passively transferred to both Rag2-/- 

and wildtype mice. With this strategy, the contribution of anti-MPO antibodies to the vasculitic 

lesions could be separated from potential e� ects of MPO-speci� c B- and T-cells. Circulating anti-

MPO antibodies could still be detected in these mice several days after antibody injection, with titers 

gradually decreasing over time. Mice were sacri� ced after 6 days and, although serum creatinine 
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levels were not increased, they developed hematuria, proteinuria, and leukocyturia. In addition, 

all anti-MPO IgG-injected mice displayed a focal glomerulonephritis with capillary necrosis and 

crescent formation. Only limited amounts of immunoglobulins were detected in glomeruli, which is 

in agreement with the pauci-immune nature of the glomerular capillary lesions observed in human 

ANCA-associated glomerulonephritis. In addition to renal abnormalities, vasculitic lesions with 

striking similarities to lesions in ANCA-SVV patients were occasionally found in lungs and ears. The 

passive transfer studies showed that anti-MPO IgG can cause vasculitis and glomerulonephritis both 

in the absence of functional B- and T-cells in Rag2-/- mice and in the presence of an intact immune 

system in wildtype mice. 

The rat model of MPO-ANCA vasculitis

The pathogenicity of anti-MPO antibodies has been con� rmed in a rat model of MPO-ANCA 

vasculitis.54 In this model, Wistar Kyoto rats were immunized with human MPO, which caused the 

rats to produce anti-MPO antibodies that recognized both human and rat MPO. As a result of the 

circulating anti-MPO antibodies, the rats developed a focal necrotizing crescentic glomerulonephritis 

and pulmonary haemorrhage. Furthermore, glomerular lesions in these rats were pauci-immune 

in nature and the rats developed hematuria and albuminuria. Importantly, this rat model also 

con� rmed the in vitro � nding that MPO-ANCA directly enhance the interactions between primed 

neutrophils and activated endothelial cells. An intravital microscopy technique was used to study 

the behaviour of leukocytes in the mesenteric venules. An increased number of adherent leukocytes 

was found in rats that were immunized with MPO compared to control immunized rats. The increase 

in number of adherent cells was even higher after topical administration of the chemokine CXCL1. 

CXCL1 also enhanced the number of cells that transmigrated across the endothelial layer. Besides 

increased leukocyte-endothelial cell interactions, vascular injury was observed in MPO-immunized 

rats. The rats had an increased occurrence of haemorrhage in postcapillary venules of the mesenteric 

vasculature. In addition to active immunization of rats with MPO, IgG puri� ed from MPO-immunized 

rats was passively transferred to naive rats. Intravital microscopy analysis of the mesenteric venules 

in these rats revealed that comparable leukocyte responses were induced upon anti-MPO IgGs that 

were introduced by passive transfer and anti-MPO IgGs that were raised by active immunization. 

This study demonstrated for the � rst time that anti-MPO IgG induces increased leukocyte-vessel 

wall interactions and leukocyte-mediated vascular damage in vivo.

Applications of MPO-ANCA animal models

Although these animal models of MPO-ANCA vasculitis clearly demonstrate the pathogenic 

potential of MPO-ANCA, it is important to emphasize that these models also have their limitations. 

Strictly speaking, both models cannot be regarded as auto-immune models, which is mainly 

due to the fact that the models rely on active immunization strategies for disease induction. As 

a consequence, high a�  nity antibodies are induced and the speci� city of these antibodies is 
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most likely not restricted to disease-promoting epitopes. Additionally, the passive transfer model 

developed by Xiao et al relies on a single injection of anti-MPO IgG. Therefore, the model is useful 

for studying the acute phase of the disease process but is less suited for studying events in the 

progression phase of disease development as there is no continuous production of autoantibodies. 

With respect to this latter issue a modi� cation of the mouse model may have provided a solution to 

this problem.55 In this study, immunized Mpo-/- mice were irradiated and received a transplantation 

with bone marrow (BM) from either MPO-de� cient mice or mice that express MPO in their leukocytes. 

These experiments showed that engraftment of MPO-positive BM cells in mice with circulating 

anti-MPO antibodies results in crescentic glomerulonephritis in all mice, whereas engraftment of 

MPO-de� cient BM in mice with circulating anti-MPO antibodies does not. These experiments not 

only demonstrate that MPO-positive BM-derived cells are necessary targets for anti-MPO-mediated 

glomerulonephritis but it also provides us with a model in which the e� ects of long-term exposure 

to anti-MPO responses can be studied, mimicking the human situation more closely.

Despite the limitations, MPO-ANCA vasculitis models have provided us the tools to study e� ector 

mechanisms involved in anti-MPO IgG mediated vasculitis, to discover new targets for treatment, 

and to test experimental therapies (summarized in Table 1).

In particular, the MPO-ANCA mouse model has been used for these purposes. In this model, 

neutrophils have been identi� ed as the main e� ector cells, as neutrophil depletion completely 

prevented vasculitis induction upon transfer of anti-MPO IgG.56 Additionally, the contribution 

of pro-in� ammatory stimuli to disease development was investigated. Co-administration of 

lipopolysaccharide (LPS) and anti-MPO IgG severely aggravated glomerulonephritis development,57 

supporting the hypothesis that in a local infectious environment, pro-in� ammatory stimuli and 

MPO-ANCA synergize in causing full-blown vasculitis. Furthermore, the very early e� ects of anti-

MPO antibodies on the interaction of neutrophils with the endothelium have been studied by 

intravital microscopy analysis of the mouse cremasteric microvasculature.58 In the presence of a 

local in� ammatory stimulus, anti-MPO IgG reduced neutrophil rolling, while it promoted adhesion 

and transendothelial migration of neutrophils. However, these e� ects of anti-MPO IgG were only 

seen when the cremaster muscle was pretreated with a cytokine (preferably TNF�D or CXCL1). 

Interestingly, increased recruitment of MPO-positive leukocytes was found in renal and pulmonary 

tissue, suggesting that primed neutrophils and anti-MPO antibodies together can exert systemic 

e� ects and a� ect speci� c vascular beds. In addition, it was shown that the anti-MPO e� ects were 

completely lost when either �E2-integrins or Fc�J-receptors were blocked, demonstrating �E2-integrin 

and Fc�JR involvement in the pathogenesis of anti-MPO mediated SVV in vivo.58 A similar intravital 

microscopy study in mice investigated the e� ects of anti-MPO antibodies on leukocyte-endothelial 

interactions in a clinically more relevant vascular bed, the glomerulus.59 This study showed that also 

in the glomerular capillaries, anti-MPO antibodies induce leukocyte adhesion to endothelial cells 

under priming conditions (i.e. systemic LPS), in a �E2-integrin-dependent manner. Additionally, this 

study showed that administration of a higher amount of anti-MPO IgG did not require a systemic 



19

1

General introduction

Table 1 Summary of � ndings obtained using MPO-ANCA vasculitis animal models

                              Result   Model Reference

Exploring e�  ector 
mechanisms

Neutrophil Neutrophil depletion abrogates crescentic 
glomerulonephritis

Mouse 56

Pro-in� ammatory stimuli Lipopolysaccharide aggravates crescentic 
glomerulonephritis

Mouse 57

Pertussis toxin/Mycobacterium tuberculosis 
aggravates crescentic glomerulonephritis

Rat 60

Leukocyte-endothelial 
interactions

Anti-MPO IgG increases leukocyte adhesion and 
migration in cremasteric venules

Rat
Mouse

54
58

Anti-MPO IgG increases leukocyte adhesion in 
glomerular capillaries

Mouse 59

Genetic susceptibility Rat strains di� er in susceptibility to crescentic 
glomerulonephritis

Rat 60

Discovery of targets for 
treatment

Complement pathway Disruption of alternative complement pathway 
abrogates crescentic glomerulonephritis

Mouse 62

Genetic ablation of C5aR attenuates crescentic 
glomerulonephritis

Mouse 
(BM)

63

PI3K�J��signaling Genetic ablation of PI3K�J attenuates crescentic 
glomerulonephritis

Mouse 
(BM)

65

Testing of experimental 
therapies

Anti-TNF�D treatment Anti-TNF�D pretreatment attenuates crescentic 
glomerulonephritis

Rat
Mouse

61
57

Anti-C5 treatment Anti-C5 pretreatment abrogates and treatment 
attenuates crescentic glomerulonephritis

Mouse 64

PI3K�J inhibitor treatment Treatment with a PI3K�J inhibitor attenuates 
crescentic glomerulonephritis

Mouse 
(BM)

65

BM, bone marrow (refers to the bone marrow transplantation MPO-ANCA mouse model); C5aR, C5a 
receptor; MPO, myeloperoxidase; PI3K�J, phosphatidylinositol 3 kinase-�J; TNF�D, tumor necrosis factor �D

stimulus to induce glomerular leukocyte adhesion. This higher-concentration-induced leukocyte 

adhesion was not seen in the cremasteric microvasculature and was dependent on �4-integrins, 

suggesting that the molecular basis of anti-MPO-induced glomerular leukocyte adhesion can vary 

according to the amount of circulating anti-MPO IgG and the pre-existing in� ammatory state.

A study in the MPO-ANCA rat model con� rmed the � nding that bacterial products aggravate 

anti-MPO IgG-mediated glomerulonephritis.60 The same study also showed that di� erent rat strains 

were not equally susceptible for development of crescentic glomerulonephritis, suggesting that 

genetic characteristics may contribute to the development of ANCA-associated vasculitis.

The MPO-ANCA models have also been useful for the identi� cation of potential new targets 
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for treatment and the testing of new experimental therapies. For example, strategies aimed 

at neutralization of TNF�D have been tested in the MPO-ANCA mouse model57 as well as in the 

rat model.61 In both models, anti-TNF�D treatment attenuated disease development, although 

this strategy appears to be more e� ective in rats. Perhaps more promising in this respect is the 

identi� cation of the unsuspected but crucial role for alternative complement pathway activation 

in anti-MPO IgG-mediated glomerulonephritis in the mouse.62 In addition, the complement C5a 

receptor (C5aR) was shown to be involved in the development of anti-MPO IgG-mediated crescentic 

glomerulonephritis.63 Moreover, administration of a C5-inhibiting antibody markedly attenuated 

glomerulonephritis development in the model, even when treatment was started after disease 

induction.64 A recently discovered potential target for treatment is PI3K�J.65 Pharmacological 

inhibition of PI3K�J was shown to markedly diminish disease development in the BM transplantation 

MPO-ANCA mouse model.

Pr3-ANCA animal models

In contrast to MPO-ANCA models, the development of Pr3-ANCA vasculitis models has proven 

di�  cult. One model that has been described, showed pathogenicity of anti-Pr3 antibodies at local 

sites of in� ammation.66 In this model, anti-Pr3 antibodies were obtained from Pr3/elastase double-

knock-out mice upon immunization with murine recombinant Pr3. The anti-Pr3 antibodies were 

passively transferred to wild-type recipient mice and aggravated subcutaneous panniculitis induced 

by intradermal injection of TNF�D. However, in contrast to anti-MPO antibodies, the presence of 

circulating anti-Pr3 antibodies did not lead to vasculitic lesions in the lungs or kidneys. By using a 

double-knock-out, immunological tolerance toward potential epitopes shared by Pr3 and elastase 

was excluded, whereas in patients, ANCA are very speci� c for human Pr3 and do not recognize 

human elastase. Possibly, the use of the double-knock-out resulted in the production of antibodies 

recognizing a wide spectrum of Pr3 epitopes instead of concentrating on Pr3-speci� c epitopes 

that are potentially more relevant for disease. In a di� erent model, immunization of mice and rats 

with chimeric human/mouse Pr3 induced the production of autoantibodies to mouse Pr3 and rat 

granulocytes.67 But also in this model, anti-Pr3 antibodies did not cause vasculitic lesions in kidneys 

or lungs. Conversely, anti-Pr3 antibody-mediated lung injury was observed in a model that is based 

on perfusion of isolated rat lungs with primed human neutrophils and a monoclonal antibody 

against human Pr3.68 Perfusion of both neutrophils and anti-Pr3 IgG induced elastase- and oxygen 

radical-dependent lung edema associated with increased microvascular permeability. Whether this 

anti-Pr3 IgG-mediated acute lung injury was followed by development of vasculitic lesions could 

not be studied in such short-time experiments. In an additional model that was recently described, 

an anti-Pr3 immune response was induced by immunization of autoimmunity-prone non-obese 

diabetic (NOD) mice with recombinant mouse Pr3.69 Adoptive transfer of splenocytes from these Pr3-

immunized mice to NOD-severe combined immunode� ciency (SCID) mice caused development of 

circulating anti-Pr3 antibodies and crescentic glomerulonephritis in recipient mice. The authors did 
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not evaluate whether the glomerulonephritis was mediated by the humoral or the cellular (or both) 

anti-Pr3 response. Together, these experimental � ndings suggest that under certain conditions anti-

Pr3 antibodies can be pathogenic in rodents. However, more research is required in order to draw 

� rm conclusions on the pathogenicity of anti-Pr3 antibodies in ANCA-associated vasculitis.

AIM AND OUTLINE OF THE THESIS

In the last decades, several aspects of the pathogenic mechanism of ANCA-associated vasculitis 

and glomerulonephritis have been elucidated, particularly facilitated by the development of animal 

models. Although some studies have revealed potential new targets for treatment, patients with 

ANCA-SVV are still treated with non-selective immunosuppressive agents, which are accompanied 

by severe side-e� ects. A better understanding of the pathogenic mechanism underlying ANCA-SVV 

could potentially lead to the recognition of targets for therapeutic strategies that are more speci� c 

and cause less side-e� ects.

The aim of this thesis was to explore further the e� ector mechanisms involved in ANCA-

associated glomerulonephritis, focusing on the discovery of targets for treatment and the testing 

of experimental therapies. We examined the importance of in� ammatory stimuli in ANCA-SVV and 

considered certain characteristics of ANCA IgG molecules and their roles in disease. In addition, 

we investigated the therapeutic potential of interfering with leukocyte behaviour in the MPO-

ANCA mouse model. For that end, we conducted experiments using human neutrophils and 

glomerular cells in combination with the adapted mouse model of MPO-ANCA vasculitis, in which 

co-administration of anti-MPO IgG and LPS causes crescentic glomerulonephritis (Figure 4).

In chapters 2 and 3, we focused on what is considered to be the � rst step in the pathogenesis 

of ANCA-mediated vasculitis, i.e. the priming of neutrophils and activation of endothelial cells by an 

in� ammatory stimulus (step 1 in Figure 3). An in� ammatory stimulus that is widely used to induce 

neutrophil priming and endothelial activation in vitro is the pro-in� ammatory cytokine TNF�D. The 

complement factor and anaphylatoxin C5a is also capable of priming neutrophils in vitro. This ability 

Mpo -/- C57BL/6

Immunization with
murine MPO

Passive transfer of 
anti-MPO IgG + LPS

Acute inflammation
(day 1)

Neutrophil influx

Crescent formation
(day 7)

Glomerular crescent

Mpo -/- C57BL/6

Immunization with
murine MPO

Passive transfer of 
anti-MPO IgG + LPS

Acute inflammation
(day 1)

Neutrophil influx

Crescent formation
(day 7)

Glomerular crescent

Figure 4 Schematic representation of the anti-MPO IgG/LPS-induced glomerulonephritis mouse model. 
Mpo-/- mice are immunized with murine MPO. Total IgG is isolated from the blood and injected in wild-type 
mice in combination with an injection with bacterial LPS 1 h later. Mice that receive anti-MPO IgG and LPS 
demonstrate glomerular neutrophil in� ux after 1 day and develop a focal segmental glomerulonephritis after 
7 days. Neutrophil in� ux, immunohistochemical staining for Ly6G; Crescent, periodic acid schi�  (PAS) stain. 
Original magni� cations, 400x.  (color image on page  179)
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of C5a is of particular interest because the complement pathway, and more speci� cally the receptor 

for C5a (C5aR), was recently found to be important for the development of glomerulonephritis 

in MPO-ANCA mouse models. Despite the proof for a pathogenic role of complement in animal 

models of ANCA-associated vasculitis, evidence for the involvement of complement in human 

ANCA-associated vasculitis is less clear. In chapter 2, we therefore aimed to further explore the 

contribution of C5a-C5aR interactions to the pathogenesis of ANCA-SVV. We investigated whether 

C5a-induced priming of human neutrophils is, similar to TNF�D-induced priming, dependent on 

p38MAPK activity and whether C5a is able to activate human glomerular endothelial cells. We also 

analyzed the expression pattern of C5aR in glomerular lesions of both mice and patients with ANCA-

SVV.

An in� ammatory stimulus that is used to induce neutrophil priming and endothelial activation 

in vivo is the bacterial endotoxin LPS. Administration of LPS severely aggravates anti-MPO IgG-

induced neutrophil activation and crescentic glomerulonephritis in mice. This e� ect of LPS is 

relevant, as involvement of bacterial infections in the pathogenesis of human ANCA-SVV has been 

suggested. It is however not known which cells are primarily responsible for conducting the LPS-

induced aggravation of disease in mice. Therefore, we investigated in chapter 3 whether activation 

of toll-like receptor 4 (TLR4), the receptor for LPS, on leukocytes or on intrinsic renal cells is required 

for LPS-mediated aggravation of neutrophil recruitment and glomerular injury.

In chapters 4 and 5, some aspects of the pathogenicity of ANCA IgG molecules were 

addressed (step 2 in Figure 3). As ANCA-SVV are considered to be autoantibody-mediated diseases, 

inactivation of the autoantibodies seems a promising strategy for treatment. One way to inactivate 

autoantibodies is to interfere with ligation of the Fc portion of the antibody to Fc�J receptors on 

leukocytes. The bacterial enzyme Endoglycosidase S (EndoS) deglycosylates the Fc portion of IgG 

molecules, which reduces the ability of IgG to ligate to Fc�J receptors hampering Fc�JR-mediated 

activation of leukocytes and complement. We hypothesized that treatment with EndoS could 

diminish the pathogenicity of ANCA IgG. To test this hypothesis, we investigated in chapter 4 

whether EndoS treatment inhibits ANCA-mediated neutrophil activation in vitro and diminishes 

glomerulonephritis development in the MPO-ANCA mouse model. 

Although ANCA of all IgG subclasses and recognizing di� erent epitope regions are found in 

patients with ANCA-SVV, it is conceivable that pathogenicity of ANCA is restricted to a speci� c 

subset of antibodies. In the mouse model of MPO-ANCA vasculitis, glomerulonephritis is induced 

by administration of polyclonal anti-MPO IgG to C57BL/6 mice. It is not known whether within 

this polyclonal anti-MPO preparation certain anti-MPO IgG molecules of a speci� c subclass or 

recognizing a speci� c epitope are more pathogenic than others. Therefore, several anti-MPO 

monoclonal antibodies of di� erent subclasses and recognizing di� erent epitopes have been 

generated in a previous study. Administration of these monoclonal antibodies, either alone or 

in combination, to C57BL/6 mice did not induce crescentic glomerulonephritis. In chapter 5, we 

explored whether a selected combination of monoclonal antibodies directed against MPO induces 
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crescentic glomerulonephritis in mice from a strain (129S6) that is more susceptible for development 

of glomerulonephritis.

In chapters 6 and 7, we employed the MPO-ANCA vasculitis mouse model for the discovery 

of targets for treatment and the evaluation of experimental therapies, focusing on in� ammatory 

mediators and signaling pathways that may be involved in leukocyte recruitment, priming, and 

activation (steps 1, 2 and 4 in Figure 3). One group of in� ammatory mediators that can regulate 

leukocyte behaviour, particularly recruitment, is the family of chemokines. Chemokines are small 

chemotactic cytokines that exert their function via chemokine receptors. In chapter 6, we analyzed 

renal and glomerular gene expression levels of chemokines and chemokine receptors to identify 

potential targets for intervening with recruitment of leukocytes. The e� ect of inhibition of one 

potential target, the chemokine receptor CXCR2, on glomerulonephritis development was also 

examined. 

The in� ammatory signaling kinase p38MAPK plays a role in ANCA-mediated neutrophil activation 

in vitro and is activated in glomerular lesions of ANCA-SVV patients, suggesting that activation of 

p38MAPK is involved in the pathogenesis of ANCA-SVV. In chapter 7, the potential of p38MAPK 

inhibition as a therapy for ANCA-SVV was examined. To this end, we analyzed whether inhibition 

of p38MAPK reduces the pathogenicity of ANCA in vitro in human neutrophils and glomerular cells 

and in vivo in the MPO-ANCA mouse model. 

Finally, the results from chapters 2-7 are summarized and discussed in the context of our current 

knowledge in chapter 8. Some directions for future research are also given.
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ABSTRACT

Objective: Complement activation is involved in the development of anti-neutrophil cytoplasmic 

autoantibody (ANCA)-associated vasculitis and crescentic glomerulonephritis in mice. Recent 

� ndings suggest that the complement component C5a, acting through its receptor C5aR, is 

particularly important for mediating disease. Evidence for the involvement of complement in 

human ANCA-associated glomerulonephritis is less clear. Our objective was to further explore the 

contribution of C5a and C5aR to the pathogenesis of ANCA-associated glomerulonephritis.

Methods: We analyzed whether C5a-mediated priming of human neutrophils for ANCA-induced 

neutrophil activation involved p38 mitogen activated protein kinase (p38MAPK) and whether C5a 

was able to activate human glomerular endothelial cells to produce chemokines. In addition, the 

renal C5aR expression pattern was analyzed upon induction and progression of ANCA-associated 

glomerulonephritis in a mouse model of anti-MPO IgG-induced glomerulonephritis and in ANCA 

patient renal biopsies.

Results: C5a primed human neutrophils for both Pr3-ANCA- and MPO-ANCA-induced respiratory 

burst in a p38MAPK-dependent manner. C5a also increased neutrophil membrane expression of Pr3 

in a p38MAPK-dependent manner. In glomerular endothelial cells, C5a increased the production of 

the chemokines interleukin (IL)-8 and monocyte chemoattractant protein (MCP)-1. Furthermore, 

the expression of C5aR was increased in kidneys from mice and patients with ANCA-associated 

glomerulonephritis. Renal C5aR expression was localized predominantly to neutrophils and 

macrophages.

Conclusion: In this study, we show that C5a a� ects a number of pathogenic features that prevail 

in ANCA-associated glomerulonephritis and that C5aR expression is increased in renal biopsies of 

patients and kidneys of mice with ANCA-associated glomerulonephritis. Our data, together with 

previous studies, indicate that the C5aR may serve as a target for therapeutic interventions in ANCA-

associated glomerulonephritis.
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INTRODUCTION

Circulating anti-neutrophil cytoplasmic autoantibodies (ANCA) directed against the neutrophilic 

enzymes myeloperoxidase (MPO) or proteinase 3 (Pr3) are associated with small vessel vasculitis and 

crescentic glomerulonephritis.1 In vitro, ANCA bind to and activate cytokine-primed neutrophils to 

release toxic substances that can destroy endothelial cells.1 Priming of neutrophils by cytokines, e.g. 

tumor necrosis factor �D (TNF�D), induces translocation of ANCA antigens to the neutrophil surface 

in a process involving the signaling kinase p38 mitogen activated protein kinase (p38MAPK).2 In 

vivo, antibodies against MPO were shown to cause vasculitis and glomerulonephritis in rodents.3-5 

In the mouse model of MPO-ANCA-associated glomerulonephritis, complement activation via the 

alternative pathway, was shown to play a crucial role in mediating disease.6

The complement system is a central component of the innate immune system in the defense 

against bacterial infection.7, 8 Complement can be activated via three pathways, i.c.,  the classical, 

the lectin and the alternative pathway. Activation of the classical and lectin pathways relies 

on recognition of antibody complexes or carbohydrate ligands on the surface of pathogens, 

respectively. Activation of the alternative pathway depends on the constitutive cleavage of 

C3 to C3a and C3b that occurs spontaneously at a low rate in a tightly regulated manner. In the 

presence of activating surfaces, such as IgG molecules and bacterial glycans, C3b is protected from 

inactivation by regulatory factors, resulting in activation of the complement cascade. All three 

pathways converge to a common terminal pathway in which C5 is cleaved to C5a and C5b. C5b 

initiates assembly of the membrane-attack complex (MAC), which causes lysis of bacteria. C5a 

functions as a potent anaphylatoxin and chemoattractant for neutrophils and macrophages via the 

C5a receptor (C5aR, CD88).9

C5aR is expressed on all cells of the myeloid lineage, but also on many other cell types, including 

endothelial cells.10-13 Although most of the C5a-induced functional e� ects are mediated by C5aR, C5a 

can interact with a second receptor, C5L2 (GPR77).9, 14 The physiological role of C5L2 is still unclear, 

but it has been postulated that C5L2 might serve as a •decoyŽ receptor for C5a, having no direct 

functional responses.15, 16 C5a and C5aR are of particular importance in the pathogenesis of ANCA-

associated glomerulonephritis in mice. Genetic ablation of C5aR on bone marrow-derived cells 

markedly attenuated development of experimental anti-MPO IgG-mediated glomerulonephritis.17 

Glomerulonephritis development was however not completely abrogated in all mice, suggesting 

that intrinsic cell C5aR may be involved as well.

Although a pathogenic role of complement in animal models of ANCA-associated vasculitis has 

been proven, evidence for the involvement of complement in human ANCA-associated vasculitis is 

less clear. Several studies have described deposits of C3 in vasculitic lesions in biopsies of patients 

with ANCA-associated vasculitis.18, 19 In addition, C5a is able to prime human neutrophils for ANCA-

induced respiratory burst in vitro.17 Our objective was to further explore the contribution of C5a 

and C5aR to the pathogenesis of ANCA-associated glomerulonephritis. We analyzed whether 

C5a-mediated priming of human neutrophils for ANCA-induced neutrophil activation involved 
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p38MAPK and whether C5a was able to activate human glomerular endothelial cells for production 

of chemokines. In addition, we analyzed whether C5aR expression was increased in kidneys of both 

mice and patients upon ANCA-mediated glomerulonephritis. 

MATERIALS AND METHODS

Neutrophil isolation

Neutrophils were isolated from heparinized venous blood of healthy donors by density gradient 

centrifugation on Lymphoprep (Axis-Shield, Oslo, Norway). Erythrocytes were lysed with ice-

cold ammonium chloride bu� er, and neutrophils were washed in Hanks•s balanced salt solution 

without Ca2+/Mg2+ (HBSS-/-; Gibco/Life Technologies, Breda, the Netherlands). Neutrophils were 

then suspended in HBSS with Ca2+/Mg2+ (HBSS+/+; Gibco/Life Technologies) to a concentration of 

2.5 x 106 cells/ml and used for Pr3 and MPO membrane expression analyses or respiratory burst 

measurements. 

Neutrophil Pr3 and MPO membrane expression

Isolated neutrophils were incubated with the indicated concentrations of C5a (R&D Systems Europe, 

Abingdon, UK) for 15 min at 37�qC. All further steps were performed on ice and washing steps were 

carried out using HBSS+/+ containing 1% bovine serum albumin (BSA; Sigma-Aldrich, Zwijndrecht, 

the Netherlands). Neutrophils were incubated with 0.5 mg/ml heat-aggregated goat IgG (Sigma-

Aldrich) for 15 min to saturate Fc�J receptors. Next, cells were stained with a mouse monoclonal 

IgG1 antibody directed against human Pr3 or MPO (IQ Products, Groningen, the Netherlands) or 

with an irrelevant IgG1 control antibody (MCG1; IQ Products) for 30 min. Neutrophils were then 

incubated with phycoerythrin (PE)-conjugated goat anti-mouse antibody (Southern Biotechnology 

Associates, Birmingham, USA) in the presence of 0.5 mg/ml heat-aggregated goat IgG. Fluorescence 

intensity of PE was analyzed using � ow cytometry.

p38MAPK inhibition

For the inhibition of p38MAPK in membrane Pr3 expression and respiratory burst measurements, 

neutrophils were incubated with 10 µM AR-447 (ArrayBioPharma Inc, Boulder, USA) or vehicle 

(DMSO) for 30 min at 37�qC prior to incubation with C5a. AR-447 is a selective p38MAPK inhibitor 

with low nanomolar potency against the �D (IC50=21 nM) and �E (IC50 = 84 nM) isoforms of p38MAPK.

Neutrophil respiratory burst measurements

Generation of oxygen radicals by neutrophils was measured by oxidation of the non-� uorescent 

dihydrorhodamine-123 (DHR-123) to the � uorescent rhodamine-123. Isolated neutrophils were 

gradually warmed to 37°C and incubated with 5 µg/ml cytochalasin B (Sigma-Aldrich) for 5 min at 

37°C. Cells were subsequently loaded with 0.05 mM DHR123 (Molecular Probes, Eugene, OR, USA) 

for 10 min at 37°C. Sodium azide  (2 mM) was added in order to prevent intracellular breakdown 
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of H2O2 by catalase. Then, neutrophils were primed with 100 ng/ml C5a for 15 min at 37°C and 

incubated with patient-derived ANCA IgG (200 µg/ml) for 1 hour at 37°C. ANCA-IgG was isolated 

from plasma samples obtained from ANCA-positive patients with active, biopsy-proven crescentic 

glomerulonephritis. Total IgG was isolated using a protein G column (HiTrapTM Protein G HP, GE 

Healthcare, Freiburg, Germany) according to the manufacturer•s instructions. After incubation 

of neutrophils with patient ANCA-IgG, neutrophils were washed and � uorescence intensity of 

rhodamine-123 was measured by � ow cytometry.

Culture and stimulation of glomerular endothelial cells

Human conditionally immortalized glomerular endothelial cells20 were cultured as described 

previously.21 Glomerular endothelial cells were propagated at 33°C, whereas experiments were 

carried out after 5-8 days of incubation at 37°C (non-proliferative phenotype). For stimulation 

experiments, cells were seeded at a density of 23 000 cells/cm2 and incubated at 33°C for 1 day 

before thermoswitching to 37°C. Cells were stimulated with 100 nM (=830 ng/ml) C5a or 1 µg/ml 

lipopolysaccharide (LPS; Escherichia Coli, serotype O26:B6, 300 000 EU/mg; Sigma-Aldrich) for the 

indicated time-periods.

Real-time reverse transcription (RT)-PCR, FACS, and ELISA on glomerular endothelial cells

RNA was isolated from stimulated endothelial cells using RNeasy Plus Mini kit (Qiagen, Benelux 

B.V, Venlo, the Netherlands). Reverse transcrip  tion was carried out using Superscript III reverse 

transcriptase (Invitrogen, Breda, the Netherlands) and random hexamer primers (Promega, Leiden, 

the Netherlands). Gene expression was measured using primer-probe sets speci� c for human C5aR 

(Hs00383718_m1), interleukin (IL)-8 (Hs00174103_m1), monocyte chemoattractant protein (MCP)-

1 (Hs00234140_m1), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Hs99999905_m1) 

on an ABI Prism 7900HT Sequence Detection System (all from Applied Biosystems, Nieuwerkerk a/d 

IJssel, the Netherlands). Relative mRNA levels were calculated as 2-	CT, in which 	CT is CTgene of interest … 

CT gapdh. For FACS analysis of C5aR protein expression, glomerular endothelial cells and freshly isolated 

neutrophils were stained using mouse-anti-human C5aR (CD88, Clone W17/1, Hycult Biotechnology, 

Uden, the Netherlands) followed by rabbit anti-mouse FITC (Jackson Immunoresearch, West Grove, 

PA, USA). Fluorescent intensity was measured using � ow cytometry. Protein levels of IL-8 and MCP-

1 in the medium of C5a-stimulated glomerular endothelial cells were determined using in-house 

sandwich ELISAs based on capture with monoclonal antibodies and detection with biotinylated 

polyclonal antibodies against human IL-8 and MCP-1 (all from R&D Systems Europe).

Mice

Mpo-/- mice were backcrossed to a C57BL/6 background seven times22 and bred in house. Female 

C57BL/6 wildtype mice were purchased from Harlan (Horst, the Netherlands). All animal experiments 

were performed according to national guidelines and upon approval of the Institutional Animal Care 

and Use Committee of the University of Groningen. 
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Induction of anti-MPO IgG/LPS-induced glomerulonephritis in mice

To produce polyclonal anti-MPO IgG, Mpo-/- mice were immunized with murine MPO that was puri� ed 

from WEHI-3 cells, as described previously.23 Total IgG was isolated from pooled sera of immunized 

Mpo-/- mice and the anti-MPO titer was checked by ELISA as reported previously.23 Crescentic 

glomerulonephritis was induced in wildtype C57BL/6 mice (aged 8-10 weeks) by intravenous 

injection of 50 �Pg/g body weight of polyclonal anti-MPO IgG, followed by an intraperitoneal injection 

with 150 EU/g body weight of LPS (Escherichia Coli, serotype O26:B6) one hour later. Mice were killed 

after 1 or 7 days and development of glomerulonephritis was con� rmed by analysis of glomerular 

neutrophil in� ux, albuminuria, and glomerular crescent formation, as described previously.21

Real-time RT-PCR and immunohistochemistry on mouse kidneys

For C5aR mRNA expression analysis, we studied kidneys from untreated mice (n = 5), mice subjected 

to LPS for 1   day (n = 3) and 7 days (n = 4) and mice subjected to anti-MPO IgG/LPS-induced 

glomerulonephritis for 1 day (n = 6; 1.14 �r 0.15 neutrophils/glomerular cross section; albuminuria 69.1 

�r 78.2 µg/17h) and 7 days (n = 6; 17.0 �r 8.6 % crescents; albuminuria 541.9 �r 447.0 µg/17h). RNA was 

isolated from whole kidney tissue using RNeasy Mini kit (Qiagen). From some animals (n = 4/group) 

460 glomeruli (range 410-553; equal to 2.72 �r 0.24 x 106 µm2) and surrounding tubulo-interstitial 

tissue (2.88 �r 0.25 x 106 µm2) were dissected using a Laser Robot Microbeam System (PALM Micro 

Laser Technology, Bernried, Germany). RNA from laser microdissected material was isolated using 

the RNeasy micro kit (Qiagen). Reverse transcription was carried out using Superscript III Reverse 

Transcriptase (Invitrogen) and random hexamer primers (Promega). Gene expression was measured 

using primer-probe sets speci� c for mouse C5aR (Mm00500292_s1) and GAPDH (Mm99999915_g1) 

on an ABI Prism 7900HT Sequence Detection System (Applied Biosystems). Relative mRNA levels 

were calculated as 2-	CT, in which 	CT is CTgene of interest … CT gapdh. Immunohistochemistry for C5aR, 

neutrophils, and macrophages was performed on kidney cryosections from untreated mice (n = 

5) and mice subjected to anti-MPO IgG/LPS-induced glomerulonephritis for 1 day (n = 6; 1.56 �r 

0.30 neutrophils/glomerular cross section; albuminuria 53.3 �r 21.3 µg/17h) and 7 days (n = 6; 12.5 

�r 5.6 % crescents; albuminuria 337.3 �r 415.2 µg/17h). Cryosections (5 µm) were � xed in aceton 

and incubated with rat anti-mouse C5aR (Clone 10/92; AbD Serotec, Oxford, UK), rat anti-mouse 

Ly6G (clone 1A8; BD Biosciences, Breda, the Netherlands), rat anti-mouse CD68 (Clone FA11; AbD 

Serotec) or isotype control antibody (IgG2a; Antigenix America, Huntington Station, NY, USA) for 

30 minutes. Primary antibody incubation was followed by a 30-min incubation with unlabeled 

rabbit anti-rat secondary antibody (Vector Laboratories, Burlingame, CA, USA) and detected with 

anti-rabbit peroxidase and 3-amino-9-ethylcarbazole using Envision�“ + system (DakoCytomation, 

Carpinteria, CA, USA) according to the manufacturer•s protocol. Sections were counterstained with 

Mayer•s hematoxylin.
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Immunohistochemistry and immuno�  uorescence on patient biopsies

Renal biopsies from patients diagnosed with ANCA-associated necrotizing glomerulonephritis (n 

= 5) and control renal tissue obtained from kidneys that were non-eligible for transplantation (n = 

5) were immunohistochemically stained for C5aR. Brie� y, frozen tissue sections (4 µm) were � xed 

in acetone for 10 min and incubated for 1h with 7.5 µg/ml mouse anti-human C5a receptor (CD88, 

Clone S5/1, Hycult Biotechnology) diluted in 1% BSA/PBS. Endogenous peroxidase was blocked 

with 0.075% H2O2 in PBS (30 min). Binding of primary antibody was detected using sequential 

incubations (30 min) with peroxidase-labeled rabbit anti-mouse and goat anti-rabbit secondary 

antibodies (both 1:100; DakoCytomation), diluted in PBS with 1% BSA and 1% human serum. 

Peroxidase activity was analyzed using 3-amino-9-ethylcarbazole (10 min). Finally, sections were 

counterstained with Mayer•s hematoxylin. To investigate C5a receptor expression on di� erent 

leukocyte subsets, double-labeling immuno� uorescence was performed for C5a receptor with a 

macrophage (CD68) and neutrophil (elastase) marker. Brie� y, frozen tissue sections (4 µm) were 

� xed in acetone for 10 min and incubated for 1h with a mixture of two primary antibodies, e.g. 15 

µg/ml mouse anti-human C5a receptor (IgG2a; CD88, Clone S5/1, Hycult Biotechnology) combined 

with 8.6 µg/ml mouse anti-human CD68 (IgG1; Clone EBM1, DakoCytomation) or 1.1 µg/ml mouse 

anti-human neutrophil elastase (IgG1; Clone NP57, DakoCytomation) diluted in 5% FCS/PBS. The 

secondary antibodies FITC-labeled goat anti-mouse IgG2a and TRITC-labeled goat anti-mouse 

IgG1 (both 1:100; Southern Biotech) were incubated for 30 min, followed by a 30-min incubation 

with ALEXA-488-labeled goat anti-� uorescin/Oregon green (1:100, Molecular Probes). Dilutions 

were made in PBS with 5%FCS and 2% human serum. Nuclei were stained with DAPI and sections 

mounted with citi� uor (Agar Scienti� c, Stansted, UK). The appropriate isotype controls were used as 

a control for staining speci� city. Fluorescence microscopy was performed using a DMLB microscope, 

DC300F camera and QWin 2.8 software (Leica Microsystems). All procedures using human tissue 

were performed according to national ethical guidelines.

Statistical analysis

Statistical signi� cance was determined by one-way analysis of variance (ANOVA) using GraphPad 

Prism 4.03 (Graphpad Software, San Diego, CA, USA).

RESULTS

C5a primes neutrophils for ANCA-induced respiratory burst via p38MAPK activation

To explore the contribution of C5a to the pathogenesis of ANCA-associated vasculitis, we investigated 

whether C5a, like TNF�D,2 can increase neutrophil membrane expression of ANCA autoantigens in 

a p38MAPK-dependent manner. Human neutrophils were incubated with C5a in the presence or 

absence of the p38MAPK-speci� c inhibitor AR-447 and membrane expression of Pr3 and MPO was 

measured with � ow cytometry. We found that C5a (1-1000 ng/ml) dose-dependently increased the 

membrane expression of Pr3 (Figure 1A and B). In the presence of AR-447, C5a (1000 ng/ml) did not 
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increase membrane expression of Pr3 (Figure 1C and D). Membrane expression of MPO was not 

detected in either resting or C5a-stimulated neutrophils. Thus, C5a increases neutrophil membrane 

expression of Pr3 in a p38MAPK-dependent manner.

We next determined whether C5a-mediated priming of neutrophils for ANCA-induced 

respiratory burst is also dependent on p38MAPK. ANCA-induced respiratory burst in C5a-stimulated 

neutrophils was measured in the presence and absence of AR-447 using the DHR-123 respiratory 

burst assay. We found that C5a (100 ng/ml) primed neutrophils for Pr3-ANCA- and MPO-ANCA-

induced respiratory burst (Figure 2). Upon p38MAPK inhibition, ANCA-induced respiratory burst 

was markedly diminished. Thus, C5a-mediated priming of neutrophils for ANCA-induced respiratory 

burst is to a large extent dependent on p38MAPK.
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Figure 1 C5a increases membrane proteinase 3 (Pr3) expression in human neutrophils in a p38MAPK-
dependent manner. (A and B) Human neutrophils were isolated and incubated with di� erent concentrations of 
C5a for 15 min. Membrane expression of Pr3 was measured with � ow cytometry and calculated as a percentage 
of membrane Pr3 expression of non-stimulated cells (A). A representative histogram of increased Pr3 expression 
upon incubation with 1000 ng/ml C5a is shown in (B). Bars represent mean �r sd of singular measurements in 
11 neutrophil donors. *P < 0.05 and ***P < 0.001 compared to non-stimulated cells. (C and D) Neutrophils were 
incubated with the p38MAPK-speci� c inhibitor AR-447 (10 µM) or vehicle (DMSO in bu� er at same concentration 
as in AR-447 solution) for 30 min prior to incubation with C5a (100 ng/ml). Pr3 expression was measured with 
� ow cytometry and calculated as percentage of non-stimulated cells (C). (D) shows a representative histogram 
of increased membrane Pr3 expression upon C5a, which is inhibited in the presence of AR-447. Bars represent 
mean �r sd of triplicate measurements in three neutrophil donors. *** P < 0.001
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Figure 2 C5a primes neutrophils for ANCA-induced neutrophil activation in a p38MAPK-dependent 
manner. Neutrophil respiratory burst induced by patient-derived Pr3-ANCA (A) or MPO-ANCA (C) was measured 
by conversion of dihydrorhodamine-123 (DHR-123) to rhodamine-123 in C5a-primed cells in the presence and 
absence of AR-447. (B) and (D) are respresentative histograms showing that Pr3-ANCA (B) and MPO-ANCA (D) 
induce a respiratory burst in C5a-primed neutrophils and that inhibition of p38 MAPK reduces the ANCA-induced 
respiratory burst. Bars represent mean �r sd of 4 MPO-ANCA and 4 Pr3-ANCA IgG preparations each measured in 
2 di� erent neutrophil donors. *P < 0.05, ***P < 0.001

C5a activates glomerular endothelial cells to produce IL-8 and MCP-1

In addition to its ability to prime neutrophils, C5a can activate certain types of endothelial cells, 

including human umbilical vein endothelial cells (HUVEC)11, 13 and dermal microvascular endothelial 

cells.11, 12 To investigate whether C5a can activate glomerular endothelial cells as well, we � rst 

evaluated whether glomerular endothelial cells expressed C5aR under resting and in� ammatory 

conditions. C5aR mRNA expression levels were measured by real-time RT-PCR in non-stimulated 

and LPS-stimulated cells. In non-stimulated cells, C5aR mRNA could not be detected in two out of 

three experiments. Upon stimulation with LPS for 24 hours, C5aR mRNA was expressed to a low 

extent in glomerular endothelial cells (Figure 3A). C5aR protein expression was measured using � ow 

cytometry on both glomerular endothelial cells and neutrophils. C5aR could not be detected on 

the membrane of resting and LPS-stimulated endothelial cells (Figure 3B and C), but was clearly 

present on neutrophils (Figure 3D). To con� rm that LPS indeed activated the glomerular endothelial 
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cells, we demonstrated that stimulation with LPS increased the expression of intercellular adhesion 

molecule (ICAM)-1 (Figure 3E and F). These results show that glomerular endothelial cells, in contrast 

to neutrophils, do not express detectable C5aR protein when analyzed by � ow cytometry.

Next, we evaluated whether C5a can activate glomerular endothelial cells to produce the 

chemokines IL-8 and MCP-1. Glomerular endothelial cells were incubated with C5a and mRNA levels 

and protein release of IL-8 and MCP-1 were measured. We found that C5a stimulation increased 

the production of MCP-1 and IL-8 by glomerular endothelial cells, both at the mRNA and protein 

level (Figure 4). Together, these � ndings indicate that, despite undetectable C5aR protein levels, C5a 

activates glomerular endothelial cells to produce the chemokines IL-8 and MCP-1.

Figure 3 Human glomerular endothelial cell and neutrophil C5aR expression. (A) Relative C5aR mRNA levels 
in glomerular endothelial cells as determined in 3 independent experiments. Cells were stimulated with 1 µg/
ml LPS for the indicated time-points. Bars represent mean �r sd of triplicate samples. nd, not detected. (B and 
C) C5aR membrane protein expression could not be detected on resting and LPS-stimulated (1 µg/ml, 48h) 
glomerular endothelial cells. Filled histograms, isotype antibody; Open histograms, anti-C5aR antibody. (D) C5aR 
membrane expression on human neutrophils. Filled histogram, isotype antibody; Open histogram, anti-C5aR 
antibody  . (E and F) Activation of glomerular endothelial cells upon LPS was con� rmed by ICAM-1 expression. 
Filled histograms, isotype antibody; Open histograms, anti-ICAM-1 antibody. Each graph in B-F is representative 
for 3 independent experiments. Glom EC, glomerular endothelial cells.
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C5aR expression is increased in the mouse model of anti-MPO IgG-mediated glomerulo-

nephritis

Next, we determined the expression pattern of C5aR during the course of anti-MPO IgG-mediated 

glomerulonephritis in mice. Renal mRNA levels of C5aR were analyzed by real-time RT-PCR in whole 

kidney tissue and in laser microdissected glomeruli and tubulo-interstitium. Renal C5aR mRNA 

expression was increased 1 and 7 days after induction of glomerulonephritis by anti-MPO IgG and 

LPS (Figure 5A). Injection of LPS alone also resulted in an increased expression of C5aR 1 day after 

administration, but not after 7 days. The increase in renal C5aR mRNA levels at 1 and 7 days after 

anti-MPO IgG/LPS-mediated glomerulonephritis was observed both in the glomerular and the 

tubulo-interstitial compartments (Figure 5B), yet the most prominent increase was observed in 

the glomerular compartment. As we found increased C5aR expression at the mRNA level, we next 

analyzed C5aR protein with immunohistochemistry in renal sections of mice with anti-MPO IgG/LPS-

mediated glomerulonephritis. We found an increase in C5aR protein expression in both glomerular 

Day 7 – CD68Day 7 – C5aR

Day 1 – Ly6GDay 1 – C5aR

Day 7 – C5aRDay 1 – C5aRControl – C5aRA

B

C

Figure 6 C5aR protein expression is increased in the mouse model of anti-MPO IgG-mediated 
glomerulonephritis. Immunohistochemical staining for C5aR was performed on renal cryosections from 
untreated mice (n = 5) and mice subjected to anti-MPO IgG/LPS-induced glomerulonephritis for 1 day (n = 
6) and 7 days (n = 6). A representative image of each group is shown in (A). The C5aR expression pattern at 
each time point was compared to the presence of relevant leukocyte subsets, using immunohistochemical 
staining on serial sections. One day after anti-MPO IgG/LPS administration, expression of C5aR was compared to 
neutrophils (Ly6G) (B), whereas after 7 days C5aR expression was compared to macrophages (CD68) (C). Original 
magni� cations, 200x (A and C), 400x (B). (color image on page  180)
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Figure 7 C5aR protein expression is increased in renal biopsies of ANCA-associated glomerulonephritis 
patients. Immunohistochemical staining of C5aR protein was performed on renal biopsies (n = 5) from 
patients diagnosed with ANCA-associated necrotizing glomerulonephritis and on control renal tissue (n = 5). 
Representative images are shown of (A) control renal tissue demonstrating minimal (peri-)glomerular and peri-
tubular C5aR expression and (B-D) biopsies of ANCA-associated glomerulonephritis patients, demonstrating 
marked C5aR expression in segmental glomerular lesions (black arrows) and in the tubulo-interstitial tissue 
(white arrows). Original magni� cation, 100x. (color image on page  180)

lesions and in tubulo-interstitial in� ltrates, with highest expression after 7 days (Figure 6A). 

Important characteristics of the anti-MPO IgG/LPS-induced glomerulonephritis mouse model 

are the glomerular accumulation of neutrophils at day 1 and the in� ux of macrophages to both 

glomeruli and the interstitium at day 7. Because both neutrophils and macrophages express C5aR, 

we compared the location of C5aR expression in the tissue to the presence of the relevant leukocyte 

subset at each time point using serial sections. One day after anti-MPO IgG/LPS administration, 

C5aR expression was located predominantly to areas that were positive for neutrophils (Figure 6B). 

Likewise, 7 days after induction of glomerulonephritis, C5aR was expressed in areas that were 

positive for macrophages (Figure 6C). These data demonstrate that renal expression of C5aR is 

increased in the mouse model of MPO-ANCA glomerulonephritis, most likely due to in� ltration of 

C5aR-positive leukocytes.
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C5aR expression is increased in renal biopsies of patients with ANCA-associated 

glomerulonephritis

In addition to increased C5aR expression in the mouse model of ANCA-associated glomerulonephritis, 

we analyzed whether C5aR expression is increased in humans by immunohistochemical staining of 

C5aR on renal biopsies of patients with ANCA-associated necrotizing glomerulonephritis. As shown 

in Figure 7, C5aR expression was increased in patients with ANCA-associated glomerulonephritis, 

particularly in necrotic glomeruli and in� ammatory in� ltrates. We hypothesized that, similar to 

Figure 8 C5aR protein expression in renal biopsies of ANCA-associated glomerulonephritis patients 
predominantly co-localizes with in�  ltrating leukocytes. In renal biopsies (n = 5) from patients diagnosed 
with ANCA-associated necrotizing glomerulonephritis, C5aR protein expression was compared to the presence 
of di� erent leukocyte subsets using immuno� uorescence double-labeling with neutrophil elastase (A and B) 
and macrophage CD68 (C and D). The results demonstrate that C5aR expression partly co-localizes with tubulo-
interstitial neutrophils (A, white arrowheads), as well as glomerular neutrophils (B, white arrowheads). In addition, 
C5aR expression markedly co-localizes with macrophages within the tubulo-interstitial compartment (C, yellow-
colored cells) and in glomeruli (D, white arrowheads). Original magni� cation, 200x (A and C), 400x (B and D).  
(color image on page  181)
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the mouse model of anti-MPO glomerulonephritis, the increased renal C5aR expression in patient 

biopsies was predominantly caused by in� ltrating leukocytes. To investigate this hypothesis, we 

performed double-labeling immuno� uorescence for C5aR with both neutrophils and macrophages. 

As shown in Figure 8, C5aR protein expression co-localizes only partially with neutrophils, whereas 

a more marked co-localization with macrophages was observed. These data demonstrate that renal 

C5aR expression is increased in patients with ANCA-associated glomerulonephritis, predominantly 

caused by in� ltration of neutrophils and macrophages .

DISCUSSION

In this study, we show that C5a a� ects a number of pathogenic features that prevail in ANCA-

associated glomerulonephritis. C5a primed human neutrophils for ANCA-mediated respiratory burst 

in a p38MAPK-dependent manner and activated human glomerular endothelial cells to produce 

the chemokines IL-8 and MCP-1 in vitro. In addition, we demonstrate that renal C5aR expression is 

increased in ANCA-mediated glomerulonephritis in both mice and patients, which is most likely due 

to in� ltration of C5aR-positive leukocytes.

It has been reported previously that C5a can prime human neutrophils for ANCA-mediated 

respiratory burst.17 Here, we demonstrate that ANCA-mediated respiratory burst in C5a-primed 

neutrophils is dependent on p38MAPK. p38MAPK dependency has also been demonstrated for 

ANCA-mediated respiratory burst in TNF�D-primed neutrophils.2 The capacity of C5a to prime for 

Pr3-ANCA-mediated respiratory burst was described to involve the translocation of Pr3 to the 

neutrophil membrane.17 Indeed, we show that incubation of neutrophils with C5a increased the 

membrane expression of Pr3. Moreover, the increased Pr3 membrane expression was prevented 

by inhibition of p38MAPK, suggesting that C5a-induced Pr3 translocation is, similarly to TNF�D-

induced Pr3 translocation,2 dependent on p38MAPK. It is however uncertain whether C5a-induced 

priming for MPO-ANCA-mediated burst involves translocation of MPO to the membrane, as we 

could not demonstrate MPO membrane expression on resting or C5a-stimulated neutrophils. 

Comparable results have been obtained for TNF�D-mediated priming of neutrophils. The increase 

in MPO membrane expression induced by TNF�D is less pronounced compared to the increase in 

Pr3 membrane expression.2, 24-27 Possibly, a level of membrane MPO that is below the detection 

limit is su�  cient for MPO-ANCA to induce neutrophil activation. Stimulation with C5a may also 

induce additional p38MAPK-dependent cellular changes that make neutrophils susceptible 

for MPO-ANCA-mediated respiratory burst. This hypothesis is in line with the � nding that C5a-

mediated priming of neutrophils for Escherichia coli-induced respiratory burst (which does not 

require antigen translocation) also depends on p38MAPK.28 The exact role of p38MAPK in C5a-

induced priming of neutrophils for MPO-ANCA-mediated respiratory burst requires further study. 

In addition to p38MAPK, protein kinase C (PKC) is involved in C5a-induced priming for phorbol 

12-myristate 13-acetate (PMA)-mediated respiratory burst and extracellular regulated kinase1/2 

(ERK1/2) in priming for both E.coli- and PMA-mediated respiratory burst.28 Whether these kinases 
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are also involved in C5a-induced priming for ANCA-mediated respiratory burst is not known. Taken 

together, C5a primes neutrophils for both Pr3-ANCA- and MPO-ANCA-mediated respiratory burst 

in a p38MAPK-dependent manner and, in the case of Pr3-ANCA, via translocation of Pr3 to the 

neutrophil membrane.

In addition to C5aR expression on in� ammatory cells, C5aR is also expressed by certain 

endothelial cells, including HUVEC,11, 13 dermal microvascular endothelial cells11, 12 and endothelial 

cells of the lung.10, 12 Here we show that C5aR mRNA is expressed at a relatively low level in glomerular 

endothelial cells, whereas C5aR protein expression was below detection level as analyzed with 

� ow cytometry. Despite undetectable protein levels, C5aR is functional on glomerular endothelial 

cells, as treatment with C5a increased the production of the chemokines IL-8 and MCP-1. Increased 

levels of IL-8 and the chemokine RANTES upon C5a were also observed in HUVEC.13 Although C5aR 

activation on glomerular endothelial cells may contribute to glomerular in� ammation, the relatively 

higher C5aR expression level on neutrophils suggests that leukocyte C5aR is more important. This 

hypothesis is strengthened by our � nding that the increased C5aR expression in the kidney of anti-

MPO IgG-treated mice results predominantly from C5aR expression on in� ltrating leukocytes. Our 

data also � t with a study from Schreiber et al,17 showing that ablation of bone marrow-derived C5aR 

markedly abrogates crescentic glomerulonephritis in a mouse model of MPO-ANCA vasculitis.

Previous studies have revealed a pivotal role for complement activation by the alternative 

pathway in experimental MPO-ANCA glomerulonephritis in mice.6 More speci� cally, the central 

complement component C5 and the receptor of its C5a split product, C5aR, were found to be 

important.17, 29 Accordingly, we found that C5aR expression is increased in a� ected glomeruli and 

in� ammatory in� ltrates in the tubulo-interstitium of mice that received anti-MPO IgG and LPS, 

which was predominantly caused by in� ltration of leukocytes. These results are in line with the 

hypothesis that C5aR is involved in experimental MPO-ANCA glomerulonephritis.

Furthermore, we provide evidence that C5aR expression is increased in renal tissue of patients 

with ANCA-associated glomerulonephritis, particularly in necrotic glomeruli and tubulo-interstitial 

in� ltrates. Double-labeling immuno� uorescence revealed that the increase in C5aR expression 

was predominantly caused by in� ammatory in� ltrates, consisting of neutrophils and, to a larger 

extent, macrophages. We observed that not all neutrophils and macrophages co-localized with 

C5aR. This � nding may be explained by the fact that C5aR internalizes after ligand binding and is 

partially targeted for lysosomal degradation.30 With continuous presence of the ligand, this may 

result in complete degradation of C5aR. The increased renal C5aR expression in patients with 

ANCA-associated glomerulonephritis, together with the in vitro data on human cells, suggests that 

responses mediated by C5a and C5aR may also contribute to ANCA-associated vasculitis in humans.

The importance of C5a-mediated responses in various in� ammatory diseases has been 

recognized for many years.31, 32 Much e� ort has been put into the development of immunological and 

pharmacological agents that prevent C5a function. One such immunological agent is Eculizumab, 

an anti-C5 monoclonal antibody that prevents cleavage of C5 into C5a and C5b, thereby inhibiting 
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both C5a-mediated e� ects and C5b-dependent MAC formation. Eculizumab was approved in 

2007 by the U.S. Food and Drug Administration for the treatment of patients with paroxysomal 

nocturnal hemoglobinuria.33 A pharmacological agent that inhibits speci� cally the C5a-C5aR 

interaction has the advantage of preserving MAC-mediated pathogen killing in host defense. In 

recent years, a number of potent antagonists for C5aR have been developed, including nonpeptidic 

small molecules, C5a mutants, short peptides and cyclic peptides.14 Blockade of C5aR using a 

C5aR antagonist has been shown to be e�  cacious in several animal models of in� ammatory and 

autoimmune disease, including systemic lupus erythematosus,34 rheumatoid arthritis,35 ischemia/

reperfusion injury of small intestine and kidney,36, 37 sepsis38 and in� ammatory bowel disease.39 One 

of the most promising and experimentally widely used C5aR antagonist is the cyclic peptide PMX53, 

a compound that has exhibited safety and tolerability in human clinical trials.40 Thus, the C5a-C5aR 

interaction is an attractive therapeutic target for several in� ammatory and autoimmune disorders, 

including ANCA-associated glomerulonephritis, and speci� c C5aR antagonists are therefore being 

developed. 

In conclusion, we show that C5a a� ects a number of pathogenic features that prevail in ANCA-

associated glomerulonephritis and that C5aR expression is increased in renal biopsies of patients 

and kidneys of mice with ANCA-associated glomerulonephritis. Our data, together with previous 

studies, indicate that C5aR may serve as a target for therapeutic interventions in ANCA-associated 

vasculitis.
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ABSTRACT

Anti-myeloperoxidase antibodies can cause crescentic glomerulonephritis and pulmonary 

haemorrhage, infections initiate disease and provoke relapses. Toll like receptors (TLR) respond 

to infectious agents activating host defences. Neutrophils are the key e� ector cells of injury in 

experimental models, disease does not occur in their absence and injury is enhanced by LPS. In 

these experiments highly puri� ed LPS (a pure TLR4 ligand) acted with anti-myeloperoxidase 

antibodies to synergistically increase kidney and lung neutrophil recruitment and functional injury, 

e� ects abrogated in TLR4 de� cient mice. Increased kidney TLR4 expression after stimulation was 

predominantly glomerular endothelial cell in origin. Enhanced glomerular neutrophil recruitment 

correlated with increased kidney mRNA expression of CXCL1 and CXCL2, homologs of human CXCL8, 

while pre-emptive neutralization of CXCL1 or CXCL2 decreased neutrophil recruitment. Induction 

of disease in bone marrow chimeric mice demonstrated that TLR4 in bone marrow and renal 

parenchymal cells is required for maximal neutrophil recruitment and glomerular injury. Studies in 

LPS stimulated human glomerular cell lines revealed glomerular endothelial cells were prominent 

sources of CXCL8. These studies de� ne a role for TLR4 expression in bone marrow derived cells and 

glomerular endothelial cells in neutrophil recruitment and subsequent functional and histological 

renal injury in experimental anti-myeloperoxidase glomerulonephritis.



49

Both renal cell and leukocyte TLR4 aggravate glomerulonephritis

3

INTRODUCTION

Small vessel vasculitis and pauci-immune necrotizing glomerulonephritis (GN) induced by anti-

neutrophil cytoplasmic antibodies (ANCA) target speci� c neutrophil cytoplasmic antigens, 

myeloperoxidase (MPO) and proteinase 3 (PR3).1, 2 Combined renal and pulmonary disease is 

common in ANCA vasculitis and has considerable morbidity and mortality. Experimental animal 

studies have shown that ANCA are pathogenic. Passive transfer of ANCA can induce necrotizing GN 

and/or pulmonary capillaritis.3-7 Links between infection and ANCA vasculitis are well established. 

Seasonal variation in patients presenting with the disease suggests a correlation with microbial 

infection,8 infection may predate disease initiation and/or relapse9-12 and prophylactic antibiotic 

therapy has also been shown to successfully decrease disease relapses in ANCA vasculitis.13 

Infection is likely to be important in experimental ANCA models and lipopolysaccharide (LPS) dose 

dependently increases renal injury after the passive transfer of MPO-ANCA.6 

Neutrophils are amongst the � rst immune cells to tra�  c to in� amed sites. In experimental 

ANCA induced GN neutrophils are the primary e� ector cells and neutrophil depletion protects 

mice from renal injury.4 In humans, the chemokine CXCL8 (interleukin-8) is a potent neutrophil 

chemoattractant.14 Renal biopsies from patients with ANCA disease demonstrated positive CXCL8 

immunostaining in crescentic glomerular lesions, suggesting that CXCL8 contributes to glomerular 

injury seen in ANCA-associated GN.15 The murine chemokines CXCL1 (KC) and CXCL2 (MIP-2), that 

bind to CXCR2, are homologs of human CXCL816 and serve as major chemoattractants for neutrophils 

in mice.17

Toll like receptors (TLR) recognize pathogen associated molecular patterns from infectious 

agents and after ligation activate immune cells. TLR4 is expressed on neutrophils18 and augments 

their migratory responses.19 Previously TLR4 has been demonstrated in the kidney; in the glomerulus 

on mesangial cells, epithelial cells20 and also in proximal and distal tubular epithelial cells,21 but not 

in glomerular endothelial cells.

Starting from the known capacity of LPS to enhance the activity of anti-MPO antibodies in 

experimental systems,6, 22 we aimed to de� ne and explore a pathogenic and mechanistic role for 

TLR4 in experimental ANCA induced glomerular neutrophil recruitment. We studied the e� ect of 

LPS and anti-MPO antibodies on glomerular and pulmonary neutrophil recruitment, which develops 

early in the diseases process and is TLR4 dependent. Functional and histological renal injury, which 

develops later, is also TLR4 dependent. TLR4 expression in the glomerulus increases after LPS and 

anti-MPO antibody stimulation. TLR4 is produced by glomerular endothelial cells (GEnC), which are 

also positive for CXCL1 and CXCL2. In vitro LPS stimulation of human glomerular cell lines implicates 

GEnC as a major source of TLR4. We demonstrate a functional relationship between CXCL1 and 

CXCL2, glomerular neutrophil recruitment and subsequent renal injury and demonstrate that 

full expression of these chemokines is TLR4 dependent. Furthermore, we demonstrate in human 

cell lines that CXCL8 mRNA and protein production increases considerably after LPS stimulation, 

predominantly mediated through GEnC. Finally using bone marrow (BM) chimeric mice we identify 
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the individual contributions of BM and tissue cell (TC) TLR4 to neutrophil recruitment and glomerular 

injury. 

MATERIALS AND METHODS

Generation of Mouse anti-MPO IgG, control mouse anti-OVA IgG and hpLPS

Murine MPO (mMPO) was generated as described previously.45 Globulin was precipitated (50% 

ammonium sulphate) and IgG a�  nity puri� ed by fast protein liquid chromatography and dialyzed 

against PBS. For anti-OVA antibodies, Mpo-/- mice were immunized with OVA using the same 

protocol. Endotoxin concentration measured <0.01ng/ml, Limulus Amebocyte Lysate E-TOXATE 

(Sigma-Aldrich). For in vivo experiments lipopolysaccharide (LPS)-L2654 (Sigma-Aldrich) was re-

puri� ed to ensure TLR4 speci� city.46

Experimental Design and Statistical Analyses

Eight week old male WT (C57BL/6 [CD45.2] and for some chimeric studies congenic CD45.1 mice) and 

TLR4-/- mice were used. Mice were from Monash University Animal Services (Melbourne, Australia), 

TLR4-/- mice originally from Prof. S. Akira.47 Studies adhered to the National Health and Medical 

Research Council of Australia guidelines for animal experimentation. For neutrophil accumulation, 

mice were injected intraperitonally with hpLPS (10µg), followed 2h later by intravenous injection 

of IgG (anti-MPO antibodies 50µg/ anti-OVA [control] antibodies 50µg), 3h later animals were 

sacri� ced. For studies analysing functional and histological renal injury, mice were injected 

with hpLPS 10µg followed by anti-MPO antibodies (100 µg/g) and sacri� ced on d6. Neutralizing 

monoclonal antibodies directed against CXCL1 or CXCL2 (MAB 453 and MAB 452 respectively; R&D 

systems, Minneapolis, MN) were used with appropriate control antibodies, (rat IgG2a and IgG2b). 1h 

prior to disease induction, mice were administered; anti-CXCL1-Ab (100µg), anti-CXCL2-Ab (100µg) 

or control Ab (100µg) iv. BM (BM) chimeric mice were generated as previously described.48 Flow 

cytometry demonstrated >92% re-constitution. Data are expressed as mean ± SEM. Groups of data 

were analyzed using student•s t test for analysis of 2 groups and one-way ANOVA (Tukey•s post test) 

for more than two groups of data. GraphPad Prism software (GraphPad Software, San Diego, CA) 

was used to analyse the data. A P value of <0.05 was considered signi� cant.

Assessment of glomerular neutrophil accumulation, CXCL1 and CXCL2, histological and 

functional renal injury and pulmonary MPO 

Neutrophils were demonstrated by immunoperoxidase staining of periodate lysine para-     

formaldehyde previously described,49 a minimum of 50 glomeruli were assessed. Results are expressed 

as neutrophils per glomerular cross-section (n/gcs). CXCL1 and CXCL2 immunohistochemical 

staining was performed as previously described.50 To assess the intensity of glomerular and 

juxtaposed tubular CXCL1 and CXCL2 staining a semi-quantative intensity staining scale was used, 

previously described and published50. Values are expressed as numbers ranging from 0-4.where 0) 
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no staining seen 1) staining <25%; 2) 25 to 50%; 3) 51 to 75%; and 4) >75% of the glomerulus and 

adjacent tubules.

For histological assessment 40 consecutive glomeruli/mouse were examined. Kidneys were 

� xed with Bouin•s � xative, embedded in para�  n and stained with Periodic Acid-Schi�  reagent. Fibrin 

staining was performed as previously described.51 and results expressed as percentage of glomeruli 

with � brin deposition. Albuminuria was measured on 24 h urine collections using a Mouse Albumin 

ELISA Quanti� cation Kit (Bethyl Laboratories Inc, Montgomery, TX). Hematuria was measured using 

urinary dipstix (Combur Tests, Roche, Basel, Switzerland). Lung MPO was used to assess pulmonary 

neutrophil accumulation as previously described.52 One unit of MPO activity was de� ned as a change 

in 	 460 of 1.0 after 2 min; results are expressed as U of MPO activity/g of lung tissue (U/g).

For co-localization experiments using confocal microscopy, kidneys were perfused and � xed 

with zinc � xative, para�  n embedded and sectioned (3µm). For endothelial cell/TLR4 co-localization, 

sections were blocked (10% chicken and donkey serum in 5% BSA), then incubated with rabbit anti-

mouse TLR4 (10µg/ml, Invitrogen, Carlsbad, CA) and rat anti-mouse CD31 (1:50, BD Biosciences, 

San Jose, CA), followed by chicken anti-rabbit Alexa Fluor 488 and donkey anti-rat Alexa Fluor 594 

(both 1:200, Molecular Probes, Invitrogen). For co-localization of neutrophil chemokines, TLR4 and 

endothelial cells, anti-CD31 antibodies were followed by donkey anti-rat Alexa Fluor 647 (1:200, 

Molecular Probes). For CXCL1 co-localization, antibodies were rabbit anti-mouse TLR4 (20µg/ml), 

and goat anti-mouse CXCL1 (20µg/ml, R&D Systems), then chicken anti-rabbit Alexa Fluor 488 and 

chicken anti-goat Alexa Fluor 594 (1:200, Molecular Probes). For CXCL2 co-localization, antibodies 

were goat anti-mouse TLR4 (20µg/ml, Santa Cruz), with chicken anti-goat Alexa Fluor 488, and rabbit 

anti-mouse CXCL2 (10µg/ml, R&D Systems). CXCL2 signal was ampli� ed with swine anti-rabbit 

HRP conjugated antibody (1:100, DAKO, Glostrup, Denmark) with a Cyanine-3-Tyramide Signal 

Ampli� cation kit (PerkinElmer, Waltham, MA). For all samples concurrent negative controls included 

substituting the primary antibodies for non-immune goat, rat or rabbit IgG, and additionally for 

TLR4, using TLR4-/- mice receiving hpLPS and anti-MPO antibodies. Images were acquired using 

a Nikon C1 confocal laser scan head attached to a Nikon Ti-E inverted microscope using 488nm, 

561nm and 637nm lasers. Single plane 512x512x12bit images were captured in a line sequential 

manner (3 line averaging). Confocal images were converted using Macbiophotonics Image J 

software (NIH, Bethesda, MD).

Culture of human glomerular cells and assessment of TLR4, IL-8, CXCL1 and CXCL2 mRNA and 

protein

Human ciGEnC,53 podocytes 54, 55 and human immortalized glomerular mesangial cells, kindly 

provided by Dr. Banas (Ludwig-Maximilians University, Munich, Germany),56 were cultured. Cells 

were treated with 1 �Pg/ml LPS (Escherichia Coli, serotype O26:B6; Sigma) for 2, 4, or 24 h, medium, 

collected and cells lysed for RNA isolation. For laser micro-dissection, glomeruli (2.72±0.29x106
 

�Pm2) and surrounding tubulo-interstitial tissue (2.88±0.25 x 106 µm2) were dissected from renal 
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cryosections of anti-MPO IgG/LPS treated mice from a previous study26 using the Laser Robot 

Microbeam System (P.A.L.M. Micro laser Technology, Bernried, Germany) described previously.57

Real-time PCR analysis on cDNA was carried out using the ABI Prism 7900HT Sequence Detection 

System (Applied Biosystems, Nieuwerkerk a/d IJssel, The Netherlands) using assay on demand 

primer-probe sets for TLR4 (Hs00152939_m1), IL-8 (Hs00174103_m1) and GAPDH (Hs99999905_m1) 

as the house keeping gene. For measurement of CXCL1 and CXCL2 real-time PCR was as previously 

described, standardised to 18S, expressed as a fold increase relative to untreated WT mice.58

For FACS analysis of TLR4 protein expression on ciGEnC 2.3x105 cells were cultured for 5days, 

subsequently, TLR4 protein was detected using PE-Cy7 anti-human TLR4 antibody (eBioscience, 

San Diego, CA). Mean � uorescence intensity of PE-Cy7 was measured using a LSR-II � ow cytometer. 

CXCL8 was measured in culture medium from ciGEnC, podocytes and mesangial cells using ELISA 

(R&D systems).

RESULTS

ANCA/ LPS induced glomerular neutrophil recruitment and lung MPO activity

Glomerular and pulmonary neutrophil recruitment was induced by administering either highly 

puri� ed lipopolysaccharide (hpLPS, which speci� cally engages TLR4) with anti-MPO antibodies, 

anti-MPO antibodies alone or hpLPS and control (anti-ovalbumin [OVA]) antibodies to genetically 

intact wild type (WT) C57BL/6 mice. WT mice were injected with hpLPS, then anti-MPO or anti-OVA 

antibodies at two hours and killed after a further three hours. LPS, anti-MPO antibodies, or both 

induced glomerular leukocyte recruitment (Figure 1a). Control anti-OVA antibodies alone had no 

e� ect on glomerular neutrophil recruitment compared to untreated mice (untreated mice 0.25±0.01 

neutrophils/glomerular cross section [n/gcs], mice given anti-OVA antibodies 0.40±0.02n/gcs). 

Mice injected with anti-MPO antibodies alone exhibited a signi� cant glomerular neutrophil in� ux, 

similar to that observed in mice treated with hpLPS and anti-OVA antibodies. Together, hpLPS and 

anti-MPO antibodies synergistically increased glomerular neutrophil recruitment. Representative 

photomicrographs of glomerular neutrophil recruitment are shown (Figure 1, c-e). In the same 

studies, neutrophil accumulation in lung tissue was assessed by measuring pulmonary MPO 

activity (Figure 1b). Untreated WT mice had 0.62±0.03 Units (U) of MPO activity per g of lung tissue. 

Administration of either hpLPS and anti-OVA antibodies, or anti-MPO antibodies alone increased 

MPO activity to a similar degree. Adminis tration of hpLPS and anti-MPO antibodies led to a further 

increase in lung MPO activity. Anti-OVA antibodies alone had minimal e� ect (1.04±0.29 U/g).  

      The requirement for TLR4 in maximal neutrophil recruitment was con� rmed by comparing TLR4-/- 

mice with WT mice (Figure 1f and g). Glomerular neutrophil recruitment in untreated TLR4-/- mice 

(0.23±0.06n/gcs)  was similar to untreated WT controls. Neutrophil recruitment in TLR4-/- mice given 

hpLPS (with anti-OVA antibodies) was similar to untreated TLR4-/- mice. TLR4-/- mice given anti-MPO 

antibodies had similar glomerular neutrophil numbers to WT mice given anti-MPO antibodies, 

but TLR4-/- mice given hpLPS and anti-MPO antibodies recruited fewer neutrophils to glomeruli 
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Figure 1 Leukocyte recruitment after anti-MPO antibody administration.  (A) glomerular neutrophil 
recruitment to C57BL/6 wild type (WT, n = 6) mice. Highly puri� ed lipopolysaccharide (hpLPS) and anti-OVA 
(�OVA) antibodies (n = 6) or anti-myeloperoxidase (�MPO) antibodies alone (n = 6) increased glomerular 
neutrophil recruitment compared to untreated WT animals (n = 4), represented as a dotted line (P<0.001). Co-
administration of hpLPS and �MPO antibodies (n = 6) induced more neutrophil recruitment compared to hpLPS 
and �OVA antibodies or �MPO antibodies alone. (B) Pulmonary MPO activity in WT mice. Untreated WT mice 
had 0.62 Units (U) of MPO activity/g (dotted line); MPO activity was increased in all antibody injected groups, 
compared with untreated mice. Signi� cantly more pulmonary MPO activity was seen in the WT mice treated 
with hpLPS and �MPO antibodies compared to other treatment groups. Photomicrographs representative of 
glomerular neutrophil recruitment, with one glomerular neutrophil in WT mice treated with hpLPS and �OVA 
antibodies (C) or �MPO antibodies alone (D), or three neutrophils in mice treated with LPS and �MPO antibodies 
(E) are demonstrated. In Panels (F) and (G) glomerular and lung neutrophil recruitment in WT mice are compared 
to recruitment in TLR4-/- mice (n = 4). Neutrophil recruitment in untreated TLR4-/- mice (n = 5) did not di� er from 
untreated WT mice (dotted line). Glomerular neutrophil recruitment (F) and lung MPO activity (G) decreased in 
TLR4-/- mice compared to WT mice. * P < 0.05, *** P < 0.001. Original magni� cation x400.
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compared with WT given hpLPS and anti-MPO antibodies. Similar TLR4 dependent patterns were 

present in pulmonary leukocyte recruitment, although in the absence of TLR4 (baseline activity in 

untreated TLR4-/- mice 0.61±0.07 U/g), pulmonary MPO activity was reduced in all three groups of 

mice: those given hpLPS and anti-OVA antibodies, hpLPS and anti-MPO antibodies, as well as those 

injected with anti-MPO antibodies alone.

TLR4 is expressed in murine glomeruli and produced by murine glomerular endothelial cells 

and human intrinsic glomerular cells

We then examined TLR4 production in murine kidneys and human glomerular cells. TLR4 protein 

was readily detected in glomeruli of WT mice treated with LPS and anti-MPO antibodies. TLR4-/- 

mice treated with anti-MPO antibodies were a negative control. Using confocal microscopy TLR4 

was co-localized with glomerular endothelial cells. Other glomerular cell types, probably podocytes 

and possibly mesangial cells also expressed TLR4. Illustrative photomicrographs are shown in 

Figure 2a-d. TLR4 mRNA expression from glomerular and tubular-interstitial compartments was 

assessed using laser capture micro-dissection (Figure 2e; the mean value for the tubulo-interstitium 

was assigned a value of 1). Baseline TLR4 mRNA expression in glomeruli was 20-fold higher than 

the tubulointerstitium and increased further 24 h after LPS and anti-MPO antibodies. There was no 

change in tubulointerstitial TLR4 expression. We then analyzed TLR4 mRNA expression in human 

conditionally immortalized GEnC (ciGEnC), podocytes and mesangial cell lines after stimulation 

with LPS (Figure 2f; the mean value for podocyte basal TLR4 mRNA expression was assigned a value 

of 1). Basal TLR4 mRNA expression was highest in ciGEnC and not detected in mesangial cells. Flow 

cytometric analysis of ciGEnC for TLR4 protein con� rmed the expression of TLR4 protein (Figure 2g). 

After LPS, TLR4 mRNA expression was increased at 24 h in ciGEnC, but podocyte and mesangial cell 

TLR4 mRNA expression was unchanged.

CXCL1 and CXCL2 is induced in kidney tissue after hpLPS and anti-MPO antibodies 

To investigate mechanisms of glomerular neutrophil recruitment we studied the neutrophil 

chemoattractants CXCL1 and CXCL2 in renal tissue. CXCL1 and CXCL2 expression was assessed 

� ve hours after both hpLPS and anti-MPO antibodies. Compared to untreated WT mice (means 

for untreated WT CXCL1 or CXCL2 mRNA expression were assigned a value of 1), CXCL1 mRNA 

expression increased � ve hours after hpLPS and anti-MPO antibodies, in a partly TLR4 dependent 

manner (Figure 3a). A similar pattern was seen with CXCL2 mRNA expression, but the reduction 

in gene expression in the absence of TLR4 was more profound (Figure 3b). Immunohistochemical 

examination of glomeruli for CXCL1 and CXCL2 demonstrated minimal signal in untreated WT mice, 

with increased expression in all experimental groups (data not shown). WT mice given hpLPS and 

anti-MPO antibodies exhibited increased glomerular (with surrounding tubular) staining of CXCL1 

and CXCL2 when compared to mice given either hpLPS with anti-OVA antibodies, or anti-MPO 

antibodies alone. As hypothesized, compared to WT mice CXCL1 and CXCL2 staining was decreased 



55

Both renal cell and leukocyte TLR4 aggravate glomerulonephritis

3

Figure 2 TLR4 staining and expression in the kidney. Positive TLR4 staining (green) was detectable in 
glomeruli of WT mice treated with LPS and anti-MPO antibodies (A). No TLR4 staining was visible in TLR4-/- mice 
treated with anti-MPO antibodies (B). Glomeruli from WT mice were stained with anti-CD31 antibodies to identify 
endothelial cells (red staining) (C). Merged image of TLR4 and endothelial cell staining that identi� es endothelial 
cell TLR4 production (yellow) (D). After stimulation with LPS and anti-MPO (�MPO)  antibodies there  was an 
increase in TLR4 mRNA expression in micro-dissected murine glomeruli, little change in TLR4 expression was 
seen in the tubulo-interstitium (n = 4) (D). In human conditionally immortalized glomerular endothelial cell lines 
(ciGEnC), baseline TLR4 expression was increased compared to both podocytes and mesangial cells (which did 
not express TLR4), n = 6 for all experimental groups (F). After LPS stimulation TLR4 expression increased only in 
endothelial cells. (G) TLR4 protein expression by ciGEnC. Flow cytometric analysis of cultured ciGEnC incubated 
with no antibody (i), isotype control antibody (ii), and anti-human TLR4 antibody (iii) demonstrated TLR4 protein 
expression. * P < 0.05, ** P < 0.01, *** P < 0.001. Original magni� cation, 800x.  (color image on page  182)
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Figure 3 CXCL1 and CXCL2 kidney mRNA expression and immunostaining. Using tissues from experiments 
detailed in Figure 1, kidney CXCL1 mRNA expression was increased in WT mice after hpLPS and anti-OVA (�O VA) 
antibodies (P<0.001), n = 6, �MPO antibodies alone (P<0.05), n = 6, and hpLPS and �MPO antibodies (P<0.001), 
n = 6. Compared to WT mice given hpLPS and �MPO antibodies, TLR4-/- mice (closed bars) treated with hpLPS 
and �MPO antibodies expressed less CXCL1 (A), n = 4. Kidney CXCL2 mRNA expression in WT mice increased 
after treatment with hpLPS and �MPO antibodies (P<0.05). Compared to WT mice treated with hpLPS and �MPO 
antibodies, TLR4-/- mice treated with hpLPS and �MPO antibodies expressed less CXCL2 (B). Immunostaining 
sho wed that CXCL1 (C) and CXCL2 (D) were signi� cantly increased in WT mice treated with hpLPS and �MPO 
antibodies compared to all other groups. Representative glomerular sections from (E) WT mice and (F) TLR4-/- 
mice treated with hpLPS and �MPO antibodies and immunostained for CXCL1 are shown. Similarly treated (G) 
WT and (H) TLR4-/- glomeruli immunostained for CXCL2 are shown. Black arrow-heads represent areas where 
staining intensity was most pronounced. Increased staining was seen in WT mice. * P < 0.05, ** P < 0.01, *** P < 
0.001. Original magni� cation, 400x. (color image on page  182)
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in TLR4-/- mice given hpLPS and anti-MPO antibodies (Figure 3, c and d). Representative kidney 

sections of CXCL1 (Figure 3, e and f ) and CXCL2 (Figure 3, g and h) immunostaining in WT and TLR4-/- 

mice treated with hpLPS and anti-MPO antibodies are shown. 

Figure 4 Glomerular endothelial ce ll, CXCL1, CXCL2 and TLR4 co-localization. Kidneys from WT mice given 
LPS and anti-MPO antibodies were stained for (A) CD31 (blue), (B) TLR4 (green) and (C) CXCL1 (red). Endothelial 
cells and CXCL1 co-localized (magenta) (D). CXCL1 and TLR4 also co-localized (yellow) (E), while a merged three 
colour image showed that some endothelial cells were positive for both CXCL1 and TLR4 (white) (F). To assess 
CXCL2 production kidneys were stained for (G) CD31 (blue), (H) TLR4 (green) and (I) CXCL2 (red). CXCL2 co-
localized with glomerular endothelial cells (magenta) (J) and TLR4 (yellow) (K). Merged three colour image 
showing that some endothelial cells were positive for both CXCL2 and TLR4 (white) (L). Original magni� cation, 
800x. (color image on page  183)



58

Chapter 3

3

CXCL1 and CXCL2 co-localize with glomerular endothelial cells which also express TLR4

To determine whether murine GEnC are a source of CXCL1 and CXCL2 production we immunostained 

kidneys from WT mice treated with LPS and anti-MPO antibodies for an endothelial marker 

(CD31), TLR4, and CXCL1 or CXCL2. Using confocal microscopy CXCL1 co-localized to GEnC and 

to glomerular cells producing TLR4. GEnC produce both TLR4 and CXCL1 (Figure 4, a-f ). Similarly, 

CXCL2 co-localized with GEnC and cells producing TLR4. Furthermore, we demonstrated that GEnC 

can produce CXCL2 and TLR4 (Figure 4, g-l).

Neutrophil recruitment is CXCL1 and CXCL2 dependent

Given the enhanced expression of CXCL1 and CXCL2 in experimental anti-MPO antibody induced 

glomerular neutrophil recruitment, we neutralized either protein by administering a monoclonal 

anti-CXCL1 antibody, an anti-CXCL2 antibody or isotype control one hour prior to hpLPS and anti-

MPO antibodies and assessed neutrophil recruitment. Compared to isotype control antibody, mice 

given either anti-CXCL1 or anti-CXCL2 antibody prior to hpLPS and anti-MPO antibodies showed 

signi� cant decreases in glomerular neutrophil recruitment and lung MPO activity (Figure 5, a-b), 

con� rming a functional role for both CXCL1 and CXCL2 in glomerular and pulmonary neutrophil 

recruitment.

Tissue Cell TLR4 contributes to neutrophil recruitment

Given the expression of TLR4 in glomeruli, we de� ned the contributions of bone marrow and tissue 

cell TLR4 (glomerular and lung) expression in neutrophil recruitment by injecting LPS and anti-

MPO antibodies into TLR4 bone marrow chimeric mice. Chimeric mice were generated by injecting 

intact or de� cient bone marrow into irradiated mice. WT bone marrow transplanted into WT mice 

(BM+TC+; •shamŽ chimeras) were a positive control, and TLR4 tissue cell intact, bone marrow TLR4 

de� cient (BM-TC+) and tissue cell TLR4 de� cient, bone marrow intact (BM+TC-) chimeras were 

Figure 5 Neutrophil recruitment after neutralization of CXCL1 or CXCL2. Administering CXCL1 (n = 4) or 
CXCL2 (n = 4) neutralizing antibodies prior to the administration of hpLPS and anti-MPO (�MPO) antibodies 
decreased glomerular neutrophil recruitment (A) and lung MPO activity (B) relative to control treated mice (n = 
8). * P < 0.05, ** P < 0.01, *** P < 0.001.
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Figure 6 Assessment of glomerular leukocyte recruitment, lung MPO activity and glomerular chemokine 
staining in BM chimeric mice wild type (WT)�ŒWT mice (Bone marrow [BM]+, Tissue Cell [TC]+, n = 8), 
TLR4-/-�ŒWT mice (BM-TC+, n = 8) and WT�ŒTLR4-/- mice (BM+ TC-, n = 8) injected with hpLPS and anti-
MPO (�MPO) antibodies. Glomerular neutrophil recruitment (A) was decreased in both BM-TC+ and BM+TC- 
compared to BM+TC+ mice. There was decreased glomerular neutrophil recruitment in BM-TC+ mice compared 
to BM+TC- mice. Lung MPO activity was decreased in both BM-TC+ and BM+TC- mice compared to BM+TC+ mice 
(B). Kidney CXCL1 (C) and CXCL2 (D) immunostaining was decreased in BM-TC+ and BM-TC+ mice compared to 
BM+TC+ mice. * P < 0.05, ** P < 0.01, *** P < 0.001.

studied. Both bone marrow and tissue cell TLR4 are required for maximal neutrophil recruitment. 

Compared with BM+TC+ chimeras glomerular neutrophil recruitment was reduced in either TLR4 

BM-TC+ chimeras or TLR4 BM+TC- mice (Figure 6a), but bone marrow derived TLR4 plays a more 

prominent role. Both bone marrow and tissue cell TLR4 are required for maximum pulmonary 

neutrophil recruitment (Figure 6b).

Glomerular CXCL1 and CXCL2 production was assessed in kidneys of chimeric mice. Compared to 

•sham• chimeras (BM+TC+), semi-quantitative assessment of CXCL1 and CXCL2 showed a reduction 

in both chemokines in TLR4 BM-TC+ mice and BM+TC- mice (Figure 6c and d), corresponding with 

the reduction in neutrophil recruitment. The trend towards decreased CXCL1 and CXCL2 mRNA 

expression in kidneys of BM-TC+ and BM+TC- chimeric mice did not reach statistical signi� cance 

(data not shown).

CXCL8 is produced by human glomerular endothelial cells after LPS stimulation

Having established a role for TLR4 on intrinsic renal cells in inducing CXCL1 and CXCL2 dependent 

experimental glomerular neutrophil recruitment, we analyzed human glomerular cells for CXCL8 
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production (CXCL1 and CXCL2 are the murine homologues of CXCL8). Baseline mean ciGEnC mRNA 

expression was assigned a value of 1. While CXCL8 mRNA expression was increased in ciGEnC, 

podocyte and mesangial cells (Table 1), the relative increase was most pronounced in ciGEnC 

(Figure 7a). Basal CXCL8 production was highest in podocytes (Table 1), however, after stimulation 

the increase is most pronounced in ciGEnC, with signi� cant increases at 2 h, 4 h and 24 h (Figure 7b). 

These increases in both mRNA expression and protein production demonstrate that GEnC are the 

cell type most responsible for enhanced CXCL8 production.

Table 1 CXCL8 mRNA and protein production in human glomerular cell lines at 0 h, 2 h, 4 h and 24 h 
after LPS stimulation. Baseline mRNA expression in ciGEnC was assigned a value of 1. Increased expression is 
seen in all cell lines, most pronounced at 2 h. CXCL8 protein production also increases in each cell type, most 
pronounced after 24 h. # P < 0.01 ## P < 0.001 compared to t=0 h.

CXCL8 mRNA 0 h 2 h 4 h 24 h

ciGEnC 1.0±0.1 46.2±2.0## 33.4±2.6## 15.5±1.8##

Podocytes 2.3±0.2 28.0±1.9## 19.8±0.8## 17.9±0.9##

Mesangial Cells 0.0±0.0 0.4±0.0## 0.2±0.0# 0.1±0.0

CXCL8 protein (ng/ml) 0 h 2 h 4 h 24 h

ciGEnC 2.3±0.1 3.0±0.1 9.0±0.5## 35.8±1.9##

Podocytes 27.1±1.3 24.5±1.8 28.5±1.7 40.8±4.3#

Mesangial Cells 0.2±0.0 0.3±0.0 0.3±0.0 0.5±0.0##

Figure 7 CXCL8 mRNA and protein production in human glomerular cell lines. After LPS stimulation, CXCL8 
mRNA expression was increased in all three cell types, most pronounced in glomerular endothelial cells (ciGEnC) 
(A). Similarly, ciGEnC produced the greatest proportional increase in CXCL8 protein production (B), n = 6 for all 
experimental groups. Absolute values (in pg/ml) of CXCL8 measurements are shown in Table 1. * P < 0.05, *** P 
< 0.001.
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The contribution of TLR4, CXCL1, CXCL2, and Bone Marrow and Tissue Cell TLR4 to renal injury

Administration of hpLPS and anti-MPO antibodies (100µg/g) induced functional renal injury 

(albuminuria and hematuria), and glomerular hypercellularity with focal and segmental lesions, 

including � brin deposition in WT mice at day 6 (Figure 8, a-d), signi� cantly decreased in TLR4-/- 

mice. Representative photomicrographs of renal injury showing glomerular hypercellularity and 

glomerular � brin staining in WT, reduced in TLR4-/- mice are shown in Figure 8, e-h.

Figure 8 Functional and histological renal injury in WT and TLR4-/- mice treated with LPS and anti-
MPO antibodies. Six days after the administration of ANCA/ LPS 24 h albuminuria (A), dipstick hematuria 
(B), glomerular � brin deposition (C) and glomerular hypercellularity (D) was attenuated in TLR4-/- mice (n = 6) 
compared to WT controls (n = 6). The dotted line in (A) and (D) represents mean values in untreated WT mice. 
Representative � gures are shown demonstrating glomerular injury in WT mice (E) compared to TLR4-/- mice (F). 
More glomerular � brin deposition was seen in WT mice (G) compared to TLR4-/- mice (H). * P < 0.05, ** P < 0.01, *** 
P < 0.001. Original magni� cation, 400x. (color image on page  184)
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As CXCL1 and CXCL2 were important in glomerular neutrophil recruitment we de� ned their 

role in the development of histological and functional renal injury by extending studies to day 6. 

Compared to mice given ANCA/LPS and isotope control antibodies, albuminuria and hematuria 

were decreased after the administration of anti-CXCL2 antibody and ANCA/LPS, while a trend 

to decreased injury was seen after the administration of anti-CXCL1 antibody (Figure 9a and b). 

Albuminuria, measured in the initial 24 h in mice administered control antibody and ANCA/LPS 

(170±39µg/24 h) was decreased in mice given anti-CXCL1 antibody and ANCA/LPS (55±14µg/24 

h, P<0.001) and anti-CXCL2 and ANCA/LPS (87±10µg/24h, P<0.01). Glomerular histological injury 

(Figure 9c and d) was attenuated after the administration of CXCL1 or CXCL2 neutralizing antibodies, 

though reduced hypercellularity after anti-CXCL1 antibody did not reach statistical signi� cance.

Having demonstrated a role for both bone marrow and glomerular TLR4 in neutrophil 

recruitment, we con� rmed that both are required for maximal renal injury. Compared to BM+TC+ 

•sham• chimeras, albuminuria was decreased in both BM-TC+ and BM+TC- mice, (Figure 10a and b; 

trends to reduction in hematuria did not reach signi� cance). Histological injury was reduced in BM-

TC+ and BM+TC- mice with less glomerular � brin deposition and hypercellularity (Figure 10c and d).

Figure 9 Functional and histological renal injury in WT mice treated with LPS and anti-MPO antibodies 
with prior neutralization of CXCL1 (n = 6) and CXCL2 (n = 6). Compared to control antibody treated mice (n 
= 6), 24 h albuminuria (A) and dipstick hematuria (B) were signi� cantly decreased after CXCL2 neutralization; 
trends after administration of CXCL1 neutralizing antibody did not reach signi� cance. Less glomerular � brin 
deposition (C) was evident with neutralization of either CXCL1 or CXCL2, while compared to control antibody 
treated mice, hypercellularity was decreased with neutralization of CXCL2 (D). * P < 0.05, ** P < 0.01, *** P < 0.001.
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DISCUSSION

These studies de� ne roles for both bone marrow cell and tissue cell-derived TLR4 in the 

pathogenesis of neutrophil recruitment in LPS/anti-MPO antibody renal and lung injury, and the 

roles of CXCL1 and CXCL2. After stimulation, the glomerulus is the major site of TLR4 expression in 

the kidney, whilst GEnC are the cell type most responsible. Both bone marrow and tissue cell TLR4 

are required for full expression of CXCL1 and CXCL2, and maximal neutrophil recruitment. Murine 

GEnC are a source of TLR4, CXCL1 and CXCL2, with some GEnC producing both TLR4 and neutrophil 

chemoattractants. Using human glomerular cells we demonstrated that after stimulation GEnC are 

largely responsible for the increase in CXCL8 expression and protein production. In vivo stu dies at 

a later time-point con� rmed the functional relevance of both immune cell and tissue cell derived 

TLR4, and of neutrophil chemoattractants, especially CXCL2.

Experimental anti-MPO antibody induced GN is neutrophil dependent.4 Neutrophils express 

TLR4, and LPS that engages TLR4, is a potent stimulus for neutrophil activation. TLR4 ligation has 

pleiotropic e� ects on neutrophils including neutrophil adhesion,23, 24 delayed apoptosis, enhanced 

chemokine production and increased superoxide generation.25 In the current studies, the � rst series 

Figure 10 Functional and histological renal injury in BM chimeric mice wild type (WT)�ŒWT mice (BM 
[BM]+, TC[TC]+, n = 7), TLR4-/-�ŒWT mice (BM-TC+, n = 6) and WT�ŒTLR4-/- mice (BM+ TC-, n = 7) injected with 
hpLPS and �MPO antibodies. Compared to •sham chimerasŽ (BM+TC+) 24 h albuminuria (A) was decreased in 
BM-TC+ and BM+TC-chimera. There was a non-signi� cant trend to decrease in dipstick hematuria (B). Glomerular 
� brin deposition (C) and glomerular hypercellularity (D) was decreased in BM-TC+ and BM-TC+ chimeric mice 
compared to sham chimeras BM+TC+. * P < 0.05, ** P < 0.01, *** P < 0.001.



64

Chapter 3

3

of experiments showed that administering both hpLPS and anti-MPO antibodies led to increased 

glomerular neutrophil recruitment and lung MPO activity. The e� ects of hpLPS on neutrophil 

recruitment were not seen in TLR4-/- mice. These studies are in accordance with previous work 

showing that LPS had the capacity to markedly increase anti-MPO antibody induced injury in 

mice.6,26

In the current studies, we used three separate techniques to determine the glomerular cell types 

responsible for TLR4 production. Firstly, using confocal microscopy we demonstrated that TLR4 is 

present in murine glomeruli and co-localizes with GEnC. Other glomerular cells also express TLR4 

in this model. Secondly, using micro-dissected glomeruli, TLR4 mRNA expression was quantitated 

in glomeruli and the tubulo-interstitium. After the administration of LPS and anti-MPO antibodies 

glomerular, but not tubulointerstitial TLR4 expression was increased. Thirdly, using isolated human 

glomerular cells we demonstrated that GEnC express signi� cant amounts of TLR4, and that 

enhanced mRNA expression after stimulation is attributable to GEnC.

Therefore, GEnC are signi� cant sources of glomerular TLR4 expression after the administration of 

LPS and anti-MPO antibodies. The sites of intrarenal TLR4 production, both in the glomerulus and the 

tubulo-interstitium have been addressed in several studies in other experimental models. TLR4 has 

been localised to the glomerulus in other models of renal disease.20, 27, 28 In situ hybridization showed 

that mesangial and epithelial cells can express TLR427 while in experimental cryoglobulinemic GN 

podocytes express TLR4.20 Studies assessing TLR4 in murine models of tubulo-interstitial injury have 

demonstrated TLR4 mRNA production from primary renal tubular epithelial cells,29 while confocal 

microscopy has suggested TLR4 is present in proximal collecting tubules.30 From the existing 

literature and the current studies, it is clear that TLR4 expression from intrinsic renal cells can vary 

according to the nature of the injurious stimulus. In the current studies, the results of a combination 

of in vivo and in vitro studies imply a role for the glomerular endothelium in TLR4 responses in the 

context of LPS and anti-MPO antibodies as initiators of injury.

In vivo murine models have shown that the chemokines CXCL1 and CXCL2 directs neutrophil 

recruitment to the cornea,31 peritoneum,32, 33 the joint.34 The addition of LPS to anti-glomerular 

basement membrane (GBM) globulin enhances heterologous renal injury.27, 35 Furthermore, Brown 

et al, demonstrated that neutralizing CXCL1 and CXCL2, which was TLR4 mediated and produced by 

renal cells, resulted in decreased glomerular injury.27 We have demonstrated that renal CXCL1 and 

CXCL2 expression (mRNA and protein) increases in a TLR4 dependent manner, both of which are 

produced by GEnC. The receptor for CXCL1 and CXCL2, CXCR2, is present on neutrophils, but LPS 

does not induce its expression or alter migration induced by neutrophil chemoattractants.23, 36 The 

current studies show that CXCL1 and CXCL2 direct anti-MPO antibody glomerular and pulmonary 

neutrophil recruitment, as neutralizing CXCL1 and CXCL2 decreased glomerular neutrophil 

recruitment and lung MPO activity early, and functional and histological renal injury later in the 

disease.

Both bone marrow derived cells37 and an activated glomerular endothelium38, 39 are thought 
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to be important in glomerular neutrophil recruitment in GN induced by anti-MPO antibodies. The 

current studies demonstrate that both bone marrow and tissue cell TLR4 are required for maximal 

glomerular and lung neutrophil requirement, underlying separate roles in the disease process. 

These e� ects within the kidney extended out to at least six days, where mice de� cient in either bone 

marrow cell or tissue cell TLR4 exhibited less injury, even in  the face of more profound initial decrease 

in glomerular neutrophil recruitment in BM-TC+ mice. As CXCL1 and CXCL2 staining was decreased 

in BM-TC+ mice and BM+TC- mice, both bone marrow and tissue cell derived TLR4 are important 

in the renal production of CXCL1 and CXCL2, required for glomerular neutrophil recruitment. 

Neutralizing CXCL2 at the induction of injury resulted in attenuated functional and histological 

glomerular injury after six days; the e� ects of CXCL1 blockade were less prolonged. While the 

current studies did not assess the cell type in the lung that produces neutrophil chemoattractants, 

previous studies have demonstrated that CXCL1 and CXCL2 are produced by Clara cells (non-ciliated 

bronchoalveolar epithelial cells in the distal airways).40 Previous studies analysing lung MPO activity 

to quantitate neutrophil recruitment in TLR4 chimeric mice have yielded con� icting results, with 

one study implicating tissue cells,41 whilst another showed bone marrow cell TLR4 to be important.42 

In experimental anti-MPO antibody induced neutrophil recruitment MPO activity is decreased in 

both BM-TC+ and BM+TC- chimeric mice.

Observations in human renal biopsies suggest a pathogenic role for CXCL8, the key neutrophil-

attracting chemokine in ANCA GN.15 Previous studies have suggested that CXCL8 can be produced 

by •genericŽ macrovascular endothelial cells (HUVECs)43, and cultured human mesangial cells.44 We 

compared CXCL8 production by di� erent human glomerular cells, including ciGEnC, concurrently, 

in a single study. Whilst baseline expression of CXCL8 mRNA and protein production was higher 

in podocytes; ciGEnC showed the most signi� cant increase in expression and production after 

stimulation, suggesting that during in� ammation GEnC produce CXCL8 which is responsible for 

neutrophil recruitment.

We have demonstrated a pivotal role for both bone marrow and intrinsic renal cell TLR4 in 

glomerular and lung neutrophil recruitment and injury in experimental ANCA disease. Maximal 

neutrophil recruitment is dependent on CXCL1 and CXCL2, tissue cell expression, which is TLR4 

dependent. Therefore, in addition to immune cell TLR4 mediated activation and recruitment, the 

current studies demonstrate a role for the glomerular endothelium, which involves GEnC TLR4 

expression, and CXC chemokine production, that enhances neutrophil recruitment. Results from 

these studies add to evidence linking infection to autoimmune GN and provide evidence for 

possible bene� ts of TLR inhibition in immune glomerular disease.
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ABSTRACT

Anti-neutrophil cytoplasmic autoantibodies (ANCA) directed against myeloperoxidase (MPO) 

and proteinase 3 (Pr3) are considered pathogenic in ANCA-associated necrotizing and crescentic 

glomerulonephritis (NCGN) and vasculitis. Modulation of ANCA IgG glycosylation may potentially 

reduce its pathogenicity by abolishing Fc receptor-mediated activation of leukocytes and 

complement. Here, we investigated whether IgG hydrolysis by the bacterial enzyme endo-   

glycosidase S (EndoS) attenuates ANCA-mediated NCGN. In vitro, treatment of ANCA IgG with 

EndoS signi� cantly attenuated ANCA-mediated neutrophil activation without a� ecting antigen-

binding capacity. In a mouse model of anti-MPO IgG/LPS-induced NCGN, we induced disease 

with either unmodi� ed or EndoS-treated (deglycosylated) anti-MPO IgG. In separate experiments, 

we administered EndoS systemically after disease induction with unmodi� ed anti-MPO IgG. 

Pretreatment of anti-MPO IgG with EndoS reduced hematuria, leukocyturia, and albuminuria and 

attenuated both neutrophil in� ux and formation of glomerular crescents. After inducing disease 

with unmodi� ed anti-MPO IgG, systemic treatment with EndoS reduced albuminuria and glomerular 

crescent formation when initiated after 3 but not 24 hours. In conclusion, IgG glycan hydrolysis 

by EndoS attenuates ANCA-induced neutrophil activation in vitro and prevents induction of anti-

MPO IgG/LPS-mediated NCGN in vivo. Systemic treatment with EndoS early after disease induction 

attenuates the development of disease. Thus, modulation of IgG glycosylation is a promising 

strategy to interfere with ANCA-mediated in� ammatory processes.
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INTRODUCTION

Wegener•s granulomatosis, microscopic polyangiitis, Churg-Strauss syndrome, and idiopathic 

pauci-immune necrotizing and crescentic glomerulonephritis (NCGN) are forms of small-vessel 

vasculitis that are strongly associated with anti-neutrophil cytoplasmic autoantibodies (ANCA).1 

ANCA comprise a group of autoantibodies directed against lysosomal proteins of neutrophils and 

monocytes. The primary target antigens are proteinase 3 (Pr3) and myeloperoxidase (MPO).2 ANCA-

associated systemic vasculitides are severe diseases with a high mortality rate when left untreated. 

Current treatment regimens are associated with signi� cant adverse e� ects without preventing the 

occurrence of relapses3; therefore, more e� ective and less toxic therapeutic approaches are needed.

Similar to autoantibodies in other autoimmune diseases, ANCA are considered to be pathogenic.4 

The pathogenic e� ect of ANCA comprises activation of cytokine-primed neutrophils within the 

microvasculature, through binding of ANCA IgG to surface-expressed antigens with their F(ab•)2 

portions and ligating to constitutively expressed neutrophil Fc� receptors (Fc�R), Fc�RIIa and Fc�RIIIb, 

with their Fc tail.5-7 The activated neutrophils release their granules, which contain tissue-degrading 

enzymes, and generate oxygen radicals, leading to bystander damage of endothelial cells. In 

addition, the alternative complement pathway is activated and the recruitment of neutrophils and 

monocytes is promoted, resulting in accelerated in� ammation and eventually organ damage.4 The 

pathogenicity of ANCA is most convincingly proven by the � nding that administration of murine 

anti-MPO antibodies to mice induces an acute glomerular in� ammation that progresses to NCGN 

within days.8 Subsequent studies have shown that anti-MPO IgG-mediated NCGN in this model is 

severely aggravated upon co-administration of lipopolysaccharide (LPS), requires neutrophils as the 

main e� ector cells, and is complement and Fc receptor dependent.9-12 

To function properly, IgG molecules require glycosylation of a conserved asparagine residue 

(Asn297) in the CH2 domains of both heavy chains of the Fc fragment. These Fc glycans are complex 

biantennary structures with a high degree of heterogeneity, depending on species, age, gender, 

and disease status.13 Modi� cations in the Fc glycans cause conformational changes of the IgG 

molecule, which a� ect the a�  nity of the Fc fragment for binding to Fc�Rs and complement factor 

C1q. Complete removal of the Fc glycans by glycoside hydrolases abolishes Fc-mediated e� ector 

functions, such as antibody-dependent cell-mediated cytotoxicity and complement-dependent 

cytotoxicity. IgG glycan hydrolysis is therefore a promising strategy for the treatment of (auto)

antibody-mediated diseases.

Endoglycosidase S (EndoS) secreted by Streptococcus pyogenes speci� cally hydrolyzes the 

conserved asparagine-linked glycans on the IgG heavy chains.14,15 EndoS hydrolyzes all subclasses of 

human IgG and almost completely abolishes IgG binding to Fc�Rs and IgG-dependent complement 

activation.16 In vivo, administration of EndoS to mice causes complete hydrolysis of circulating IgG 

within hours that lasts for several days.17 Importantly, in vivo EndoS administration does not a� ect 

glycosylated plasma proteins other than IgG and has no detectable adverse e� ects. Moreover, 

repeated EndoS injections induce only a minimal immune response against the enzyme that 
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does not a� ect its activity.15 Interestingly, pretreatment of pathogenic autoantibodies with EndoS 

abrogates disease development in mouse models of arthritis and immune thrombocytopenic 

purpura.15,18 Systemic injection of EndoS also rescues mice from already established immune 

thrombocytopenic purpura and inhibits pathology in lupus-prone mice.15,17

We hypothesized that Fc glycans of ANCA IgG are important for the development of ANCA-

associated glomerulonephritis/vasculitis and that glycan hydrolysis by EndoS abrogates the 

pathogenic e� ects of ANCA. To test this hypothesis, we evaluated whether EndoS treatment inhibits 

ANCA IgG-induced neutrophil activation in vitro. Furthermore, we investigated whether EndoS 

(pre)treatment diminishes glomerulonephritis development in experimental anti-MPO antibody/

LPS-induced NCGN.

MATERIALS AND METHODS

Preparation of IgG fractions from ANCA-positive patients and control subjects

Plasma samples, obtained from plasmapheresis material or freshly drawn blood, were collected 

from ANCA-positive patients with active, biopsy-proven NCGN (MPO positive n = 5, Pr3 positive 

n = 6, � ve of which are used in each assay). The patients received immunosuppressive treatment. 

Also, plasma samples from patients with anti-glomerular basement membrane disease and from 

healthy control subjects were collected (characteristics are shown in Table 1). Plasma samples were 

Table 1 Characteristics of ANCA-positive patients and control subjects used for IgG isolation

Parameter ANCA speci� city ANCA titer Gender Age (years)

Patients

1 Anti-MPO 160 M 66

2 Anti-MPO 320 F 23

3 Anti-MPO 80 M 43

4 Anti-MPO 320 M 56

5 Anti-MPO 80 F 73

6 Anti-Pr3 160 M 66

7 Anti-Pr3 320 M 66

8 Anti-Pr3 320 M 48

9 Anti-Pr3 80 M 34

10 Anti-Pr3 40 F 28

11 Anti-Pr3 >640 F 73

Controls Antibodies

1 Anti-GBM Negative F 35

2 Anti-GBM Negative M 42

3 None Negative F 60

4 None Negative M 50

5 None Negative M 55

GBM, glomerular basement membrane.
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tested for the presence of anti-Pr3 or anti-MPO antibodies by capture ELISA.33,34 Plasma samples 

were tested for ANCA titers by indirect immuno� uorescence assay on ethanol-� xed neutrophils.34,35 

Until IgG isolation, the plasma samples were stored at -20°C. Puri� ed IgG fractions were prepared 

using a protein G column (Hi-Trap Protein G HP; GE Healthcare, Freiburg, Germany) according to 

the manufacturer•s instructions. Before use in the activation experiments, the IgG fractions were 

centrifuged for 15 min at 14000 x g to remove aggregates.

EndoS treatment of patient ANCA IgG

Recombinant EndoS was produced in Escherichia coli and puri� ed via a GST a�  nity tag as described 

previously.36 For all experiments, recombinant GST-tagged EndoS (GST-EndoS) or GST alone was 

used. For in vitro experiments, 100 µg of ANCA IgG was incubated with 1 µg of GST-EndoS in PBS at 

37°C for 2h. The e�  ciency of GST-EndoS treatment was analyzed by SDS-PAGE and LCA blotting as 

described under Analysis of IgG glycan hydrolysis. 

Analysis of IgG glycan hydrolysis

Two or 0.5 µg of puri� ed IgG was separated on 10% SDS-PAGE and stained with Coomassie blue 

or electroblotted onto polyvinylidene di� uoride membrane (Immobilon-P; Millipore, Bedford, MA), 

respectively. Glycosylated IgG was detected by using 1 µg/ml of biotinylated LCA and 1 µg/ml of 

streptavidin-horseradish peroxidase (Vector Laboratories, Burlingame, CA) and SuperSignal West 

Pico peroxidase substrate (Pierce, Rockford, IL). Membranes were analyzed using a Chemidoc XRS 

imaging system and Quantity One image analysis software (Bio-Rad, Hercules, CA).

Indirect immuno�  uorescence

Freshly isolated healthy donor neutrophils were ethanol-� xed and sequentially incubated with 

ANCA IgG fractions (dilutions 1:20 to 1:640) and a�  nity puri� ed F(ab•)2 rabbit anti-human IgG/FITC 

(diluted 1:400; Dako A/S, Copenhagen, Denmark) using a standard protocol.34,35

Human anti-MPO and anti-Pr3 ELISA

Untreated, GST-EndoS- or GST control-treated ANCA IgG fractions were tested for the ability to bind 

to Pr3 or MPO by ELISA. Brie� y, Nunc Maxisorp plates were coated with 135 µg/ml MPO or 10 µg/

ml Pr3 (in the presence of 87 µg/ml PMSF) in 0.1 M carbonate bu� er (pH 9.6) overnight at 4°C. After 

washing thoroughly with 25 mM Tris/HCl (pH 8.0) containing 0.15 M NaCI and 0.05% Tween-20 

(washing bu� er), the plates were incubated with 100 µl of IgG fractions (two-fold serial dilutions 

from 1:25 to 1:3200) in 50 mM Tris/HCl (pH 8.0) containing 0.25% Tween-20, 0.30 M NaCl, and 1% 

BSA (incubation bu� er) for 2 h at room temperature. After washing, bound antibody was detected 

by incubation with 167 ng/ml a�  nity-puri� ed F(ab•)2 goat anti-human IgG linked to alkaline 

phosphatase (American Qualex, San Clemente, CA), and p-nitrophenyl-phosphate disodium was 

used as a substrate. The OD at 405 nm was measured. 
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Isolation of neutrophils

Neutrophils were isolated from heparinized venous blood of healthy controls by centrifugation 

on Lymphoprep (Axis-Shield, Oslo, Norway). Contaminating erythrocytes were lysed with ice-

cold ammonium chloride bu� er. Cells were washed with cold Hanks• balanced salt solution (HBSS) 

without Ca2+ /Mg2+ (HBSS-/-) and resuspended in cold HBSS with Ca2+ /Mg2+ (HBSS+/+; both from 

Invitrogen, Breda, Netherlands). 

Measurement of respiratory burst by oxidation of DHR to Rhodamine

The generation of reactive oxygen radicals by neutrophils was determined by measuring the 

oxidation of the non� uorescent DHR to the green � uorescence rhodamine as described previously.37 

Freshly isolated healthy donor neutrophils (� nal concentration 2.5 x 106/ml) were gradually warmed 

to 37°C and incubated with 5 µg/ml cytochalasin B (Sigma-Aldrich, Zwijndrecht, Netherlands) for 

5 min at 37°C to enhance oxygen radical production. Then cells were loaded with 0.05 mM DHR 

(D632; Molecular Probes, Eugene, OR) for 10 min at 37°C. Sodium azide (2 mM) was added to prevent 

intracellular breakdown of H2O2 by catalase. Then cells were primed with 2 ng/ml recombinant 

human TNF-� (rHuTNF-�D; Boeringher Ingelheim, Heidelberg, Germany) for 15 min at 37°C and 

� nally incubated with IgG fractions (� nal concentration 200 µg/ml) as stimulus. After 1 hour at 37°C, 

samples were washed with ice-cold HBSS-/- supplemented with 1% BSA, pelleted, resuspended 

in HBSS-/-, and immediately analyzed by FACS analysis using a BD FACSCalibur � ow cytometer. 

Neutrophils were identi� ed by forward- and side-scatter properties, and the cellular rhodamine 

� uorescence intensity of 10,000 neutrophils was measured for each sample using a FITC argon laser 

with the excitation source at 488 nm. Results are expressed as mean � uorescence intensity (MFI) and 

were corrected for nonprimed neutrophils.

Degranulation assays

Freshly isolated healthy donor neutrophils (� nal concentration 1 x 106/ml) were gradually 

warmed to 37°C and treated with 5 µg/ml cytochalasin B (Sigma-Aldrich) for 5 min at 37°C. Then 

neutrophils were primed with 2 ng/ml rHuTNF-�D (Boeringher Ingelheim) for 15 min at 37°C. The 

primed neutrophils (0.2 x 106 cells/well) were incubated in a 96-well round-bottom microtiter plate 

(Greiner) with the IgG fractions (� nal concentration 200 µg/ml) for 120 min at 37°C. At the end of 

this incubation period, cell-free supernatants were collected for the determination of lactoferrin 

and elastase.

The lactoferrin content of the supernatant was measured as described previously.38 Brie� y, Costar 

plates (Uden, The Netherlands) were coated with a F(ab•)2 rabbit anti-human lactoferrin polyclonal 

antibody (667 ng/ml; Jackson ImmunoResearch Laboratories, West Grove, PA) overnight at room 

temperature, then washed and incubated with serial (two-fold) dilutions of the samples, starting 

at a dilution of 1:25, for 1 hour at 37°C. After washing, a rabbit anti-human lactoferrin polyclonal 

antibody conjugated with horseradish peroxidase (400 ng/ml; Jackson) was incubated for 30 min 
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at 37°C. Finally, TMB (3,3•,5,5•-tetramethylbenzidine; Sigma-Aldrich) substrate was incubated for 15 

min. The color reaction was stopped with 2N H2SO4. OD values were measured at 450 nm. The range 

of the lactoferrin standard (HK329; Hbt, Uden, Netherlands) was 0.16 to 100.00 ng/ml.

The elastase content of the supernatant was measured using a commercially available ELISA kit 

(HK319; Hbt), according to the manufacturer•s description. The range of the elastase standard was 

0.39 to 25.00 ng/ml.

Mice

Mpo-/- mice were backcrossed to a C57BL/6 background seven times39 and bred in house. Female 

C57BL/6 wild-type mice were purchased from Harlan (Horst, Netherlands). All animal experiments 

were performed according to national guidelines and were approved by the local Animal Care and 

Experimentation Committee.

Production of polyclonal mouse anti-MPO IgG

Murine MPO was puri� ed from WEHI-3 cells and used for immunization of Mpo-/- mice as described 

previously.9 Total IgG was isolated from pooled sera of immunized Mpo-/- mice, and the anti-MPO 

titer was analyzed by ELISA as reported previously.9

Induction and evaluation of anti-MPO IgG-induced NCGN

Wildtype C57BL/6 mice (8 to 10 weeks, bodyweight 16 to 18 g) received 1 mg of anti-MPO IgG 

intravenously, followed by an intraperitoneal injection of 150 EU/g LPS (Escherichia Coli, serotype 

O26:B6; Sigma-Aldrich) 1 hour later. Mice were killed after 1 or 7 days, and kidneys were harvested, 

cut, and partly snap-frozen for immunohistochemistry and partly embedded in para�  n for 

histopathological evaluation. Plasma and (18-hour) urine were collected at both time points. 

Plasma samples were tested for circulating MPO antibody titers by ELISA as described previously.9 

Urine samples were tested for hematuria (0 to 4+ score) and leukocyturia (0 to 3+ score) by 

Combur-Test strips (Roche Diagnostics BV, Almere, Netherlands) and albuminuria by ELISA (Bethyl 

Laboratories, Montgomery, TX). Periodic acid-Schi�  staining was performed on para�  n sections, 

and the number of glomerular crescents was counted in 100 consecutive glomerular cross-sections 

in a blinded manner, as described previously.26 Immunohistochemical staining for neutrophils was 

performed on acetone-� xed 5-µm cryosections using an anti-rabbit peroxidase-based Envision+ 

system (DakoCytomation, Carpinteria, CA) according to the manufacturer•s protocol. Sections 

were incubated for 30 min with 10 µg/ml rat anti-mouse-Ly6G (clone 1A8; BD Biosciences, Breda, 

Netherlands) or isotype control antibody (IgG2a; Antigenix America, Huntington Station, NY) 

followed by a 30-minute incubation with 10 µg/ml unlabeled rabbit anti-rat secondary antibody 

(Vector Laboratories, Burlingame, CA). After detection of peroxidase activity with 3-amino-9-

ethylcarbazole, sections were counterstained with Mayer•s hematoxylin.
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In vivo EndoS treatment

First, the e� ect of EndoS pretreatment of anti-MPO IgG was investigated. Mice were administered an 

intravenous injection of anti-MPO IgG that was pre-incubated (2 hours at 37°C) with GST-EndoS or 

GST (1 µg/100 µg IgG) to achieve deglycosylation. Mice were killed after 1 or 7 days (n = 6 per group) 

to evaluate disease development.

Then the e� ect of EndoS treatment at two di� erent timepoints (3 hours [early] and 24 hours [late]) 

after disease induction was investigated. For this purpose, mice were administered an intravenous 

injection of 20 µg GST-EndoS or GST in 200 µl of PBS 3 or 24 hours after disease induction and killed 

on day 7 (n = 6 per group). 

Statistical analysis

Data are expressed as mean ± SD and were analyzed using the unpaired two-tailed t-test. All 

statistical analyses were performed using SPSS 16.0 (SPSS Inc., Chicago, IL) or GraphPad Prism 5.00 

for Windows (Graphpad Software, San Diego, CA). P 
 0.05 was considered statistically signi� cant

RESULTS

EndoS-mediated glycan hydrolysis inhibits ANCA IgG-induced neutrophil activation

EndoS treatment e�  ciently hydrolyzes ANCA IgG glycans

MPO- and Pr3-ANCA IgG isolated from ANCA-positive patients with active, biopsy-proven NCGN 

(Table 1) were treated with glutathione S-transferase (GST)-tagged EndoS or GST alone. Subsequent 

SDS-PAGE analysis showed that EndoS treatment reduced the molecular weight of the IgG heavy 

chain by approximately 3 kD (Figure 1), which corresponds to loss of the Fc glycans.15 Lens culinaris 

agglutinin lectin (LCA) blot analysis of the same samples showed that LCA could not bind to 

EndoS-treated ANCA IgG. It was previously shown by mass spectroscopy that the lack of LCA signal 

corresponds well with complete IgG glycan hydrolysis.19 For some patients, the LCA signal was 

very low (patient 8) or not detectable (patients 7 and 9) in untreated ANCA IgG. Nevertheless, the 

combined analysis of lectin blots and stained SDS-PAGE clearly demonstrates that EndoS completely 

deglycosylates the heavy chains of all patients• ANCA IgG.

EndoS treatment of ANCA IgG does not a� ect antigen-binding capacity

To verify that EndoS treatment does not a� ect the antigen-binding capacity of ANCA IgG, we tested 

the samples in a direct anti-MPO or anti-Pr3 ELISA (Figure 2, C and F). Deglycosylated ANCA IgG 

showed similar dilution curves compared with unmodi� ed ANCA IgG. Also, the perinuclear staining 

pattern of MPO-ANCA IgG and the cytoplasmic staining pattern of Pr3-ANCA IgG on ethanol-� xed 

neutrophils were not a� ected by EndoS treatment (Figure 2, A, B, D and E). Together, these data 

indicate that glycan hydrolysis by EndoS does not a� ect the antigen-binding capacity of ANCA IgG.
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Figure 2 EndoS-treated ANCA IgG retains antigen-binding capacity. (A, B, D, and E) Using indirect 
immuno� uorescence on ethanol-� xed neutrophils, both deglycosylated (A) and unmodi� ed (B) MPO-ANCA 
IgG show a perinuclear staining pattern, whereas deglycosylated (D) and unmodi� ed (E) Pr3-ANCA IgG show 
a cytoplasmic staining pattern. (C and F) Deglycosylated (o) or umodi� ed (�?) MPO- and Pr3-ANCA IgG samples 
are serially diluted and tested in a direct ELISA for anti-MPO or anti-Pr3, demonstrating similar titration curves. 
Representative examples of a MPO-ANCA IgG (C) and Pr3-ANCA IgG (F) are shown. Magni� cation, 400x.
(color image on page  184)

Figure 1 EndoS-mediated hydrolysis of the glycan moiety of ANCA IgG. Patient-derived MPO- and Pr3-ANCA 
IgG are treated with GST-tagged EndoS or GST alone. In the top part (Stain), a Coomassie Brilliant Blue staining is 
shown of MPO-ANCA IgG (patients 1 through 5) and Pr3-ANCA IgG (patients 6 through 11) that were untreated 
(C), EndoS-treated (E), or GST control-treated (G). In the bottom part (LCA), an LCA blot is shown from the same 
ANCA IgGs as presented in the top part. The binding site for LCA is located in the IgG heavy chain glycan. 
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A

B

Figure 3 EndoS treatment inhibits ANCA-induced neutrophil respiratory burst. (A and B) Examples of a 
MPO- (A) and Pr3-ANCA IgG-induced (B) respiratory burst in TNF-�D-primed neutrophils as measured by the 
dihydrorhodamine assay. The � gure shows neutrophil oxygen radical production in untreated cells (gray) and 
cells stimulated with deglycosylated (solid line) or unmodi� ed (dotted line) ANCA IgG. (C through F) Summary 
of the e� ect of EndoS-mediated deglycosylation of ANCA IgG on MPO-ANCA-induced (n = 5; C and D) and Pr3-
ANCA-induced (n = 5; E and F) neutrophil oxygen radical production as determined on neutrophils from two 
donors and expressed as change in mean � uorescence intensity (donor 1 in C and E, donor 2 in D and F). Bars 
represent means ± SD. *P < 0.05; **P < 0.01.

Figure 4 EndoS treatment inhibits ANCA-induced neutrophil degranulation. (A and B) E� ect of EndoS-
mediated deglycosylation of MPO-ANCA IgG (black bars; n = 5) and Pr3-ANCA IgG (white bars; n = 5) on ANCA 
IgG-induced lactoferrin release as determined on neutrophils from two donors (donor 1 in A, donor 2 in B). (C 
and D) E� ect of EndoS-mediated deglycosylation of MPO-ANCA IgG (black bars; n = 5) and Pr3-ANCA IgG (white 
bars; n = 5) on ANCA IgG-induced elastase release as determined on neutrophils from two donors (donor 1 in C, 
donor 2 in D). Bars represent means ± SD. *P < 0.05; **P < 0.01.
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EndoS treatment inhibits ANCA IgG-induced neutrophil respiratory burst

Next, we tested the ability of ANCA IgG samples to activate TNF-�D-primed neutrophils, using the 

dihydrorhodamine (DHR) respiratory burst assay. Consistent with previous studies,20 oxidative burst 

wa s detected only when neutrophils were primed with TNF-�D (data not shown). IgG from healthy 

control subjects and patients with anti-glomerular basement membrane disease did not activate 

TNF-�D-primed neutrophils (data not shown). In contrast, all Pr3- and MPO-ANCA IgGs were able 

to activate TNF-�D-primed neutrophils, although to a variable extent (range in change in mean 

� uorescence intensity was 57 to 1091 in one neutrophil donor). ANCA-mediated induction of the 

oxidative burst was Fc tail dependent because ANCA-derived F(ab•)2 fragments were not able to 

induce oxidative burst (Supplemental Figure 1, A and B). EndoS-mediated deglycosylation of MPO- 

and Pr3-ANCA IgG markedly attenuated ANCA-induced respiratory burst (Figure 3), demonstrating 

that IgG glycan hydrolysis by EndoS strongly attenuates the neutrophil-activating capacity of ANCA 

IgG.

EndoS treatment inhibits ANCA  IgG-induced neutrophil degranulation

In addition to respiratory burst induction, we investigated whether deglycosylation of IgG by EndoS 

attenuates ANCA IgG-induced neutrophil degranulation. Both MPO- and Pr3-ANCA IgG were able 

to induce release of lactoferrin and elastase (Figure 4). F(ab•)2 fragments from patient-derived 

Figure 5  EndoS-mediated hydrolysis of the glycan moiety of murine anti-MPO IgG does not a� ect anti-
MPO IgG titers after induction of crescentic glomerulonephritis. (A, top) A Coomassie Brilliant Blue staining is 
shown of murine anti-MPO IgG that was untreated (C), EndoS-treated (E), or GST control-treated (G). (A, bottom) 
LCA blot is shown from the same samples. (B) Co-administration of anti-MPO IgG and LPS to mice induces NCGN. 
Mice that received deglycosylated anti-MPO IgG (�x) had similar titers of anti-MPO antibodies compared with 
mice that received unmodi� ed anti-MPO IgG (�?) on day 1. On day 7, anti-MPO titers in both groups (unmodi� ed 
anti-MPO IgG [�z] and deglycosylated anti-MPO IgG [�‡]) are decreased compared with day 1. Data are means ± 
SD of 12 (day 1) or six (day 7) mice.
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ANCA IgG were not able to induce lactoferrin and elastase release from TNF-�D-primed neutrophils 

(Supplemental Figure 1, C and D). Deglycosylation of MPO- and Pr3-ANCA IgGs signi� cantly reduced 

lactoferrin and elastase release in two neutrophil donors (Figure 4). These results demonstrate that 

IgG glycan hydrolysis by EndoS attenuates ANCA IgG-induced neutrophil degranulation.

Deglycosylation of anti-MPO IgG markedly diminishes induction of crescentic 

glomerulonephritis in mice

Next, we investigated whether deglycosylated anti-MPO IgG was able to induce NCGN in mice. 

EndoS treatment of mouse anti-MPO IgG e�  ciently hydrolyzed the heavy chain glycans of the IgG, 

as was shown by a reduction in the molecular weight of the IgG heavy chain, and loss of LCA binding 

(Figure 5A). Mice that received deglycosylated anti-MPO IgG and LPS had similar levels of circulating 

anti-MPO antibodies compared with mice that received unmodi� ed anti-MPO IgG and LPS after 1 

Figure 6 EndoS-mediated deglycosylation of anti-MPO IgG inhibits induction of hematuria (A), leuko-
cyturia (B), and albuminuria (C) induced by anti-MPO IgG and LPS. (A) Induction of N CGN by unmodi� ed 
anti-MPO IgG caused marked hematuria after 1 and 7 days (�?). Mice that received deglycosylated anti-MPO 
IgG (�z) had less hematuria after 1 day. (B) Induction of NCGN by unmodi� ed anti-MPO IgG caused increased 
leukocyturia after 1 and 7 days (�?). Mice that received deglycosylated anti-MPO IgG (�z) had mild leukocyturia 
on day 1, whereas no leukocyturia could be detected on day 7. (C) Albuminuria before (baseline) and at 1 and 7 
days after anti-MPO IgG/LPS administration. Mice that received unmodi� ed anti-MPO IgG had increased urinary 
albumin concentrations on day 1 and even more on day 7. Mice that received deglycosylated anti-MPO IgG had 
urinary albumin levels that were comparable to baseline levels on days 1 and 7. White bars, unmodi� ed anti-
MPO IgG; black bars, deglycosylated anti-MPO IgG. Bars represent means ± SD. **P < 0.01; ***P < 0.001.
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and 7 days (Figure 5B). Mice that received unmodi� ed anti-MPO IgG developed marked hematuria 

and leukocyturia that lasted from day 1 until being killed on day 7 (Figure 6, A and B). On day 1, 

hematuria in these mice reached the maximum value of 4+, whereas leukocyturia was highest 

on day 7. In contrast, mice that received deglycosylated anti-MPO IgG displayed less hematuria 

on day 1, whereas leukocyturia on day 7 was completely absent. Albuminuria was increased on 

day 1 and even more on day 7 in mice that received unmodi� ed anti-MPO IgG as compared with 

baseline levels. In contrast, in mice that were administered an injection of deglycosylated anti-

Figure 7 EndoS-mediated deglycosylation of anti-MPO IgG redu ces early glomerular neutrophil in�  ux. 
(A and B) Hematoxylin staining (A) and neutrophil staining (B) of a glomerulus on day 1 after disease induction 
from a mouse that received unmodi� ed anti-MPO IgG and LPS demonstrate marked segmental in� ltration of 
neutrophils. (C and D) Hematoxylin staining (C) and neutrophil staining (D) of a glomerulus on day 1 after disease 
induction from a mouse that received deglycosylated anti-MPO IgG and LPS demonstrate strongly reduced 
neutrophil in� ltration. (E) Quanti� cation of glomerular neutrophil in� ux on day 1 after disease induction in 
mice that received unmodi� ed or deglycosylated anti-MPO IgG. Gcs, glomerular cross-section. ***P < 0.001. 
Magni� cation, 400x.  (color image on page  185)
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MPO IgG, albuminuria was comparable to baseline levels on days 1 and 7 (Figure 6C). These results 

demonstrate that EndoS-mediated deglycosylation of anti-MPO IgG markedly reduces urinary 

abnormalities in anti-MPO IgG/LPS-induced NCGN.

Analysis of glomerular neutrophil accumulation 1 day after induction of NCGN revealed a 

marked reduction in glomerular neutrophil in� ux in mice that received deglycosylated anti-MPO 

IgG compared with mice that received unmodi� ed anti-MPO IgG (Figure 7). All mice that had 

received unmodi� ed anti-MPO IgG developed a focal and segmental crescentic glomerulonephritis 

on day 7 (19.8 ± 4.8% glomerular crescents; Figure 8). In contrast, glomerular crescent formation 

was completely absent in � ve of six mice that had received deglycosylated anti-MPO IgG, whereas 

the other mouse had only 3% crescentic glomeruli. These results demonstrate that EndoS-mediated 

deglycosylation of anti-MPO IgG markedly diminishes early glomerular neutrophil in� ux and almost 

completely prevents glomerular crescent formation in anti-MPO IgG/LPS-induced NCGN. 

Figure 8 EndoS-mediated deglycosylation of anti-MPO IgG prevents development of NCGN induced 
by anti-MPO IgG and LPS. (A) Overview of renal cortical tissue from a mouse administered an injection of 
unmodi� ed anti-MPO IgG and LPS 7 days after disease induction, representing the focal and segmental nature 
of the glomerulonephritis. Glomerular crescents are indicated by arrows. (B) Overview of renal cortical tissue 
from a mouse administered an injection of deglycosylated anti-MPO IgG and LPS 7 days after disease induction, 
displaying normal renal morphology. (C) Detail of a glomerulus with a large cellular crescent on day 7, from a 
mouse that had received unmodi� ed anti-MPO IgG and LPS. (D) Quanti� cation of glomerular crescent formation 
in mice that received unmodi� ed or deglycosylated anti-MPO IgG expressed as the percentage of glomerular 
crescents. Horizontal lines represent mean percentages in each group. ***P < 0.001. (A through C) Periodic acid-
Schi�  stain. Magni� cations, 200x in A and B; 400x in C. (color image on page  185)
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Figure 9 EndoS treatment does not a� ect anti-MPO IgG titers. (A) After induction of NCGN by anti-MPO 
IgG and LPS, mice were systemically treated with EndoS or GST (as a control) after 3 hours. Mice of both groups 
(EndoS [�x] and GST control [�?]) had developed similar titers of anti-MPO IgG on day 1. In both groups (EndoS [�‡] 
and GST control [�z]) anti-MPO titers decreased on day 7. Data are means ± SD of six mice. (B) After induction of 
NCGN by anti-MPO IgG and LPS, all mice had developed similar titers of circulating anti-MPO after 24 hours (�v). 
Mice were treated with EndoS or GST (as a control) after 24 hours. In both groups (EndoS [�‡] and GST control [�z]), 
anti-MPO titers decreased on day 7. Data are means ± SD of 12 (day 1) or six (day 7) mice.

Figure 10 Early (3 hours) but not late (24 hours) EndoS treatment reduces albuminuria in anti-MPO IgG/
LPS-induced NCGN. (A, B, and C) Early (3 hours) EndoS treatment. For hematuria (A) and leukocyturia (B), no 
di� erences are observed between GST-treated mice (�?) and EndoS-treated mice (�z) after 1 and 7 days. (C) 
Albuminuria was signi� cantly reduced in the EndoS-treated mice (black bars) on days 1 and 7 compared with 
GST-treated mice (white bars). Bars represent means ± SD. (D, E, and F) Late (24 hours) EndoS treatment. For 
hematuria (D) and leukocyturia (E), no di� erences are observed between GST-treated mice (�?) and EndoS-treated 
mice (�z) after 7 days. Also for albuminuria (F), no di� erences are observed between GST-treated mice (black bars) 
and EndoS-treated mice (white bars) after 7 days. Bars represent means ± SD. *P < 0.05; **P < 0.01; ***P <0.001.
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Early (3 hours) but not late (24 hours) EndoS treatment attenuates anti-MPO IgG-induced 

NCGN

After demonstrating that EndoS-mediated deglycosylation of anti-MPO IgG largely prevents the 

induction of anti-MPO IgG-induced NCGN, we next investigated whether EndoS is bene� cial when 

administered systemically. Mice were treated with EndoS either early (3 hours) or late (24 hours) 

after disease induction. Consistent with previous studies,17 EndoS treatment 3 hours after disease 

induction resulted in an e�  cient deglycosylation of serum IgG 24 hours after NCGN induction, 

whereas on day 7, LCA-positive IgG had reappeared (Supplemental Figure 2). Systemic EndoS 

treatment did not a� ect anti-MPO antibody titers (Figure 9). Early or late EndoS treatment had 

no signi� cant e� ect on hematuria and leukocyturia (Figure 10, A through D). EndoS treatment 3 

hours after disease induction reduced albuminuria on days 1 and 7 compared with control mice 

(Figure 10E); however, EndoS treatment 24 hours after disease induction did not a� ect albuminuria 

Figure 11 Early (3 hours) but not late (24 hours) EndoS treatment reduces glomerular crescent formation 
in anti-MPO IgG/LPS-induced NCGN. (A and B) Quanti� cation of glomerular crescent formation in GST- and 
EndoS-treated mice expressed as the percentage of glomerular crescents. Early (3 hours; A) but not late (24 
hours; B) EndoS treatment reduces the amount of glomerular crescents on day 7. Horizontal lines represent 
mean percentages in each group. ***P < 0.001 (C) Overview of renal cortical tissue 7 days after disease induction 
from a mouse that received early (3 hours) GST control treatment, representing the focal and segmental nature 
of the glomerulonephritis. Glomerular crescents are indicated by arrows. (D) Overview of renal cortical tissue 7 
days after disease induction from a mouse that received early (3 hours) EndoS treatment; only a few glomerular 
crescents are seen. (C and D) Periodic acid-Schi�  stain. Magni� cation, 100x  in C and D. (color image on page  186)
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(Figure 10F). Similarly, early EndoS treatment signi� cantly reduced the percentage of glomerular 

crescents compared with control mice (Figure 11, A, C and D), whereas late EndoS treatment did not 

a� ect glomerular crescent formation (Figure 11B). Together, these results demonstrate that early (3 

hours) but not late (24 hours) systemic EndoS administration rescues mice from disease progression. 

DISCUSSION

In this study, we demonstrate that EndoS e�  ciently hydrolyzed the Fc glycans of patient ANCA 

IgG, thereby disrupting the neutrophil-activating capacity of ANCA in vitro. EndoS-mediated 

deglycosylation of mouse anti-MPO IgG almost completely prevented experimental anti-MPO 

IgG/LPS-mediated glomerulonephritis. Moreover, systemic EndoS administration 3 hours after 

disease induction rescued mice from disease progression, whereas disease development was not 

attenuated by EndoS treatment after 24 hours. 

According to the widely accepted theory on the pathogenesis of ANCA-mediated vasculitis,5 

ANCA-induced activation of primed neutrophils is crucial for disease development. Activation of 

neutrophils leads to oxygen radical production and the release of lytic granule constituents that 

are injurious to endothelial cells.21 ANCA-induced neutrophil activation is considered to involve 

simultaneous engagement of the F(ab•)2 portion of ANCA with ANCA antigens and interaction of 

the Fc tail of ANCA with Fc receptors.6,7,22 Our in vitro observations revealed that ANCA-mediated 

neutrophil activation, in particular degranulation, was attenuated but not completely blocked after 

Fc glycan removal. This � nding suggests that Fc receptor-independent pathways are involved in 

ANCA-induced neutrophil activation as well. Indeed, in some studies, ANCA F(ab•)2 fragments could 

activate neutrophils21,23; however, in our hands, ANCA F(ab•)2 fragments did not induce a respiratory 

burst or degranulation, suggesting that the remaining neutrophil-activating capacity of ANCA was 

due to interactions with Fc receptors that were not a� ected by IgG glycan hydrolysis.

EndoS hydrolyzes the heavy chain glycans of all four human IgG subclasses (IgG1 through 4) 

and of three mouse IgG subclasses (IgG1, IgG2a, and IgG2b).16,17 Glycan modi� cation of IgG can alter 

the relative binding to Fc�Rs. The family of Fc�Rs consists of activating and inhibiting receptors that, 

together, in the normal situation, generate a well-balanced immune response24; however, not all Fc�R 

interactions are equally a� ected by changes in heavy chain glycosylation. For instance, although 

EndoS-mediated hydrolysis of human IgG2 takes place, this does not impair binding to Fc�Rs. In 

fact, IgG2 treated with EndoS shows increased binding to Fc�RIIb and Fc�RIIa.16 Interestingly, similar 

e� ects have been observed for EndoS-mediated hydrolysis of mouse IgG. In contrast to IgG1 and 

IgG2b, EndoS treatment did not diminish IgG2a-mediated e� ector functions in the mouse model 

of IgG-induced thrombocytopenia.17 This phenomenon may also explain our � ndings that EndoS-

mediated deglycosylation of patients• ANCA IgG did not completely prevent neutrophil activation in 

vitro and that hematuria and crescent formation were not completely blocked after administration 

of deglycosylated anti-MPO IgG in vivo.

To establish further the bene� cial e� ects of EndoS-mediated IgG deglycosylation, we used the 
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mouse model of anti-MPO IgG/LPS-induced glomerulonephritis. In this model, co-administration of 

murine anti-MPO antibodies and LPS induces an acute glomerular in� ammation that progresses to 

NCGN within days. One day after disease induction, signs of acute in� ammation are present, such 

as hematuria and glomerular neutrophil in� ux, whereas leukocyturia, albuminuria and glomerular 

crescents are important disease characteristics on day 7.9 Because the pathogenicity of anti-

MPO antibodies in mice seems to be Fc�JR dependent,11,25 we hypothesized that EndoS-mediated 

deglycosylation of the anti-MPO IgG Fc tail could reduce the pathogenic e� ects of the antibodies. 

Indeed, we found that EndoS-mediated deglycosylation of anti-MPO IgG markedly diminished both 

early and late disease characteristics of this model.

After these promising � ndings with deglycosylated anti-MPO IgG, we investigated whether 

in vivo EndoS treatment was able to rescue mice from disease progression. Systemic injection of 

EndoS 3 hours after disease induction e�  ciently hydrolyzed circulating IgG and rescued mice 

from disease progression; however, systemic injection of EndoS 24 hours after disease induction 

did not signi� cantly attenuate disease development. A possible explanation for this observation 

is that 24 hours after disease induction, mechanisms downstream of the antibody-mediated 

e� ects have already been initiated. Previous studies in this disease model have demonstrated a 

crucial role for (alternative) complement pathway activation, most likely via C5a generation.12 

C5a promotes recruitment of more neutrophils to the in� ammatory site, leading to a vicious, 

self-enhancing process with production of pro-in� ammatory cytokines and further activation of 

complement. When deglycosylated anti-MPO IgG was administered, the initial start of this process 

was blocked and glomerular neutrophil in� ux on day 1 was strongly diminished. Also, when EndoS 

was administered systemically 3 hours after disease induction, EndoS was able to interfere with this 

process. Apparently, after 24 hours, the process was activated to such an extent that EndoS could 

not interfere anymore. At that stage, EndoS treatment could block only the antibody-mediated 

activation of new neutrophils entering the site but would not a� ect the pro-in� ammatory cytokines 

and complement components that had already been formed. The hypothesis that complement 

activation is important after 24 hours is supported by the � nding that complement inhibition in the 

same model via intervention with a C5-inhibiting monoclonal antibody after 24 hours attenuates 

disease progression, illustrated by a decrease in urinary abnormalities and a strong reduction in 

glomerular crescent formation.26 

A limitation of the mouse model of anti-MPO IgG/LPS-induced NCGN is that disease is induced 

by the passive, one-time transfer of anti-MPO IgG, which results in a rapid, monophasic renal disease. 

This is clearly di� erent from ANCA-associated glomerulonephritis in humans, whereby ongoing 

disease activity results in the progressive accumulation of new lesions.27,28 This may be a particular 

important limitation when evaluating the e� ect of EndoS treatment on established disease. It would 

therefore be interesting to evaluate how (pre)treatment with EndoS would a� ect the development 

of glomerulonephritis in the established rat model of anti-MPO NCGN. In this model, Wistar-Kyoto 

rats are immunized with human MPO, which leads to the generation of antibodies against human 
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MPO that cross-react with rat MPO. In this chronic and progressive model, pauci-immune crescentic 

glomerulonephritis is observed after 8 weeks.29,30 Because it is not known yet how EndoS a� ects rat 

IgG, the feasibility of such experiments would need more investigation.

In patients with certain in� ammatory diseases (e.g., rheumatoid arthritis, systemic lupus 

erythematosus, Crohn•s disease), the IgG glycan composition is di� erent from that of healthy control 

subjects. Holland et al.31 showed that this also applies to patients with active ANCA-associated 

systemic vasculitis. ANCA IgG was shown to contain more agalactosylated IgG molecules (with 

glycans containing no galactose residues). The authors also showed that ANCA IgG from these 

patients were hypogalactosylated only in their Fc but not in their F(ab•)2 part, indicating that there 

was no defect in the glycosylation or processing machinery.32 Also, in our patients• ANCA IgG, we 

observed di� erences in glycosylation (Figure 1). For some patients, the LCA signal was very low 

(patient 8) or even absent (patients 7 and 9), indicating that these patients might have an altered 

glycosylation of their IgG. Another explanation could be that these patients have an altered 

conformation of their IgG that blocks LCA from binding; however, the combination of stain and LCA 

blot showed that EndoS had hydrolyzed the IgG heavy chain glycans in all patients. Moreover, these 

ANCA IgGs did not behave di� erently compared with other ANCA IgGs in neutrophil activation 

assays. Together, these � ndings � t our hypothesis that ANCA IgG glycan modi� cations in� uence 

disease development.

We envision the use of glycan modi� cation by EndoS as an induction therapy in the treatment 

of ANCA-associated vasculitis. In patients who present with acute active disease, one injection of 

EndoS would inactivate ANCA within minutes and in that way minimize damage to vessel walls that 

are not yet a� ected. Because our results suggest that EndoS treatment cannot reverse endothelial 

injury at existing in� ammatory sites, EndoS would need to be combined with prevailing therapies. 

Many questions still need to be answered, however. First, because EndoS is a bacterial enzyme, 

its safety for administration to humans needs to be examined thoroughly. Second, it must be 

con� rmed that EndoS is speci� c for glycans on human IgG and does not a� ect glycans on other 

proteins. Finally, a potential concern is that EndoS does not discriminate between autoantibodies 

and naturally occurring, protective antibodies, thereby leading to a decreased immune defense. 

Whether such a compromise between a reduction in autoimmunity and a decreased immune 

defense is medically acceptable will largely depend on the severity and reversibility of disease 

resulting from the autoantibodies.

In conclusion, we demonstrate that ANCA IgG glycan hydrolysis by EndoS attenuated ANCA-

induced neutrophil respiratory burst and degranulation in vitro. EndoS-mediated deglycosylation 

of anti-MPO IgG almost completely protected mice from anti-MPO IgG/LPS-induced 

glomerulonephritis. Moreover, systemic EndoS administration early after disease induction rescued 

mice from disease progression. These results indicate that Fc glycans of ANCA IgG are extremely 

important for induction of ANCA-mediated glomerulonephritis. We suggest that EndoS treatment 

can potentially function as an e�  cient induction therapy and in that way supplement current 

therapeutic strategies for ANCA-associated vasculitis.
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ABSTRACT

In patients with anti-neutrophil cytoplasmic autoantibody (ANCA)-associated vasculitis and in a 

mouse model of ANCA vasculitis, polyclonal antibodies against myeloperoxidase (MPO-ANCA) 

induce vasculitis and crescentic glomerulonephritis. It is unknown whether the pathogenic potential 

of MPO-ANCA IgG is dependent on a speci� c anti-MPO IgG subclass and/or a speci� c epitope. 

Previously, it was shown that systemic injection of monoclonal anti-MPO antibodies (anti-MPO 

moAbs) of di� erent subclasses and epitope speci� city did not induce glomerulonephritis in C57BL/6 

mice, neither in the presence nor absence of bacterial lipopolysaccharide (LPS). Recently, it has been 

demonstrated that mice of the 129S6 background strain develop more severe glomerulonephritis 

upon injection of polyclonal anti-MPO antibodies when compared to C57BL/6 mice. Our objective 

was to examine whether monoclonal anti-MPO antibodies induce crescentic glomerulonephritis 

in 129S6 mice. 129S6 mice received either polyclonal anti-MPO IgG or a mix of three anti-MPO 

moAbs of di� erent subclass and recognizing non-overlapping epitopes. In a subset of mice, the 

anti-MPO moAbs were followed by an injection of a moderate dose of LPS. We found induction of 

glomerulonephritis upon administration of polyclonal anti-MPO IgG in 129S6 mice, as evidenced 

by the occurrence of hematuria, albuminuria and glomerular crescent formation. Monoclonal 

anti-MPO moAbs induced glomerulonephritis in 129S6 mice as well, but only in combination with 

systemic LPS administration. Co-administration of isotype control moAbs and LPS did not induce 

glomerulonephritis. This preliminary study shows that monoclonal anti-MPO antibodies induce 

crescentic glomerulonephritis in 129S6 mice when co-administered with LPS. These results suggest 

that anti-MPO moAb-induced crescentic glomerulonephritis in 129S6 mice can potentially serve as 

a model for pathogenic analysis of speci� c ANCA IgG subclasses and antigen recognition patterns 

and for future therapeutic studies.
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INTRODUCTION

Anti-neutrophil cytoplasmic autoantibody (ANCA)-associated small-vessel vasculitides are severe 

systemic autoimmune diseases with a high mortality that are frequently characterized by the 

development of glomerulonephritis.1 Patients with ANCA-associated vasculitis have circulating 

autoantibodies directed against neutrophilic enzymes, including myeloperoxidase (MPO). In 

C57BL/6 mice, polyclonal anti-MPO antibodies induce crescentic glomerulonephritis, demonstrating 

that anti-MPO antibodies are pathogenic.2-4 In this MPO-ANCA mouse model, co-administration of 

bacterial lipopolysaccharide (LPS) aggravates anti-MPO IgG-induced crescentic glomerulonephritis.5

In both ANCA-associated vasculitis patients and in the mouse model of MPO-ANCA vasculitis, 

the anti-MPO antibody response involves all IgG subclasses, although some subclasses of patient 

ANCA IgG are more abundant (IgG1 and IgG4)6 or have more neutrophil-activating capacity in vitro 

(IgG3).7 It is however unclear whether the pathogenicity of ANCA IgG can be ascribed to a speci� c 

subclass and/or epitope. To investigate this, 11 monoclonal anti-MPO antibodies (anti-MPO moAbs) 

have been generated previously and tested for their pathogenicity in C57BL/6 mice.8 In these mice, 

the anti-MPO moAbs were not able to induce crescentic glomerulonephritis when administered 

alone or in several combinations, with or without LPS. However, some of the anti-MPO moAbs did 

have pathogenic potential, as demonstrated by their ability to aggravate mild glomerular injury 

induced by anti-glomerular basement membrane (GBM) antibody in C57BL/6 mice.8

It has been suggested that genetic variation may, among other factors, determine the 

susceptibility for ANCA-associated glomerulonephritis.9 In mice, strain di� erences in susceptibility 

to immune-mediated glomerulonephritis have also been reported.10 Recent data suggest that mice 

of the 129S6 strain are more susceptible for development of crescentic glomerulonephritis induced 

by polyclonal anti-MPO antibodies than C57BL/6 mice.11

In this study, we examined whether anti-MPO moAbs induce crescentic glomerulonephritis 

in 129S6 mice. To this end, we administered both polyclonal anti-MPO IgG and a combination of 

three anti-MPO moAbs, with or without LPS, to 129S6 mice and analyzed development of crescentic 

glomerulonephritis.

MATERIALS AND METHODS

Mice

Mpo-/- mice were backcrossed to a C57BL/6 background for seven times12 and bred in house. Female 

129S6 mice were obtained from Taconic (Ejby, Denmark). All animal experiments were performed 

according to national guidelines and upon approval of the Institutional Animal Care and Use 

Committee. 

Production of polyclonal anti-MPO antibodies

To produce polyclonal anti-MPO IgG, Mpo-/- mice were immunized with murine MPO that was 

puri� ed from WEHI-3 cells, as described previously.5 Total IgG was isolated from pooled sera of 
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immunized Mpo-/- mice and the anti-MPO titer was checked by ELISA as reported previously.5 

Production of monoclonal anti-MPO antibodies (moAbs)

The production and characterization of 11 anti-MPO moAbs has been described previously.8 In 

brief, Mpo-/- mice were immunized with mouse MPO. Spleens were harvested and a single-cell 

suspension was made. Cells were then fused with SP20 cells to generate anti-MPO IgG-producing 

hybridomas. Anti-MPO IgG-producing clones were selected by ELISA and subcloned 3-5 times 

to obtain monoclonal clones. Anti-MPO IgG was isolated from culture supernatants by protein G 

column a�  nity chromatography after concentration by ultracentrifugation. The isotype of each 

moAb was determined using a mouse isotyping test kit (Hbt, Uden, the Netherlands) and epitope 

speci� city of the anti-MPO moAbs was determined by inhibition ELISA using biotinylated and non-

biotinylated moAbs (Table 1).

Administration of polyclonal and monoclonal anti-MPO antibodies to mice

To induce glomerulonephritis, 129S6 mice (age 9-11 weeks; body weight 21.1 �r 1.5 g) received 

polyclonal anti-MPO IgG (1 mg; n = 6 mice) or an anti-MPO moAb mix consisting of three moAb 

clones (3F7 (IgG1), 8F11 (IgG2a) and 6D1 (IgG2b); 100 µg each; n = 5 mice) via an intravenous 

injection. In some mice, the anti-MPO moAb injection was followed by an intraperitoneal injection 

with 150 EU/g body weight of LPS (Escherichia Coli, serotype O26:B6; Sigma-Aldrich, St Louis, MO, 

USA) one hour later (n = 9 mice). As controls, additional groups of mice received an intraperitoneal 

injection with LPS alone (150 EU/g body weight; n = 4 mice) or an intravenous injection with an 

isotype control moAb mix consisting of three moAbs (MOPC-21 (IgG1), Cl.18 (IgG2a) and MPC-

11 (IgG2b); 100 µg each; all from Bio X Cell, West Lebanon, NH, USA; n = 4 mice), followed by an 

intraperitoneal injection with LPS (150 EU/g body weight) one hour later.

Laboratory and pathological evaluation of glomerulonephritis

Urine was collected for 18 hours using metabolic cages at 1 and 7 day(s) after anti-MPO antibody 

administration and mice were sacri� ced after 7 days. Hematuria (0-4+ score) was evaluated by 

Combur-Test�“  strips (Roche Diagnostics BV, Almere, the Netherlands) and albuminuria by ELISA 

(Bethyl Laboratories, Montgomery, TX, USA). Para�  n kidney sections (2 µm) were stained with 

hematoxylin and eosin (H&E) or periodic acid-schi�  (PAS) stain. The number of glomerular crescents 

(�t2 cell layers in Bowman•s space) was determined by evaluating 100 consecutive glomerular cross 

sections in a blinded fashion.

 

Statistical analysis

Statistical signi� cance was determined by 1-way ANOVA using GraphPad Prism 4.03 (Graphpad 

Software, San Diego, CA, USA).
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RESULTS

We � rst determined the susceptibility of 129S6 mice for development of crescentic glomerulonephritis 

in response to polyclonal anti-MPO antibodies. Polyclonal anti-MPO IgG was isolated from MPO-

immunized Mpo-/- mice and administered intravenously to 129S6 mice. As shown in Figure 1, 

administration of polyclonal anti-MPO IgG induced hematuria after 1 day and both hematuria and 

albuminuria after 7 days. In addition, pathological analysis of renal sections revealed that all mice 

had developed glomerular crescents (6.5 �r 2.3% of glomeruli, n = 6). These data de  monstrate that 

129S6 mice are susceptible for the development of crescentic glomerulonephritis in response to 

systemic administration of polyclonal anti-MPO antibodies.

Figure 1 Development of crescentic glomerulonephritis in 129S6 mice upon polyclonal anti-MPO IgG. 
129S6 mice (n = 6) received 1 mg polyclonal anti-MPO IgG i.v. and were sacri� ced after 7 days. Urine was 
analyzed for hematuria (A) and albuminuria (B) after 1 and 7 days. Bars represent mean �r sd. The horizontal line 
in B indicates baseline albumin levels (32.1 �r 10.4 µg/18h; n = 6). *** P < 0.001 compared to baseline and day 
1 albumin levels. Kidneys were pathologically evaluated for presence of glomerular crescents upon polyclonal 
anti-MPO IgG administration (quanti� cation: 6.5 �r 2.3% crescentic glomeruli). (C) A representative image of 
a kidney section is shown. Besides a glomerular crescent (white arrow), red blood cell and protein casts are 
present in some tubuli (black arrows). Original magni� cation, 200x. (D) shows a glomerular crescent at higher 
magni� cation (400x). (color image on page  186)
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Next, we investigated whether monoclonal anti-MPO antibodies induce crescentic 

glomerulonephritis in 129S6 mice. Based on the previous characterization of 11 anti-MPO 

moAbs, we selected an IgG1, an IgG2a and an IgG2b moAb that do not cross-inhibit each other 

by ELISA, indicating that the moAbs recognize di� erent epitopes (Table 1). As shown in Figure 2, 

administration of the mix of these three anti-MPO moAbs did not induce hematuria, albuminuria 

or glomerular crescent formation in 129S6 mice. As LPS is known to aggravate the development 

of glomerulonephritis induced by polyclonal anti-MPO antibodies in C57BL/6 mice,5 we examined 

whether anti-MPO moAbs induce glomerulonephritis in 129S6 mice in the presence of LPS. Co-

administration of anti-MPO moAbs with LPS induced hematuria after 1 and 7 days and albuminuria 

after 7 days. In addition, all mice had developed glomerular crescents. To con� rm that the observed 

disease characteristics were induced speci� cally by anti-MPO moAbs, we determined the e� ects 

of co-administration of isotype control moAbs and LPS and administration of LPS alone. None of 

the mice that received isotype control moAbs/LPS or LPS alone developed hematuria, albuminuria 

or glomerular crescents. These results demonstrate that anti-MPO moAbs induce crescentic 

glomerulonephritis in 129S6 mice when co-administered with LPS. 

Table 1 Isotype speci� city and cross-inhibition analysis of the 11 anti-MPO moAbs previously generated 
and characterized. The 3 anti-MPO moAbs highlighted in bold were used in this study. The table is adapted and 
modi� ed from Huugen et al.8

Clone Isotype Cross-inhibited by

8F4 IgG1 4H9

2D4 IgG1 8F4, 4H9, 6G4

4H9 IgG1 8F4, 6G4, 8F11

1F1 IgG1 3B1, 1H4, 6G4, 6D1, 8F11

1H4 IgG1 3B1, 1F1, 6G4, 6D1, 8F11

3B1 IgG1 1H4, 1F1, 3F7, 6G4, 6D1, 8F11

3F7 IgG1 4B3, 6G4

4B3 IgG1 3F7, 6G4, 6D1

6G4 IgG2a 4H9, 1F1, 3B1, 1H4, 8F11

8F11 IgG2a 4H9, 1F1, 3B1, 1H4, 6G4

6D1 IgG2b 1F1, 3B1, 1H4
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Figure 2 Development of crescentic glomerulonephritis in 129S6 mice upon anti-MPO moAbs and LPS. 
129S6 mice received a mix of three non-overlapping anti-MPO moAbs (IgG1, IgG2a and IgG2b; 100 µg each) 
or isotype control moAbs i.v., with or without i.p. co-administration of bacterial lipopolysaccharide (LPS; 150 
EU/g). Mice were sacri� ced after 7 days and urine was analyzed for hematuria on day 1 (A) and day 7 (B) and 
for albumin at both time points (C). Bars represent mean �r sd. The horizontal line in (C) indicates baseline 
albumin levels (66.3 �r 41.0 µg/18h; n = 25). *** P < 0.001 compared to baseline albumin levels and to the other 
groups on day 7. Kidneys were pathologically evaluated for glomerular crescent formation (D). Representative 
images of glomerular crescents (E and F) from mice that received anti-MPO moAbs and LPS are shown. (G) 
and (H) demonstrate no glomerular abnormalities upon administration of isotype moAbs and LPS. Original 
magni� cations, 200x (E and G), 400x (F and H). (color image on page  187)
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DISCUSSION

This preliminary study shows that a selected combination of monoclonal anti-MPO antibodies 

induces crescentic glomerulonephritis in 129S6 mice when co-administered with LPS. The selected 

combination of anti-MPO moAbs was not able to induce glomerulonephritis when LPS was not 

administered. In contrast, polyclonal anti-MPO antibodies did induce glomerulonephritis in these 

mice without the necessity of LPS co-administration.

The concept of using combinations of moAbs against a single antigen for the development of 

models for autoantibody-driven diseases has been employed previously to create a mouse model for 

rheumatoid arthritis. In this collagen antibody-induced arthritis (CAIA) model, a cocktail consisting 

of 3-5 moAbs directed against collagen II induces arthritis in mice characterized by in� ammatory 

injury to cartilage and the bone architecture.13-17 Although such a cocktail of anti-collagen II moAbs 

is pathogenic by itself, co-administration of LPS with the moAb cocktail is usually required to achieve 

severe persisting arthritis with rapid onset. LPS bypasses the required multiple epitope speci� city, 

as it decreased the number of moAbs required for inducing arthritis from 4 to 2 clones.14 In addition, 

LPS reduced the threshold values of the arthritogenic dose of moAb (from 1 mg to 50 µg/clone 

per mouse). These results suggest that anti-MPO moAbs may induce glomerulonephritis in the 

absence of LPS when higher amounts of moAb are administered. Future experiments are necessary 

to optimize the dosing of anti-MPO moAbs to 129S6 mice in order to achieve a more robust model 

that reproducibly induces glomerulonephritis, either with or without LPS co-administration. For 

instance, additional moAbs recognizing more epitopes could be administered and/or higher doses 

of moAbs could be used. This optimized anti-MPO moAb-induced glomerulonephritis model can 

then potentially replace the current MPO-ANCA mouse model that is based on polyclonal anti-MPO 

IgG-induced glomerulonephritis in C57BL/6 mice. The use of moAbs would eliminate the need to 

raise polyclonal anti-MPO antibodies by immunization of Mpo-/- mice, which is a laborious procedure 

accompanied with apparent animal discomfort. Thus, optimization of glomerulonephritis induction 

by anti-MPO moAbs may provide a new, less laborious, model for MPO-ANCA glomerulonephritis 

that can be used for studying mechanisms of disease pathogenesis and experimental therapeutic 

interventions.

Patients with ANCA-associated vasculitis have circulating ANCA IgG molecules of all IgG 

subclasses (IgG1-IgG4)6 recognizing di� erent epitopes.18 It is not known whether within this 

polyclonal batch of antibodies, the pathogenicity of ANCA IgG can be ascribed to a speci� c IgG 

subclass. Of the four subclasses, the IgG1 and IgG3 subclasses are generally considered the most 

pro-in� ammatory due to their ability to � x and activate complement and to bind to protein antigens. 

In line with this, ANCA IgG molecules of the IgG1 and IgG3 subclass display a marked neutrophil-

activating capacity in vitro.7, 19 Moreover, clinical studies in patients with ANCA-associated vasculitis 

have suggested that the IgG3 subclass is associated with active disease20, 21 and renal involvement.6 

In mice, the most pro-in� ammatory subclasses are IgG2a and IgG2b as compared to IgG1 and 
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IgG3 in humans.22 Interestingly, anti-MPO antibodies of the IgG2a and IgG2b subclass may also be 

most pathogenic, as IgG2a and IgG2b anti-MPO moAbs were found to aggravate anti-glomerular 

basement membrane (GBM) antibody-induced glomerulonephritis,8 whereas an IgG1 anti-MPO 

moAb did not (unpublished observations). More research is required to establish whether certain 

anti-MPO moAbs with speci� c subclasses are indeed more pathogenic than others. This can, for 

example, be studied by using IgG heavy chain switch variants. In addition, it is also unclear whether 

the pathogenicity of ANCA may be ascribed to one, or some, relapse- or disease-inducing epitopes. 

It has been shown that patient-derived MPO-ANCA and Pr3-ANCA recognize a restricted set of 

epitopes within the ANCA antigen (reviewed in reference 18), but to what extent antigen epitopes 

determine pathogenicity is unclear. The 129S6 model may provide a model to study the importance 

of speci� c IgG subclasses and epitope speci� cities for the pathogenicity of ANCA in more detail.

It has been suggested that genetic variation may underlie susceptibility to autoimmune 

diseases, including ANCA-associated vasculitides.9 Studies in animal models of MPO-ANCA 

glomerulonephritis have revealed di� erences in susceptibility for glomerulonephritis induced by 

anti-MPO antibodies between strains. In the case of rats, Wistar Kyoto (WKY) rats developed anti-MPO 

antibody-induced glomerulonephritis, whereas Wistar Furth, Lewis and Brown Norway rats did not.23 

Also for mice, Xiao et al recently reported that 129S6 mice develop more severe glomerulonephritis 

in response to anti-MPO IgG (69% crescents, range 42-90%) as compared to C57BL/6 mice (8.56%, 

range 4-23%).11 A high susceptibility of the 129S6 mouse strain for glomerulonephritis development 

was also found in studies of anti-GBM antibody-induced glomerulonephritis, in which the 129S6 

strain was compared with several other mouse strains, including C57BL/6.10, 24 Unexpectedly, in our 

study, polyclonal anti-MPO IgG induced a substantial lower percentage of glomerular crescents 

in 129S6 mice (6.5% crescents, range 3-9%) as compared to 129S6 mice in the study by Xiao et al 

(69%, range 42-90%). As we did not include a direct comparison of C57BL/6 and 129S6 mice, we 

do not know whether 129S6 mice were relatively more susceptible to anti-MPO antibody-induced 

glomerulonephritis in our study. The di� erence in disease severity between our study and the study 

of Xiao et al may relate to a di� erence in pathogenicity of the anti-MPO IgG batch employed or in 

exposure of mice to pathogens, for instance due to animal housing conditions. More studies are 

required to determine whether 129S6 mice are indeed more susceptible to anti-MPO IgG-induced 

glomerulonephritis than C57BL/6. 

In conclusion, this preliminary study shows that monoclonal anti-MPO antibodies induce 

crescentic glomerulonephritis in 129S6 mice when co-administered with LPS. When optimized, 

anti-MPO moAb-induced crescentic glomerulonephritis in 129S6 mice can potentially serve as a 

model for the analysis of the contribution of speci� c ANCA IgG subclasses and antigen recognition 

patterns to the pathogenesis of ANCA-mediated glomerulonephritis and vasculitis and for testing 

experimental therapies.
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ABSTRACT

Myeloperoxidase (MPO)-anti-neutrophil cytoplasmic autoantibody (ANCA)-associated necrotizing 

crescentic glomerulonephritis (NCGN) is characterized by abundant leukocyte in� ltration. 

Chemokines are chemotactic cytokines involved in receptor-mediated recruitment of leukocytes. 

Our objective was to analyze spatiotemporal gene expression of chemokines and chemokine 

receptors in anti-MPO-mediated NCGN, to � nd potential targets for intervening with leukocyte 

in� ux. NCGN was induced in mice by co-administration of anti-MPO IgG and lipopolysaccharide. 

mRNA expression levels of chemokines and chemokine receptors were analyzed in whole kidney 

lysates as well as in laser microdissected glomeruli and tubulo-interstitial tissue 1 and 7 day(s) after 

NCGN induction. Several chemokines and chemokine receptors were induced or up-regulated in 

anti-MPO-mediated NCGN, both on day 1 (chemokines CCL3, 5; CXCL2, 5, 13; receptor CXCR2) and 

on day 7 (chemokines CCL2, 5, 7, 8, 17, 20; CXCL1, 2, 5, 10; CX3CL1; receptors CCR2, 8; CX3CR1). The 

expression levels of most chemokines and receptors were higher in glomeruli than in the tubulo-

interstitium. Because of the temporal induction of CXCR2 on day 1, we hypothesized CXCR2 as 

potential target for treatment in anti-MPO-induced NCGN. Inhibition of CXCR2 using a goat-anti-

CXCR2 serum prior to NCGN induction increased glomerular neutrophil in� ux but did not a� ect 

crescent formation and albuminuria. In conclusion, expression levels of various chemokines and 

chemokine receptors were increased in anti-MPO NCGN, and expressed particularly in glomeruli. 

These chemokines and receptors may serve as potential targets for treatment. Inhibition of a single 

target, CXCR2, did not attenuate anti-MPO NCGN. Combinatorial interventions may be necessary to 

avoid redundancy.
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INTRODUCTION

Circulating anti-neutrophil cytoplasmic autoantibodies (ANCA) directed against myeloperoxidase 

(MPO) are associated with systemic small vessel vasculitis, often characterized by necrotizing 

crescentic glomerulonephritis (NCGN).1 In mice, administration of murine anti-MPO antibodies 

induces an acute glomerular in� ammation that progresses to NCGN within days.2 This process is 

aggravated severely upon co-administration of lipopolysaccharide (LPS).3 Pathologically, the model 

is characterized by an early glomerular accumulation of neutrophils that progresses to crescentic 

glomerulonephritis with abundant glomerular and interstitial macrophage in� ltration. Moreover, 

neutrophils are the main e� ector cells in disease induction, as neutrophil depletion completely 

prevented disease development.4  

Recruitment of in� ammatory cells to sites of in� ammation is, to a large extent, regulated by 

chemokines. Chemokines are small chemotactic cytokines that are secreted by activated or injured 

cells and can be recognized by speci� c G-protein coupled receptors expressed on leukocytes.5,6 

Chemokines are classi� ed into four families … C, CC, CXC and CX3C … according to the position 

of the � rst two cysteines in the conserved amino acid sequence. Most chemokines belong to 

the CXC chemokine family, recruiting neutrophils and T and B cells, or the CC chemokine family, 

recruiting multiple leukocyte subsets including monocytes and T cells but not neutrophils. CXC 

chemokines containing an ELR+ (glutamic acid…leucine…arginine) motif are particularly powerful 

chemoattractants for neutrophils. The most potent ELR+CXC chemokine is interleukin (IL)-8 (CXCL8), 

which binds and activates its receptors CXCR1 and CXCR2 with similar a�  nity. CXCR1 is speci� c for IL-

8, whereas other ELR+CXC chemokines (CXCL1, 2, 3, 5 and 7) can act through CXCR2. MPO-ANCA can 

activate neutrophils to produce IL-8,7,8 and IL-8 is present in crescentic lesions of ANCA-associated 

NCGN patients,7 suggesting a pathogenic role for IL-8 in MPO-ANCA-associated vasculitis. Because 

a murine ortholog of human IL-8 does not exist, the activities of other ELR+CXC chemokines, e.g. 

keratinocyte-derived chemokine (KC/CXCL1) and macrophage in� ammatory protein-2 (MIP-2/

CXCL2), are more prominent in mice. CXCR2 is expressed predominantly on neutrophils, but can 

also be detected on monocytes/macrophages and non-in� ammatory cells, including microvascular 

endothelial cells.9-12 

Because of the diversity in chemokine receptors expressed by leukocytes, production of di� erent 

chemokines during distinct phases of an in� ammatory response determines the recruitment of 

speci� c leukocyte subsets in time and space. Spatiotemporal analysis of chemokine and chemokine 

receptor expression patterns during the course of glomerulonephritis may reveal potential targets 

for intervening in recruitment of speci� c leukocyte subsets. Chemokine and chemokine receptor 

expression patterns have been analyzed in several glomerulonephritis models, such as nephrotoxic 

nephritis and immune complex glomerulonephritis (reviewed in references 13 and 14). No studies 

have been conducted, however, in experimental models of ANCA-associated vasculitis. 

In this study, we analyzed the renal gene expression levels of chemokines and chemokine 

receptors in the mouse model of anti-MPO-mediated NCGN, both in time and space, to identify 



106

Chapter 6

6

potential targets for intervention. Based upon our initial results, we examined speci� cally the role 

of the chemokine receptor CXCR2 in experimental anti-MPO IgG-induced NCGN using a CXCR2-

blocking serum.

MATERIALS AND METHODS

Animals

Mpo-/- mice were back-crossed to a C57BL/6 background seven times15 and bred in-house. 

Female C57BL/6 wild-type mice were purchased from Harlan (Horst, the Netherlands). All animal 

experiments were performed according to national guidelines and upon approval of the Animal 

Care and Use Committee of Groningen University. 

Production of polyclonal mouse anti-MPO IgG

Murine MPO was puri� ed from WEHI-3 cells and used for immunization of Mpo-/- mice, as described 

previously.3 Total IgG was isolated from pooled sera of immunized Mpo-/- mice and the anti-MPO titer 

was checked by enzyme-linked immunosorbent assay (ELISA), as reported previously.3

Induction and evaluation of anti-MPO IgG-induced NCGN

W ild-type C57BL/6 mice (8-10 weeks) received 100 �Pg/g body weight of anti-MPO IgG 

intraperitoneally, followed by an intraperitoneal injection with 1500 EU/g (0.5 µg/g) LPS (Escherichia 

coli, serotype O26:B6; Sigma, St Louis, MO, USA) 1 h later. Mice were killed after 1 or 7 day(s), and 

kidneys were harvested, cut and partly snap-frozen for gene and protein analyses and partly 

embedded in para�  n for histopathological evaluation. Plasma and (17-h) urine were collected at 

both time-points. Urine samples were tested for hematuria (0-4+ score) by Combur-Test�“  strips 

(Roche Diagnostics BV, Almere, the Netherlands) and albuminuria by ELISA (Bethyl Laboratories, 

Montgomery, TX, USA). Periodic acid-Schi�  staining was performed on para�  n sections and the 

number of glomerular crescents was counted in 100 consecutive glomerular cross-sections in a 

blinded fashion, as described previously.16 Immunohistochemical staining for neutrophils was 

performed on acetone-� xed 5 µm cryosections using an anti-rabbit peroxidase-based Envision�“ + 

system (DakoCytomation, Carpinteria, CA, USA) according to the manufacturer•s protocol. Sections 

were incubated for 30 min with 10 µg/ml rat anti-mouse Ly6G (clone 1A8; BD Biosciences, Breda, 

the Netherlands) or isotype control antibody (IgG2a; Antigenix America, Huntington Station, NY, 

USA) followed by a 30-min incubation with 10 µg/ml unlabeled rabbit anti-rat secondary antibody 

(Vector Laboratories, Burlingame, CA, USA). After detection of peroxidase activity with 3-amino-9-

ethylcarbazole, sections were counterstained with Mayer•s hematoxylin. 

Chemokine expression analysis

For chemokine analysis, we studied kidneys from untreated mice (n = 12), mice subjected to LPS for 

1 day (n = 9) and 7 days (n = 7) and mice subjected to anti-MPO IgG-induced NCGN for 1 day (n = 11; 



107

Chemokine expression in anti-MPO-mediated glomerulonephritis

6

1.88 ± 0.69 neutrophils/glomerular cross-section; albuminuria 59.0 ± 69.6 µg/16h) and 7 days (n = 14; 

19.9 ± 6.6 % crescents; albuminuria 1203 ± 944 µg/16h). For whole kidney gene expression analysis, 

RNA was isolated using RNeasy mini kit (Qiagen Benelux BV, Venlo, the Netherlands) with DNase I 

treatment on the column. For analysis of microdissected material, 606 (range 410 … 873) glomeruli 

(equal to 2.72 ± 0.29 x 106 µm2) and surrounding tubulo-interstitial tissue (2.88 ± 0.25 x 106 µm2) 

were dissected using the Laser Robot Microbeam System (PALM Micro laser Technology, Bernried, 

Germany), as described previously17, and RNA was isolated using RNeasy micro kit (Qiagen). Reverse 

transcription was carried out using Superscript III reverse transcriptase (Invitrogen, Breda, the 

Netherlands) and random hexamer primers (Promega, Leiden, the Netherlands). Gene expression 

was analyzed with a chemokine-focused 384-well micro � uidic card, containing primer-probe 

sets for 48 di� erent genes (Table 1) using ABI Prism 7900H  T Sequence Detection System (Applied 

Biosystems, Nieuwerkerk a/d IJssel, the Netherlands). Relative mRNA levels were calculated as 2-	CT, 

in which 	CT is CTgene of interest … CT gapdh. CT-values that were beyond detection level were set manually 

to 40. Plasma levels of CXCL1 and CXCL2 protein were detected on a Luminex 100-based analyzer 

(Luminex Corporation, Austin, TX, USA), using a Fluorokine Mouse MultiAnalyte Pro� ling Base 

Kit, containing antibody-coated microparticles and biotin-conjugated detection antibodies (R&D 

Systems Europe, Abingdon, UK). Protein levels of CXCL1, CXCL2 and CXCL5 in renal homogenates 

were determined with speci� c DuoSet ELISA kits (R&D Systems) and corrected for total protein 

concentration as measured with Bradford protein assay (Bio-Rad Laboratories, Veenendaal, the 

Netherlands).

Cell culture

Human conditionally immortalized glomerular endothelial cells (CiGEnC)18 were cultured in 

endothelial growth medium 2-microvascular (EGM2-MV; Cambrex-Lonza, Breda, the Netherlands) 

containing fetal calf serum (5%) and growth factors as supplied, without vascular endothelial growth 

factor (VEGF). CiGEnC up to passage 40 were propagated at 33°C (when cells have a proliferative 

phenotype), whereas experiments were carried out after 5-7 days of incubation at 37°C (non-

proliferative/quiescent phenotype.

Gene expression analysis of human glomerular endothelial cells and neutrophils

CiGEnC were seeded in 12-well plates (90 000 cells/well) and incubated at 33°C for 1 day before 

thermoswitching to 37°C. Neutrophils were isolated from heparinized venous blood of healthy 

dono  rs by density gradient centrifugation on Lymphoprep (Axis-Shield, Oslo, Norway). Erythrocytes 

were lysed with ice-cold ammonium chloride bu� er, and neutrophils were washed in Hanks`s 

balanced salt solution without Ca2+/Mg2+ (HBSS-/-, Gibco/Life Technologies, Breda, the Netherlands). 

RNA was isolated using RNeasy Plus Mini kit (Qiagen), and cDNA was prepared and individual 

gene real-time PCR analyses were carried out as described in the •chemokine expression analysis• 

section. Primer-probe sets speci� c for human CXCR1 (Hs00174146_m1), CXCR2 (Hs00174304_m1) 



108

Chapter 6

6

Table 1 List of the genes that were analyzed using a custom low density array.

Gene Protein Mouse synonyma Human synonyma Assay ID

CC Chemokines & Receptors � � �

Ccl1 � CCL1 TCA-3 I-309 Mm00441236_m1 �

Ccl2 � CCL2 JE MCP-1 Mm00441242_m1 �

Ccl3 � CCL3 MIP-1�D MIP-1�D Mm00441258_m1 �

Ccl4 � CCL4 MIP-1� MIP-1� Mm00443111_m1 �

Ccl5 � CCL5 RANTES RANTES Mm01302428_m1 �

Ccl7 � CCL7 MARC MCP-3 Mm00443113_m1 �

Ccl8 � CCL8 MCP-2 MCP-2 Mm01297183_m1 �

Ccl11 � CCL11 Eotaxin Eotaxin Mm00441238_m1 �

Ccl17 � CCL17 TARC TARC Mm00516136_m1 �

Ccl20 � CCL20 MIP-3�D MIP-3�D Mm00444228_m1 �

Ccl22 � CCL22 ABCD-1 MDC Mm00436439_m1 �

Ccr1 � CCR1 Mm00438260_s1 �

Ccr2 � CCR2 Mm99999051_gH �

Ccr3 � CCR3 Mm00515543_s1 �

Ccr4 � CCR4 Mm00438271_m1 �

Ccr5 � CCR5 Mm01216171_m1 �

Ccr6 � CCR6 Mm99999114_s1 �

Ccr8 � CCR8 Mm99999115_s1 �

CXC Chemokines & Receptors

Cxcl1 � CXCL1 KC GRO�D Mm00433859_m1 �

Cxcl2 � CXCL2 MIP-2 GRO�E Mm00436450_m1 �

Pf4 CXCL4 PF-4 PF-4 Mm00451315_g1 �

Cxcl5 � CXCL5 LIX ENA-78 Mm00436451_g1 �

Cxcl9 � CXCL9 Mig Mig Mm00434946_m1 �

Cxcl10 � CXCL10 IP-10 IP-10 Mm00445235_m1 �

Cxcl11 � CXCL11 I-TAC I-TAC Mm00444662_m1 �

Cxcl12 � CXCL12 SDF-1 SDF-1 Mm00445552_m1 �

Cxcl13 � CXCL13 BLC BCA-1 Mm00444533_m1 �

Il8ra � CXCR1 Mm00731329_s1 �

Il8rb � CXCR2 Mm00438258_m1 �

Cxcr3 � CXCR3 Mm00438259_m1 �

Cxcr4 � CXCR4 Mm99999055_m1 �

Cxcr5� CXCR5 Mm00432086_m1 �

CX3C and C Chemokines & Receptors

Cx3cl1 � CX3CL1 Neurotactin Fractalkine Mm00436454_m1 �

Cx3cr1 � CX3CR1 Mm00438354_m1 �

Xcl1 � XCL1 Lymphotactin Lymphotactin Mm00434772_m1 �

Xcr1 � XCR1 Mm00442206_s1 �

Endothelial & angiogenic

Pecam1 � CD31 Mm00476702_m1 �

Sele � E-selectin Mm00441278_m1 �

Selp � P-selectin Mm00441295_m1 �

Angpt1 � Angiopoietin 1 Mm00456503_m1 �

Angpt2 � Angiopoietin 2 Mm00545822_m1 �

Tek � Tie-2 Mm00443242_m1 �

Housekeeping & other

Gapdh � GAPDH Mm99999915_g1 �

18S 18S Hs99999901_s1

Nphs1 � Nephrin Mm00497828_m1 �

Nphs2 � Podocin Mm00499929_m1 �

Aqp2 � Aquaporin 2 Mm00437575_m1 �

Lrp2 � Megalin Mm01328171_m1 �
� � � � �

a BCA-1, B cell-activating chemokine-1; BLC, B lymphocyte chemoattractant; ENA-78, epithelial cell-derived neutrophil-activating factor, 78 
aminoacids; GRO�D/�E, growth-related oncogene �D/�E; IP-10, interferon-inducible protein-10; I-TAC, interferon-inducible T cell �D-chemoattractant; KC, 
keratinocyte-derived chemokine; LIX, lipopolysaccharide-induced CXC chemokine; MARC, mast cell activation-related chemokine; MCP-#, monocyte 
chemoattractant protein-#; MDC, macrophage-derived chemokine; Mig, monokine induced by interferon-�J; MIP-#, macrophage in� ammatory 
protein-#; PF-4, platelet factor-4; RANTES, regulated on activation normal T cell expressed and secreted; SDF-1, stromal cell-derived factor-1; TARC, 
thymus- and activation-related chemokine; TCA-3, T-cell activation protein-3
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and glycer  aldehyde-3-phosphate dehydrogenase (GAPDH) (Hs99999905_m1) (Applied Biosystems) 

were used.

Intracellular calcium measurements

For single-cell calcium imaging, CiGEnC were grown on glass coverslips (30 mm �) in six-well plates 

(60 000 cells/well) at 33°C for 1 da y before thermoswitching to 37°C. Cells were washed brie� y in 

loading bu� er (150 mM NaCl, 2 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM HEPES/NaOH, 10 mM 

glucose, pH ~ 7.35) and loaded with 5 �PM Fura-2(AM) (TEF Laboratories, Austin, TX, USA) in loading 

bu� er in the presence of 0.08% Pluronic�“  F-127 (Molecular Probes, Invitrogen) at 37°C for 30 

min. After an additional washing step in loading bu� er for 30 min in the presence or absence of 

15 �Pg/ml anti-CXCR1 and/or anti-CXCR2 blocking antibodies (R&D systems), the coverslips were 

� xed in a perfusion chamber (37°C) and attached to an inverted microscope (Axiovert 35M, Zeiss, 

Sliedrecht, the Netherlands) equipped with a 12-bit Sensicam CCD camera (PCO, Kelheim, Germany) 

supported by Imaging Workbench 5.0 software (INDEC BioSystems, Santa Clara, CA, USA). Using a 

16x plan-neo� uar objective, digital images were taken at an emission wavelength of 510 nm using 

paired exposure at 340 nm and 380 nm excitation wavelengths at a frequency of 1Hz. Changes in 

intracellular calcium levels upon IL-8 treatment (100 ng/ml; R&D Systems) were detected as changes 

in the ratio of the 340 and 380 nm excitation wavelengths in time (seconds). 

In vivo anti-CXCR2 treatment

The inhibitory goat anti-murine CXCR2 serum was raised against a peptide (MGEFKVDKFNIEDFFSG) 

of the ligand-binding region of CXCR2. In previous studies, this antiserum (0.5…1.0 ml) has been 

shown to abrogate neutrophil in� ux in lung in� ammatory mouse models without a� ecting 

circulating neutrophil numbers.19,20 Mice (n = 6/group) received 0.8 ml anti-CXCR2 or normal goat 

serum (AbD Serotec, Düsseldorf, Germany) intraperitoneally every other day, starting with the � rst 

treatment 24h before anti-MPO IgG administration. In a separate experiment, mice (n = 3/group) 

received a daily dose (30 mg/kg) of the CXCR2-inhibitor repertaxin (Sigma) subcutaneously, starting 

with the � rst treatment 1 h before anti-MPO IgG administration, and were killed after 7 days.

Statistical analysis

Statistical signi� cance was determined using one-way analysis of variance (ANOVA) with Bonferroni•s 

multiple comparison test (whole kidney mRNA analysis, intracellular calcium measurements and 

CXCL1/CXCL2/CXCL5 protein measurements) or two-tailed Student•s t-test (mRNA analysis of 

dissected renal compartments and quanti� cation of glomerular neutrophils).
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RESULTS

Chemokine and chemokine receptor expression in the acute in� ammatory phase of anti-MPO 

IgG induced NCGN

Gene expression analysis of chemokines and chemokine receptors in renal tissue 1 day after 

induction of experimental anti-MPO IgG-mediated NCGN revealed induction or up-regulation of 

several chemokines when compared to expression levels in non-treated and LPS-treated mice 

(Figure 1a-e). These chemokines belonged to the CC family of chemokines, CCL3 and CCL5, and 

CXC family, CXCL2, CXCL5 and CXCL13. Interestingly, CXCR2 was the only chemokine receptor with 

Figure 1 Relative gene expression of chemokines and chemokine receptors in mouse kidney during 
the acute in� ammation phase of anti-myeloperoxidase (MPO) IgG-induced necrotizing crescentic 
glomerulonephritis (NCGN). (a-e) Relative mRNA levels of (a) CC chemokines, (b) CC chemokine receptors, (c) 
CXC chemokines, (d) CXC chemokine receptors and (e) CX3C and XC chemokines and their receptors in kidneys 
from healthy control mice (white bars), mice that received lipopolysaccharide (LPS) only (grey bars), and mice 
that received anti-MPO IgG and LPS (black bars) 1 day after administration. Bars represent mean �r sd. *P < 0.05 
versus control mice; #P < 0.05 versus LPS-treated mice. (f-j ) Relative mRNA levels in laser microdissected glomeruli 
(striped bars) and tubulo-interstitial areas (dotted bars) from mice that received anti-MPO IgG and LPS 1 day 
after administration. (f) CC chemokines, (g) CC chemokine receptors, (h) CXC chemokines, (i) CXC chemokine 
receptors, and (j) CX3C and XC chemokines and their receptors. Bars represent mean �r sd. *P < 0.05; nd, not 
detected; nt, not tested … CXCR4  could not be analyzed due to insu�  cient ampli� cation reactions.
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a signi� cantly higher expression level in the acute phase of disease development. Subsequently, 

we determined the localization of chemokine expression by comparing expression levels between 

laser microdissected glomeruli and the tubulo-interstitial area. We con� rmed accurate separation 

of the compartments with laser microdissection by analyzing expression of glomerulus-speci� c 

(podocin and nephrin) and tubulus-restricted (megalin and aquaporin-2) genes (data not shown). 

We found that gene expression of most of the chemokines and chemokine receptors was localized 

predominantly in the glomerular compartment (Figure 1f-j).

Chemokine and chemokine receptor expression in the crescentic phase of anti-MPO IgG-

induced NCGN

Gene expression analysis in renal tissue obtained from mice 7 days after induction of anti-MPO IgG-

mediated glomerulonephritis demonstrated the induction or up-regulation of various chemokines 

and chemokine receptors compared to non-treated and LPS-treated mice (Figure 2a-e). Most of the 

chemokines with increased expression at day 7 belonged to the CC-chemokines: CCL2, CCL5, CCL7, 

CCL8, CCL17 and CCL20. In addition, increased expression was observed for the CC-chemokine 

receptors CCR2 and CCR8 and CXC-chemokine CXCL10. In contrast to day 1, no increased expression 

of CCL3 and CXCL13 was found at day 7. CXCL1, CXCL2, and CXCL5, the ligands for CXCR2, were also 

up-regulated in the crescentic phase, although the receptor itself was expressed at a level similar 

to control mice. Furthermore, CX3CL1 and its receptor CX3CR1 were expressed to an increased 

extent. Analysis of dissected renal tissue showed that expression of the majority of chemokines 

and receptors was also localized in glomeruli at this later time-point (Figure 2f-j). However, for 

some chemokines the pattern changed. CXCL2 was expressed highly in glomeruli but less so in the 

tubulo-interstitium on day 1, while on day 7 no signi� cant di� erence was found. 

Protein expression of CXCR2 and CXCR2 ligands

Because a temporal induction of CXCR2 was detected in the acute phase and induction of its ligands 

in both the acute and the crescentic phases, we aimed to investigate further the role of CXCR2 

and its ligands in anti-MPO IgG-induced NCGN. Analysis of circulating CXCL1 and CXCL2 protein 

levels demonstrated increased CXCL1 levels in the crescentic phase of anti-MPO IgG-induced NCGN 

(Table 2). In contrast, CXCL1, CXCL2 and CXCL5 protein levels in renal homogenates did not change 

during the course of anti-MPO IgG-induced NCGN (Table 2). In addition, we wanted to determine 

to what extent intrinsic glomerular cells contribute to glomerular CXCR2 expression. Recent data 

indicate that expression of CXCR2 is not restricted to in� ammatory cells, but can also be detected 

on microvascular endothelial cells. Furthermore, endothelial CXCR2 has been demonstrated to 

be involved in LPS-induced neutrophil in� ltration in the lungs.21 We speculated that CXCR2 was 

expressed on glomerular endothelial cells and that endothelial CXCR2 could contribute to the early 

neutrophil accumulation, as observed in anti-MPO/LPS-induced glomerulonephritis. We studied 

whether human CiGEnC expressed CXCR2. CXCR2 mRNA was detected in CiGEnC, but its expression 
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was much lower compared to expression in human neutrophils (Figure 3a). CXCR1 mRNA was 

not detected in CiGEnC. Treatment of CiGEnC with IL-8 induced an intracellular calcium � ux in 

approximately 70% of the cells, which was mediated by CXCR2 but not by CXCR1 (Figure 3b). These 

results indicate that glomerular endothelial cells express a functional CXCR2 receptor.

In vivo inhibition of CXCR2 does not attenuate renal injury in anti-MPO IgG-induced NCGN

To study the functional role of the CXCR2-CXCR2 ligand axis in anti-MPO IgG/LPS-mediated 

glomerulonephritis, we blocked the receptor employing a CXCR2 blocking serum. Compared to 
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Figure 2 Relative gene expression of chemokines and chemokine receptors in mouse kidney during the 
crescentic phase of anti-MPO IgG-induced NCGN. (a-e) Relative mRNA levels of (a) CC chemokines, (b) CC 
chemokine receptors, (c) CXC chemokines, (d) CXC chemokine receptors and (e) CX3C and XC chemokines and 
their receptors in kidneys from healthy control mice (white bars), mice that received LPS only (grey bars) and 
mice that received anti-MPO IgG and LPS (black bars) 7 days after administration. Bars represent mean �r sd. *P 
< 0.05 versus control mice; #P < 0.05 versus LPS-treated mice. (f-j ) Relative mRNA levels in laser microdissected 
glomeruli (striped bars) and tubulo-interstitial areas (dotted bars) from mice that received anti-MPO IgG and 
LPS 7 days after administration. (f) CC chemokines, (g) CC chemokine receptors, (h) CXC chemokines, (i) CXC 
chemokine receptors and (j) CX3C and XC chemokines and their receptors. Bars represent mean �r sd. *P < 0.05; 
nd, not d etected; nt, not tested … CXCR4 could not be analyzed due to insu�  cient ampli� cation reactions.
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Table 2 Plasma and renal tissue protein levels of CXCL1, CXCL2 and CXCL5 in mice su� ering from anti-

MPO IgG-induced NCGN.

Group
Plasma (pg/ml) Renal homogenate (ng/mg total protein)

CXCL1 CXCL2 CXCL5 CXCL1 CXCL2 CXCL5

Control 166.1 �r 80.9 nd nt 0.80 �r 0.15 1.94 �r 0.30 5.30 ± 0.93

LPS day 1 601.6 �r 210.4 78.3 �r 32.7 nt 0.86 �r��0.23 1.83 �r 0.46 4.81 ± 0.97

Anti-MPO IgG + 
LPS day 1

432.5 �r 47.5 60.1 �r 22.8 nt 0.78 �r 0.10 1.80 �r 0.14 5.65 ± 0.26

LPS day 7 172.1 �r 22.9 nd nt 0.62 �r 0.15 1.41 �r 0.29 4.64 ± 1.09

Anti-MPO IgG + 
LPS day 7

1075.6 �r 1030.5* nd nt 0.59 �r 0.05 1.34 �r 0.17 3.73 ± 0.76

*P < 0.05 compared to both control and LPS day 7; mean �r sd; nd, not detected; nt, not tested

control-treated mice, mice that had received anti-CXCR2 serum showed an increase in glomerular 

neutrophil accumulation 1 day after anti-MPO IgG/LPS administration (Figure 4a and b). Moreover, 

inhibition of CXCR2 did not change the percentage of glomeruli positive for neutrophils (control 65.7 

± 5.0 and anti-CXCR2 66.3 ± 6.3%) but rather increased the mean number of neutrophils per positive 

glomerulus (control 1.75 ± 0.30 and anti-CXCR2 2.59 ± 0.50, P < 0.05). Treatment of mice su� ering 

from anti-MPO IgG-induced NCGN with the anti-CXCR2 blocking serum did not reduce hematuria 

and albuminuria (Figure 4c and d). In addition, CXCR2 inhibition did not in� uence glomerular 

crescent formation, as a similar percentage of crescentic glomeruli was detected in control and anti-

CXCR2-treated mice (Figure 4e). To con� rm the e� ects of the CXCR2 blocking serum, a group of 

anti-MPO IgG-induced NCGN mice were treated with the CXCR2 inhibitor repertaxin. No di� erences 
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Figure 3 Human glomerular endothelial cells functionally express CXCR2 in vitro . (a) Relative CXCR2 mRNA 
levels in conditionally immortalized glomerular endothelial cells (CiGEnC) and human neutrophils. Bars represent 
mean �r sd of measurements in two independent cell preparations (CiGEnC) or three donors (neutrophils). (b) 
Percentage of CiGEnC responding to interleukin (IL)-8 treatment by intracellular calcium � ux in the presence or 
absence of CXCR1- and CXCR2-blocking antibodies. Bars represent the mean percentage of cells responding to 
IL-8 in three independent experiments (n = 34-142 cells/condition). *P < 0.01.
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Figure 4 Inhibition of CXCR2 in anti-MPO IgG-induced NCGN enhanced early glomerular neutrophil 
in�  ux but did not a�  ect urinary abnormalities and crescent formation. (a) Immunohistochemical staining 
of neutrophils (Ly6G) on kidney cryosections of mice treated with control serum (left) or CXCR2 blocking 
serum (right) 1 day after anti-MPO IgG/LPS administration. Original magni� cation 400x. (b) Quanti� cation 
of neutrophil in� ux at day 1. gcs, glomerular cross section. *P < 0.01. (c) Administration of anti-MPO IgG/LPS 
caused marked hematuria after 1 and 7 day(s). No di� erences were observed between mice treated with control 
serum (�?) and mice treated with CXCR2-blocking serum (�d). (d) Albuminuria at 1 and 7 days after anti-MPO 
IgG/LPS administration. Treatment with CXCR2-blocking serum did not prevent albuminuria. Open bars, control 
treatment; � lled bars, anti-CXCR2 treatment. Bars represent mean �r sd. The average level of albumin in urine 
of untreated mice was 40.7 ± 24.0 µg/17h. (e) Quanti� cation of glomerular crescents revealed no di� erence 
between control-treated and anti-CXCR2-treated mice. Bars represent mean �r sd.  (color image on page  187)

were found between vehicle- and repertaxin-treated animals with respect to albuminuria on day 1 

(vehicle 28.9 �r 16.0 and repertaxin 21.7 �r 0.8 µg/17h, mean �r sd, n = 3) and day 7 (110.8 �r 119.7 and 

119.1 �r 52.2 µg/17h) and the extent of glomerular crescent formation on day 7 (11.0 �r 3.6 and 9.3 

�r 1.5%).
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DISCUSSION

In the present study, we demonstrate spatiotemporal di� erences in chemokine and chemokine 

receptor gene expression levels in a mouse model of anti-MPO IgG-induced NCGN. Our objective 

was to identify those chemokines and chemokine receptors whose expression patterns suggest 

involvement in the recruitment of speci� c leukocyte subsets.

Induction of CXCR2 was restricted to the acute in� ammation phase. Its ligands CXCL1, CXCL2 

and CXCL5, were up-regulated in both the acute and crescentic phases of the disease. Our � ndings 

suggest that CXCL2 expression is restricted to glomeruli in the acute phase of anti-MPO IgG-induced 

NCGN, whereas in the crescentic phase CXCL2 is expressed in both the glomerular and the tubulo-

interstitial compartment, which correlates with the presence of both glomerular and interstitial 

in� ammatory in� ltrates at this time-point. We chose CXCR2 as an initial target for intervention 

because the temporal induction of CXCR2 suggested involvement of CXCR2 in recruitment 

of neutrophils, which are pivotal e� ector cells in anti-MPO IgG-induced NCGN.4 Furthermore, 

several studies have demonstrated reduced glomerular neutrophil in� ux and albuminuria in 

models of glomerulonephritis upon inhibition of CXCR2 or its ligands.22-25 The measurements of 

CXCL1, CXCL2 and CXCL5 protein in kidney tissue did not con� rm the increase in tissue-speci� c 

expression of these chemokines suggested by analysis of mRNA levels. In plasma, we observed a 

higher CXCL2 level at day 7. Interestingly, increased circulating levels of IL-8 have been observed 

in ANCA-associated vasculitis patients.26 Interestingly, blocking CXCR2 in our model of anti-MPO 

IgG-induced NCGN did not prevent early glomerular neutrophil in� ux but increased glomerular 

accumulation of neutrophils. In vitro � ow assays have revealed that inhibition of neutrophil 

CXCR2 reduces transendothelial migration of ANCA-activated neutrophils.27 We speculate that in 

our experiment neutrophils were recruited to glomeruli via chemoattractants other than CXCR2 

ligands but, due to inhibition of CXCR2-mediated transendothelial migration, were retained within 

the vascular compartment. In line with this, Cockwell et al hypothesized that frustrated neutrophil 

transmigration due to high levels of intravascular IL-8 contributes to glomerular injury in ANCA-

associated glomerulonephritis.7 The observation that inhibition of CXCR2 accelerated glomerular 

neutrophil accumulation would also imply a worsening of other disease parameters, but we did 

not observe increased urinary abnormalities or crescent formation, which was supported by the 

repertaxin experiment. Based on the experiments conducted, we cannot explain this discrepancy, 

although our data suggest that the extent of kidney injury is determined primarily by the number of 

a� ected glomeruli. A probable neutrophil chemoattractant involved in the neutrophil recruitment 

in anti-MPO IgG-induced NCGN is C5a. Recently, genetic ablation or inhibition of complement factor 

C5, and consequently C5-derived C5a, was found to abrogate disease development completely in 

this model16,28. Moreover, neutrophils from CXCR2-/- mice retain chemotactic activity towards C5a.29 

An additional possibility is that the activity of other chemokines and chemokine receptors becomes 

more important, as there is redundancy in the chemokine system.30

The obse  rved increase in CXCR2 mRNA at day 1 in our disease model is caused most probably by 
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the glomerular in� ux of neutrophils and not by up-regulation of endothelial CXCR2, as neutrophils 

express relatively high levels of CXCR2. Reutershan and colleagues demonstrated that endothelial 

CXCR2 was involved in LPS-induced neutrophil transmigration in the lungs.21 Although lung tissue 

has a higher expression of CXCR2 compared to kidney, we cannot exclude the possibility that 

inhibition of endothelial CXCR2 in glomeruli contributed to neutrophil transmigration impairment 

in our CXCR2-intervention experiment.

Other chemokines that had increased expression in the acute phase were CCL3 and CCL5, 

suggesting their involvement in leukocyte in� ux. Increased protein levels of CCL3 and CCL5 have 

been found in vasculitic lesions in lungs of Wegener•s granulomatosis.31 None of the receptors for 

CCL3 and CCL5 (e.g. CCR1, CCR5), however, were up-regulated in our model.

In the crescentic phase of anti-MPO IgG-induced NCGN, CCR2 was up-regulated and 

expressed predominantly in glomeruli. The CCR2 ligands  CCL2  and CCL7  were also expressed 

to an increased extent and mainly in glomeruli. Up-regulation of CCR2 and its ligands suggests 

involvement in the monocyte/macrophage in� ux observed in the crescentic phase of anti-MPO 

IgG-induced NCGN. Neutralization studies have demonstrated important roles for CCR2 and CCL2 in 

monocyte/macrophage in� ux and, in some cases, crescent formation in other models of crescentic 

glomerulonephritis.32-34 Furthermore, CCL2 protein has been detected in glomerular and interstitial 

cells in ANCA-associated vasculitis patients with renal involvement.35 In addition, we observed up-

regulation of CX3CL1 and its receptor CX3CR1 in the crescentic phase. CX3CL1 is a transmembrane 

domain-containing chemokine with monocyte attracting properties. CX3CL1 mRNA expression 

has been observed in glomerular lesions of vasculitic patients,36 whereas inhibition of CX3CR1 in 

a rat model of crescentic glomerulonephritis attenuated glomerular leukocyte in� ux and reduced 

crescent formation.37 These data suggest that CX3CL1 may be involved in the pathogenesis of anti-

MPO IgG-induced NCGN.

Our � nding that several chemokines were up-regulated during anti-MPO IgG-induced 

glomerulonephritis raises questions on the cellular source of chemokine production. We speculate 

that intrinsic renal (predominantly glomerular) cells are, in part, responsible for the production of 

chemokines, as are in� ltrating in� ammatory cells. The relative contributions of the di� erent intrinsic 

glomerular cells … glomerular endothelial cells, podocytes and mesangial cells … in chemokine 

production could be investigated in vitro in future studies.

In this study, we have used murine anti-MPO IgG-induced glomerulonephritis as a model for 

human ANCA-associated vasculitis. For the translation of our data to the human situation, it is 

important to realize that the mouse model mimics ANCA-induced e� ects on neutrophils (and other 

cells) but does not involve a genuine autoimmune response. In addition, the model encompasses a 

proin� ammatory stimulus, which may have modulated expression of chemokines and receptors in 

a way that does not occur in human ANCA-associated vasculitis. 

In conclusion, various chemokine receptors and chemokines, including CXCR2, CCR2 and 

CX3CR1 and their ligands, are up-regulated during the course of anti-MPO IgG-induced NCGN, and 
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they probably contribute to shaping the in� ammatory response. These chemokines and chemokine 

receptors can be tested further as potential targets in anti-MPO IgG-induced glomerulonephritis. 

Inhibition of one potential target, CXCR2, did not diminish anti-MPO IgG-induced NCGN. On the 

contrary, CXCR2 inhibition may, hypothetically, accelerate the vasculitic process by retaining 

neutrophils in the vascular compartment. Intervening with multiple chemokine targets is probably 

necessary to avoid redundancy of the chemokine system.
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ABSTRACT

Objective: To determine whether inhibition of p38 mitogen activated protein kinase (p38MAPK) 

reduces the pathogenicity of anti-neutrophil cytoplasmic autoantibodies (ANCA) in vitro and in vivo.

Methods: In vitro, the e� ects of p38MAPK inhibition by AR-447 were studied in neutrophil 

respiratory burst and degranulation assays and in lipopolysaccharide (LPS)-stimulated human 

glomerular endothelial cells. In vivo, p38MAPK inhibition was investigated in a mouse anti-MPO 

IgG/LPS glomerulonephritis model. Mice were treated p.o. with AR-447 daily, starting before (pre-

treatment group) or 24h after disease onset (treatment group), and sacri� ced after 1 or 7 day(s).

Results: In vitro, AR-447 diminished neutrophil respiratory burst and degranulation induced by 

patient-derived MPO-ANCA and Pr3-ANCA. In glomerular endothelial cells, AR-447 reduced LPS-

induced secretion of IL-6 and IL-8, but not of MCP-1. In mice, pre-treatment with AR-447 reduced 

albuminuria 1 day after induction of glomerulonephritis. After 7 days, no e� ects on urinary 

abnormalities were observed upon AR-447 pre-treatment or treatment. Also, glomerular neutrophil 

accumulation was not diminished. In contrast, glomerular macrophage accumulation and the 

formation of glomerular crescents was signi� cantly reduced by AR-447 pre-treatment (vehicle: 12.5 

± 5.6% crescentic glomeruli; AR-447: 7.7 ± 2.7%) and treatment (vehicle 14.6 ± 1.8%; AR-447 6.0 ± 

3.4%) at 7 days.

Conclusion:  This study shows that p38MAPK inhibition markedly reduces ANCA-induced neutrophil 

activation in vitro. In vivo, p38MAPK inhibition partly reduced crescent formation, both when the 

drug was administered prior to disease induction and after disease onset, suggesting that besides 

p38MAPK activity other signaling pathways contribute to the disease activity.
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INTRODUCTION

Anti-neutrophil cytoplasmic autoantibody (ANCA)-associated small vessel vasculitides are systemic 

in� ammatory diseases a� ecting small- to medium-sized blood vessels.1 Patients with ANCA-

associated small vessel vasculitis present with circulating autoantibodies directed against the 

neutrophilic enzymes myeloperoxidase (MPO) or proteinase 3 (Pr3). Involvement of the kidney 

is common in patients with ANCA-associated small vessel vasculitis, resulting in focal segmental 

crescentic glomerulonephritis. In mice, administration of anti-MPO antibodies causes crescentic 

glomerulonephritis and vasculitis, demonstrating the pathogenic potential of  ANCA.2

Evidence derived from clinical, in vitro, and animal model studies support the concept that in 

ANCA-associated glomerulonephritis ANCA synergize with infection-derived pro-in� ammatory 

stimuli in causing full blown disease.1 Pro-in� ammatory stimuli, such as tumor necrosis factor �D 

(TNF�D), cause upregulation of adhesion molecules on endothelial cells and neutrophils, promoting 

leukocyte-endothelial cell interactions. At the same time, pro-in� ammatory cytokines prime 

neutrophils to express the ANCA target antigens, MPO and Pr3, on the cell surface, making these 

accessible for interaction with ANCA.3 Binding of ANCA to MPO or Pr3 activates the neutrophil, via 

Fc�J receptor ligation, to degranulate and to undergo respiratory burst, causing endothelial cell 

damage. Thus, disease induction in ANCA-associated glomerulonephritis most likely involves both 

in� ammatory cells, in particular neutrophils, and intrinsic renal cells, such as glomerular endothelial 

cells.

One of the in� ammatory signaling pathways that is suggested to be involved in ANCA-

mediated neutrophil activation is the p38 mitogen activated protein kinase (p38MAPK) pathway.4 

p38MAPK becomes activated by stress-related signals, such as pro-in� ammatory cytokines, through 

phosphorylation mediated by upstream kinases. Activated p38MAPK activates transcription factors 

that regulate transcription of in� ammation-related genes either directly by phosphorylating 

transcription factors or indirectly by phosphorylating downstream kinases, for example MAPK-

activated protein kinase 2 (MAPKAPK-2). p38MAPK is activated in several in� ammatory disorders, 

such as rheumatoid arthritis and in� ammatory bowel disease.5, 6 It has been shown that inhibition of 

p38MAPK activation markedly reduces ANCA-mediated neutrophil activation in vitro.4 Furthermore, 

recent studies have demonstrated that p38MAPK is activated in glomerular lesions of patients 

with ANCA-associated glomerulonephritis.7 In these lesions, active p38MAPK was predominantly 

observed in in� ammatory cells and in podocytes. Taken together, these observations suggest that 

inhibition of p38MAPK may be of bene� t for the treatment of ANCA-associated vasculitis.

The aim of this study was to determine whether inhibition of p38MAPK reduces the pathogenicity 

of ANCA in vitro and in vivo. To this end, we analized whether the p38MAPK-speci� c inhibitor AR-447 

reduced ANCA IgG-induced neutrophil activation and lipopolysaccharide (LPS)-induced production 

of cytokines by glomerular endothelial cells and podocytes in vitro. In addition, we analized the 

e� ects of AR-447-mediated p38MAPK inhibition on development of renal injury in the mouse 

model of anti-MPO IgG/LPS-induced glomerulonephritis.
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MATERIALS AND METHODS

Drugs

p38MAPK inhibitors AR-447 and RWJ-67657 (4-[4-(4-� uorophenyl)-1-(3-phenylpropyl)-5-(4-

pyridinyl)-1H-imidazol-2-yl]-3-butyn-1-ol) were provided by Array BioPharma Inc., (Boulder, CO, 

USA) and Johnson & Johnson Pharmaceutical R&D (Raritan, NJ, USA), respectively. AR-447 is a 

selective p38MAPK inhibitor with low nanomolar potency against the �D (IC50=21 nM) and �E (IC50 = 84 

nM) isoforms of the enzyme. AR-447 exerts its inhibiting e� ect on p38MAPK by binding to the ATP-

binding pocket of p38MAPK, thereby inhibiting its ability to phosphorylate downstream targets 

(such as MAPKAPK-2). In human whole blood assays and murine macrophages, AR-447 inhibits LPS-

induced TNF�D production with IC50s in the 70-100 nM range ex vivo.8 AR-447 is also well-tolerated for 

multiple days of dosing in rodents and possesses a good pharmacokinetic pro� le (data not shown). 

RWJ-67657 also inhibits the enzymatic activity of p38MAPK �D and �E isoforms and has no signi� cant 

activity against a variety of other enzymes.9, 10 For in vitro experiments, AR-447 and RWJ-67657 stock 

solutions (10 mM) were prepared in DMSO. For in vivo experiments, AR-447 was suspended in 1% 

carboxymethylcellulose/0.5% Tween-80 (CMC/Tween). 

Neutrophil activation assays

Neutrophils were isolated from healthy donors and analized for ANCA IgG-induced respiratory 

burst and degranulation as described previously.11 In short, before priming of the neutrophils 

with 2 ng/ml recombinant human TNF�D (Boehringer, Ingelheim, Germany) for 15 min at 37°C, cells 

were pre-treated with p38MAPK inhibitor or vehicle (DMSO) for 30 min at 37°C at the indicated 

concentrations. Next, the neutrophils were incu bated with monoclonal antibodies directed against 

MPO (10 µg/ml; 266.6K1, IQ Products, Groningen, The Netherlands) or Pr3 (5 µg/ml; Pr3G-2, Hycult 

Biotechnology, Uden, The Netherlands) or with patient-derived ANCA IgG (200 µg/ml) for 1 hour 

at 37°C. Respiratory burst was determined in dihydrorhodamine-123 (DHR123)-loaded cells by 

oxidation of the non-� uorescent DHR123 to the � uorescent rhodamine-123. Mean � uorescence 

intensity (MFI) of rhodamine-123 was measured by � ow cytometry and data are expressed as % 

activation: (MFIinhibitor/MFIDMSO)*100. The lactoferrin content in the supernatant was measured by 

ELISA as described previously.12

Culture and stimulation of glomerular cells 

Human conditionally immortalized glomerular endothelial cells13 were cultured as described 

previously.14 Human conditionally immortalized podocytes15 were cultured in RPMI (Cambrex-

Lonza) supplemented with 10% FCS (HyClone, Logan, UT, USA) and insulin-transferrin-selenium 

(Gibco, Invitrogen, Breda, The Netherlands). Both cell lines were propagated at 33°C (when cells have 

an immortalized phenotype), whereas experiments were carried out after 5-8 days of incubation at 
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37°C (non-proliferative phenotype). Cells were pre-treated with 10 µM AR-447 (or DMSO 0.1% as 

vehicle control) for 30 min and stimulated with 1 µg/ml lipopolysaccharide (LPS; Escherichia Coli, 

serotype O26:B6; Sigma, St Louis, MO, USA) for the indicated time periods.

Western blotting

To analyze p38MAPK and MAPKAPK-2 phosphorylation upon stimulation, cells were lysed in SDS 

sample bu� er (62.5 mM Tris-HCl (pH 6.8), 2% SDS, 10% glycerol, 50 mM DTT, 0.01% bromophenol 

blue) and lysates were used for western blotting. Blots were incubated with phosphospeci� c 

antibodies to p38MAPK (1:400; Cell Signaling, Beverly, MA, USA) and MAPKAPK-2 (1:400; Cell 

Signaling). Detection was performed with horseradish-peroxidase-conjugated secondary antibody 

(1:1000; DakoCytomation, Carpinteria, CA, USA) and chemoluminescence (Pierce, Rockford, IL, USA). 

Total p38MAPK and MAPKAPK-2 protein expression levels were analized to con� rm equal loading. 

Cytokine measurements in glomerular cells

RNA was isolated using RNeasy Plus Mini kit (Qiagen, Benelux B.V., Venlo, The Netherlands). Reverse 

transcription was carried out using Superscript III Reverse Transcriptase (Invitrogen, Breda, The 

Netherlands) and random hexamer primers (Promega, Leiden, The Netherlands). Gene expression 

was measured using primer-probe sets speci� c for human interleukin (IL)-6 (Hs00174131_m1), 

IL-8 (Hs00174103_m1), monocyte chemoattractant protein (MCP)-1 (Hs00234140_m1), and 

GAPDH (Hs99999905_m1) on an ABI Prism 7900HT Sequence Detection System (all from Applied 

Biosystems, Nieuwerkerk a/d IJssel, The Netherlands). Relative mRNA levels were calculated as 2-	CT, 

in which 	CT is CTgene of interest … CT gapdh. Protein levels of IL-6, IL-8, and MCP-1 were determined using 

in-house-developed sandwich ELISAs based on coating with monoclonal antibodies and detection 

with biotinylated polyclonal antibodies against human IL-6, IL-8, and MCP-1 (all from R&D systems 

Europe, Abingdon, UK).

 

Animals

Mpo-/- mice were backcrossed to a C57BL/6 background for seven generations.16 Female C57BL/6 

wildtype mice were purchased from Harlan (Horst, The Netherlands). All animal experiments were 

performed according to national guidelines and upon approval of the Institutional Animal Care and 

Use Committee of the University of Groningen. 

Induction and evaluation of anti-MPO IgG/LPS-induced glomerulonephritis

Polyclonal anti-MPO IgG was obtained by isolation of total IgG from pooled sera of murine MPO-

immunized Mpo-/- mice as described previously.17 Crescentic glomerulonephritis was induced 

in wildtype C57BL/6 mice (aged 8-10 weeks) by intravenous injection of anti-MPO IgG (50 �Pg/g 

body weight), followed by intraperitoneal injection of LPS (150 EU/g body weight; Escherichia Coli, 
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serotype O26:B6) one hour later. Mice (n = 5-6/group) received daily treatment with AR-447 (30 mg/

kg) or vehicle (CMC/Tween) via oral gavage, starting either 2 hours before (=pre-treatment) or 24h 

after (=treatment) anti-MPO IgG administration, and were sacri� ced after 1 or 7 day(s). Urine samples 

were tested for hematuria (0-4+ score) by Combur-Test�“  strips (Roche Diagnostics BV, Almere, the 

Netherlands) and albuminuria by ELISA (Bethyl Laboratories, Montgomery, TX, USA). In kidney 

sections, the number of glomerular crescents (� 2 cell layers in Bowman•s space) was determined by 

evaluating 100 consecutive glomerular cross sections in a blinded fashion. Immunohistochemical 

staining for neutrophils and macrophages was performed using rat anti-mouse-Ly6G (clone 1A8; 

BD Biosciences, Breda, the Netherlands), rat anti-mouse CD68 (Clone FA11; AbD Serotec, Oxford, UK) 

and a peroxidase-based Envision�“ + system (DakoCytomation). 

Statistical analysis

Statistical signi� cance was determined by paired (neutrophil activation assays) or unpaired one-

tailed Student•s t-test using GraphPad Prism 4.03 (Graphpad Software, San Diego, CA, USA).

RESULTS

Inhibition of p38MAPK reduces ANCA IgG-induced neutrophil activation in vitro

To con� rm that inhibition of p38MAPK reduces ANCA IgG-induced neutrophil activation in vitro, 

we employed a p38MAPK-speci� c inhibitor in the DHR123 oxidation assay and in a degranulation 

assay (lactoferrin release). Pre-treatment with AR-447 decreased neutrophil respiratory burst 

induced by monoclonal antibodies against MPO and Pr3 in a dose-dependent manner (� gure 1). 

The extent of inhibition by AR-447 was comparable to that of the p38MAPK inhibitor RWJ-67657. 

In addition to respiratory burst induced by monoclonal antibodies, pre-treatment with 10 µM AR-

447 also markedly reduced neutrophil respiratory burst and degranulation induced by ANCA IgG 

derived from patients with ANCA-associated glomerulonephritis (� gure 2). These results con� rm 

that inhibition of p38MAPK reduces ANCA IgG-induced neutrophil activation in vitro.

Figure 1 Inhibition of p38 mitogen activated protein kinase (p38MAPK) reduces neutrophil respiratory 
burst induced by anti-myeloperoxidase (MPO) and anti-proteinase (Pr3) moAb. Respiratory burst was 
measured in human neutrophils from healthy donors by the conversion of dihydrorhodamine (DHR)-123 into 
the � uorescent rhodamine-123. Representative histograms of respiratory burst measurements are shown in 
A-D, demonstrating inhibition of anti-MPO moAb-induced neutrophil respiratory burst upon pre- treatment 
with p38MAPK inhibitors AR-447 (10 µM, A) and RWJ-67657 (1 µM, B) and inhibition of anti-Pr3 moAb-induced 
respiratory burst upon pre-treatment with AR-447 (10 µM, C) and RWJ-67657 (1 µM, D). Pre-treatment with 
di� erent concentrations of AR-447 (E, G) and RWJ-67657 (F, H) revealed a dose-dependent inhibition of anti-
MPO moAb-(E, F) and anti-Pr3 moAb-(G, H) induced respiratory burst. Bars represent mean (± SD) percentage of 
respiratory burst activation of three independent experiments. For every combination of inhibitor concentration 
and antibody, the appropriate vehicle control was set to 100% activation of respiratory burst. * P < 0.05 compared 
to vehicle control. iso, isotype-matched control moAb; MFI, mean � uorescence intensity; moAb, monoclonal 
antibody. 
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Figure 2 Inhibition of p38MAPK reduces anti-neutrophil cytoplasmic autoantibody (ANCA) IgG-induced 
neutrophil respiratory burst and degranulation. Representative histograms of rhodamine-123 measurements 
show that inhibition of p38MAPK with 10 µM AR-447 diminished respiratory burst induced upon patient-derived 
MPO-ANCA IgG (A) and Pr3-ANCA IgG (B) in neutrophils from healthy donors. IgG, immunoglobulin G. Figure 
C shows the mean (± SD) percentage of respiratory burst activation induced by four MPO-ANCA and four Pr3-
ANCA IgG fractions measured in two donors. Respiratory burst induced by ANCA IgG in neutrophils pre-treated 
with vehicle was set to 100%. * P < 0.05, *** P < 0.001 compared to vehicle control. (D) ANCA-induced neutrophil 
degranulation was determined by measuring the lactoferrin concentration in the supernatant. Pre-treatment 
with AR-447 reduced ANCA-induced lactoferrin release. Bars represent mean ± SD of four MPO-ANCA and four 
Pr3-ANCA preparations measured in two donors. ** P < 0.01, *** P < 0.001 compared to vehicle pre-treatment.

Inhibition of p38MAPK decreases LPS-induced cytokine production by glomerular endothelial 

cells in vitro

To analyze whether p38MAPK inhibition a� ects the LPS-induced production of cytokines by intrinsic 

glomerular cells, we pre-treated human glomerular endothelial cells and podocytes with AR-447 

prior to LPS exposure, and analized mRNA levels and protein production of IL-6, IL-8, and MCP-1. 

Stimulation of glomerular endothelial cells and podocytes with LPS increased phosphorylation of 

p38MAPK, indicating activation of p38MAPK (� gure 3A). In addition, activation of p38MAPK resulted 

in phosphorylation of its downstream kinase MAPKAPK-2. Phosphorylation of MAPKAPK-2 was fully 

prevented upon pre-treatment with AR-447, demonstrating e� ective inhibition of p38MAPK activity 

(� gure 3B). In line with its speci� city for p38MAPK, AR-447 did not inhibit phosphorylation of the 

kinases Akt and extracellular signal-regulated kinase (ERK)1/2 (data not shown). Next, we analized 

whether AR-447 could reduce LPS-induced cytokine production in glomerular endothelial cells 

and podocytes. In glomerular endothelial cells, AR-447 pre-treatment reduced LPS-induced IL-6 
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Figure 3 Lipopolysaccharide (LPS)-induced p38MAPK activity in glomerular endothelial cells and podo-
cytes is abrogated upon AR-447 treatment. (A) Human conditionally immortalized glomerular endothelial 
cells and podocytes were stimulated with LPS (1 µg/ml) for the indicated times. Cell lysates were analysed for 
phosphorylated p38MAPK by western blotting. (B) Endothelial cells and podocytes were pre-treated with either 
p38MAPK inhibitor AR-447 (10 µM) or with vehicle (DMSO) for 30 min and then stimulated with LPS (1 µg/ml) 
for the indicated times. Cell lysates were analysed by western blotting for phosphorylation of p38MAPK and 
phosphorylation of MAPKAPK-2, a p-p38MAPK downstream target.
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Figure 4 E� ect of p38MAPK inhibition on LPS-induced production of interleukin (IL)-6, IL-8, and monocyte 
chemoattractant protein-1 (MCP-1) in glomerular endothelial cells. IL-6, IL-8, and MCP-1 mRNA levels in the 
cells and protein levels in the medium upon pre-treatment of human glomerular endothelial cells with AR-447 
(10 µM) or vehicle (DMSO) for 30 min and stimulation with LPS (1 µg/ml) for 4 or 24 hours. Bars represent mean ± 
SD of 3-4 independent experiments. * P < 0.05, ** P < 0.01, *** P < 0.001 compared to vehicle pre-treatment and 
LPS stimulation at the same timepoint. 

and IL-8, but not MCP-1, mRNA expression and protein release (� gure 4). In podocytes, production 

of IL-6 and IL-8 was not increased upon LPS, whereas LPS-induced production of MCP-1 was not 

inhibited by AR-447 pre-treatment (data not shown). Thus, inhibition of p38MAPK reduces the LPS-

induced production of IL-6 and IL-8 by glomerular endothelial cells in vitro, while not a� ecting MCP-

1 expression in either cell type studied.

Inhibition of p38MAPK reduces glomerular crescent formation in experimental anti-MPO IgG/

LPS-mediated glomerulonephritis

Next, we investigated the e� ect of p38MAPK inhibition on development of renal injury in the mouse 

model of anti-MPO IgG/LPS-induced glomerulonephritis. Mice receiving anti-MPO IgG and LPS were 

treated with AR-447 according to either a pre-treatment or a treatment protocol, to study the e� ect 

of p38MAPK inhibition during both the initial glomerular in� ammation and the progression to 

crescentic glomerulonephritis and to evaluate the potential of AR-447 to treat established disease. 

In the pre-treatment protocol, AR-447 reduced albuminuria 1 day after induction of 
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Figure 5 E� ect of AR-447 (pre)treatment on hematuria and albuminuria in mice subjected to anti-MPO 
IgG/LPS-induced glomerulonephritis. Glomerulonephritis was induced in mice by an intravenous injection 
of mouse anti-MPO IgG (50 µg/g) followed by an intraperitoneal injection of LPS (150 EU/g). AR-447 (30 mg/
kg) or vehicle (CMC/Tween) was administered daily by oral gavage, starting with the � rst administration either 
2 hours before (=pre-treatment) or 24h after (=treatment) anti-MPO IgG administration. Hematuria (A,B) and 
albuminuria (C,D) were measured at 1 day (A,C) and 7 days (B,D) after induction of glomerulonephritis. Baseline 
levels of albuminuria (measured 1 week before glomerulonephritis induction) were 19.28 ± 8.80 µg/17h. Bars 
represent mean ± SD of 5-6 mice. * P < 0.05 compared to vehicle pre-treated mice.

glomerulonephritis (� gure 5A). The glomerular neutrophil in� ux however was not altered by AR-447 

pre-treatment at this time point (� gure 6A). After 7 days, albuminuria in mice pre-treated with AR-

447 did not di� er from mice pre-treated with vehicle (� gure 5). AR-447 also did not reduce hematuria 

at both days 1 and 7. Similarly, in the treatment protocol, AR-447 did not decrease albuminuria and 

hematuria after 7 days. Renal mRNA levels of the cytokines CXCL1 and CXCL2 (murine homologs of 

human IL-8), IL-6 and MCP-1 were also not decreased upon AR-447, except for MCP-1 after 7 days in 

the treatment protocol (data not shown). In contrast, both pre-treatment and treatment with AR-

447 reduced the number of glomerular crescents and the number of glomerular macrophages after 

7 days (� gure 6B and C). Thus, inhibition of p38MAPK partially reduces development of renal injury 

in this mouse model of anti-MPO IgG/LPS-induced glomerulonephritis.
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Figure 6 Inhibition of p38MAPK reduces crescent formation in anti-MPO IgG/LPS-induced glomerulo-
nephritis in mice. (A) Renal cryosections were immunohistochemically stained for neutrophils 1 day after 
glomerulonephritis induction in mice that were pre-treated with AR-447 (30 mg/kg) or vehicle (n = 6/group). 
Representative images and quanti� cation of glomerular neutrophils are shown. Original magni� cations, 400x. 
gcs, glomerular cross section. (B) Seven days after induction of glomerulonephritis, renal cryosections were 
stained for macrophages (n = 5-6/group). Representative images and quanti� cation of glomerular macrophages 
are shown. Original magni� cations, 200x. gcs, glomerular cross section. ** P < 0.01 compared to vehicle (pre)
treated mice (C) The number of crescentic glomeruli was scored in kidney sections of mice that were pre-treated 
or treated with AR-447 or vehicle 7 days after glomerulonephritis induction. Bars represent mean ± SD of 5-6 
mice. * P < 0.05 compared to vehicle (pre)treated mice. Black arrows indicate crescentic glomeruli. 
(color image on page  188)
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DISCUSSION

In this study, we show that inhibition of p38MAPK reduces pathogenicity of ANCA in vitro, as 

evidenced by a marked attenuation of ANCA IgG-induced respiratory burst and degranulation in 

human neutrophils. In contrast, inhibition of p38MAPK only partially reduces LPS-induced cytokine 

production by human glomerular endothelial cells and has a moderate bene� cial e� ect on disease 

severity in the mouse model of anti-MPO IgG/LPS-induced glomerulonephritis. 

Our � nding that p38MAPK inhibition abrogated ANCA IgG-induced neutrophil activation 

con� rms and extends previous observations that have demonstrated a role for p38MAPK in this 

process.4 In that study, the well-described p38MAPK inhibitor SB203580 was shown to reduce ANCA 

IgG-induced respiratory burst, by preventing translocation of ANCA-antigens to the neutrophil 

membrane. However, concerns have been raised regarding the speci� city of SB203580 at the 

concentration used by the authors (50 µM). At 50 µM, SB203580 can inhibit the activity of other 

kinases as well, e.g. protein kinase B and JNK.18, 19 Our � nding that two other p38MAPK inhibitors 

(AR-447 and RWJ-67657) at more pharmacologically relevant concentrations markedly reduced 

anti-MPO/Pr3 IgG-induced neutrophil respiratory burst and degranulation supports the hypothesis 

that p38MAPK is involved in ANCA IgG-induced neutrophil activation.

Besides involvement of p38MAPK in ANCA IgG-induced neutrophil activation, we found a role for 

p38MAPK in LPS-induced glomerular endothelial cell activation in vitro. LPS activated p38MAPK in 

both human glomerular endothelial cells and podocytes, which is consistent with a recent study by 

Psotka et al.20 In that study, increased phosphorylation of p38MAPK in conjunction with a profound 

increase in secretion of the pro-in� ammatory cytokines IL-6, IL-8 and MCP-1 was observed upon 

LPS treatment. Similar to our results, the authors found that the LPS-induced increase in cytokine 

production was larger in glomerular endothelial cells compared to podocytes. Increased levels of 

IL-6, IL-8 and MCP-1 have also been found in the plasma or urine of patients with ANCA-associated 

vasculitis.21, 22 Moreover, renal CXCL1, CXCL2 and MCP-1 mRNA levels were increased in the mouse 

model of ANCA-associated glomerulonephritis.14 These observations suggest that IL-6, IL-8 and 

MCP-1 may be involved in ANCA-induced glomerular in� ammation. In our study, we observed 

an LPS-induced increase in production of all cytokines in glomerular endothelial cells, whereas 

in podocytes only MCP-1 was increased. The increased MCP-1 expression was not dependent on 

p38MAPK. Previous studies in cultured serum-starved podocytes reported induction of MCP-1, IL-6 

and granulocyte macrophage-colony stimulating factor (GM-CSF) upon LPS,23, 24 but involvement of 

p38MAPK was not investigated. In glomerular endothelial cells, we demonstrated that LPS-induced 

IL-6 and IL-8 production partially depends on p38MAPK. P38MAPK dependency for LPS-induced 

cytokine release has been shown for several other types of endothelial cells, including human 

umbilical vein,25, 26 human dermal microvascular,27, 28 human pulmonary artery,29 and rat pulmonary 

microvascular30 endothelial cells. Our � nding that LPS-induced cytokine production by glomerular 

endothelial cells was only moderately blocked upon p38MAPK inhibition may be due to involvement 

of other kinases and transcription factors, such as phosphoinositide 3 kinase (PI3K)30, 31 and nuclear 
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factor �NB (NF�NB).30, 32, 33 Nevertheless, our results suggest that p38MAPK activation in glomerular 

endothelial cells can potentially contribute to glomerular in� ammation during glomerulonephritis.

These in vitro observations prompted us to investigate the e� ects of p38MAPK inhibition on 

the development of anti-MPO IgG/LPS-induced glomerulonephritis in mice. In our experiments, 

a moderate reduction in early albuminuria and in the number of glomerular macrophages and 

crescentic glomeruli was demonstrated. This moderate reduction in renal injury upon p38MAPK 

inhibition in our model of anti-MPO IgG/LPS-induced glomerulonephritis is in contrast with the 

more prominent bene� cial e� ects of P38MAPK inhibition observed in rat models of anti-glomerular 

basement membrane (GBM)-induced glomerulonephritis.34-37 These contrasting � ndings are not 

easily explained but may relate to di� erences in in� ammatory response between the models or 

di� erences in speci� city of the p38MAPK inhibitors used, i.e. their ability to inhibit related kinases 

as well.

Our � ndings provoke the question why p38MAPK inhibition only partially reduces renal injury 

in anti-MPO IgG-induced glomerulonephritis in mice while it markedly reduces ANCA IgG-induced 

neutrophil activation in vitro. Sev eral explanations are possible. First, ANCA-mediated neutrophil 

activation (e.g. respiratory burst and degranulation) might not be important in the pathogenesis 

of ANCA-associated glomerulonephritis. A previous study demonstrated that ANCA-mediated 

endothelial injury is mediated by serine proteases released from ANCA-stimulated neutrophils 

rather than by superoxide, suggesting that the neutrophil respiratory burst is indeed less important 

for vasculitis development.38 However, we demonstrate that AR-447 attenuates both neutrophil 

respiratory burst and degranulation. Together with the fact that neutrophils are required for 

disease development,39 it seems unlikely that neutrophil activation is not important for the 

development of ANCA-mediated vasculitis. Secondly, the development of in� ammatory diseases, 

such as glomerulonephritis, is very complex. Other kinases involved in ANCA-induced neutrophil 

activation, e.g. PI3K,40, 41 ERK,4, 42 and the tyrosine kinase Syk,43 may remain active to contribute to 

disease activity. This hypothesis is supported by recent results from several independent clinical 

trials, showing that pharmacological inhibition of p38MAPK with speci� c p38MAPK inhibitors in 

arthritis patients caused only a moderate reduction in clinical symptoms and a transient reduction 

in in� ammation markers.44-46 Finally, p38MAPK might be involved in the process of neutrophil 

priming (i.e. antigen translocation) rather than in ANCA-induced signaling. In contrast to the in 

vitro situation where only one pro-in� ammatory stimulus (TNF�D) is used for priming, multiple 

stimuli can contribute to neutrophil priming in vivo. Possibly, these additional stimuli induce 

p38MAPK-independent neutrophil priming in vivo. This would suggest that inhibition of a kinase 

that is speci� cally activated upon ANCA IgG would be more bene� cial for the treatment of ANCA-

mediated diseases. Interestingly, the �J-isoform of PI3K (PI3K�J) was activated upon ANCA and its 

speci� c inhibition substantially attenuated ANCA-induced glomerulonephritis in mice.41 Taken 

together, these observations suggest that speci� c inhibition of p38MAPK ameliorates some aspects 

of the disease, yet does not fully counteract the in� ammatory processes induced by ANCA in vivo.
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In conclusion, this study shows t hat inhibition of p38MAPK markedly reduces ANCA-induced 

neutrophil activation in vitro but only partially reduces pathogenicity in vivo, both when the drug 

was administered prior to disease induction and after disease onset. These data suggest that besides 

p38MAPK activity other signaling pathways contribute to the pathogenesis of ANCA-mediated 

disease.
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INTRODUCTION

The ANCA-associated small-vessel vasculitides (ANCA-SVV) Wegener•s granulomatosis, microscopic 

polyangiitis, Churg-Strauss syndrome and renal-limited vasculitis are severe diseases that have a 

high mortality rate when left untreated. Current treatment protocols are based on non-speci� c 

immunosuppression, which is insu�  cient in preventing relapses and is characterized by severe 

side-e� ects. More e� ective and less toxic therapies are therefore needed. A better understanding 

of the pathogenic e� ector mechanisms underlying ANCA-SVV can improve the development of 

speci� c therapeutic strategies. The aim of this thesis was therefore to explore further the e� ector 

mechanisms involved in ANCA-associated glomerulonephritis, focusing on the discovery of targets 

for treatment and the testing of experimental therapies. More speci� cally, we concentrated on the 

importance of in� ammatory stimuli and ANCA IgG characteristics in disease and the therapeutic 

potential of interfering with leukocyte behaviour.

ANCA-SVV: COMPLEX MULTIFACTORIAL DISEASES

By de� nition, patients with autoimmune diseases have a loss of immunological tolerance towards 

an autoantigen, but it is usually less clear why such a break in tolerance occurs. In line with this, 

it is not known why ANCA autoantibodies develop in ANCA-SVV patients. In recent years, several 

theories have been proposed to explain the immunogenesis of ANCA-SVV. 

The theory of antigen complementarity assumes that antibodies directed against a protein 

or peptide (antisense) that is complementary to the ANCA antigen (sense) are generated.1 A 

subsequent immune response against the antigen-binding part of these antibodies generates 

idiotypic antibodies that cross-react with the ANCA antigen. The antisense protein or peptide in 

this theory may be derived from aberrant antisense transcription or from pathogens. A second 

theory involves molecular mimicry of exogenous proteins with ANCA antigens. This theory assumes 

that the initial immune response is evoked against pathogen-derived peptides that are highly 

homologous to peptide sequences within the ANCA-antigens, resulting in a cross-reactive immune 

response against the ANCA self antigens. Evidence for the occurrence of molecular mimicry in 

ANCA-SVV is provided by a study showing that circulating autoantibodies against lysosomal 

associated membrane protein 2 (LAMP-2), a heavily glycosylated type 1 membrane protein involved 

in cellular adhesion and homeostasis, were highly prevalent in patients with MPO-ANCA- and Pr3-

ANCA-positive crescentic glomerulonephritis.2. These anti-LAMP-2 antibodies were able to activate 

neutrophils and endothelial cells in vitro, whereas injection of these antibodies into rats induced 

pauci-immune crescentic glomerulonephritis. Most interestingly, the authors showed  that a major 

epitope recognized by anti-LAMP-2 antibodies was highly homologous to FimH-1, a bacterial 

adhesin of common gram-negative bacteria. When rats were immunized with FimH-1, antibodies 

directed against FimH-1 were generated that cross-reacted with LAMP-2. Importantly, these rats also 

developed necrotizing crescentic glomerulonephritis. These data suggest that infections with gram-

negative bacteria can induce an autoimmune response to LAMP-2, which in turn causes neutrophil 
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activation and vasculitis. A third theory involves the release of so-called neutrophil extracellular traps 

(NETs), which are chromatin � bers that contain several proteins, including MPO and Pr3.3 Deposition 

of NETs was observed in glomerular lesions of ANCA-SVV. The generation of NETs by neutrophils 

may provide a mechanism by which ANCA autoantigens are continuously exposed to the immune 

system. None of the three theories has yet been con� rmed by other research groups. Mechanisms 

leading to the break of tolerance, resulting in an autoimmune response, and to induction of disease 

are still open for research and new theories are highly needed.

Additionally, it is not known why some patients encounter  disease relapses, whereas others do 

not. A better understanding of why relapses occur is relevant for better treatment strategies. Ideally, 

treatment protocols should be adapted to the individual patient according to the likelihood of 

getting a relapse and the mechanisms underlying relapse. More research is needed to achieve such 

individualized therapies, especially aimed at the discovery of biomarkers that can predict relapse. A 

recent study may have found such a predictor of relapse in the transcriptional signature of T cells.4 

The study de� nes a subpopulation of patients who were more prone to relapse, based on the gene 

expression pro� le of CD8+ T cells. When the predictive value of this transcriptional signature can be 

con� rmed, T cell gene expression analyses may be a step towards therapies based on the likelihood 

of relapse in an individual.

Despite the fact that we do not know what triggers ANCA development and causes disease 

relapses, we do know that ANCA-SVV (as are other autoimmune diseases) are complex multifactorial 

diseases. Disease activity is not only in� uenced by immunological factors, but also by environmental 

elements (e.g. infections) and genetic variation (Figure 1).5, 6 All these factors can contribute to 
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Figure 1 A diagram illustrating that multiple factors … environmental, immunological, and genetic … 
contribute to the pathogenesis of ANCA-associated small-vessel vasculitides. (color image on page  189)
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an individual•s susceptibility for autoimmunity and together they may provide the appropriate 

conditions for a break in tolerance. The initiation and progression of ANCA-SVV thus involves 

multiple contributing factors that should be taken into account when studying the immunogenesis 

and pathogenesis of these diseases. In this chapter, we therefore discuss the results of this thesis in 

the context of environmental, immunological and genetic factors.

Environmental factors

Several environmental factors can potentially contribute to the development and progression of 

ANCA-SVV. Exposure to certain drugs or silica has been shown to induce or increase the risk for 

developing ANCA-associated vasculitis.7, 8 More evidence exists, though, for the role of infections 

in the pathogenesis of ANCA-SVV and this will be discussed below. In addition, we will discuss 

the possible participation of the vascular micro-environment that creates a vascular bed that is 

susceptible to ANCA-mediated injury.

Infection

The most important reason for assuming that infections contribute to ANCA-associated vasculitis 

is the fact that neutrophils require a •second hitŽ to make them susceptible for ANCA-mediated 

activation.9 Neutrophils require priming with a pro-in� ammatory stimulus, such as TNF�D, to increase 

ANCA antigen availability and to prepare for a full-blown activation. Infections cause production of 

pro-in� ammatory cytokines and other mediators that can exert this priming. At the same time, these 

pro-in� ammatory mediators activate endothelial cells, which increases the interaction of ANCA-

bound neutrophils with the endothelium. Because infections can also activate the complement 

pathway and complement activation plays a pivotal role in ANCA-associated glomerulonephritis,10 

we analyzed in chapter 2 whether the complement factor C5a could act as a pro-in� ammatory 

stimulus that mediates neutrophil priming and endothelial activation. C5a was able to prime 

human neutrophils for both Pr3-ANCA- and MPO-ANCA-induced respiratory burst in a p38MAPK-

dependent manner. In addition, C5a activated glomerular endothelial cells to produce the leukocyte 

chemoattractants IL-8 and MCP-1. These studies demonstrate that activation of complement and 

subsequent production of C5a during ANCA-SVV may lead to priming and activation of more 

neutrophils and endothelial cells and thereby may contribute to vasculitic injury.

Furthermore, bacteria and bacterial endotoxins, such as Mycobacterium tuberculosis and LPS, 

have been shown to aggravate crescentic glomerulonephritis in animal models of ANCA-associated 

glomerulonephritis.11, 12 In chapter 3, we further investigated the underlying mechanism of LPS-

mediated aggravation of anti-MPO glomerulonephritis in mice. We found that the presence of 

TLR4, the receptor for LPS, was required on both bone marrow-derived cells and intrinsic renal 

cells for maximal neutrophil recruitment and subsequent glomerular injury. This suggests that cells 

from both compartments become activated upon bacterial infections and contribute to ANCA-

associated vasculitis. Whether TLR-4 is involved in human ANCA-associated disease (where LPS may 



143

Summary, discussion and future perspectives

8

not be present) is however not known yet. Interestingly, a recent study described a direct interaction 

between TLR4 and Fc�JRs upon stimulation with IgG immune complexes.13 Activation of neutrophils 

and macrophages via the IgG immune complex-Fc�JR interaction was shown to require the presence 

and integrity of TLR4 in vitro, suggesting that TLR4 may be important for antibody-mediated 

diseases, even in the absence of TLR4 ligands. As a further step towards understanding human 

disease, additional studies could investigate the involvement of TLR-4 in animal models that do 

not include administration of a pro-in� ammatory stimulus, e.g. the bone marrow-transplantation 

mouse model14 or the rat model15 of ANCA-SVV. Together, our � ndings in chapters 2 and 3 add 

to the evidence for a role of pro-in� ammatory stimuli in ANCA-associated vasculitis, through 

promotion of neutrophil priming and endothelial activation.

Despite the evidence obtained from in vitro and animal experiments, studies on bacterial 

infections in ANCA-SVV patients have not proven a causative relationship, although a correlation 

between the presence of S. aureus and the occurrence of relapse has been described for Wegener•s 

granulomatosis.16, 17 The fact remains that many patients acquire ANCA-associated vasculitis 

without having had a preceding infection. Infections are perhaps not required if a combination 

of other environmental factors and genetic susceptibility provides the appropriate conditions for 

disease development. This hypothesis is strengthened by the � nding that administration of low 

concentrations of circulating anti-MPO antibodies in rats or mice is only pathogenic in the presence 

of a pro-in� ammatory stimulus, whereas higher concentrations do not require such a trigger.11,18 

Nevertheless, when an infection is present during active disease, it is likely to substantially contribute 

to exacerbation of the disease. More studies are required to unambiguously describe the role of 

infections in ANCA-associated vasculitis and glomerulonephritis. 

Vascular micro-environment

An unresolved issue in the pathogenesis of ANCA-SVV relates to the preferential localization of 

lesions in small- to medium-sized blood vessels. Vasculitic manifestations in ANCA-SVV are largely 

limited to capillaries, arterioles and venules, whereas larger blood vessels are mostly resistant to 

ANCA-induced in� ammation. In addition, small vessels in certain organs, in particular the kidneys 

and lungs, are more often a� ected than those in other organs. Endothelial cells are not only the target 

for injury, but are also likely to actively participate in the induction and progression of vasculitis. 

In particular, the coordinated expression of adhesion molecules and the production of cytokines 

and chemokines by activated endothelial cells are pivotal in driving the in� ammatory response. As 

shown in chapters 2, 3, and 7, glomerular endothelial cells are prominent sources of the chemokines 

IL-8 and MCP-1 upon stimulation with the pro-in� ammatory mediators LPS and C5a. In the context 

of endothelial heterogeneity, an interesting question would relate to whether endothelial cells 

derived from other vascular beds would respond to the same extent as glomerular endothelial cells. 

The endothelial phenotype in a speci� c vascular bed is dependent on the microenvironment and 

the cross-talk with neighboring cells, and this may determine its susceptibility for an in� ammatory 
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insult. Therefore, it will be important to investigate whether di� erences exist between endothelial 

cells of vessels that are a� ected in ANCA-SVV and of vessels that are not. One way to achieve this, 

is to analyze gene and protein expression pro� les of a� ected vascular beds in human tissues and 

experimental models of ANCA-SVV. This could be achieved by isolating these blood vessels from 

tissue sections by laser microdissection. Such an analysis of endothelial cell pro� les may potentially 

reveal new targets for treatment.

Immunological factors

Besides environmental factors, many immunological factors have been described to be involved in 

the pathogenesis of ANCA-associated vasculitis. In this section the most prominent factors, ANCA, 

leukocytes, Fc�J receptors, complement and kinases, are discussed.

ANCA

In line with a pathogenic role for ANCA, removal of ANCA from the circulation via plasmapheresis 

has been shown to be bene� cial for the treatment of ANCA-SVV patients with alveolar hemorrhage21 

and severe kidney disease.22 Because plasmapheresis treatment removes not only ANCA IgG 

molecules but also other plasma components, including circulating cytokines and complement 

factors, removal of such components may also contribute to the e� ectiveness of plasmapheresis. 

Nevertheless, these � ndings suggest that reducing the pathogenicity of ANCA molecules may be of 

bene� t in the treatment of ANCA-associated glomerulonephritis. 

In chapters 4 and 5 we investigated in more detail some characteristics of ANCA IgG molecules 

to better understand ANCA pathogenicity and to determine whether we can modulate such 

characteristics to reduce ANCA pathogenicity. To this end, we modulated the glycosylation status 

of the ANCA IgG Fc tail in chapter 4, because IgG Fc glycosylation is known to be required for 

activation of Fc�JRs. Using the bacterial enzyme endoglycosidase S (EndoS) to speci� cally cleave 

the Fc glycans from ANCA IgG, we investigated whether IgG Fc deglycosylation could attenuate 

ANCA-mediated glomerulonephritis. We found that pretreatment of IgG with EndoS reduced ANCA-

induced neutrophil activation in vitro and prevented induction of anti-MPO IgG/LPS-mediated 

glomerulonephritis in mice. These results are in line with previous evidence demonstrating an 

important role of Fc�JRs in the development of anti-MPO glomerulonephritis (as described below 

under the subheading Fc�J receptors). It also demonstrates the crucial role that  ANCA IgG Fc glycans 

play in our model. Additionally, systemic treatment of mice with EndoS early after glomerulonephritis 

induction attenuated the development of disease, thereby indicating that modulation of IgG 

glycosylation may be a promising strategy to interfere with acute ANCA-mediated in� ammatory 

processes. Future studies should con� rm the bene� t of treating with EndoS in other models of MPO-

ANCA vasculitis, especially in an active model that involves a cellular as well as a humoral anti-MPO 

immune response (e.g. the MPO-ANCA rat model). Furthermore, the safety and speci� city of EndoS 

needs to be addressed carefully before such a bacterial enzyme can  be used in humans.



145

Summary, discussion and future perspectives

8

In the MPO-ANCA mouse model, elicited polyclonal anti-MPO antibodies are pathogenic, but 

it is not known whether disease induction is dependent on a speci� c antibody subclass or antigen 

epitope. To better understand the pathogenic mechanism of ANCA, we investigated in chapter 5 

whether a selected combination of anti-MPO monoclonal antibodies (moAbs) can induce crescentic 

glomerulonephritis in 129S6 mice. We found that a speci� c combination of three anti-MPO moAbs 

induced crescentic glomerulonephritis in 129S6 mice when the moAbs were co-administered 

with LPS. Although there was substantial albuminuria, the number of crescentic glomeruli was 

low. A higher number of crescents may be achieved by adjusting the anti-MPO moAb dose. This 

will allow the 129S6 mouse strain to serve as a model to study the pathogenicity of speci� c ANCA 

IgG subclasses and antigen recognition patterns via analysis of additional (combinations of) anti-

MPO moAbs together with heavy chain switch variants of these moAbs. More information about 

pathogenic di� erences between speci� c ANCA IgG subclasses may for instance be relevant for the 

potential of EndoS-based therapy, as the interaction of di� erent IgG subclasses with Fc�JRs may not 

be equally a� ected by EndoS treatment.23

In contrast to anti-MPO antibodies, the pathogenicity of anti-Pr3 antibodies is less clear. Several 

animal models for Pr3-ANCA vasculitis have been developed but they have not convincingly 

proven that anti-Pr3 antibodies cause vasculitis. A relevant question is whether the pathogenic 

mechanisms of MPO-ANCA and Pr3-ANCA vasculitis are the same. It is well-known that Pr3- and 

MPO-ANCA-SVV patients di� er to some extent in their clinical presentation and histopathological 

characteristics of the vasculitic lesions.24 For example, in patients with Pr3-ANCA, extrarenal organ 

manifestations, respiratory tract granulomas, and disease relapses are much more frequent than in 

patients with MPO-ANCA. Moreover, passive transfer of anti-Pr3 antibodies in mice does not lead to 

vasculitic lesions while transfer of anti-MPO antibodies does. These dissimilarities may be caused 

by di� erences in the ability of MPO-ANCA and Pr3-ANCA to interact with their target antigens, 

to activate neutrophils, or to evoke cellular immune responses.24 The discrepancy in pathogenic 

capacity between anti-Pr3 and anti-MPO antibodies in animal models may also be due to di� erences 

in antigen characteristics. In mice and humans, Pr3 is less basic than MPO (isoelectric points of ~7 

and >10, respectively).25 This di� erence could account for di� erential interactions of the antigen 

with negatively charged cell structures and could result in di� erences in pathogenic potential of the 

antigen-ANCA complex. Human Pr3, on the other hand, is more basic than murine Pr3 (isoelectric 

points 7.7 and 6.7, respectively), possibly accounting for an increased pathogenicity of anti-Pr3 

antibodies in humans. Moreover, murine Pr3 has been shown to have more similarity to human and 

murine neutrophil elastase than to human Pr3.26 Thus, clinical and experimental � ndings suggest 

that MPO-ANCA and Pr3-ANCA do not share a similar pathogenic mechanism. More research is 

needed, however, to con� rm this.

Leukocytes

Because leukocytes are important e� ector cells in the pathogenesis of ANCA-SVV,14, 27 we speculated 
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that intervention with leukocyte recruitment would provide a potential therapeutic strategy for 

ANCA-SVV. As chemokines are small cytokines involved in leukocyte recruitment, we analyzed in 

chapter 6 the spatiotemporal gene expression of chemokines and chemokine receptors in the 

MPO-ANCA mouse model, to identify potential targets for intervening with leukocyte in� ux. We 

found that several chemokines and chemokine receptors were induced or upregulated in anti-

MPO antibody-mediated glomerulonephritis. Using laser-dissection microscopy, we localized 

expression of most chemokines and receptors predominantly to glomeruli as compared to the 

tubulo-interstitial tissue. The upregulated genes included chemokines and chemokine receptors 

involved in recruitment of neutrophils and monocytes, suggesting that they may serve to promote 

recruitment of these speci� c leukocyte subsets in the development of anti-MPO glomerulonephritis.

Neutrophils are one of the most important types of leukocytes involved in ANCA-SVV. In the 

absence of neutrophils, glomerulonephritis does not develop in the MPO-ANCA mouse model.27 

In this model, neutrophils are typically recruited and activated in the acute in� ammatory phase of 

glomerulonephritis development. We also found that expression of the chemokine receptor CXCR2, 

which is known to be predominantly expressed on neutrophils, was induced particularly in the 

acute phase (chapter 6). In addition, CXCL1 and CXCL2, the main ligands of CXCR2 and homologs 

of human IL-8, were upregulated during neutrophil recruitment (chapters 3 and 6). These � ndings 

suggested that inhibiting either CXCR2 or its ligands would attenuate neutrophil recruitment 

and subsequent glomerular injury. Indeed, neutralization of the ligands CXCL1 or CXCL2 partly 

reduced neutrophil recruitment and glomerular injury in vivo (chapter 3). However, when the 

receptor CXCR2 was inhibited, neutrophil recruitment was increased and glomerular injury was 

not a� ected (chapter 6). These contrasting � ndings are not easily explained, but they may result 

from di� erences in experimental setup (i.e. dosing and timing of LPS administration). Another 

possibility is that CXCL1 and CXCL2 can activate an additional, not yet identi� ed, receptor. These 

studies suggest that inhibition of a single chemokine-chemokine receptor pair may only work when 

existence of redundant chemokine-chemokine receptor functions are excluded. More research is 

needed to clarify the exact role of CXCR2-mediated chemokine signaling in ANCA-associated 

glomerulonephritis.

Monocytes and macrophages are also likely to play signi� cant roles in the development of 

ANCA-SVV. ANCA can stimulate monocytes to produce reactive oxygen species and chemokines,28,29 

and macrophages are present in granulomatous lesions and glomerular crescents. In line with this, 

we found an increased expression of the monocyte chemoattractants fractalkine and MCP-1 in the 

crescentic phase of anti-MPO glomerulonephritis (chapter 6). It would be of interest to explore 

the role of monocytes/macrophages in disease progression. To this end, anti-MPO-mediated 

glomerulonephritis could be induced in monocyte/macrophage-depleted mice. If monocytes and 

macrophages are found to contribute substantially to disease in such experimental studies, follow-

up experiments could examine whether inhibition of the chemokines MCP-1 and/or fractalkine is 

able to interfere with recruitment of these cells.
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Besides neutrophils and monocytes/macrophages, B and T cells are involved in ANCA-

associated glomerulonephritis. B cells can di� erentiate into plasmacytes to produce ANCA and 

also function as antigen-presenting cells. Increased activation of B cells was observed in patients 

with active Wegener•s granulomatosis.30 Moreover, the e�  cacy of a B cell-depleting antibody 

(rituximab) in combination with prednisone has been compared to cyclophosphamide/prednisone 

as induction therapy for ANCA-associated vasculitis in two randomized controlled trials.31, 32 The � rst 

results from these trials demonstrated that rituximab had comparable e�  cacy as induction therapy 

and induced a similar rate of adverse events compared to cyclophosphamide. The e�  cacy and 

potential side-e� ects of rituximab treatment on the long-term are not known and await to be seen. 

Expansion of activated T e� ector cells has also been observed in ANCA-SVV patients,30, 33, 34 possibly 

caused by dysfunction of regulatory T cells.35 Activated e� ector T cells may contribute directly to 

lesional injury via cytokine production or cytotoxic e� ects on endothelial cells.36 A study by Ruth 

et al demonstrated that anti-MPO-speci� c T cells in mice indeed migrate to a site of glomerular 

in� ammation induced by co-administration of anti-MPO and anti-glomerular basement membrane 

(GBM) antibodies and contribute to glomerular injury.37 However, transfer of MPO-speci� c T cells 

from MPO-immunized Mpo-/- mice into immune-de� cient Rag2-/- recipients did not induce 

crescentic glomerulonephritis,38 suggesting that anti-MPO e� ector T cells may contribute to anti-

MPO antibody-mediated disease but are not pathogenic on their own. The potential contribution of 

anti-MPO e� ector T cells requires con� rmation by additional studies, particularly in models that do 

not involve administration of anti-GBM antibodies. Thus, more research is required to establish the 

therapeutic potential of B and T cell inhibition in ANCA-SVV patients.

Fc�J receptors

Fc�J receptors (Fc�JRs) are e� ector molecules that are expressed particularly on innate immune cells, 

including neutrophils, monocytes and macrophages.39 IgG molecules can bind Fc�JRs with their 

Fc tail and activate the receptors. Both activating and inhibiting Fc�JRs exist, which are in a well-

regulated balance under normal circumstances. Under pro-in� ammatory conditions, a number 

of mediators, including C5a, TNF�D and LPS, can increase expression and function of activating 

Fc�JRs,39-41 shifting the balance towards an in� ammatory state. In vitro studies in human neutrophils 

demonstrated that Fc�JRIIa and Fc�JRIII are involved in ANCA-mediated neutrophil activation.42-44 

Furthermore, genetic deletion of activating Fc�JRs was shown to reduce neutrophil adhesion and 

glomerulonephritis development in the MPO-ANCA mouse model,45, 46 demonstrating that Fc�JRs are 

important for disease and suggesting that inhibition of Fc�JRs may be bene� cial for the treatment of 

ANCA-associated vasculitis. 

Complement

The complement system is a central component of the innate immune system in the defense against 

bacterial infections.47, 48 Three pathways exist to activate the complement system, i.c. the classical, 
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the lectin and the alternative pathway. A functional alternative pathway is required for induction of 

glomerulonephritis in the MPO-ANCA mouse model suggesting that activation of complement via 

the alternative pathway is a pivotal step in ANCA-associated vasculitis.10 It has been hypothesized 

that ANCA-activated neutrophils release components of the alternative pathway, such as properdin 

and factor B that promote local complement activation (Figure 2 step 1).10 Initiation of the alternative 

pathway relies on the spontaneous conformational alteration of the complement component C3 to 

generate C3(H2O), which then binds to properdin and factor B (Figure 2 step 2). Factor B is cleaved 

to Ba and Bb by the protease factor D, generating the •initiation C3 convertase• C3(H2O)Bb. Properdin 

promotes binding of factor B and stabilizes the multimeric complex. The generated •initiation C3 

convertase• can cleave additional C3 to C3a and C3b. This spontaneous generation of C3 convertase 

is tightly regulated by complement regulatory factors, restricting activation of the complement 

cascade under non-in� ammatory conditions. Under in� ammatory conditions, however, C3b 

can amplify complement activation by binding to properdin and factor B and generating the 

•ampli� cation loop C3 convertase• C3bBb (Figure 2 step 3). Neutrophils contain several complement 

factors, including factor B and properdin, that are released upon stimulation with pro-in� ammatory 

mediators, such as TNF�D and C5a.49 Possibly, ANCA-mediated activation of neutrophils induces 

release of properdin and factor B as well, providing all the necessary components for generation 

Figure 2 A schematic diagram illustrating the hypothetical mechanism of ANCA-SVV-mediated 
complement activation via the alternative pathway.  ANCA-activated neutrophils release the complement-
activating factors properdin (P) and factor B (B). These factors increase complement activation via an ampli� cation 
loop of the alternative pathway (indicated by 3), resulting in production of chemotactic factors and formation of 
the membrane attack complex (MAC). See text for details. (color image on page  189)
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of the •ampli� cation loop C3 convertase•. This increased C3 convertase activity then leads to more 

complement activation with generation of the chemoattractants C3a and C5a and the formation of 

the membrane attack complex (MAC). This leads to recruitment and activation of leukocytes  as well 

as endothelial cell injury (Figure 2 step 4). Interestingly, C3b that is complexed to a surface, such as 

IgG molecules or bacterial glycans, binds properdin more e�  ciently and is therefore a more potent 

activator of the alternative pathway than free C3b.50 In the case of ANCA-SVV, the presence of ANCA 

IgG molecules and the potential role of bacterial infections may provide the proper conditions 

for ampli� cation of complement activation. Interestingly, initiation of the alternative pathway by 

IgG immune complexes requires the presence of IgG Fc glycans in vitro,51 providing a possible link 

between ANCA IgG glycosylation and activation of the alternative complement pathway.

The � nding that activation of the complement pathway is important in ANCA-associated 

vasculitis suggests that its inhibition can diminish glomerulonephritis development. Indeed, 

treatment with a monoclonal C5-inhibiting antibody that prevents cleavage of C5 into C5a and C5b 

markedly reduced glomerulonephritis development in the MPO-ANCA mouse model.52 Genetic 

ablation of the C5a receptor (C5aR) also prevented anti-MPO IgG-induced glomerulonephritis in 

mice.53

Whether the complement pathway is also required in human ANCA-associated vasculitis is 

however not known yet. In chapter 2 we observed that C5a was able to prime human neutrophils 

in a p38MAPK-dependent manner and activate human glomerular endothelial cells. In addition, 

the expression of C5aR was increased in vasculitic lesions of patients with ANCA-associated 

glomerulonephritis. Our � ndings advocate the use of C5a or C5aR as potential targets for therapeutic 

interventions in human ANCA-SVV. Inhibitors of C5 and C5aR are currently being developed by 

several pharmaceutical companies. Eculizumab, a monoclonal C5-inhibiting antibody has already 

been shown to be safe and e� ective for the treatment of patients with paroxysmal nocturnal 

hemoglobinuria (PNH).54 In addition, the experimentally widely used C5aR antagonist and cyclic 

peptide PMX53 has exhibited safety and tolerability in human clinical trials.55 Thus, the availability 

of speci� c C5 or C5aR inhibitors o� ers opportunities to test their e�  cacy for treatment of patients 

with ANCA-SVV in clinical trials.

Kinases 

ANCA-induced activation of primed neutrophils via MPO/Pr3 binding and Fc�JR ligation induces 

activation of kinase signaling cascades. In vitro studies have identi� ed several kinases to be involved 

in ANCA-induced neutrophil respiratory burst (summarized in Figure 3), including tyrosine kinases56 

(such as src kinases57, 58 and spleen tyrosine kinase (Syk)57), phosphatidylinositol 3 kinase (PI3K),58-61 

protein kinase B (PKB) / Akt59, 61 and protein kinase C (PKC).56 The mitogen activated protein kinases 

(MAPKs) extracellular signal regulated kinase (Erk) and p38MAPK have been implicated in TNF�D-

mediated priming for ANCA-induced respiratory burst62 and diacylglycerol kinase in neutrophil 

adhesion.63 The fact that kinases participate in ANCA-induced signaling suggests that inhibition 
























































































