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PATHOGENIC POTENTIAL OF 

ANTINEUTROPHIL CYTOPLASMIC ANTIBODIES 

ELISABETH BROUWER 



STELLING EN 
Behorende bij het 

proefschrift: 'Pathogenic potential of ANCA'. 

1. Over de oorzaken van de productie van autoantistoffen bestaat nog veel 
onduidelijkheid. 

2. De migratie van leukocyten naar de nieren van patienten met de ziekte van 

Wegener wordt niet alleen door anti-neutrophiele cytoplasmatische anti
stoffen bepaald. 

3. Het is moeilijk een uitspraak te doen over de genese van nierziekten op 

grond van een nierbiopt daar deze een moment en slechts 10 van de 2 
miljoen glomeruli bevat. 

4. Een rustende polymorphnucleaire neutrophiele granulocyt bestaat niet. 

5. Het ontdekken van nieuwe epitopen van eiwitten met behulp van monoclo
nale antistoffen leidt tot veel nieuw deelonderzoek waarvan de betekenis in 
een groter geheel vooralsnog onduidelijk is. 

6. De afwezigheid van immuunglobulinen langs de glomerulaire basaalmem
braan sluit een rol voor immuunglobulinen in de pathogenese van glomeru
lonefritis welke geassocieerd is met antistoffen tegen myeloperoxidase niet 
uit. 

7. Een goede verzorging van proefdieren en een beperking van het aangedane 
leed d.m. v. pijnstilling is een absolute voorwaarde voor het doen van 
dierexperimenteel onderzoek. 

8. Het gezin is meer een economische eenheid dan een sociale structuur. 

9. Voor het milieu zou het beter zijn als meer mensen anti-autostoffen 
ontwikkelden. 

Elisabeth Brouwer, 22 juni 1994 
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: superoxide dismutase 
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VOORWOORD 

'Vaarwel' zei de vos 'Dit is mijn geheim, het is heel eenvoudig alleen met je hart 

kunje goed zien. Het wezenlijke is voor de ogen onzichtbaar' (Antoine de Saint

Exupery, "Le Petit Prince"). 

Tijdens de vijf jaar dat ik werkte aan het onderzoek naar de pathogenetische 
betekenis van anti-neutrophiele cytoplasmatische antistoffen bij de ziekte van 
Wegener heb ik samengewerkt met vele mensen die ieder een eigen bijdrage 
hebben geleverd en zonder wie <lit proefschrift niet tot stand was gekomen. Kees 
Kallenberg was gedurende deze vijf jaar voor mij een zeer belangrijke stimulator 
van het onderzoek tezamen met Jan Weening, Jan Willem Cohen Tervaert en Piet 
Limburg. Beide paranimfen Minke Huitema en Pieter Klok vormden mijn linker
en rechter-hand bij het laboratorium en dierexperimenteel onderzoek. Met veel 
plezier heb ik gewerkt op de afdeling klinische immunologie met als hoofd prof. 
dr. T.H.The die zorgde voor de randvoorwaarden waarbinnen dit onderzoek 
plaats kon vinden, tesamen met Marijke v/d Giessen, Harmke de Vries en de 
analisten op G2. De wekelijkse werkbespreking met Kees Kallenberg, Piet 
Limburg, Jan-Willem Cohen Tervaert, Leontine Mulder, Peter Spronk, Minke 
Huitema, Gerda Horst, Coen Stegeman, Peter Heeringa en Anneke Muller
Kobold was niet alleen gezellig maar ook zeer waardevol voor de voortgang van 
het onderzoek. Mijn kamergenoten Wijnand Helfrich, Bart-Jan Kroesen, Richard 
Janssen, Wim Barlag en Leontine Mulder zorgden voor een gezellige sfeer en de 
mogelijkheid af en toe wat stoom af te kunnen blazen. Dit was daarnaast ook 
goed mogelijk tijdens de 'A.LO. etentjes' tezamen met Carolien van Bruggen, 
Annemarie Grefte, Nynke de Boer, Sonja Wijkstra, Anne Leenstra, en Tondo 
van Rijssen. 
Tijdens de vijf jaar dat ik werkte aan het onderzoek heb ik ook gedurende lange 
perioden gewerkt op de afdelingen pathologie met als hoofd Prof.dr. J.D.Elema 
en electronen microscopie. Tijdens de wekelijkse 'research' en 'journal-club' 
besprekingen op de pathologie heb ik me verder kunnen verdiepen in de pathoge
nese van nierziekten. Vele medewerkers; Joris Grond, Winston bakker, Machiel 
Hardonk, Wilko Coers, Albert Woolthuis, Harry van Goor, Klaas Poelstra, 
Adriana Boes, Sippie Huitema, Hans Vos, Marian van der Horst, Juul Baller, 
Hilbrand Wierenga en Klaas Kooistra tesamen met anderen, op de pathologie 
waren mij tot steun zowel theoretisch als praktisch. Op de electronen microscopie 



werd ik geassisteerd door Henk de Weerd, Bert Blaauw, Cesar Hulstaert, ldse 
Stokroos, Dick Huizinga, Hemmo Meiborg en Peter van der Seide. Ook wil ik de 
afdeling nefrologie bedanken met als hoofd Prof.dr. G.K. van der Hem tijdens de 
eerste fase van het onderzoek en Prof.dr. P.E. de Jong tijdens de tweede fase van 
het onderzoek voor het aanleveren van verse nierbiopten. Naast deze mensen wil 
ik ook Vaclav Fidler bedanken voor de statistische ondersteuning, Bert Schaalma 
voor hulp in de bibliotheek en Jan Brouwer voor alle tekeningen. Kiki Bugter 
steunde mij secretarieel tijdens de zware laatste loodjes tezamen met de arts
assistenten van het martini-ziekenhuis. Johannes zorgde voor leuke uitjes, 
vakanties en vrije tijd alledrie onmisbaar voor goed onderzoek. 
Ik wil iedereen dan ook hartelijk danken voor haar of zijn bijdrage aan dit 
proefschrift. 





CHAPTER 1 

GENERAL INTRODUCTION; 
ANTI-NEUTROPIDL CYTOPLASMIC ANTIBODIES: 

CURRENT DIAGNOSTIC AND 
PATHOPHYSIOLOGICAL POTENTIAL 

Cees G.M. Kallenberg, Elisabeth Brouwer, Jan J. Weening•, 

Jan Willem Cohen Tervaert 

Department of Clinical Immunology, University of Groningen, and Department 

of Pathology•, Academic Medical Center, University of Amsterdam, 

The Netherlands 

Kidney Int 1994, in press 
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Pathogenic potential of ANCA 

INTRODUCTION 

Rapidly progressive glomerulonephritis (RPGN) is a clinical syndrome characteri
zed by rapid deterioration of renal function occurring within days or weeks toge
ther with signs of glomerulonephritis, i.e. proteinuria and hematuria with cellular 
casts. The syndrome is, in many cases, histopathologically manifested as fibri
noid necrosis of the capillary wall with extracapillary proliferation and crescent 
formation [1]. This so-called necrotizing crescentic glomerulonephritis (NCGN) is 
seen in 5-15 % of renal biopsies in most series [1-3]. Although it is infrequent, 
the importance of the condition is illustrated by the fact that most cases of 
NCGN, if left untreated, develop renal failure within days or weeks [1]. Based 
on immunohistopathology NCGN can be subdivided into three distinct categories. 
The first one, occurring in 2-20% of the cases and characterized by linear stai
ning of the glomerular capillary wall for immunoglobulin and complement, has 
classically been described as anti-glomerular basement membrane (GBM) disease. 
It is associated with autoantibodies to structural antigens of the GBM, in particu
lar to the first globular non collagen domain of the a3 chain of collagen type IV 
[4]. The antibodies are considered of pathogenetic significance. The second cate
gory, comprising 15-50 % of cases, is characterized by granular deposits of im
munoglobulin and complement suggesting that immune complexes are pathogene
tically involved. This type occurs in conjunction with systemic autoimmune disea
ses such as lupus erythematosus, in cases of post-infectious glomerulonephritis, 
IgA-nephropathy or Henoch-Schonlein purpura, or as an idiopathic variety. The 
third group of NCGN, occurring in 40-80 % , demonstrates only a few or no 
immune deposits and is designated as pauci-immune NCGN [1-3,5,6]. Pauci
immune NCGN occurs as part of Wegener's granulomatosis (WG) or related 
conditions, or without systemic vasculitis (idiopathic NCGN). The pathophysiolo
gy of this pauci-immune type of NCGN has not been elucidated. Within the last 
decade, however, it has been recognized that the condition is associated with 
autoantibodies to cytoplasmic components of neutrophils (anti-neutrophil cytoplas
mic antibodies or ANCA). 

ANCA were first described in 1982 by Davies et al. in a few patients with seg
mental necrotizing glomerulonephritis [7]. Only in 1985 it became apparent by a 
study of our department that ANCA are a sensitive and specific marker for We
gener's granulomatosis (WG) [8]. Later on, ANCA were described in patients 
with microscopic polyarteritis [9]. Falk and Jennette, in 1988, showed that AN-
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CA are also associated with the idiopathic form of pauci-immune NCGN [10]. 
These data have now been confirmed by many groups and support the view that 
ANCA-associated glomerulonephritis and vasculitis is, indeed, a distinct disease 
category. A number of studies, in addition, have suggested that ANCA are invol
ved in the pathophysiology of the aforementioned disorders. As ANCA, however, 
have recently also been detected in a wide range of inflammatory and infectious 
conditions, a critical reappraisal of the diagnostic significance of ANCA-testing 
seems justified. In this review we will evaluate the current state of ANCA-testing 
as well as elaborate on the pathophysiological role of the autoantibodies in necro
tizing glomerulonephritis and vasculitis. Data presented recently at the Fifth 
International Workshop on ANCA, held in Cambridge, UK, will be included 
[11]. As such, it adds to reviews on ANCA that were published following the 
Second [12], Third [13], and Fourth [14] Workshop on ANCA. 

ANCA: A CLASS OF DIFFERENT AUTOANTIBODIES 

ANCA as detected by indirect immunofluorescence. 

ANCA are routinely detected by indirect immunofluorescence (IIF) on ethanol 
fixed neutrophils [15]. At least three different patterns of fluorescence can be 
distinguished (fig. 1): a cytoplasmic pattern with accentuation of the fluorescence 
intensity in the area within the nuclear lobes (cytoplasmic or c-ANCA), a perinu
clear pattern (p-ANCA), and a more diffuse cytoplasmic staining pattern (atypical 
ANCA). The first pattern has been recognized as a characteristic staining pattern 
produced by the sera of most patients with WG [8,16], but also of some 50% of 
patients with microscopic polyangiitis/arteritis and a minority of patients with 
other necrotizing vasculitides or idiopathic NCGN (reviewed in [17]). P-ANCA 
were originally described by Falk and Jennette [10] in patients with idiopathic 
and/or vasculitis-associated NCGN. Further studies showed that the p-ANCA 
pattern can be produced also by sera from patients with vasculitis without renal 
involvement, and patients with inflammatory bowel diseases, autoimmune liver 
diseases, infectious diseases such as HIV-infection, and rheumatic disorders as 
systemic lupus erythematosus (SLE) and rheumatoid arthritis [17-19]. The perinu
clear pattern cannot always be distinguished from a nuclear staining pattern. 
Thus, discrimination between antinuclear antibodies (ANA) and p-ANCA is not 
possible in most sera that are ANA-positive when isolated ethanol-fixed neutro
phils are used as a substrate. In fact, antibodies reacting with nuclei of granulocy
tes only and not with that of other substrates, have been detected in patients 
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Figure 1. Staining of ethanol fixed neutrophils by indirect immunofluorescence by sera producing: 

a. a characteristic cytoplasmic staining pattern with accentuation of the fluorescence intensity in the 

area within the nuclear lobes (c-ANCA, left), 

b. a perinuclear staining pattern (p-ANCA, middle), 

c. an atypical cytoplasmic staining pattern showing a more diffuse finely speckled fluorescence 

throughout the cytoplasm (right). 

with rheumatoid arthritis long before ANCA had been described, and were na
med granulocyte-specific antinuclear antibodies (GS-ANA) (20,21]. 
Recent studies, however, have shown that the p-ANCA pattern produced by sera 
from patients with NCGN is an artifact of ethanol fixation [22]. When neutrop
hils are fixed with a cross-linking fixative such as paraformaldehyde, those sera 
produce a cytoplasmic staining pattern [22,23] whereas ANA-positive sera still 
display a nuclear staining. As will be discussed below, a number of antigens 
recognized by ANCA, e.g. myeloperoxidase, are highly cationic proteins. During 
ethanol fixation those cationic proteins move to the negatively charged nuclear 
membrane (23] which explains the perinuclear fluorescence pattern. The third 
pattern, an atypical cytoplasmic fluorescence staining, has not been linked to 
particular antigens nor to specific disease entities until now. 

What do we learn from these data? First, detection of ANCA by IIF should be 
performed in a standardized way by highly skilled technicians in order to get 
reproducible results. Cytospins of the buffy-coat are preferentially used as a 
substrate since the simultaneous presence of lymphocytes and neutrophils in the 
preparation allows the distinction between ANCA, which are myeloid specific, 
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and ANA although the presence of ANCA cannot be excluded in ANA-positive 
sera. Besides ethanol-fixation paraformaldehyde-fixed preparations may be used 
as well since some sera are positive for ANCA on the latter substrate and negati
ve on the former [24]. A recent collaborative European study has shown that 
ANCA-testing according to a standard protocol using ethanol-fixed leukocytes 
results in very low inter-laboratory variance [25]. Secondly, a positive ANCA
test by IIF is in itself not diagnostic for a particular condition but should be 
followed by antigen-specific assays. 

ANCA: their target antigens. 

Proteinase 3. 

The antigen recognized by most c-ANCA positive sera has been identified as 
proteinase 3, a third serine protease from the azurophilic granules of neutrophils 
different from elastase and cathepsin G, the other two serine proteases from these 
granules [26-28]. 
Proteinase 3 has been cloned and was shown to be a 29 kD glycoprotein of 228 
aminoacids [29] that is identical to p29b, a recently described antibiotic protein 
from human neutrophils [30], and myeloblastin, a growth-promoting protein from 
myeloid cells [31]. The enzyme is slightly cationic, has proteolytic activity as 
measured on several substrates [32], and is physiologically inhibited by a1-anti
trypsin [33]. Proteinase 3-a1-antitrypsin complexes can, indeed, be detected in 
inflammatory fluids [33]. A 47 kD glycoprotein is also recognized by polyclonal 
and monoclonal antibodies that react with the 29 kD molecule as shown by Gold
schmeding et al. [26]. It has recently been demonstrated that this 47 kD moiety 
has serine protease activity and, probably, represents a post-transcriptional modi
fication of the cDNA encoding for myeloblastin/proteinase 3 [34]. Human antibo
dies to proteinase 3 appear to recognize conformational determinants on the 
molecule [35]. The epitope(s) in question are localized at or near the catalytic 
domain of the molecule as human autoantibodies to proteinase 3 interfere with the 
inactivation of the enzyme by a1-antitrypsin [36]. In most cases binding of the 
antibody to proteinase 3 not only inhibits inactivation of the molecule by anti
proteases but also results in inactivation of proteinase 3 itself; in some instances, 
however, enzymatic activity is retained [36]. 
Proteinase 3 is localized in the azurophilic or a-granules from myeloid cells. It is 
present both in monocytes and granulocytes and appears early in mono-myeloid 
differentiation f37,38]. Proteinase 3 is released from activated neutrophils by a 
process involving fusion of the membrane of azurophilic granules with the plas-
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mamembrane [39]. When neutrophils are primed, i.e. pre-activated with a low 
dose of TNFa (100 pg/ml), proteinase 3 appears at the cell membrane being 
available for interaction with its cognate antibody [40]. In vivo, circulating neu
trophils showing membrane expression of proteinase 3 have been detected in 
conditions as septic shock and also in patients with active WG [41]. Interestingly, 
recent studies by Mayet et al. have shown that proteinase 3 can also be expressed 
in a renal carcinoma cell line [ 42] and, more importantly, in cultured human 
endothelial cells from umbilical veins [43]. In cytokine-treated endothelial cells 
proteinase 3 moves towards the cell membrane suggesting that the antigen may in 
vivo be a direct target for circulating autoantibodies [43]. 
Proteinase 3 can be purified from neutrophil granules by dye-ligand affinity and 
ion-exchange chromatography [ 44], by immunoaffinity chromatography [ 45], or 
by high pressure liquid chromatography [ 46]. Purified protein can be used in 
ELISA systems for quantitation of specific antibodies [25]. Anti-proteinase 3 
antibodies can also be detected by a capture ELISA in which a monoclonal anti
body selects the relevant antigen from a crude extract of a-granules [26]. 

Myeloperoxidase (MPO). 

Following the description of c-ANCA as a marker for WG several groups obser
ved that a number of sera from patients suspected of vasculitis produced a perinu
clear fluorescence pattern on ethanol-fixed neutrophils. During the first internati
onal workshop on ANCA in 1988 Goldschmeding et al. [47] reported that many 
of those sera contained antibodies to MPO and, incidentally, to elastase, and Falk 
and Jennette also mentioned MPO as the relevant antigen [10,48]. Based on the 
latter data p-ANCA became almost synonymous for anti-MPO, which, as already 
has been discussed, is not true. In fact, many p-ANCA positive sera are directed 
against antigens different from MPO, whereas some sera with anti-MPO antibo
dies produce a cytoplasmic staining pattern on ethanol-fixed neutrophils [49,50]. 
MPO is a highly cationic protein (pl 11. 0) with a m. w. of 146 kD, and consists 
of two chains. The enzyme plays a critical role in the generation of reactive 
oxygen species [51]. By immunoprecipitation at least 2 bands of approximately 
60 and 42 kD, representing a complete and a partly degraded single chain, are 
recognized both by monoclonal and human polyclonal antibodies [26]. Western 
blotting studies demonstrate that human anti-MPO antibodies recognize native 
MPO but not denatured MPO suggesting that confirmational epitopes are invol
ved [52-54]. The human autoimmune response to MPO is directed against multip
le epitopes as demonstrated by inhibition studies using anti-MPO positive sera 
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and a set of different monoclonal antibodies [55]. The relevant epitopes have not 
yet been defined but most anti-MPO positive sera do not seem to inactivate the 
enzymatic activity of the molecule [52,53]. Studies performed in mice have de
monstrated the occurrence of natural anti-MPO antibodies of the IgM-isotype 
some of which are polyreactive [56]. Autoantibodies to MPO have also been 
demonstrated in Brown Norway rats treated with mercuric chloride which induces 
a T-cell dependent polyclonal B-cell activation [54]. These data suggest that also 
in man low affinity IgM-class antibodies are present at the germ line which may 
develop into high affinity IgG-class anti-MPO by antigen-driven selection in the 
presence of their cognate T-cells. In this respect, cross-reactivity or homology 
between MPO and other proteins may be relevant. As such, the homology de
monstrated between MPO and heat shock proteins is of interest [57]. 
For the detection of anti-MPO antibodies commercially available MPO can be 
used in ELISA-systems. Those preparations, however, may contain impurities, in 
particular lactoferrin [58]. Alternatively, a capture ELISA can be used [3,26,49]. 

Other antigens. 

Many sera that produce a perinuclear or atypical cytoplasmic staining pattern on 
ethanol fixed neutrophils do not contain antibodies to MPO or proteinase 3 as 
tested by antigen-specific assays. It has now been recognized that a number of 
these sera contain antibodies to defined granular constituents of neutrophils (table 
1). In particular, autoantibodies have been demonstrated to lactoferrin [24,59-64] 
and lysozyme [65] which are constituents of the specific granules, to elastase 
[26,66] and cathepsin G [67], the two other serine proteases that are present in 
the azurophilic granules, and to B-glucuronidase, another constituent of those 
granules [68]. In addition, autoantibodies have been detected that are directed 
against cytosolic components of neutrophils, in particular to alpha-enolase [69]. 
The presence of these autoantibodies have been demonstrated in most of the cases 
by ELISA, and not by additional western blotting or immunoprecipitation. Detec
tion by ELISA did not always parallel detection by IIF on ethanol- or formalin
fixed neutrophils. Their clinical associations will be discussed below. 

7 



Pathogenic potential of ANCA 

Table 1. Neutrophil granule constituents. 

Class of constituent 

Microbial enzymes: 

Serine proteinases : 

Metalloproteinases: 

Acid hydrolases: 

Other: 

Azurophilic granules 

myeloperoxidase 
lysozyme 

elastase 
cathepsin G 
proteinase 3 
azurocidin 

N-acetyl-fi
glucosaminidase 
cathepsin B 
cathepsin D 
fi-glucuronidase 
fi-glycerophosphatase 
a-mannosidase 

def ens ins 

ANCA: DIAGNOSTIC SIGNIFICANCE 

Specific granules 

lysozyme 

collagenase 
gelatinase 

lactoferrin 
vitamin B 12-
binding protein 

Although ANCA were first described in a few patients with necrotizing glomeru
lonephritis [7], large interest in the autoantibodies arose from their presence in 
WG [8]. Numerous studies published in recent years , however, have shown that 
ANCA are far from specific for WG, and have challenged the diagnostic potenti
al of the autoantibodies. These sometimes conflicting data ask for a critical reap
praisal of the clinical value of ANCA testing . 

Wegener's granulomatosis. 

Following the original description of ANCA in WG [8] many studies have confir
med the sensitivity of c-ANCA or anti-proteinase 3 for a diagnosis of WG. Three 
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major studies comprising more than 200 patients have found a sensitivity of 90 % 
for so-called extended WG characterized by the triad of granulomatous inflamma
tion of the respiratory tract, systemic vasculitis, and necrotizing crescentic glome
rulonephritis [16,70,71]. The sensitivity of anti-proteinase 3 for limited WG, i .e. 
disease manifestations without obvious renal involvement, amounted to 75 % [17]. 
It should be mentioned that these data concern patients with active disease only. 
During remission c-ANCA were detected in a far lower percentage of the pa
tients. Generally, the presence of c-ANCA as detected by IIF corresponded with 
their presence as detected by proteinase 3-specific ELISA [3, 70]. Many other 
studies dealing with smaller numbers of patients have confirmed these findings 
(reviewed in [72]). The association between anti-proteinase 3 and WG is, howe
ver, not absolute: some patients with active (generalized) WG are ANCA-negati
ve. Most of the patients who are negative for anti-proteinase 3 have, however, 
antibodies to MPO or leukocyte elastase [10,49,66, 72]. 
The specificity of anti-proteinase 3 for active WG has been found as high as 98 % 
[16,70,72] when sera were studied from patients with a wide variety of renal, 
autoimmune, vasculitic, infectious, or lymphoproliferative disorders. It should, 
however, be realized that anti-proteinase 3 antibodies are detected in patients with 
overlapping symptoms of WG and other forms of vasculitis, and in some patients 
with idiopathic necrotizing glomerulonephritis without systemic involvement 
[3,49,70,73]. Some of these patients will evolve into definite (extended) WG as 
classified according to the ACR-criteria [74] or according to the definition recent
ly proposed by an international study group on vasculitis [75]. Very recently, 
anti-proteinase 3 antibodies have been described in patients with invasive amoebi
asis [76] and in patients with thyroid disease treated with propylthiouracil [77]. 
The latter patients simultaneously developed antibodies to other myeloid enzymes 
such as MPO and elastase together with clinical signs of vasculitis. These fin
dings may suggest that the thiol-group of the drug is involved in the induction of 
this polyclonal autoimmune reaction. 
As mentioned before the prevalence of c-ANCA/antiproteinase 3 in patients with 
active WG is far higher than that in inactive disease. Various longitudinal studies 
have shown that titers of ANCA rise prior to a relapse of WG [16, 78]. The rise 
proved very sensitive for an ensuing relapse and was detectable a mean of 49 
days (range 9 to 106 days) before the moment of clinical relapse [16]. Based on 
these findings a prospective study was undertaken on 58 patients with WG in 
order to test whether treatment based on changes in c-ANCA-titer could prevent 
the occurrence of relapses [79]. In this study blood samples were tested every 

9 



Pathogenic potential of ANCA 

month for AN CA-titer. Over an observation period of 24 months titers of ANCA 
rose in 20 patients. None of the 9 patients who were randomized for treatment at 
the time ANCA-titer had risen (without having major clinical signs at that mo
ment) relapsed. In contrast, 9 of the 11 patients who were not treated at that mo
ment, finally developed a relapse. Those latter patients used more immunosup
pressives and corticosteroids than the patients who were treated immediately at 
the time ANCA-titer had risen. These data have been challenged by a recent 
report from the NIH-group [80] demonstrating a rather poor correlation between 
changes in AN CA-titer and disease activity of WG. A closer look at their data 
[81], however, shows that all 17 patients from the NIH study who were either in 
remission or had stable disease developed relapses that were preceded (24 % ) or 
parallelled (76%) by an increase of c-ANCA titer. Changing titers not correspon
ding to disease activity mainly occurred in patients with (persistently) active dise
ase. Persistingly or intermittently positive tests for ANCA in patients who come 
into remission have been shown to be a considerable risk factor for an ensuing 
relapse (RR compared to patients who are persistently ANCA-negative after re
mission) [82]. Interestingly, persistence of ANCA is associated with certain HLA 
class II genes, in particular the DQw7, DR4 haplotype [83], suggesting that gene
tic factors are involved in the autoimmune response. 
In conclusion, the presence of anti-proteinase 3 strongly suggests a diagnosis of 
WG although the association is not absolute. Increasing titers of the autoantibo
dies should alert the clinician to the possibility of an ensuing relapse. 

Other idiopathic necrotizing vasculitides including idiopathic pauci-immune 
NCGN 

The necrotizing vasculitides are traditionally grouped according to the size of the 
vessels involved and the histopathology of the inflammatory process (table 2). 
Classification criteria based mainly on clinical signs and symptoms have been 
published by the American College of Rheumatologists (ACR) [84]. Although 
useful in clinical practice, these criteria do not strictly define the disease in ques
tion. Using these criteria, various degrees of sensitivity and specificity are obtai
ned. As the criteria are not mutually exclusive one particular patient may be clas
sified as having two or more disease entities. Recently, an international study 
group has newly defined the several vasculitides based, generally, on histopatho
logic findings, (table 3) [75]. The main difference with the traditional classificati
on (table 2) lies in the distinction between medium-sized and small vessel vasculi
tis: in medium-sized (and large) vessel vasculitis vessels smaller than arteries are 

10 



1. ANCA: current diagnostic and pathophysiological potential 

Table 2. Traditional classification of systemic idiopathic vasculitides 

I .  Affecting predominantly large- and medium-sized blood vessels 
1 .  Takayasu's arteritis 
2. Giant cell arteritis/temporal arteritis 

II. Affecting predominantly medium- and small-sized blood vessels 
1 .  Classic polyarteritis nodosa 
2. Churg Strauss Syndrome 
3. Wegener's granulomatosis 
4. Polyangiitis Overlap Syndrome 

III . Affecting predominantly small blood vessels 
1 .  Microscopic polyarteritis 
2. Henoch-Schonlein Purpura 

Table 3. Classification of the idiopathic vasculitides as proposed by an international study group at 
the Chapel Hill Consensus Conference on the Nomenclature of Systemic Vasculitis (adapted from ref. 
74) .  

I .  Large vessel vasculitis 
1 .  Giant cell (temporal) arteritis 
2. Takayasu arteritis 

II. Medium-sized vessel vasculitis 
1 .  Polyarteritis nodosa 
2. Kawasaki disease 

III. Small vessel vasculitis 
1 .  Wegener's granulomatosis 
2. Churg-Strauss syndrome 
3 .  Microscopic polyangiitis 
4. Henoch Schonlein purpura 
5. Essential cryoglobulinemic vasculitis 
6. Cutaneous leukocytoclastic angiitis 
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not involved, whereas in small vessel vasculitis large vessels may be involved as 
well. As such a diagnosis of polyarteritis nodosa requires the presence of necroti
zing arteritis but is excluded when arterioles, capillaries or venules are involved 
as well. In the latter situation the diagnosis probably will be microscopic polyan
giitis according to the Chapel Hill conference [75]. Classification criteria based 
on both clinical and histopathologic findings still have to be established by this 
group. At present, one should realize that the same name may be used for diffe
rent diseases and vice versa. In addition, in clinical practice many patients pre
sent with overlapping features of different vasculitides and cannot be classified 
within one category . Data on prevalences of ANCA in the various vasculitides 
should be valued with these considerations in mind. 

Microscopic polyarteritis or - angiitis (MPA) is characterized by (pauci-immune) 
necrotizing vasculitis involving small-sized vessels [85]. A pulmonary-renal syn
drome consisting of NCGN in combination with pulmonary capillaritis is not 
uncommon. Most patients with MPA are ANCA-positive, either with specificity 
for proteinase 3 or for MPO [86]. There seems to be no clear distinction between 
patients positive for anti-proteinase 3 or anti-MPO although a number of anti
proteinase 3 positive patients develop histologically confirmed WG during the 
course of their disease (own observations). The relation between titers of ANCA 
and disease activity has not been studied systematically in MP A. 
Idiopathic pauci-immune NCGN can be considered as a renal limited form of 
MPA. Most patients with this latter disorder are positive for anti-MPO, the re
maining generally being positive for anti-proteinase 3 [3, 10]. At a closer look, 
however, many patients with idiopathic NCGN have constitutional symptoms 
together with signs of systemic involvement such as arthralgias, purpura and/or 
otorhinolaryngologic symptoms. As such, the distinction between WG, MPA, and 
idiopathic NCGN is far from absolute. 
Interestingly, anti-MPO antibodies also have been detected in 30-40% of patients 
with anti-GBM disease [87-89]. Patients having both anti-MPO and anti-GBM 
antibodies are considerably older than patients with anti-GBM antibodies only. In 
some of these patients clinical and pathological data suggest associated systemic 
vasculitis, and among these patients recovery of renal function has been reported 
despite their initial need for hemodialysis [90] . Whether ANCA in anti-GBM 
disease develop concomitantly with anti-GBM antibodies, possibly as a result of 
polyclonal activation, is presently not clear. 
Churg Strauss syndrome characterized by (a history of) asthma and hypereosinop-
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hilia in conjunction with systemic vasculitis with or without renal involvement, is 
associated with anti-MPO antibodies [89]. Combining data from several studies 
the prevalence of anti-MPO in this disorder may be estimated as 75% [73,91] . 
Classical polyarteritis nodosa (PAN) defined as necrotizing arteritis involving 
medium-sized arteries is ANCA-negative in the majority of the cases [73,91]. In 
a large series from France [91] 20 % of the patients with PAN without hepatitis B 
virus infection were positive for ANCA whereas 11 % of those with HBV-infecti
on were positive. 
The occurrence of ANCA in Kawasaki disease, a mucocutaneous lymph node 
syndrome with, in a considerable number of cases, arteritis, in particular of the 
coronary arteries, has not been definitely established. Acute sera demonstrate 
positive homogeneous cytoplasmic staining in 23 % of the patients possibly due to 
IgM-class antibodies directed to cathepsin G [92]. Large vessel vasculitides such 
as Takayasu arteritis [93] and temporal arteritis [66,94] generally are ANCA
negative. Finally, the presence of ANCA, in particular of the IgA-isotype, in 
Henoch Schonlein purpura needs consideration. Although these IgA-ANCA have 
been reported in earlier studies [95], these data have not been confirmed by other 
groups [96]. 
In summary, the presence of anti-proteinase 3 or anti-MPO appears to characteri
ze pauci-immune small vessel vasculitis of different varieties frequently involving 
the kidney as well (table 4) . 

Table 4. Disease associations of anti-proteinase 3 antibodies and anti-myeloperoxidase antibodies* 

Disease entity 

Wegener's granulomatosus 
Microscopic polyangiitis 
Idiopathic crescentic 

glomerulonephritis 
Churg-Strauss syndrome 
Polyarteritis nodosa 

anti-proteinase 3 
(%) 

85 
45 

25 
10 
5 

*Data derived from the references cited in the text. 

Sensitivity of 
anti-myeloperoxidase 

(%) 

10 
45 

65 
60 
15 
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Connective tissue diseases 

The prevalence of ANCA in systemic lupus erythe11U1tosus (SLE) still is a matter 
of debate. Antibodies to MPO [97, 98], elastase [98], and lactoferrin [ 62] have 
been reported in this disease. Their prevalences differ widely between several 
series, and their occurrence does not seem to be associated with any particular 
disease subset. Interestingly, anti-MPO have been detected in the sera of all 6 
patients with hydralazine induced lupus, in 5 of them in combination with anti
elastase antibodies [99]. The simultaneous presence of specific ANCAs both in 
hydralazine induced lupus and propylthiouracil induced vasculitis suggests a more 
polyclonal immune activation in drug-induced autoimmunity comparable to expe
rimental mercuric chloride induced autoimmune disease in which anti-MPO anti
bodies are also detected [ 54]. 
Granulocyte-specific ANA (GS-ANA) ([21], see before) have been described in 
rheu11U1toid arthritis (RA) already in 1959 [100] . The detection of ANCA has 
evoked renewed interest in those antibodies in RA. It has been shown that, at 
least most of, GS-ANA are actually ANCA directed to different antigens [24]. 
Amongst these lactoferrin is most prominent. Anti-lactoferrin antibodies have 
been specifically associated with vasculitis in RA [59] and with Felty's syndrome 
[61] although these data have not been confirmed by others [24,101]. The latter 
studies actually suggest that ANCA in RA are a secondary phenomenon related to 
disease duration. 

lnflam11U1tory bowel disease (IBD) and autoimmune liver disease 

The occurrence of ANCA in IBD, in particular in ulcerative colitis, has raised 
interest in ANCA as a marker of ulcerative colitis useful in the work-up of pa
tients with diarrhea [102]. The prevalence of ANCA in ulcerative colitis may be 
estimated as 50-80% compared to a 10-40% prevalence in Crohn 's disease [60, 
103-105]. Titers of ANCA possibly follow disease activity in ulcerative colitis 
but not in Crohn's disease [104-106]. There is still no agreement on the antigens 
involved. Cathepsin G as well as fl-glucuronidase have been proposed [67 ,68] but 
other studies suggest that the same antigens are involved as in RA including lac
toferrin [60]. ANCA have also been described in a considerable number of pa
tients with pri11U1ry sclerosing cholangitis, a hepatic disease of possible autoim
mune origin associated with IBD [107]. ANCA, however, were also found in 60-
70 % of patients with chronic active hepatitis, and 35 % of those with pri11U1ry 

biliary cirrhosis. The antigens involved have only partly been characterized 
[108]. 
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Infectious diseases 

ANCA, generally of undefined specificity, have been described in HIV-infection 
and mucoviscidosis with secondary infection [109,110]. As mentioned before, a 
recent report described the occurrence of anti-proteinase 3 antibodies in patients 
with amoebiasis [76]. In addition, incidental case reports have mentioned the 
occurrence of ANCA in different infectious and neoplastic disorders. These fin
dings, although unconfirmed, underscore that the detection of ANCA by IIF only 
has, at present, limited diagnostic value. The presence of anti-proteinase 3 or 
anti-MPO in the relevant clinical context, however, clearly points to one of the 
idiopathic forms of necrotizing vasculitis or glomerulonephritis . 

ANCA: TOWARDS A ROLE IN THE PATHOPHYSIOLOGY OF NCGN/ 
VASCULITIS 

The close association between anti-MPO and anti-proteinase 3 antibodies on the 
one hand and pauci-immune NCGN and necrotizing vasculitis on the other hand 
suggests a pathophysiological role for the autoantibodies. There are, indeed, ex
perimental data that further substantiate a role for ANCA in the pathophysiology 
of the aforementioned diseases . 

Effect of ANCA on their target antigens 

As discussed before binding of anti-proteinase 3 to its target enzyme can inhibit 
the irreversible inactivation of the enzyme by a 1-antitrypsin, its natural inhibitor 
[36]. The inhibitory activity differs between sera and is not directly related to the 
amount of specific antibody [111]. In a longitudinal study it has been shown that 
disease activity in patients with WG correlates with the amount of inhibitory acti
vity of the serum rather than with the titer of the anti-proteinase 3 antibodies 
[111]. This suggests that escape of the enzyme from its inactivation may contri
bute to the inflammatory process . Although most anti-proteinase 3 positive sera 
not only inhibit inactivation of proteinase 3 but also its enzymatic activity [36], 
the reversible antigen-antibody binding may be dissolved at the site of inflamma
tion allowing the enzyme to display its lytic activity . 
The phenotypical expression of a1-antitrypsin is polymorphic : severely-, medium

' and non-deficient proteinase inhibitor phenotypes can be distinguished. Interes
tingly, amongst 14 anti-proteinase 3-positive patients with vasculitis, phenotypes 
deficient for proteinase inhibitor activity were increased compared to controls. 
Reversely, the prevalence of ANCA of diverse specificities was remarkable 
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amongst a population with the severely deficient phenotype (20 out of 150) [112]. 
These data may suggest that deficient a1-antitrypsin activity is involved in the 
induction of ANCA. Otherwise, this deficiency may contribute to the expression 
of the lesions in ANCA-associated vasculitis. 

Interaction between ANCA and endothelial cells 

The antigens recognized by anti-MPO and anti-proteinase 3 are constituents of 
granules from myeloid cells and are thought to be specific for cells of the mono
myeloid lineage. Recent studies from Mayet et al. have demonstrated, however, 
that proteinase 3 can be expressed in other cell types as well, in particular in 
renal carcinoma cells [42] and in human endothelial cells [43]. In the latter cells 
cytokine treatment either with TNFa, IL-1, or IFN-y, resulted in increased ex
pression of proteinase 3 with translocation of the enzyme to the cell membrane. 
As such the antigen is available for interaction with the autoantibody at sites of 
cytokine production. MPO and proteinase 3 are cationic proteins with an isoelec
tric point of 11.0 and 7.8, respectively. These cationic proteins may bind to anio
nic structures such as the glomerular basement membrane (GBM) and the surface 
of endothelial cells. It has, indeed, been shown that ANCA can bind to endotheli
al cells incubated with MPO or proteinase 3 [113]. Under these conditions, anti
MPO can, in vitro, induce complement dependent endothelial cell lysis [114]. 
Although these in vitro studies have demonstrated that ANCA can interact, di
rectly or indirectly, with endothelial cells, direct immunofluorescence studies 
from lesional tissue have failed to show significant deposition of IgG along the 
endothelium or the glomerular capillary wall. Thus, the in vivo relevance of tho
se in vitro studies still has to be established. 

The potential of ANCA to activate inflammatory cells 

Falk et al. were the first to demonstrate that ANCA can activate neutrophils that 
are pre-treated ( "primed") with low dosage TNFa to the production of reactive 
oxygen species and the release of lysosomal enzymes [19]. The mechanisms un
derlying neutrophil activation by ANCA have only partly been elucidated. Pri
ming of neutrophils by TNFa results in the expression of lysosomal enzymes 
such as MPO and proteinase 3 at the cell membrane [ 40]. Those pre-activated 
neutrophils showing surface expression of proteinase 3 can be detected in the 
peripheral blood in conditions as septic shock and at the time of active disease in 
WG [41]. Binding of anti-proteinase 3 to primed neutrophils results in further 
activation. Falk et al. originally reported that activation can be induced by 
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F(ab')i-fragments of the antibodies [19]. Recent studies, however, suggest that 
both F(ab)-binding and Fe-interaction are involved [115,116]. Blocking of the 
Fell receptor on neutrophils inhibited activation [115]. The Fell receptor particu
larly interacts with IgG2- and IgG3-subclasses of antibodies. Interestingly, sera 
with relatively high levels of IgG3 subclass of ANCA preferentially activate neu
trophils [115], and renal exacerbations of WG are associated with increases of the 
IgG3 subclass of ANCA [117] although IgG 1- and IgG4-subclasses of ANCA are 
present as well [117]. The signal transduction pathway involved in AN CA-media
ted activation of neutrophils is still a matter of debate [118-120]. Different path
ways have been described suggesting that protein kinase C (PKC) as well as 
Ca2+ -influx are involved. The translocation of PKC to the cell membrane as ob
served during ANCA-mediated activation [118] seems to be the initial step, fur
ther steps are dependent on intracellular calcium [120]. In vitro studies also have 
shown that primed neutrophils in the presence of ANCA can lyse endothelial 
cells in culture [121,122] . In addition, it has been suggested that ANCA can in
duce adhesion of neutrophils to monolayers of cultured endothelial cells [123]. 
Considering these experiments one should realize that isolation of neutrophils in 
itself may result in some degree of activation depending on the methods of isola
tion. This, apparently, may influence the results. Taken together, ANCA of defi
ned specificity have been shown to activate primed neutrophils. The relevance of 
this phenomenon for the pathophysiology of the necrotizing vasculitides needs 
further study. In this respect, the capacity of ANCA to activate primed neutrop
hils did not correlate with the amount of in situ activated neutrophils present in 
renal biopsies from patients with active WG [124]. 

T-cell reactivity to ANCA-associated antigens 

Besides neutrophils, inflammatory lesions of lung and kidney in WG contain mo
nonuclear infiltrates, frequently also in the form of granulomas, which consist of 
monocytes and T-cells the majority of which are CD4-positive [125,126]. The 
presence of these large cellular infiltrates, contrasting with the scanty deposits of 
immunoglobulins [5,6,124], suggests that cell-mediated immunity is involved in 
the pathogenesis of the lesions as well. In agreement, elevated levels of soluble 
11-2 receptors and increase in those levels preceeding major relapses have been 
reported in patients with WG indicating the presence of activated T-cells [127, 
128]. The target antigens of those activated T-cells are, however, not known. 
Microbial antigens, in particular Staphylococcal antigens, might be involved as 
chronic nasal carriage of Staphylococcus aureus has been shown to be an impor-
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tant risk factor for the development of relapses in patients with WG [82]. Other
wise, the target antigens of ANCA, i.e. proteinase 3 and MPO, are released at 
the site of inflammation and could be targets for cell-mediated immunity. Prelimi
nary data have shown that lymphocytes isolated from patients with WG prolifera
te in response to crude neutrophil extracts containing proteinase 3 [ 129, 130]. We 
recently demonstrated using in vitro lymphocyte proliferation assays, that patients 
with WG positive for anti-proteinase 3 antibodies responded more frequently and 
stronger to proteinase 3 than controls [131]. However, 33% of healthy controls 
also reacted in vitro to proteinase 3, whereas 65 % of patients with anti-proteinase 
3 antibodies did not show in vitro T-cell reactivity to this autoantigen. Thus, the 
pathophysiological role of (autoreactive) T-cells in systemic vasculitis awaits 
further studies. 

The in vivo role of ANCA in NCGN 

The in vivo potential of ANCA to aggravate the inflammatory response has re
cently been demonstrated by Kobayashi et al . [132]. They injected rats with rab
bit anti-rat MPO antibodies together with rabbit anti-rat GBM antibodies. As 
controls rats were injected with either anti-rat GBM or anti-rat MPO antibodies. 
In the latter group no lesions were apparent. The most severe lesions were found 
in rats injected with both antibodies . In this group, MPO was found along the 
glomerular capillary wall and anti-MPO could be eluted from the kidneys. Thus, 
besides direct activation of rat neutrophils by anti-MPO, MPO released from 
activated neutrophils may have bound to the GBM due to charge interaction follo
wed by in situ binding of anti-MPO. This local immune complex formation may 
have aggravated the passive anti-GBM nephritis. In line with these findings are 
the data of Brouwer et al. [133]. They immunized Brown Norway (BN) rats with 
human MPO. The rats developed anti-human MPO antibodies, which, in part, 
showed cross-reactivity with rat MPO, as well as delayed type hypersensitivity to 
human MPO. Five weeks after immunization the left kidney was perfused with 
products of activated neutrophils, i.e. lytic enzymes, particularly proteinase 3 and 
elastase, MPO, and its substrate H202 • The rats developed NCGN with interstitial 
infiltrate and vasculitis. Whereas MPO, IgG, and C3 could be detected at 24 hrs 
after perfusion along the GBM, immune deposits were generally absent at 4 and 
10 days after perfusion which illustrates the pauci-immune character of the lesi
ons. In control immunized animals perfused with enzymes and H202 no signifi
cant lesions occurred. When MPO-immunized rats were perfused with MPO and 
H202 only, more or less comparable lesions developed but those lesions were 
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accompanied by immune deposits persisting for a longer time along the GBM. 
From these findings it is suggested that the initial step in the development of 
NCGN is (focal) immune complex formation. The presence of lytic enzymes, 
which were concomitantly perfused but may also have been released from neu
trophils activated by ANCA, probably is responsible for the degradation of the 
immune deposits that were detected in the very early stage of the lesions. Yang et 
al. very recently have tried to repeat the experiments of Brouwer et al. in both 
BN rats and spontaneously hypertensive rats [134]. In the latter rats more severe 
lesions were found demonstrating the additive effects of hypertension. In contrast 
to Brouwer et al. [133] they observed persistence, up to 10 days after perfusion, 
of immune deposits along the GBM in both rat strains. Differences both in the 
immunization procedure resulting in different qualities of the antibodies as well 
as in the composition of the perfusate may explain the discrepancies between both 
studies. 
Anti-MPO antibodies have also been demonstrated in BN rats treated with mercu
ric chloride [54]. These rats develop a polyclonal autoimmune response compri
sing, amongst others, antibodies to MPO. Necrotizing vasculitis, particularly 
involving the gut, developed in some of the animals, possibly in conjunction with 
a microbial infection [135] . The pathophysiological role of anti-MPO in the in
duction of the vasculitic process is, however, not clear in this particular model. A 
schematic representation of the possible pathophysiology of ANCA-associated 
necrotizing vasculitis/ glomerulonephritis which summarizes the items discussed 
before, is shown in fig. 2. 

IMPACT OF ANCA ON TREATMENT 

Untreated, the outcome of the systemic necrotizing vasculitides is poor. High 
doses of corticosteroids have improved prognosis. Although treatment with ste
roids alone seems to be sufficient in less severe forms of polyarteritis nodosa and 
Churg Strauss syndrome, many cases of systemic vasculitis treated with corticos
teroids alone still progress to renal failure or show a fatal outcome. In WG, for 
instance, corticosteroids have improved the average survival time from 5 to 12.5 
months only. The introduction of cyclophosphamide [136,137] has been a major 
advance in the treatment of the necrotizing vasculitides resulting in complete 
remission in 14 out of 17 patients with severe vasculitis [136] and 79 out of 85 
patients with WG [137]. At present, the usual regimen consists of 2 mg/kg/day 
cyclophosphamide given orally in combination with 1 mg/kg/day prednisolone. 
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Figure 2. Schematic representation of the possible pathophysiology of ANCA-associated necrotizing 
vasculitis/glomerulonephritis. 1 .  Neutrophils (PMN) are primed by low concentrations of cytokines 
resulting from (local) infection. 2. Primed PMN are further activated to the production of reactive 
oxygen species (ROS) and the release of lytic enzymes such as proteinase 3 (Pr3) and elastase (HLE). 
3. Products of activated PMN induce necrotizing inflammation which might be potentiated by the 
inhibition by ANCA of the a 1-antitrypsin (a 1AT) induced inactivation of Pr3 . 4. CD4-positive T-cells, 
possibly autoreactive to Pr3, may contribute to granuloma formation. 5. Activated PMN may damage 
endothelial cells to which they adhere as a result of (focal) upregulation of adhesion molecules . 6. 
Binding of cationic MPO to polyanionic (basement) membranes is followed by in situ immune com
plex formation; attracted PMN additionally activated by ANCA evoke the initial step of vasculitis/glo
merulonephritis and degrade immune complexes. 
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Since a considerable number of patients relapse during tapering of immunosup
pressives, long term treatment (1 to 2 years of cyclophosphamide) has been advo
cated by the NIH group. Conversion to azathioprin after 8 to 12 weeks appears to 
be a reasonable alternative according to groups from the UK [138]. A major 
drawback of long term cyclophosphamide treatment is the occurrence of severe 
adverse effects, in particular opportunistic infections [139] and bladder toxicity, 
i .e. haemorrhagic cystitis and carcinoma [140]. In lupus nephritis, the frequency 
of adverse effects seems to be reduced without loss of efficacy by using intrave
nous pulse cyclophosphamide in stead of oral cyclophosphamide [141]. In WG, 
the NIH group described a less favourable therapeutic effect of intravenous pulse 
compared to oral cyclophosphamide [142]. In ANCA-positive glomerulonephritis 
and systemic vasculitis, however, no differences in renal or patient survival were 
noted between both regimens by another group [143]. A controlled study from 
the UK also showed that pulse and oral cyclophosphamide are equally effective in 
inducing remission in patients with systemic vasculitis [144]. 
Based on new insights, in part derived from the detection of ANCA, into the 
possible pathophysiology of the systemic vasculitides, different treatment modali
ties have been proposed for ANCA-associated glomerulonephritis and systemic 
vasculitis. 
a. A number of uncontrolled studies have described a favourable effect of trimet
hoprimlsulfamethoxazole (TIS) in the treatment of WG [145], particularly in 
limited WG. A prospective study in 17 patients with limited WG recently showed 
a response rate of 65% [146]. In generalized WG the use of TIS was accompa
nied by maintenance of remission in 14 out of 32 patients ( 44 % ) during a three 
year period [146]. Prospective controlled studies are, however, not available. The 
possibly positive effect of TIS might be explained by the observation that relapses 
of WG are frequently preceeded by infections [147]. Interestingly, our group 
recently found that chronic nasal carriage of Staphylococcus aureus is frequent in 
patients with WG, occurring in 36 out of 57 patients (63%), and identifies a sub
group more prone to relapses of the disease. During a 3½ year period 21 of the 
chronic carriers relapsed, compared to 2 out of 21 who were not considered 
chronic carriers [82] . Also, chronic nasal carriers had an increased risk of being 
persistently or intermittently positive for ANCA [82]. The inter-relationship be
tween chronic nasal carriage of Staphylococcus aureus and prevention of relapses 
by TIS treatment has not been studied so far nor has the role of Staphylococcus 

aureus in the induction of ANCA been addressed. 
b. Several newly proposed treatment modalities in systemic vasculitis are based 
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on the assumption that ANCA play a critical role in the pathophysiology of the 
disease. As stated before rises of c-ANCA titers seem to preceed the development 
of relapses of WG [16]. Based on these findings a controlled prospective study 
was performed in which patients were assigned to treatment or no treatment once 
a significant rise of ANCA had occurred [79]. Treatment based on rises of AN
CA titer appeared to prevent relapses of WG in this study on a small number of 
patients. These data have to be confirmed by studies on larger groups of patients. 

Plasma exchange (PE) has been proposed as a direct approach to remove patho
genic autoantibodies. A controlled study on the additional role of PE in the initial 
treatment of patients with necrotizing glomerulonephritis without anti-GBM anti
bodies was published some years ago [148]. Included were patients with impaired 
renal function, crescentic necrotizing glomerulonephritis in the biopsy, and a 
clinical diagnosis of WG, MP A, or idiopathic rapidly progressive glomerulo
nephritis. Data on ANCA were not consistently available. Forty-eight cases could 
be analyzed of whom 23 were treated with immunosuppressives only and 25 with 
additional PE. Only in patients who were dialysis-dependent at presentation 
(n= 19) an additional benefit of PE was observed: 10 out of 11 patients treated 
with additional PE recovered from renal failure whereas only 3 patients recove
red out of 8 patients treated with immunosuppressives alone. A comparable bene
ficial effect has been found for the additional use of pulse methylprednisolone in 
patients with rapidly progressive glomerulonephritis and crescentic glomerulo
nephritis who were dialysis-dependent at presentation [149]. Thus, either PE or 
pulse methylprednisolone can be added to the oral regimen described before in 
patients with ANCA-associated vasculitis/glomerulonephritis who present with 
acute renal failure. 
Intravenous gammaglobulin (IVIg) therapy has been tried in an increasing number 
of autoimmune diseases. Originally used in autoimmune thrombocytopenia in 
order to block or saturate Fe-receptor mediated clearance of antibody-coated pla
telets IVIg might also exert its effect by the presence in the preparation of anti
idiotypic antibodies which interact with the idiotypic network. Anti-idiotypic anti
bodies reactive to ANCA have, indeed, been detected in pooled human immuno
globulin and in the sera from patients with ANCA-positive vasculitis drawn 
during remission [150]. Preliminary data suggest that IVIg infused at 0.4 g/ 
kg/day on 5 consecutive days may have a beneficial effect in patients with AN
CA-positive vasculitis resulting not only in clinical improvement but also in some 
50% reduction in levels of ANCA [151]. Controlled prospective studies are, ho-
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wever , needed to demonstrate the clinical usefulness of IVIg. 
c. Inflammatory lesions of lung and kidney in WG are characterized by large 
mononuclear infiltrates containing monocytes and T-cells , with a majority of 
CD4-positive cells [125,126]. The antigenic specificities of those T-cells are not 
known but peripheral blood lymphocytes reactive to ANCA-antigens such as pro
teinase 3 and MPO have been described (see before). In a patient with longstan
ding unclassified vasculitis treatment with the combination of two monoclonal 
antibodies, one directed against an antigen present on all mononuclear cells and 
the other against the CD4 molecule , resulted in long lasting clinical remission 
whereas injection of the first antibody alone induced short-lived remission only 
[152]. This pilot study still awaits confirmation from a larger scale study. 

CONCLUSION 

The diagnostic potential of ANCA is now fairly well established for the target 
antigens proteinase 3 and MPO. The presence of anti-proteinase 3 strongly sug
gests a diagnosis of Wegener 's granulomatosis (WG), either in its generalized or 
limited presentation, although the association is not absolute. Changes in levels of 
anti-proteinase 3 in WG generally reflect disease activity. Anti-MPO is associated 
with various forms of necrotizing vasculitis including idiopathic necrotizing and 
crescentic glomerulonephritis (NCGN). Anti-MPO occurs , incidentally, also in 
other diseases. The diagnostic significance of ANCA of other or still unknown 
specificities has not yet been definitely established. 
The pathophysiological role of ANCA has been studied in in vitro and in vivo 
models . In vitro anti-proteinase 3 interferes with the inactivation of proteinase 3 
by a 1-antitrypsin . ANCA of diverse specificities are able to activate primed neu
trophils to the production of reactive oxygen species and the release of lysosomal 
enzymes. Both effects may contribute to the inflammatory process . With respect 
to vasculitis and glomerulonephritis the possible expression of proteinase 3 at the 
surface of (activated) endothelial cells and the binding of MPO on these cells 
might allow the respective antibodies to react to their targets in vivo and to injure 
the endothelium. In MPO-immunized animals perfusion of the kidney with the 
products of activated neutrophils results in the development of pauci-immune 
NCGN. 
Although many questions still remain, the expanding knowledge on ANCA has 
greatly contributed to the diagnosis and the understanding of the pauci-immune 
necrotizing vasculitides. 
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1. Aim of the present thesis 

AIM OF THE PRESENT THESIS 

The pathogenesis of Wegener's granulomatosis (WG) and related disorders is at 
present unknown. As a result patients receive non-specific treatment with 
frequently severe side-effects. Disease activity of WG and associated disorders is 
often preceded by a rise in levels of anti-neutrophil cytoplasmic antibodies 
(ANCA), and treatment based on an increase in titer can prevent relapses of WG 
indicating that beside their diagnostic use ANCA might also have pathogenic 
potential. 
Little is known of the induction of ANCA and the pathogenic role of ANCA in 

vivo. Most studies as presented in the first part of this introduction deal with the 
in vitro pathogenic role of ANCA. In vitro ANCA activate primed 
polymorphonuclear neutrophils (PMN), which express the target antigens of 
ANCA on their surface (fig. 2), to the production of reactive oxygen species 
(ROS) and the release of lytic enzymes primarily by binding of ANCA to the 
second Fe-receptor (Fc-y-RII). When primed PMN and ANCA are co-cultured 
with endothelial cells the latter become damaged (fig. 2). Attachment of PMN to 
endothelial cells is necessary for the cytolytic attack and blocking of the involved 
adhesion molecules can prevent endothelial cell lysis (fig. 2) . In vitro studies also 
have shown that released proteinase 3 (Pr3) and myeloperoxidase (MPO) bind to 
endothelial cells and thus can serve as target for ANCA (fig. 2) . 

Based on these in vitro data we postulated the hypothesis as presented in figure 2. 
In the present thesis we tested part of this hypothesis in vivo and explored the 
pathophysiology of WG and related conditions which are ANCA-associated in 
order to define more specific treatment modalities. 

In particular we evaluated whether the ANCA related immune-response may 
actually result in tissue damage. In this respect, the presence and characteristics 
of both the cellular and humoral immune-response to ANCA antigens were 
analyzed, and the latter were related to the extent of tissue injury. In chapter 2 

we analysed the immunoglobulin subclass distribution of serum ANCA in order 
to study whether ANCA production is T-cell dependent and whether ANCA have 
a pathogenetic potential since subclasses of immunoglobulins differ substantially 
in their biological functions. 
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In chapter 3 mononuclear cells were isolated from peripheral blood of WO
patients in order to study the presence of autoreactive T -cells reacting with Pr3 or 
MPO in peripheral blood, as these cells could play an important role both in 
inducing B-cells to antibody production and in causing tissue damage as effector 
cells (fig. 2). 

Since in vitro data indicate that ANCA activate PMN (fig. 2), we investigated in 
chapter 4 whether activated PMN producing oxygen radicals and the release of 
lysosomal enzymes are present in renal tissue from patients with WO and 
whether their presence correlates with renal impairment. ANCA isolated from 
these patients at the same time when the renal biopsy was taken were tested for 
their capacity to activate PMN. 

As adhesion molecules are known to amplify the toxic potential of PMN in vitro 

(fig. 2) , we investigated in chapter 5 the contribution of adhesion molecules to 
the development of renal lesions. In addition serum levels of soluble adhesion 
molecules were measured at the time of the renal biopsy in order to evaluate 
whether they reflect the extent of the expression of adhesion molecules in renal 
tissue. 

In the second part of this thesis we concentrated on the in vivo pathogenic role of 
ANCA in an animal model that we developed as part of this study. 

In chapter 6 we tested the hypothesis that ANCA associated pauci-immune 
necrotizing crescentic glomerulonephritis (NCON) may develop after the focal 
release of lysosomal enzymes and oxygen metabolites like H2O2 by activated 
PMN in the presence of ANCA (fig. 2). Therefore we perfused lysosomal 
enzymes and Hz02 into the kidneys of BN rats immunized with MPO. 

In order to unravel the underlying immunologic mechanisms in the effector phase 
(fig. 2) we studied the contribution of the humoral versus the cellular anti-MPO 
response to the development of NCON by comparing the renal lesions that 
developed in two different rat strains in chapter 7. Brown Norway (BN)-rats , 
which are known to be strong humoral responders , were compared with Lewis 
rats that are strong cellular responders. 
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In chapter 8 the contribution of ischemia to the development of anti-MPO 
associated NCGN was investigated. Ischemia might be an important contributing 
factor in the effector phase of NCGN in the often elderly patients developing 
anti-MPO associated NCGN. 

In chapter 9 the results of the studies are summarized and discussed in view of 
the hypothesized role for ANCA in the development of tissue damage. In order to 
define a role for ANCA in the pathophysiology of WG and related disorders and 
to enable the development of more specific treatment modalities. 
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SUMMARY 

In view of the supposed hypersensitivity, the elevated levels of lgE, and the occurrence of 
eosinophilia reported in Wegener's granulomatosis and related conditions, we studied the 
lgG subclass distribution of ANCA directed against a 29-kD serine protease and myelope
roxidase (MPO) in 41 untreated ANCA-positive patients with several forms of active 
vasculitis and/or glomerulonephritis. We found that both 29-kD ANCA and MPO-ANCA were 
predominantly of the IgGJ and lgG4 subclass in all groups of patients. The additional 
presence of IgG3 subclass was associated with renal involvement. We compared the subclass 
distribution of ANCA with that of total IgG subclass levels, and with the IgG subclass 
distribution of antibodies to cytomegalovirus (CMV) as a persistent endogenous antigen and 
antibodies to tetanus toxoid (IT) as an exogenous recall antigen. Total levels of IgG4 were 
elevated in the majority of the patients together with elevated IgGJ levels. Antibodies to 
CMV and 1T, however, had the same subclass distribution as found in normals and did not 
show enhanced lgG4 expression. ANCA belong predominantly to the IgGJ and IgG4 
subclass, which may suggest that the production of ANCA is related to recurrent exposition 
to the antigen (s) involved, possibly as part of a hypersensitivity reaction. 

INTRODUCTION 

Human lgG subclasses differ substantially in biological functions. lgGl and lgG3 
exhibit a strong complement-activating capacity and bind firmly to Fe receptors 
on mononuclear cells [ l ]. IgG4 is involved in the manifestation of allergic states 
and is thought to mediate histamine release from mast cells similar to IgE [2]. 
After immunization, quantitative differences are found in IgG subclass responses 
dependent on the antigen(s) involved and the balance between regulatory factors 
produced by T cells. In humans, antibodies against viral capsid proteins belong 
predominantly to the lgG 1 and IgG3 subclasses [3], whereas lgG2 is the predomi
nant subclass in immune responses against polysaccharides [1]. IgG4, like IgE, is 
highly responsive to repeated challenge with environmental antigens [4,5]. 
In autoimmune diseases such as systemic lupus erythematosus (SLE), autoan
tibodies are in general of the IgGl and IgG3 subclass [6], despite continuous 
exposure to the autoantigens involved. In contrast, autoantibodies to glomerular 
basement membrane (GBM) are restricted to the IgG 1 and lgG4 subclass [7]. 
Wegener's granulomatosis (WG) is a distinct clinico-pathological entity characte
rized by necrotizing granulomatous inflammation of the upper and lower respira
tory tract in association with necrotizing crescentic glomerulonephritis and 
vaculitis [8]. Localized forms of the disease without kidney involvement have 
been described as limited WG [8-10]. In both forms of the disease elevated IgE 
levels and eosinophilia have been described [11], suggesting that hypersensitivity 
is involved in the disease process. 
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Recently, ANCA have been described in patients with WG and related disorders 
[12-15]. These antibodies comprise, among others, anti-proteinase 3 (Pr3-ANCA) 
antibodies [16] which are highly sensitive and specific for active WG, and anti
myeloperoxidase (MPO-ANCA) antibodies which have been demonstrated in 
idiopathic and/ or vasculitis-associated crescentic glomerulonephritis [17-19] and 
conditions clinically related to WG such as polyarteritis and the Churg-Strauss 
syndrome (CSS) [20]. 
No clear concept concerning the induction of ANCA in patients with WG and 
clinically related disorders has been evolved so far. In view of the elevated lgE 
levels and eosinophilia and the supposed hypersensitivity in WG and related 
conditions we studied the lgG subclass distribution of Pr3-ANCA and MPO
ANCA in patients with biopsy-proven WG and clinically related disorders, both 
in the extended and localized forms of disease, during initial presentation and 
relapses. We compared the IgG subclass distribution of ANCA with that of 
antibodies to cytomegalovirus (CMV), a latent herpes virus, and antibodies to 
tetanus toxoid as an exogenous recall antigen. Our findings demonstrate that Pr3-
ANCA and MPO-ANCA belong predominantly to the lgGl and lgG4 subclasses. 

PATIENTS AND METHODS 

Patients and sera 

Sera were studied from 22 consecutive patients with Pr3-ANCA and from 19 
consecutive patients with MPO-ANCA. All 22 patients with Pr3-ANCA had a 
diagnosis of WG according to the classification of Fauci et al. [8]: 7 had limited 
WG and 15 patients had extended WG. The patients with MPO-ANCA consisted 
of two groups: 9 patients had a diagnosis of crescentic glomerulonephritis 
(CGN), either idiopathic or vasculitis-associated and 10 patients were classified 
as systemic necrotizing vasculitis (SNV) without renal involvement; the latter 
group included 7 patients with polyarteritis and 3 patients with the CSS. The total 
group of 41 patients consisted of 34 men and 7 women, with a mean age of 59. 9 
years (range 31-78). 
Blood was drawn at the time of diagnosis before immunosuppressive therapy was 
instituted. Sera were stored at -20°C until assayed. As control sera we used sera 
from 6 normal healthy volunteers and 24 patients with a diagnosis of rheumatoid 
arthritis and 16 patients with SLE. 
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Monoclonal antibodies for the detection of lgG subclasses 

For the detection of IgG subclass distribution the following monoclonals were 
used: anti-human lgGl (clone MH161M), anti-human lgG2 F(ab')2 fragments 
(clone MH162M), anti-human lgG3 F(ab')2 fragments (clone MH163M), and 
anti-human lgG4 Fe (clone MH164M), all derived from the Central Laboratory 
of the Blood Transfusion Service, Amsterdam, The Netherlands. The specificities 
of these monoclonals have been described by Vlug et al. [21]. Their affinities 
have been tested by Ruths et al. [22]. Comparable affinities were found for the 
anti-IgG 1, lgG3 and lgG4 monoclonals, whereas that of anti-lgG2 was considera
bly lower. For this reason the monoclonal antibodies were used, both in the 
fluorescence assays and in the ELISAs, in concentrations higher than those used 
by Ruths et al. in order to obtain positive recordings for all monoclonals used. 

lgG subclass detection of ANCA by indirect immunofluorescence assay (l/F) 

Detection of ANCA was performed as previously described [12] with minor 
modifications [23]. Briefly, granulocytes from a healthy donor were obtained by 
Isopaque-Ficoll and dextran sedimentation of heparinized blood. After washing 
the cells, 25 µl of a suspension of lxl06 granulocytes/ml were put into each well 
of 12-well Cooke slides at 37°C for 30 min. After attachment to the wells, cells 
were ethanol-fixed for 10 min at 4 °C. Test or control sera were overlaid in a 
dilution of 1/16 on the slides and incubated for 1 h. After washing three times 
with phosphate-buffered saline (PBS) for 5 min, bound antibody was detected 
with FITC-conjugated 1/400 diluted goat anti-human IgG (Kallestad, Chaska, 
MN, USA). 
Finally, slides were washed again in PBS and were mounted in glycerin-PBS for 
immunofluorescence microscopy. Samples were scored as positive for c-ANCA if 
the majority of neutrophils showed bright fluorescence of the cytoplasm in the 
surrounding of the segments of the nucleus at a serum dilution of at least 1/16, 
and positive for p-ANCA if they showed a (peri)nuclear staining pattern. If the 
test was positive, serum titration was done in two-fold dilutions from 1/16 to 
1/512. Slides were read independently by two observers. None of the sera 
contained antinuclear antibodies (ANA) on human fibroblasts. 
For the detection of lgG subclass distribution of ANCA by IIF, lgG subclass
specific monoclonal antibodies were used. The monoclonals were added in a 
dilution of 1/400, followed by rabbit anti-mouse IgG FITC (1/30) (Dakopatts, 
Copenhagen, Denmark) as a second step. Slides were also read independently by 
two observers and scored positive according to the criteria mentioned above. 
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ANCA detection by antigen _capture ELISA 
The specificity of ANCA for either the 29-kD antigen or MPO was detected as 
previously described [18]. Briefly, microtiter plates (Inotech) were incubated with 
goat anti-mouse lgG (Jackson, West Grove, PA, USA). After washing, the plates 
were incubated with a mouse monoclonal antibody against the 29-kD antigen or 
MPO (Moab 12.8 and Moab 7.17, Central Laboratory of the Blood Transfusion 
Service, Amsterdam, The Netherlands) [16]. After washing, an extract of 
azurophilic granules of normal human neutrophils (2 mg/ml) was added. The 
extract of the azurophilic granules was isolated according to the method of 
Borregaard et al. [24], in the presence of protease inhibitors. Subsequently, 
different dilutions of test serum in the incubation buffer were added for 1 h at 
37 °C. After washing bound antibody was detected by affinity purified F(ab')2 

goat anti-human lgG linked to alkaline phosphatase (Jackson) and p-nitrophenyl
phosphate disodium as a substrate. The optical densities (OD) were read at 405 
nm. As a control we used a nonsense monoclonal antibody. The OD values 
obtained with this antibody were subtracted from the OD values of the Pr3-
ANCA or MPO-ANCA ELISA. Sera were considered positive when their 
extinctions exceeded the mean + 2 s.d. of normal and disease controls. 

IgG subclass detection of ANCA by solid-phase ELISA 
A crude granule extract was isolated by nitrogen cavitation and, subsequently, by 
ureum extraction of human neutrophils in the presence of the necessary protease 
inhibitors [24]. The antigens were gathered by centrifugation of the extract. Lab
star (Greiner) microtiter plates were coated overnight with the extract at a protein 
concentration of 20 µg/ml in 0.1 M carbonate buffer, pH 9.6. The plates were 
incubated with human sera for 1 h at a dilution of 1/100 and subsequently with 
the subclass-specific monoclonal antibodies mentioned above in a dilution of 
1/250 (400 ng/well) for 1 h. All dilutions were made in 0.05 M Tris, 0.05% 
Tween, 2 % BSA and 0.3 M NaCl, pH 8.0. 
Antibody binding was detected with a goat anti-mouse lgG linked to alkaline 
phosphatase (Sigma) at a dilution of 1/1000 in 0.01 M Tris, 0.15 M NaCl, pH 
8.0 and p-nitrophenyl phosphate disodium as a substrate. The OD was read at 
405 nm. Values were expressed in OD units after subtraction of blanks. In order 
to evaluate the specificity of this ELISA for ANCA, sera from 6 normal controls, 
16 patients with SLE and 24 patients with rheumatoid arthritis were tested. 
Extinctions from all these sera were below 290 OD units (mean + 2 s.d.) for all 
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subclasses. In order to study the relevance of this neutrophil extract ELISA for 
measuring MPO-ANCA, an MPO-ANCA-positive serum was absorbed in MPO 
isolated according to Merril [25] and coupled to concanavalin A (Con A)/sepha
rose with excess MPO. MPO-ANCA-positive serum samples could be inhibited 
in the neutrophil extract ELISA by MPO coupled to Sepharose whereas a Pr3-
ANCA-positive serum was not inhibited by MPO (data not shown). As for anti
Pr3-ANCA detected by neutrophil extract ELISA, we compared the results of this 
assay with that of the capture ELISA for measuring lgG-class ANCA in all the 
individual sera. A significant- correlation (p < 0.05) was found. 

Quantification of total serum levels of lgG subclasses and lgE 
Total serum levels of IgG subclasses were measured with a radial immunodiffu
sion technique according to Mancini et al . [26], using polyclonal antibodies [27]. 
lgE was measured with the lgE RIACT 100 Kit from Pharmacia (S-751 82). 

Anti-tetanus toxoid antibodies 
These were measured by ELISA as previously described [28]. Briefly, microtiter 
plates were coated with tetanus toxoid and incubated with human sera. IgG 
subclasses of anti-tetanus toxoid antibodies were detected with the antibodies 
mentioned in the previous sections. Values were expressed as OD units. 

Anti-cytomegalovirus antibodies 
lgG class specific antibodies to the late antigen of CMV were measured accor
ding to van der Giessen et al. [29] . lgG subclasses were determined with the use 
of Greiner plates coated with_ 100 µl of a solution of CMV LA antigens in 0.1 M 
carbonate buffer, pH 9.6. The sera were incubated in one dilution (1/100). After 
washing, the plates were incubated at 37 °C with the lgG subclass-specific mouse 
monoclonal antibodies mentioned before in a dilution of l /250. Bound antibodies 
were detected by HRPO-conjugated rabbit anti-mouse IgG (Dako 260; Dakopatts) 
in a dilution of 1/1000 and OPD as a substrate. The ODs were read at 492 nm. 

Statistical analysis 
Spearman's rank sum test was applied for detecting correlations between the 
different study parameters. Differences in paired parameters between the groups 
were evaluated with the Wilcoxon test for paired observations. Multiple regressi
on analysis was performed with Sys tat statistical package for personal computers. 
A p-value of < 0.05 was considered significant. 
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RESULTS 

Subclass distribution of Pr3-ANCA 
All 22 sera positive for c-ANCA by IIF were positive also by ELISA using the 
antibody 12.8 (directed against the 29-kD serine protease) as a catching antibody 
and by solid-phase neutrophil extract ELISA. These sera were all negative for 
MPO-ANCA by capture ELISA. The distribution of the IgG subclasses was 
evaluated by IIF and solid-phase neutrophil extract ELISA. When tested by IIF, 
we found that all of the 22 sera were positive for IgGl class Pr3-ANCA (100%), 
18% for IgG2 class ANCA, 45% for IgG3 class ANCA, and 91 % for IgG4 class 
ANCA (fig. 1). When tested by neutrophil extract ELISA lgG subclass distributi
on of ANCA was comparable to that assayed by IIF (fig. 2). Percentages of 
positive results for the several lgG subclasses of ANCA by solid-phase ELISA 
were 100% for lgGl,  35% for lgG2, 70% for lgG3, and 96% for lgG4. Titers of 
lgG subclasses of c-ANCA by IIF correlated well with levels of ANCA by solid 
phase ELISA for lgGl, lgG3 and lgG4 (p < 0. 05), with the following correlation 
coefficients: 0.69 for lgGl;  0.28 for lgG2; 0.61 for lgG3; and 0.52 for lgG4. 
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Figure 1. Titers of c-ANCA for the different IgG subclasses as detected by indirect immunofluo
rescence. 
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Figure 2. lgG subclasses of 29-kD 
c-ANCA as detected by solid-phase 
ELISA with a crude granule extract. 
Values are given in OD units. 
•, patients with extended Wegener's  
granulomatosis (WG); A ,  patients with 
limited WG. Horizontal bar denotes 
the upper limit of control sera 
(mean + 2 s.d.) .  
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Subclass distribution of MPO-ANCA 

2000 

1 600 

[ 1 200 
• • 

LO A 
0 � • • 
Cl 800 l,,l,,l,, 0 AA A 

l>.AA • 
• Aie 

400 m. 
Al>.-

0 
2 3 

lgG subclass 

Figure 3. lgG subclasses of MPO-ANCA as 
detected by solid-phase ELISA with a crude 
extract. Values are given in OD units. 
•, patients with crescentic glomerulo
nephritis; t.. ,  patients with systemic necro
tizing vasculitis. Horizontal bar denotes 
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the upper limit of control sera (mean + 2 s .d .) .  

MPO-ANCA were assayed by IIF and antigen capture ELISA. The sera were all 
negative for Pr3-ANCA as tested in the Pr3-ANCA capture ELISA. Because of 
difficulties in determination of the titration end-point, probably caused by the 
artefactual staining pattern of MPO-ANCA which is nuclear instead of cyto
plasmic as a result of a fixation artefact [17], we measured the subclass distri
bution for MPO-ANCA by solid-phase ELISA only (fig. 3). For MPO-ANCA we 
found that all (100 %) of the 19 sera contained lgGl class MPO-ANCA; 35 % of 
the sera contained lgG2 class ANCA; 35% IgG3 class ANCA; and 85% contai
ned IgG4 class ANCA. 

Association between subclass distribution of ANCA and disease patterns 

Levels of lgGl and lgG3 subclass Pr3-ANCA were significantly higher (p < 0.05) 
in extended WG (with renal involvement) than in limited WG (without renal 
involvement) (fig. 2). No significant differences were found for IgG2 and lgG4 
subclass ANCA. 
Also for MPO-ANCA, there was a tendency (p < 0.07) towards higher levels of 
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IgG3 class ANCA in patients with renal involvement (CGN) compared with 
patients without renal involvement (SNV) (fig. 3) . 
No significant differences were found in levels of 29-kD and MPO IgG4 subclass 
ANCA between patients with respiratory tract involvement and patients without. 
No differences in levels of subclasses of ANCA were found between sera drawn 
during the first presentation and those during a relapse. 

Subclass distribution of total lgG levels 

Due to shortage of sera we could test only 12 out of the 22 sera positive for Pr3-
ANCA (seven from patients with renal involvement and five from patients 
without renal involvement) and 11 out of the 19 MPO-ANCA-positive sera (six 
from patients with renal involvement and five from patients without renal 
involvement) for total levels of IgG subclasses. 
The distribution of total lgG subclass levels is shown in figs . 4 and 5: levels of 
healthy men are given as controls, because 80% of our group of patients were 
male patients, and men are known to have higher levels of IgG4 [30]. Increased 
levels of lgG4 were found in 7 out of 12 (58 % ) Pr3-ANCA-positive sera and in 7 
out of 11 (64 % ) MPO-ANCA-positive sera, whereas increased levels of IgG 1, 
IgG2, and IgG3 were observed in 17 % , 17 % , and 8 % for Pr3-ANCA-positive 
sera, and in 46%, 9%, and 9%, respectively, for MPO-ANCA-positive sera. 
Multiple regression analysis revealed a significant relation between levels of lgG4 
subclasses of Pr3-ANCA and MPO-ANCA and levels of total lgG4 (p < 0 .05). 

Total lgE levels 

Levels of lgE (kU/L) were increased in 3 out of 21 Pr3-ANCA-positive patients 
and in 6 out of 18 MPO-ANCA-positive patients . Three of the latter 6 patients 
had a diagnosis of CSS. We found no significant relation between levels of IgG4 
class ANCA and levels of lgE. 
When we performed multiple regression analyses between levels of IgG4 subclass 
ANCA, IgGl subclass ANCA, lgE, total lgG4, and nose and/or lung involve
ment, we found only a dependent relation between lgG4 subclass ANCA and 
total levels of lgG4 . 
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Figure 4. Levels of total IgG subclasses 
in Pr3-ANCA-positive patients. 
Vertical bars denote the normal range 
for men. 
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:Figure 5. Levels of total IgG subclasses 
for MPO-ANCA-positive patients. 
Vertical bars denote the normal range 
for men. 

lgG subclass distribution of antibodies to CMV and tetanus toxoid 

Twelve out of 24 patients randomly selected out of the four clinical groups (Pr3-
ANCA-positive patients with and without renal involvement, and MPO-ANCA
positive patients with and without renal involvement) had antibodies against the 
late antigens of CMV. Anti-CMV antibodies were mainly of the lgG 1 and lgG3 
subclasses. No antibodies of the IgG4 subclass were found (fig. 6). The subclass 
distribution of anti-CMV antibodies differed significantly (p < 0. 05) from the 
subclass distribution of ANCA in the same patients. The subclass distribution was 
comparable to that of normal CMV-positive controls [31]. 
Fifteen out of 30 patients randomly selected out of the four different groups were 
positive for anti-tetanus toxoid antibodies. The anti-tetanus toxoid antibodies were 
mainly restricted to the lgGl subclass (fig. 7). Comparable to anti-CMV antibo
dies, the subclass distribution of anti-tetanus toxoid antibodies was significantly 
different from the subclass distribution of ANCA. 
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Figure 6. Levels of lgG subclasses of cytomegalovirus antibodies in patients with ANCA. Values are 
given in OD units. Horizontal bar denotes the upper limit of control sera (mean + 2 s .d.) .  
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Figure 7. Levels of IgG subclasses of anti-tetanus toxoid antibodies in patients with ANCA. Values 
are given in OD units. Horizontal bar denotes the upper limit of control sera (mean + 2 s .d . ) .  
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DISCUSSION 

We found that in patients with Pr3-ANCA and MPO-ANCA, the autoantibodies 
predominantly belong to the IgG 1 and IgG4 subclass. In addition, levels of total 
IgG4 and IgE were elevated, · and levels of IgG4 subclass ANCA related signifi
cantly with levels of total IgG4. In contrast, IgG subclasses of antibodies to CMV 
and tetanus toxoid were normally distributed. Although levels of IgG3 subclass 
ANCA were low in all groups of patients, patients with WG and renal involve
ment had higher levels of IgGl and IgG3 subclass Pr3-ANCA than patients with 
WG without renal involvement. For MPO-ANCA, we found a trend towards 
higher levels of IgG3 subclass ANCA in patients with renal involvement. 
To assess levels of IgG subclasses of ANCA we used an ELISA with a crude 
extract of neutrophil granules as a substrate and IgG subclass-specific mouse 
monoclonal antibodies as reagents. This ELISA does not specifically measure 
antibodies to the 29-kD serine protease and/or MPO. The specificity of the sera, 
however, was determined by antigen capture ELISA using antibodies to the 29-
kD antigen and MPO as specific reagents. However, we can not exclude that 
antibodies in our patients' sera reacting with different neutrophil granule constitu
ents contributed to the results of the neutrophil extract ELISA. To approach this 
question, we compared the results of the Pr3-ANCA capture ELISA with that of 
the neutrophil extract ELISA. and found a significant correlation. More impor
tantly, the reactivity of MPO-ANCA in the neutrophil extract ELISA could be 
inhibited by MPO, whereas Pr3-ANCA could not be inhibited by MPO. In 
addition, none of the Pr3-ANCA sera was positive for MPO-ANCA. Since 
proteinase 3, the target antigen of Pr3-ANCA, was not available, these inhibition 
experiments could not be performed for Pr3-ANCA. Thus, we consider the 
neutrophil extract ELISA as used in this study relevant for the assessment of the 
IgG subclasses of the respective ANCA. The ELISA results are further influen
ced by the affinities of the IgG subclass-specific monoclonal antibodies used in 
this study. Although we applied a relative excess of monoclonal antibodies in the 
ELISAs, we may have underestimated the relative amounts of IgG2 subclass 
antibodies due to the rather low affinity of the IgG2 subclass monoclonal antibo
dies, as compared with the affinities of the other monoclonal antibodies directed 
to IgGl, IgG3 and IgG4. 
The predominance of IgGl and IgG4 subclasses for Pr3-ANCA and MPO-ANCA 
is different from the distribution of IgG subclasses of ANA but resembles that of 
anti-GBM autoantibodies [7]. IgG4 subclass predominance has also been observed 
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for autoantibodies to thyroglobulin and microsomes in Hashimoto' s thyroiditis 
[32], for autoantibodies to factor VIII [33,34], and for antibodies to grass pollen 
in atopic allergic individuals [27]. 
Why do ANCA, in contrast to antibodies to dsDNA, show a predominance of 
lgG4 class antibodies? The shift from lgGl to lgG4 is known to be dependent 
both on the antigen involved and on T cell regulatory factors. Genes coding for 
lgG4 are located at the most down-stream switch site of the genes coding for 
immunoglobulin [35,36]. lgG4 is produced after recurrent stimulation with anti
gen [37,38]. The predominance of lgG4 subclass ANCA may therefore suggest a 
chronic antigenic stimulation of the immune system and an antigen driven B cell 
stimulation underlying the development and production of ANCA. It is not clear 
why the autoimmune response develops in certain patients, but cross-reactivity 
with microbial antigens, possibly derived from the upper respiratory tract, may 
play a role. The long period between the first signs and symptoms in WG, often 
related to the upper respiratory tract, and the time of extensive disease activity 
[39] could be responsible for the formation of lgG4 ANCA. As we found no 
difference in distribution and levels of lgG subclasses between patients at initial 
presentation and in relapse, the induction of ANCA probably occurs long before 
disease symptoms are present. 
As mentioned already, isotype switching to lgG4 is dependent not only on 
repeated antigenic stimulation but also on regulatory factors produced by T cells. 
TH2 cells in mice producing interleukin-4 (IL-4) and B cell growth factor 
(BCGF) are capable of stimulating B cells to produce IgGl and lgE [40] and the 
shift from lgG 1 to IgG4 is also regulated by IL-4 [ 41]. The autoantigens involved 
in WG and clinically related disorders are located in the azurophilic granules of 
the polymorphonuclear granulocytes (PMN). The presence of chronic/recurrent 
infections in the upper respiratory tract in combination with degranulating PMN 
might be the triggering stimulus for the production of autoantibodies against 
lysosomal enzymes . The local presence of IL-4 producing T cells may induce a 
switch to lgG4. IL-4 may also play a role in the activation of granulocytes by 
stimulating phagocytosis and potentiating degranulation and the respiratory burst 
[42]. In addition, ANCA may directly activate PMN [43]. 
IL-4 may also be involved in granuloma formation since it activates monocytes 
and macrophages to form giant cells [44]. The relative absence of interferon
gamma (IFN-r) in WG [45], which has antagonistic effects to IL-4 on B cell 
functions such as the production of lgE [ 46], is also compatible with a dominant 
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role for IL-4 in the production of ANCA of the IgG4 subclass. 
To assess whether the predominance of IgG4 is due to a more generalized distur
bance in immune regulation in WG, we studied the IgG subclass distribution of 
antibodies to CMV and tetanus toxoid, antibodies that are present also in normal 
controls. Antibodies to CMV, positive in 12 out of 24 ANCA-positive patients 
tested for these antibodies, were predominantly of the IgG 1 and IgG3 subclasses, 
which compares with the distribution found in normal persons [31; and our own 
observations]. For anti-tetanus toxoid antibodies , we found a predominance of the 
lgG 1 subclass with a relative increase in IgG2 and lgG3 antibodies , a pattern also 
seen in patients with active SLE and contrasting with the distribution in healthy 
individuals [47]. Thus, the predominance of lgG4 subclass in ANCA-positive 
patients is not a general phenomenon. 
What can be hypothesized on the pathophysiological relevance of these findings? 
In our group of patients , both IgGl and IgG4 ANCA were present in high titers 
at the time of diagnosis . In addition, IgG3 subclass ANCA was present almost 
exclusively in patients with renal involvement. Recent studies showed a strong 
correlation between ANCA titer and disease activity [15] . Relapses were prece
ded by a rise in titer [15] . IgGl and lgG3 are complement-fixing antibodies in 
contrast to IgG4 which has previously been reported to be a blocking or protecti
ve antibody because of its poor effector functions in vitro [27] . Thus, IgG3 could 
play a role as a complement-fixing antibody in the immunopathogenesis of renal 
involvement in WG. Recently , however, lgG4 class autoantibodies in sera from 
patients with endemic pemphigus foliaceus were also found to be pathogenetic . 
Two possible mechanisms were proposed for IgG4 pathogenicity: one by IgG4 
activation of proteases, and the other by their binding to a cell adhesion molecule 
[48,49]. A role for IgG4 in WG could be binding to and activation of the 
granulocytes resulting in extensive tissue necrosis. 
Athough the role of ANCA in the pathogenesis of WG and related disorders has 
not been fully elucidated, the present data may suggest that their induction is due 
to antigenic stimulation and are compatible with their possible role in the 
pathophysiological processes underlying the disease symptoms . 
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SUMMARY 

T-cell mediated immunity is hypothesized to play an important role in the pathogenesis of 
granulomatous inflammation and vasculitis as found in patients with Wegener 's granulomato

sis (WG). The antigenic specificities of those T-cells remain, however, unknown. Antineu
trophil cytoplasmic antibodies (ANCA) present in patients with WG are directed to proteinase 
3 (Pr3) and myeloperoxidase (MPO). In the present study we investigated the proliferative 
capacity of peripheral blood mononuclear cells (PBMC) from patients with WG and age- and 
sex-matched controls in response to the WG autoantigens Pr3 and MPO. Possible mitogenic 
effects of active Pr3 and toxic effects of active MPO were excluded by using heat-inactivated 

Pr3 and MPO. Antigen-specific stimulation induced by these autoantigens was studied by 
using processed Pr3 and MPO in the lymphocyte stimulation test (LST). Proliferation indu
ced by processed antigen correlated with that by heat-inactivated free antigen. The general 

capacity to proliferate in response to mitogens and recall antigens did not differ between 
patients and controls. However, patients with WG who were or had been positive for Pr3-
ANCA (n =1 7) responded stronger and in higher frequency to Pr3 than controls (n = l3) .  
Within the Pr3-ANCA group T-cell proliferation did not correlate with ANCA titer. In a 
small group of patients with MPO-ANCA (n =5) no differences were observed compared to 
controls for MPO specific proliferation. The data presented demonstrate that autoreactive 
Pr3-specific T-cells are present in patients with WG. Their fine-specificity and possible role 

in the pathogenesis of WG have to be defined in further studies. 

INTRODUCTION 

Wegener's granulomatosis (WG) is characterized by granulomatous inflammation 
of the respiratory tract, vasculitis, and necrotizing crescentic glomerulonephritis 
[1,2]. Inflammatory lesions of lung and kidney in WG are characterized by large 
mononuclear infiltrates containing monocytes and T-cells, with a predominance of 
CD4 positive cells [3-5]. The presence of these large cellular infiltrates, in con
trast to the scanty deposits of immunoglobulins [6,7], suggests that direct cell 
mediated immunity is involved in the pathogenesis of WG [8]. In agreement with 
this hypothesis, elevated levels of soluble interleukin-2 receptors (slL-2R) and 
increases in levels of sIL-2R preceeding major relapses have been reported in 
patients with WG and may indicate the presence and involvement of activated T
cells [9,10]. The target antigens of those activated T-cells are, however, not 
known. Proteinase 3 (Pr3) and myeloperoxidase (MPO), both constituents of the 
neutrophil, are relevant autoantigens in WG. Anti-neutrophil cytoplasmic antibo
dies (ANCA) directed to Pr3 or MPO are strongly associated with WG, and 
changes in levels of ANCA correlate closely with changes in disease activity 
[11-13]. Preliminary data showed that lymphocytes isolated from patients with 
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WG proliferate in response to crude neutrophil extracts containing Pr3 [14, 15] . 
In the present study we investigated the reactivity of peripheral blood mononu
clear cells (PBMC) isolated from patients with WG to the purified autoantigens 
Pr3 and MPO. Pr3 is an elastinolytic enzyme [16-20] and MPO converts hydro
gen peroxide (H202) to toxic oxygen metabolites and hypochlorous acid [21]. 
Enzymatically active elastinolytic enzymes possess mitogenic activity and induce 
proliferation of lymphocytes [22]. MPO and its products, on the other hand, are 
toxic for PBMC [23,24]. Reactivity to Pr3 and MPO was tested in a lymphocyte 
stimulation test (LST) with inactivated Pr3 and MPO in order to prevent mitoge
nic activity of Pr3 and toxicity of MPO. In order to test whether T-cell prolifera
tion in this assay results from stimulation of the T-cell receptor (TcR) complex 
by Pr3 or MPO in the context of class II major histocompatibility complex 
(MHC) antigens on antigen presenting cells (APC), results of LST were compa
red with those obtained by a test in which APC presenting Pr3 and MPO were 
added to freshly isolated PBMC. In addition, we investigated the relationship 
between the proliferative capacity of PBMC to Pr3 and MPO and the ANCA 
titer, in order to assess whether possible autoreactive T-cells could be related to 
specific autoantibody production. 

PATIENTS AND METHODS 

Patients and controls 
Peripheral blood mononuclear cells (PBMC) were isolated from patients diagno
sed as having Wegener 's granulomatosis (WG) according to clinical and/or histo
logical criteria [2] and fulfilling criteria for the classification of WG as described 
by the American College of Rheumatologists [25]. Patients received none or 
minimal amounts of immunosuppressive drugs (cyclophosphamide < 25 mg/day, 
prednisolone < 5 mg/day). In order to circumvent anergy due to immunosup
pressive treatment most of the patients were tested at the time of inactive disease. 
Initially, 12 patients and 10 controls were tested in preliminary studies performed 
in order to develop optimal conditions for assessment of T-cell proliferation to 
Pr3 and MPO. Next, proliferative responses of PBMC to Pr3 and MPO were 
tested in 22 patients with WG ( mean age 64 (range 27 - 82), 9 males and 13 
females, mean ANCA titer 40 (range O - > 1 :640)) and 13 ANCA negative con
trols (mean age 57 (range 30 - 82), 3 males and 10 females) . Twelve patients 
were positive for Pr3-ANCA at the time of the study and five had been positive 
before (n =5). Five patients were positive for MPO-ANCA at the time of the 
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study. The control group consisted of 13 AN CA-negative age- and sex-matched 
controls. 

ANCA detection 
ANCA were detected in serum samples, drawn simultaneously with the samples 
used for lymphocyte stimulation tests (LST), by indirect immunofluoresence as 
described previously [26]. Samples were scored as positive if the majority of 
neutrophils showed positive fluorescence at a serum dilution of at least 1 :20. 
Antigen specificity was determined by antigen specific ELISAs for antibodies to 
Pr3 and MPO [17 ,26]. 

Antigens 
Proteinase 3 (Pr3) ; Neutrophils were isolated from whole blood on Lymphoprep 
(Nycomed, Oslo, Norway) density gradients. Purified neutrophils, 75.109 in 300 
ml buffer (100 mM KCl, 3 mM NaCl, 1 mM ATP, 3.5 mM MgC12 , and 10 mM 
PIPES, pH 7.3) were disrupted by nitrogen cavitation. Nuclei and unbroken cells 
were pelletted by centrifugation at 500 g. for 10 min at 4 °C. The supernatant 
was collected and centrifuged for 30 min at 35.000 g. at 4 °C.  The pellet, contai
ning the mixed granule fractions, was suspended in PBS-0.1 % (v/v) Triton X-100 
(Sigma Chemical Co.,St Louis, MO) and sonicated at 45 kHz for three periods of 
10 seconds followed by centrifugation at 220.000 g. for 1 hour at 4 °C. The 
supernatant was dialyzed against PBS. Proteinase 3 was purified from this extract 
by dye-ligand affinity chromatography over Matrex Gel Orange A (Amicon Div., 
Danvers, MA), followed by cation exchange chromatography (Bio-rex 70, Bio
Rad Laboratories, Richmond, CA) as described by Kao et al. [16]. Proteinase 3 
was detected by sandwich ELISA, using Mab 12.8 directed against proteinase 3 
and patients serum containing Pr3-ANCA [17], and by alpha-naphtyl acetate 
reactivity [27] (Aldrich Chemie, Brussels, Belgium). Contamination with elastase 
and cathepsin G was excluded by ELISA. Purity of the proteinase 3 preparation 
was further analyzed by gelelectrophoresis which showed a 29 kD band specific 
for Pr3. 
Myeloperoxidase (MPO); MPO was extracted from the flow through of the Ma
trix Gel Orange A. The extract was absorbed to a Con A Sepharose gel (Pharma
cia, Fine Chemicals AB, Uppsala, Sweden) and eluted with cx-methyl-D-mannosi
de (Sigma). Eluted fractions with a ratio (OD428/280) > 0. 7, measured as the 
ratio between the OD obtained at 428 nm (showing a specific spectral band for 
MPO) and the OD obtained at 280 nm, were pooled and extensively dialyzed 
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against sodium acetate buffer pH 4. 7 containing 0.05 % cetyltrimethyl ammonium 
bromide (CETAB). This extract was further purified on a sephadex G150 gel 
(Pharmacia). Fractions with an OD 428/280 ratio > 0.8 were pooled. Contami
nation with Pr3 or HLE was ruled out by antigen specific ELISAs for Pr3 and 
HLE. Purity of the MPO preparation was further analyzed by gel-electrophoresis 
which showed specific bands for MPO (at 15, 39, and 58 kD, data not shown) 
[28]. In addition we also used MPO from Calbiochem, La Jolla, CA, with an 
OD428/280 ratio larger than 0 .7. 

Inactivation of proteinase 3 (Pr3) and myeloperoxidase (MPO) 

Pr3 and MPO were inactivated by heating for 15 min at 100 °C. Effectiveness of 
the procedure was tested using the guaiacol assay which specifically measures 
MPO activity for MPO [29] and using MeO-Suc-Ala-Ala-Pro-Val-pNA (M4765, 
Sigma Chemical Co., St Louis, MO) as a substrate for Pr3 [20]. Heat-inactivati
on inhibited enzyme-activity of both Pr3 and MPO completely (results not sho
wn). 

Antigen presenting cell (APC) assay 

Twelve patients and 10 controls were tested in preliminary studies. Isolated 
PBMC were stimulated with both active and inactivated Pr3 and MPO in the 
culture medium, and with autologous antigen presenting cells (APC) presenting 
Pr3 and MPO. Pr3 and MPO were heat-inactivated or processed in order to 
exclude mitogenic and toxic effects of Pr3 and MPO, respectively. The APC 
assay used was a modified version of the test developed by Ota et al. [30]. We 
adapted and improved the APC assay using tetanus toxoid (TT) as antigen. Perip
heral blood mononuclear cells (PBMC) were isolated on Lymphoprep from fresh
ly drawn heparinized blood. PBMC, lxl07 /ml, were incubated, for 1 hour at 
37 °C, in 1 ml medium (RPMI supplemented with 15% poolserum and gentamyci
ne 60 µg/ml) containing TT . . During the incubation time TT is taken up by anti
gen presenting cells present in PBMC, processed and presented on the surface the 
cells. The PBMC thus obtained were designated as antigen presenting cells (AP
C). APC were irradiated for 6 min with 600 rad/min. (3600 rad in total) so that 
the cells remained vital but lost their capacity to proliferate. Effectiveness of 
irradiation was tested by culturing APC alone. After irradiation APC were exten
sively washed. Next, those APC were cultured with freshly isolated autologous 
PBMC. Optimal conditions were determined using various antigen concentrations 
and different incubation times for pulsing APC, and different ratio's of APC to 
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PBMC as well as different culture conditions in the final culture. It proved that 
culturing 50 µl of APC, at a concentration of lx106/ml, that had been incubated 
for 1 hour at 37 °C with identical concentrations of Pr3 or MPO as used in the 
LST assay, with 50 µl PBM�. at a concentration of 2xl06/ml, in 96-well plates 
for 5 days resulted in optimal proliferation of PBMC. Background proliferation 
was assessed by culturing PBMC with APC pulsed with medium alone. 

Lymphocyte stimulation test (LST) 

Peripheral blood mononuclear cells (PBMC) were isolated on Lymphoprep from 
freshly drawn heparinized blood. PBMC proliferation assays were performed in 
sterile round-bottomed 96-well plates (Costar Europe, Badhoevedorp, The Ne
therlands). PBMC (50 µI/well of 2.106 cells/ml) were stimulated with Pr3 and 
MPO in RPMI (GIBCO, Paisly, Scotland) containing 15% pooled human serum 
and gentamycin 60 µg/ml, at concentrations of 0.025, 0.1, 0.5, and 2 µg/ml. 
Comparable concentrations have been shown to be optimal for stimulation of 
PBMC with other autoantigens [31]. In order to assess mitogenic influences of 
enzymatically active Pr3 and toxicity of active MPO we compared proliferation 
of PBMC to active Pr3 and MPO with proliferation to heat inactivated Pr3 and 
MPO. Background proliferation was assessed by incubating cells with medium 
alone. 
Concanavalin-A (Con-A), pokeweed mitogen (PWM), and an antigen coctail 
containing recall antigens (Candida, Corynebacterium diphtheria, tetanus toxoid 
(TT), and purified protein derivate (PPD)) were added as positive controls for the 
proliferative capacity of isolated PBMC. PBMC were cultured for 3 days with 
mitogens at a concentration of 6.105 PBMC/ml and for 5 days with antigens at a 
concentration of 2.106 PBMC/ml. Proliferation was assessed by tritiated thymidi
ne incorporation, 25 µI/well of 0.5 µCi/ml, during the last 16 hours of incubati
on. All assays were performed in triplicate, and the results were expressed either 
as desintegrations per second (DPS) (mean ± SEM) or as stimulation index (SI) 

calculated by the ratio of test values to background. DPS and SI were calculated 
for each of the four seperate antigen concentrations used, and peak values were 
used for subsequent analysis. The LST was considered positive for a specific 
antigen when values exceeded 20.3 DPS (mean + 2 SD of background prolifera
tion) or when the stimulation index was higher than 3. LST results with high 
background values ( >  20.3 DPS (mean + 2 SD)) were discarded. 
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Statistical analysis 

For comparison between groups a Kruskall-Wallis test for non-paired data was 
used or a Chi-square test when two groups were tested for data scored as absent 
or present. A two-tailed P value < 0.05 was considered significant. Correlations 
were studied with Spearman' s rank test. 

RESULTS 

Optimalization of the proliferation assay 

Twelve patients and 10 controls were tested in preliminary studies comparing 
stimulation with active Pr3 and MPO versus inactive Pr3 and MPO and free Pr3 
and MPO versus processed Pr3 and MPO in order to optimalize the proliferation 
assay. 

A significant correlation (p < 0.01) was found between stimulation with active 
versus inactive Pr3 in patients and controls. Stimulation with active Pr3, howe
ver, resulted in 22 % of the patients and controls in higher responses than stimu
lation with inactive Pr3 (fig. 1) .  This could be due to mitogenic influences of 
active Pr3 [22]. For this reason all subsequent tests were performed with inactive 
Pr3. 
Active MPO inhibited the response of PBMC to Con-A, PWM, and a coctail 
containing recall antigens in a dose-dependent way (table 1). Heat inactivation of 
MPO reduced its toxicity to a great extent (table 1). Thus, heat inactivated MPO 
was used in subsequent testing. 
PBMC isolated from patients and controls were cultured with free inactivated Pr3 
and MPO and with autologous antigen presenting cells (APC) presenting Pr3 and 
MPO also in order to exclud� mitogenic or toxic influences of Pr3 and MPO and 
to test whether proliferation of PBMC is based on antigen recognition in the con
text of class II molecules. In order to obtain optimal conditions for the APC-as
say we first tested the amount of APC, pulsed with excess tetanus toxoid (TT), 
and PBMC. Optimal proliferation was achieved when lxl06/ml TT pulsed APC 
were cultured with 2xl06/ml PBMC. The incubationtime and the amount of anti
gen needed for optimal processing and presentation by APC was also tested using 
TT as antigen. Especially at lower concentrations of TT, we found that 60 min of 
incubation of APC with TT before irradiation was most effective (table 2). Under 
those conditions PBMC cultured for 5 days with APC had the highest proliferati
on rates (results not shown). Next, we tested reactivity of patients and controls to 
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Figure 1. Proliferative responses to various concentrations of active Pr3 (closed bars) versus inactive 
Pr3 (open bars) in a Pr3-ANCA positive patient with Wegener's granulomatosis (WG), and in a 
normal control (NC) . Bars represent mean disintegrations per second (DPS) as calculated from tripli
cate cultures in the lymphocyte stimulation test. 

Table 1 .  
Dose dependent inhibition of proliferative responses to  Concavalin-A (Con-A), Pokeweed mitogen 
(PWM), and Antigen-coctail (Ag-coctail) by active myeloperoxidase. 

Con A 10 µg/mP PWM 10 µg/ml2 Ag-coctail3 

without MPO 1 74 ± 20 355 ± 8 1  692 ± 225 

MPO, 0 .01  µg/ml 1 16 ± 10 378 ± 74 523 ± 9 1  

MPO, 1 µg/ml 48 ± 9 285 ± 22 249 ± 1 83 

MPO, 3 µg/ml 6 ± 0 .3  134 ± 13  40 ± 28 

heat inactivated 63 ± 4 344 ± 30 159 ± 35 
MPO, 3 µg/ml 

1 •2 Peripheral blood mononuclear cells cultured for 3 days with Con A or PWM . 
3 Peripheral blood mononuclear cells cultured for 5 days with an antigen (Ag) coctail containing 
diphtheria toxoid 10 LF/ml, tetanus 10 LF/ml, purified protein derivate (PPD) 3 µg/ml, and candida 
extract 15 µglml 
Results are expressed as disintegrations per second; numbers represent mean and standard deviation of 
assays done in triplicate. 
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processed Pr3 and MPO, and compared the results with those from a LST perfor
med with simultaneously isolated PBM C using identical concentrations (2. 5, 1, 
and 0.1 µg/ml, respectively) of inactive Pr3 or MPO. A significant correlation 
between the two asssays was observed for Pr3 at 1 and 2.5 µg/ml (r =0.505 and 
r =0.576; p < 0.05), whereas proliferation to MPO at 1 µg/ml tended to correlate 
(r =0.429) between the APC- and LST-assay. Based on these results it was deci
ded to use the LST with heat-inactivated Pr3 and MPO to assess the proliferative 
capacity of PBMC in a larger group of patients with WG. 

Table 2. 
Incubation time and concentration of tetanus toxoid (TT) needed for optimal pulsing of peripheral 
blood mononuclear cells (PBMC). Pulsed and irradiated PBMC subsequently serve as antigen presen
ting cells (APC) for freshly isolated PBMC. 

incubation TT 1 LF/ml TT 10 LF/ml TT 30 LF/ml without TT 
time 

10 min. 48 ± 7 .0 462 ± 147 625 ± 50 2.0 ± 0.4 

30 min. 51 ± 49 675 ± 176 897 ± 234 1 .6 ± 0.3 

60 min. 338 ± 178 900 ± 240 612 ± 141  3 .0 ± 0.6 

120 min. 398 ± 108 902 + 277 824 + 4 1  2 . 7  ± 1 .6 
Results are expressed as desintegrations per second; numbers represent mean and standard deviation 
of assays done in triplicate. Peripheral blood mononuclear cells (PBMC) were stimulated with diffe
rent concentrations of TT. Incubation times varied from 10 to 120 minutes. After incubation cells 
were irradiated with 3600 rad, and used as APC in a proliferation assay with freshly isolated PBMC.  

Proliferation in response to mitogens and common recall antigens 

First we tested the reactivity of isolated PBMC from WG patients (n =22) and 
controls (n = 13) to the mitogens concanavalin A (ConA) and pokeweed mitogen 
(PWM) and to an antigen coctail containing common recall antigens ( candida, 
corinebacterium diphtheria, purified protein derivate (PPD), and tetanus toxoid 
(TT)). No significant differences in the capacity to react to mitogens and recall 
antigens were found between patients with Wegener's granulomatosis in an inacti
ve phase of their disease and age- and sex matched healthy controls (fig. 2). 
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Figure 2. Box plots indicating ranges (error bars), 25 to 75 % intervals (box), and median valu 
(horizontal line) of measured peripheral blood mononuclear cells (PBMC) stimulation indices (SI) to 
Concanavalin-A (Con-A), Pokeweed mitogen (PWM), and common recall antigens (Antigen) . PBMC 
were isolated from patients with Wegener's granulomatosis (WG) (n =22) and normal controls (n= -
13) .  

Proliferative responses to Pr3 and MPO 

Next, proliferation of isolated PBMC from patients and controls was tested to Pr3 
and MPO in LST (fig. 3 and 4). Stimulation of PBMC with 0.1 µg/ml Pr3 led to 
a significantly higher percentage of positive responses in the Pr3-ANCA group 
(Chi-square, p < 0.05) as compared to controls. For individual patients and con
trols a dose-response curve could be observed for Pr3. Thirty-five % of the pa
tients (6/17) reacted with all four Pr3-concentrations. For stimulation with Pr3 at 
0. 025, 0 .1, 0. 5, and 2 µg/ml percentages of positive responses as expressed in 
DPS were 50, 65, 35, and 50 % in the Pr3-ANCA group and 33, 23, 33, and 33 
% in the control group, respectively. Also, when both proliferation expressed 
both in DPS and in SI had to. be positive, more Pr3-ANCA patients than controls 
were found to be positive; 12, 35, 18, and 18% versus 0, 8, 8, and 8 % for sti
mulation with Pr3 at 0.025, 0.1, 0.5, and 2 µg/ml , respectively. Within the Pr3-
ANCA positive group no correlation could be found between the Pr3-ANCA titer 
and the capacity to proliferate to Pr3. 
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Figure 3. Proliferative capacity of isolated peripheral blood mononuclear cells (PBMC) to proteinase 
3 at different concentrations (X-axis) in patients with Wegener's granulomatosis presently or previ
ously positive for Pr3-ANCA (•) and in ANCA negative age- and sex-matched normal healthy con
trols ( o) .  Numbers represent mean disintegrations per second (DPS) as calculated from triplicate 
cultures in the lymphocyte stimulation test (Y-axis) . The horizontal line denotes the upper limit of 
spontaneous proliferation of PBMC (mean + 2SD). Patients or controls with DPS values above this 
line were considered positive for lymphocyte proliferation to Pr3. Horizontal bars denote mean DPS 
values within the different groups (-). 

For MPO we found that only one out of the 5 tested MPO-ANCA positive pa
tients showed a significant proliferation of PBMC to inactive MPO (fig. 4). None 
of the MPO-ANCA patients had a SI larger than 3. Sixteen to 58 % of the con
trols, dependent on the concentration of MPO used, reacted with MPO (fig.4). 
The percentage of controls with a positive SI varied from 8 to 39 % dependent 
on the concentration of MPO used in the LST assay. 
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Figure 4. Proliferative capacity of isolated peripheral blood mononuclear cells to myeloperoxidase at 
different concentrations (X-axis) in disintegrations per second (DPS) (Y-axis) .  MPO-ANCA positive 
patients (■)  were tested versus normal controls (O) .  
Horizontal bars denote the mean of DPS values within the different groups. 

DISCUSSION 

Since autoreactive T-cells are hypothesized to play an important role in the patho
genesis of Wegener's granulomatosis (WG) we tested the capacity of peripheral 
blood mononuclear cells (PBMC) isolated from patients with Wegener's granulo
matosis to respond to the highly purified autoantigens Pr3 and MPO. 
We found that PBMC from some of the WG patients and controls reponded bet
ter to active than inactive Pr3. Since elastinolytic enzymes, such as elastase and 
cathepsin G, possess mitogen,ic activity this might also be the case for the third 
serine proteinase Pr3 [22]. In order to exclude a possible mitogenic of Pr3 effect 
all subsequent tests were performed with heat-inactivated Pr3. Active MPO was 
found to be very toxic for PBMC [23,24]. MPO inhibited proliferation of PMBC 
to Con-A, PWM, and recall antigens dose dependently . This effect could, howe
ver, be reduced to a great extent by inactivating MPO. 
Next, we compared proliferation of PBMC to inactivated Pr3 or MPO with their 
proliferation in response to processed Pr3 or MPO. In order to test whether T-
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cells recognize a complex ligand composed of Pr3- or MPG-derived peptides in 
association with major histocompatibility complex (MHC) molecules. No diffe
rences were observed between the two assays, suggesting that proliferation of 
PBMC results from T-cell receptor (TcR) recognition of Pr3 and MPO in the 
context of class II antigens on APC. 
The proliferative capacity of PBMC to mitogens and common antigens was tested 
in patients and controls .  No significant differences in reactivity to the mitogens 
concanavalin-A (Con-A) and pokeweed mitogen (PWM) and to recall antigens 
(Candida, Corynebacterium diphteria, purified protein derivate, and tetanus 
toxoid) were found between PBMC isolated from WG patients and controls. 
Thus, the general lymphoproliferative capacity of the patients was not disturbed 
despite periods of previous disease activity and immunosuppressive treatment. 
Stimulation of PBMC with Pr3 led to significantly higher response rate in the 
Pr3-ANCA group as compared to controls. Also, a higher percentage of patients 
were stimulated postively with Pr3 in the Pr3-ANCA group. This suggests that 
precursor T-cells specific for Pr3 are present at a higher frequency in patients 
than in controls. These Pr3 reactive T-cells could be T-helper-cells involved in 
ANCA production as well as effector cells playing a direct role in the pathogene
sis of WG. Within the Pr3-ANCA group, however, no correlation was observed 
between ANCA titer and proliferation to Pr3. Previous studies in which the proli
ferative capacity of PBMC to crude preparations containing Pr3 was tested repor
ted that only Pr3-ANCA positive WG patients, in contrast to ANCA negative 
healthy controls, reacted with Pr3 [14,15]. Both studies, however, tested only 
small groups of patients and controls. A third study, in which PBMC were also 
stimulated with a crude extract from neutrophil granules, reported no differences 
between patients and controls [32]. In all three studies PBMC were stimulated 
with active enzymes, so mitogenic as well as toxic influences could have influen
ced the results. For MPO we found that only one out of the 5 tested MPO-ANCA 
positive patients reacted with inactive MPO. All patients, however, had a positive 
MPO-ANCA titer at the time of testing. The observed discrepancy between anti
body titer to Pr3 or MPO and T-cell reactivity to those antigens has also been 
reported for other autoantigens such as thyroglobulin (Tg) and thyroid peroxidase 
(TPO) [33], and adrenal antigens [34]. ANCA predomininantly belong to the 
IgG 1- and IgG4-subclass [35] . Especially the presence of IgG4-subclass antibo
dies, known to be a T-cell dependent isotype, indicates that T-cells are involved 
in ANCA production. Since T-cell epitopes are linear [36] and B-cells tend to 
recognize conformational determinants, it might well be that most of the epitopes 
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recognized by T- and B-cells are different, and that common reactivity depends 
on which parts of Pr3 and MPO are presented by APC. Indeed, Brocke et al . 
[37] reported common reactivity of T- and B-cells to only a few of the tested 
synthetic acetylcholine-receptor peptides (AChR). Also, the fact that we used 
PBMC as APC, and not dendritic cells or other cells capable of presenting anti
gens, might have influenced T-cell responsiviness [33]. On the other hand we 
cannot exclude that ANCA production in WG might also be due to polyclonal 
activation of B-cells . 
The observed reactivity of PBMC to Pr3 and MPO in controls has also been 
reported in studies investigating reactivity to other autoantigens like myelin basic 
protein (MBP), Tg, TPO, AChR, and adrenal antigens [33,34,37,38]. At the B
cell level V-domain antibody fragments specific for neutrophil cytoplasmic anti
gens were found within the normal B-cell repertoire [39]. One explanation for 
positive reactivity in controls could be that autoreactive T -cell populations present 
in normal healthy individuals are specific for minor or non-dominant antigens 
which have failed to induce tolerance during early development [40,41]. Another 
explanation might be that parts of Pr3 and MPO are also present in exogenous 
antigens to which the subject has previously been exposed [42]. Epitope mapping 
and cloning of autoreactive T-cells should give further information on the questi
on whether recognized epitopes differ between patients and controls [30,37 ,43] 
and whether reactivity to these epitopes is related to ANCA production and/or 
disease activity . 
In conclusion we found that T-cells reactive to Pr3 are present in higher percen
tages in patients with WG as compared to controls. Their involvement in ANCA 
production and in the pathogenesis of the granulomatous lesions in WG needs 
further investigation. Therefore studies need to be done with synthetic Pr3-pepti
des in order to unravel the fine-specificity of those Pr3-reactive T-cells that con
tribute to ANCA-production and/or granuloma formation. 
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SUMMARY 

The mechanisms underlying glomerular capillary wall injury in Wegener 's granulomatosis 
(WG) are not well understood. Anti-neutrophil cytoplasmic antibodies (ANCA), present in 
sera from patients with WG, are known to stimulate respiratory burst and degranulation of 
primed polymorphonuclear neutrQphils (PMN) in vitro. Experimental studies have shown that 
oxygen radical production and lysosomal enzymes are important mediators of glomerular 
capillary wall injury. In the present study we investigated the presence of activated PMN and 
the extracellular localization of lysosomal enzymes in 28 consecutive renal biopsies from 
patients with WG. The presence of activated PMN within the renal biopsies was compared 
with the capacity of ANCA, isolated from simultaneously drawn serum samples, to activate 
primed PMN obtained from a normal donor. Both parameters were also related to renal 
function. Renal biopsies were obtained from newly diagnosed WG patients before therapy 
had started. Activation of PMN in the biopsies was assessed by measuring hydrogenperoxide 
production in situ. The number of activated PMN in the biopsy correlated with the extent of 
impairment of renal function. Proteinase 3, myeloperoxidase, and elastase, all targets of 
ANCA, were localized extracellularly in renal tissue and were also found within tubular 
epithelial cells. All ANCA positive samples were capable of activating primed PMN. The 
amount of activation correlated with the ANCA titer in those samples. No correlation, 
however, was found between the in vitro capacity of ANCA-positive IgG-fractions to activate 
primed PMN and the number of activated PMN present in the renal biopsy. 
We conclude that activated PMN producing toxic oxygen metabolites and releasing lysosomal 
enzymes, are present in renal biopsies from patients with WG. The amount of activated PMN 
present within the kidney, and not the capacity of the corresponding ANCA to activate PMN, 
correlates with renal tissue damage as assessed by serum creatinine levels. 

INTRODUCTION 

Wegener's granulomatosis (WG) is characterized by systemic vasculitis with 
necrotizing granulomatous inflammation, in particular of the respiratory tract, and 
necrotizing crescentic glomerulonephritis (NCGN) [1]. The kidneys are frequent
ly involved as the main target organs [2,3]. The earliest lesions appear as small 
foci consisting of fibrinoid necrosis of glomerular capillary loops [4-6]. Immu
nofluorescence studies of NCGN in WG have shown absent or infrequent, non
specific deposits of immunoglobulins (lg) and complement along the glomerular 
basement membrane (GBM), so called pauci immune glomerulonephritis [7,8]. In 
most forms of proliferative glomerulonephritis an immunologically mediated 
inflammatory insult is responsible for glomerular capillary wall injury [9]. At 
present it is not known which mechanisms underly glomerular capillary wall 
injury in WG. 
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Sera from patients with WG contain anti-neutrophil cytoplasmic antibodies 
(ANCA) [10-14]. ANCA in WG are directed to proteinase 3 (PR3-ANCA) 
[15-17], in a minority of the cases to myeloperoxidase (MPO-ANCA) [18-21], 
and incidentally to human leukocyte elastase (HLE-ANCA) [22]. Relapses in WG 
are usually preceded by a rise in ANCA titer [13,23,24], and can be prevented 
by treatment based on changes in those titers [25], suggesting that ANCA are 
involved in the pathogenesis of NCGN in WG. Recently, it has been shown that 
ANCA activate the respiratory burst and degranulation in primed polymorphonu
clear neutrophils (PMN) [26-28]. Moreover , ANCA stimulate PMN cytotoxicity 
towards cultured endothelial cells [29 ,30]. The respiratory burst starts with the 
NADPH dependent reduction of oxygen to superoxide (02-) . Subsequently , 02-

reacts with itself and dismutase to produce oxygen and hydrogen peroxide (H202) 

[31 ,32]. Degranulation, the other marker of PMN activation, leads to the relaese 
of lysosomal enzymes like Pr3, MPO, and HLE. Pr3 and MPO are known to 
localize to negatively charged structures like the GBM and endothelial cells 
[33-35] and to cause glomerular injury in the presence of its substrate H202 
[36 ,37]. Extracellular HLE can be found in ophthalmic lesions in WG, in urine 
from patients with NCGN, and serum neutrophil HLE concentrations parallel 
disease activity of WG [38-40]. HLE, also, may localize to the GBM [41]. PR3 
has not been studied in this respect. Until now, extracellular localization of PR3, 
MPO, and HLE has not been reported in renal biopsy specimens from patients 
with glomerular disorders , including WG. 
Activated PMN may play a pivotal role in the development of renal lesions as 
seen in WG by causing direct tissue injury due to the production of oxygen 
radicals and release of lysosomal enzymes. Therefore, we investigated renal 
biopsies from patients with WG for the presence of activated neutrophils produ
cing reactive oxygen metabolites and for the extracellular deposition of PR3, 
MPO, and HLE in relation to renal impairment. As extracellular Pr3, MPO, and 
HLE being autoantigens of ANCA could serve as nidus for ANCA binding, we 
also studied the glomerular presence of immunoglobulins and complement. Since 
ANCA might be held responsible for the supposed PMN activation we investiga
ted the capacity of the ANCA positive lgG-fractions, isolated from serum at the 
time of the renal biopsy, to activate primed PMN. We related those findings to 
the intrarenal presence of activated PMN and the extent of renal impairment. 
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MATERIALS AND METHODS 

Biopsies 
Diagnostic renal biopsies obtained over a period of 4 years from patients with 
newly diagnosed Wegener's granulomatosis (n =25) and patients with a relapse of 
WG (n= 3) all positive for ANCA were studied. The diagnosis of WG was 
established by the presence of classic clinical symptoms and/or histopathological 
findings [19]. ANCA were directed to proteinase 3 in 22 patients , to myelope
roxidase in 5 patients , and to elastase in 1 patient . Biopsies were taken before 
therapy had started. Twenty biopsies were frozen and 8 seperate biopsies were 
processed for plastic embedding. Serum creatinine (Creat) levels (µmol/1) were 
measured on the day of the biopsy. Patients were divided into three groups 
depending on their Creat levels as indicators of renal impairment; severe (Creat 
> 500 µmol/1), moderate (Creat 106-500 µmol/1), and mild (Creat < 106 
µmol/1). Tissues were processed as described below for light microscopy, 
immunofluorescence and immunohistochemistry . 

Frozen sections 
For immunofluorescence and immunoperoxidase studies renal tissue was quickly 
embedded in tissue-tek, snap frozen in liquid nitrogen, and stored at -80 °C.  
Consecutive cryostat sections were cut at 2 or 4 µm as indicated, applied to  a 
glass slide , and used for immunohistochemistry. 

Activated PMN 
Activated PMN were assessed by histochemical demonstration of hydrogen pe
roxide (H202) production [42,43]. Activated PMN produce 02- and H202 , both 
products of the respiratory burst [32] . Hydrogen peroxide production by activated 
PMN was demonstrated in kidney cryostat sections according to a modified 
method of Briggs et al . [42,44], taking advantage of endogenous H202 producti
on. H202 production was detected by the oxidation and polymerization of 
diaminobenzidine (DAB) by endogenously produced Hi02 and peroxidase (PO). 
H202 producing cells are quantitatively related to the number of neutrophils [45] . 
Sections were incubated with DAB at 37 °C for 30 minutes . Addition of 0 . 0 15% 
catalase to the incubation medium inhibited staining completely , confirming the 
involvement of endogenous H202 production in DAB polymerization [44]. 
Sections were routinely counterstained with hematoxylin . Total numbers of 
positive intraglomerular cells were counted in each biopsy and expressed as mean 
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cells/glomerular cross section. In serial sections we compared Hz02 production 
and the number of CD15 positive PMN. As negative control for H202 production 
by PMN present in renal cryostat sections we used sections of frozen gelatin 
embedded non-primed PMN obtained from peripheral blood of healthy donors. 

Staining procedures 

For the immunodetection of PR3, MPO, and HLE we used fixation with both 
ethanol and acetone buffered formalin 9 % [ 46]. Staining was done by a standard 
immunoperoxidase method as described under leukocyte phenotyping. Cryostat 
sections were examined for tp.e presence of lgG, lgM, lgA, and C3 by FITC
conjugated goat anti-human antisera (Kallestad, Chaska, MN, USA). Biopsies 
were scored as positive or negative with regard to deposition of immunoglobulins 
and complement, and, in addition, the pattern of deposition was determined. 

Leukocyte phenotyping 

A panel of monoclonal antibodies to leukocyte surface antigens was used on 
cryostat sections for analysis of renal leukocytes (table 1). In brief, cryostat 
sections of snap frozen material, cut 4 µm for immunoperoxidase (IP) and 2 µm 
for immunofluorescence (IF), were dried for at least 10 minutes and subsequently 
fixed in acetone. For most monoclonal antibodies (Mabs) we used a sensitive four 
layer peroxidase-technique. 
Briefly, sections were incubated sequentially with: (a) normal rabbit serum 10  % 
in phosphate buffered saline (PBS) for 20 minutes; (b) monoclonal antibody for 
60 minutes ; (c) rabbit anti-mouse peroxidase labeled immunoglobulin 1 :50, 
supplemented with 1 % human AB serum for 15 minutes ; (d) swine anti-rabbit 
peroxidase labeled immunoglobulin 1 :50, supplemented with 1 % human AB 
serum for 15 minutes followed by aminoethylcarbimazole (AEC) 0.2 mg/ml in 
0.05 M acetate buffer pH 4.9 containing 5% dimethylformamide plus 0.03% 
hydrogen peroxide for 10 minutes. Sections were counterstained with hematoxy
lin, mounted in glycerin, and examined. All necessary dilutions were made in 
PBS. Specificity of labeling was shown by lack of staining following substitution 
of the primary Mab by a non-relevant Mab directed to a pollen antigen. Positive 
staining of the different types of leukocytes in tonsil and spleen sections served as 
positive controls. The median number of glomeruli available for counting was 6 
and the range varied from 3 to 16 per section. Total numbers of labeled intraglo
merular cells were counted in each biopsy and expressed as mean cells/glomeru
lar cross section. Cells within crescents were included in the glomerular counts. 
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Table 1. Monoclonal antibodies used for immunohistochemistry and immunofluorescence on frozen 
and plastic embedded renal biopsies. 

Code of Recognized lg Specificity Source 
monoclonal antigen (sub-)class 

enzymes 
12 .8  Proteinase 3 IgGl PMN /monocytes CLB 
4 . 15 Myeloperoxidase IgGl PMN /monocytes CLB 
NP57 Elastase IgGl PMN /monocytes Dako 

leukocytes 
Leu M3 CD14 IgG2 monocytes (small BD 

subset of PMN) 
Leu M l  CD15 IgM PMN (small subset BD 

of monocytes) 
CD68 CD68 IgGl macrophages Dako 

PMN; polymorphonuclear leukocytes 
CLB; Central Laboratory for the Blood Transfusion Service, Amsterdam, The Netherlands 
Dako; Dakopatts, Glostrup, Denmark 
BD; Becton and Dickinson, Mountain View, California, USA 

Labeled interstitial leukocytes were quantified by using a semiquantitative 
method: 0 = absent, 1 = minimal, 2 = mild, 3 = moderate, and 4 = severe. 
Only appropriately stained sections were assessed. 
In order to assess which cells were positive for PR3 and/or MPO, we performed 
double labeling experiments with CD15 (a granulocytic membrane antigen). 
Briefly, sections were incubated sequentially with: (a) normal goat serum 10% in 
PBS for 20 minutes ; (b) Mab anti-PR3 or anti-MPO for 30 minutes ; (c) FITC
conjugated goat anti-mouse lgGl 1 :40 (Southern Biotechnology Associates, 
Birmingham, Alabama, USA) for 30 minutes; (d) anti-CD15 for 30 minutes ; (e) 
TRITC-labeled goat anti-mouse lgM for 30 minutes. The sections were mounted 
in Citifluor (Fenwall laboratories, London, UK) and examined by immunofluo
rescence microscopy. 

Plastic sections 

Renal biopsies (n = 8) were fixed in 2 % paraformaldehyde in PBS pH 7.4 for 1 
hour at 4 °C. After washing overnight in PBS containing 6% sucrose, the biopsies 
were dehydrated with 100% acetone for 30 min at 4 °C. After dehydration the 
tissues were infiltrated with glycomethacrylate (Technovit 8100 solution A, 
Kulzer, GmbH, Wehrheim, Germany) at 4°C for 8 hours. Following infiltration 
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tissues were embedded in a mixture of Technovit solutions A and B (30: 1 )  
according to  the manufacturers recommendation. Polymerization took place 
overnight on crushed ice at 4 °C. The whole procedure was done at 4 °C and all 
necessary incubation steps were performed on a rotor. Two µm thick sections 
were cut on a Reichert Jung Supercut plastic microtome using tungsten carbide 
tipped hard metal knives [47] . Sections were caught on 2% paraformaldehyde, 
affixed on glass slides , and dried. 
Dried 2 µm sections were post-fixed with acetone buffered formalin 9% accor
ding to Pryzwanski et al. [ 46] in order to prevent artifactual shifting of PR3, 
MPO, and HLE. Since MPO and HLE shift to the nucleus in PMN after fixation 
with ethanol, but have been reported to stay within the cytoplasm after fixation 
with acetone buffered formalin [ 46] , control studies were done with PMN 
embedded in plastic. To study the localization of PR3, MPO, and HLE, fixation 
was followed by: (a) preincubation with normal rabbit serum 10% or normal goat 
serum 10% for 30 minutes at 37 °C; (b) monoclonal incubation for 2 hours at 
37 °C in the appropriate dilutions; (c) peroxidase conjugated rabbit anti-mouse 
1 :40 (Dakopatts) or FITC-conjugated goat anti-mouse 1 :40 (Dakopatts) ,  both sup
plemented with 1 % human AB serum for 30 minutes at 37 °C; (d) blocking of the 
endogenous peroxidase activity when necessary with hydrogen peroxide 0.06% in 
PBS at RT. The peroxidase staining was followed by incubation with DAB 0.5 
mg/ml in PBS supplemented with immidazol 1 mg/ml plus O. 03 % Hz02 for 10 
minutes. Sections were counterstained with hematoxylin or periodic acid Schiff. 
The localization of PR3, MPO, or HLE in connection to PMN was studied by 
double labeling with CD15 as a PMN marker . For double labeling with CD15, 
sections were preincubated with normal goat serum 10 % , followed by a mixture 
of either anti-PR3, anti-MPO, or anti-HLE (all three of the mouse IgGl sub
class), and anti-CD15 (of the mouse lgM class) for 2 hours at 37 °C. This was 
followed by incubation with a mixture of FITC-labeled goat anti-mouse IgG l
and TRITC-labeled goat anti-mouse lgM conjugates (Southern Biotechnology 
Associates, Birmingham, Alabama, USA), both diluted 1 :40 and supplemented 
with 1 % normal human AB serum, for 30 minures at RT. All sections processed 
for immunofluorescence were mounted in citifluor (Fenwall Laboratories, 
London, UK). The median number of glomeruli available for counting was 3 and 
the range varied from 2 to 13 per section. 
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Sera 

Serum samples for the isolation of lgG were drawn from 19 out of the 20 patients 
with WG, of whom cryostat sections were available, at the time of the renal 
biopsy. One patient was excluded due to shortage of serum. Control sera 
consisted of samples drawn from healthy volunteers. The number of peripheral 
blood leukocytes and their differentiation was also measured at the time of the 
renal biopsy using standard procedures. 

Antineutrophil cytoplasmic antibodies 

ANCA were detected in all serum samples (n =25) obtained at the day of the 
renal biopsy, by indirect immunofluorescence as described previously [ 48]. 
Samples were scored as positive if the majority of neutrophils showed positive 
fluorescence at a serum dilution of at least 1 :20. Antigenic specifity was determi
ned by antigen specific ELISA's for antibodies to PR3, MPO, and HLE [15,19]. 

Isolation of lgG-ANCA 

lgG was isolated by protein G (phast flow protein G, Pharmacia Fine Chemical 
AB, Uppsala, Sweden) chromatography. IgG fractions were tested for contamina
tion with lipopolysaccharide (LPS) in the limulus amebocyte lysate (LAL) assay 
according to Sturk et al. [49]. 

Measurement of superoxide production (02-; 

02- production was detected by measuring the superoxide dismutase (SOD) 
(S9636, Sigma Chemical Co., St Louis, Missouri, USA) inhibitable reduction of 
ferricytochrome c, discontinuously, according to the method of Pick and Mizel 
[50] with minor modifications. In short, PMN were isolated by centrifugation on 
a Lymphoprep density gradient (Nycomed Pharma AS, Oslo, Norway) from 
blood, anticoagulated with 0.34 M EDTA, obtained from normal donors. 
Contaminating erythrocytes were lysed with ammoniumchloride. Prior to the 
activation experiments PMN were treated with cytochalasin B 5 µglml (18015, 
Serva, Heidelberg, Germany) for 5 minutes at 37 °C. Priming of PMN was done 
with with recombinant TNF-a 2 ng/ml (rTNF-a, Genzyme, Cambridge, MA, 
USA) for 15 minutes at 37°C. Control PMN were incubated with HBSS instead 
of rTNF-a. 96-well microtiter plates (F-form, Greiner BV, Alphen a/d Rijn, The 
Netherlands) were incubated with ferri-cytochrome C 4 mg/ml (C7752, Sigma 
Chemical Co.) either with SOD 590 units/ml or an equal volume HBSS and 
stimulus. As stimuli we used the isolated lgG fractions of ANCA positive sera. 
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Polyclonal rabbit anti-MPO (Dakopatts, Glostrup, Denmark) and 0.2 µM formyl
methionyl-leucyl-phenylalanine (tMLP, F3506, Sigma Chemical Co.) served as 
positive controls. HBSS and normal lgG served as negative controls. The IgG 
preparations and the polyclonal antiserum were added at a concentration of 80 
µg/ml. Prior to use the lgG preparations were centrifuged in an Eppendorf 
centrifuge for 15 minutes at 13 .000 rpm in order to remove possibly present 
aggregates . Some sera contained low levels of LPS. These levels had no influen
ce on the amount of 02- production in the ferricytochrome c reduction test ( data 
not shown). Freshly purified primed or non-primed neutrophils were added at a 
concentation of 1.106/ml, and the plates were incubated for a total period of 60 
minutes at 37 °C. The plates were scanned repeatedly at 550 nm using a thermo
max microplate reader (Sopar biochem, b.v., Nieuwegein, The Netherlands). 
Each test was performed in duplicate and the results were reported as the SOD 
inhibitable cytochrome C reduction expressed as the difference in OD 550 units. 
IgG preparations of ANCA positive sera were tested twice using two different 
PMN donors. Mean values are reported. 

Statistical analysis 

Comparisons between different groups were made with a non-parametric Krus
kall-Wallis test for unpaired data and a Mann Whitney U test when two groups 
were considered. Correlations within groups for different values were assessed 
with Spearman's rank correlation test. All statistical tests were performed with a 
Systat statistical package for personal computers . Values < 0.05 were considered 
significant. 

RESULTS 

Activated PMN in cryostat sections 

HP2 production as a measure of activated PMN was detected by the precipitation 
of DAB by endogenously produced H202 and peroxidase. Precipitation of DAB 
characterized by a coarse granular staining pattern (fig . la and le) ,  could be 
inhibited by the addition of catalase to the incubation media (fig. lb and ld). The 
specificity of the reaction for activated PMN was tested using non-primed frozen 
gelatin-embedded peripheral blood PMN obtained from a normal donor. These 
PMN did not produce H202 as tested by the precipitation of DAB. We counted 
the numbers of H202 producing cells and PMN, as determined by their positive 
staining for CD15, within glomeruli and interstitium in serial sections (table 2). 
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An overlap in localization between H202 producing cells and PMN was found 
although not all PMN produced H202 (table 2). The mean number of PMN, 
present within the glomeruli, was larger than that of H202 producing cells (table 
2). Patients with severe renal involvement had significantly higher numbers of 
intraglomerular H202 producing cells than patients with moderate and mild renal 
impairment (table 2). In concordance the number of H202 producing cells 
correlated significantly with the severity of renal impairment (r=0.537 /p < 
0.05). 

,,,. . .  

,,. t 

Figure 1 .  Precipitation of diaminobenzidine (DAB) (black staining) by endogenously produced Hz02 

in neutrophils in cryostat sections of renal biopsies from patients with Wegener's granulomatosis . 
A. Glomerulus filled up with H2O2 producing PMN (x350). 
B.  Same glomerulus as in A; after the addition of 0 .0 15% catalase all H2O2 is scavenged and DAB 
precipitates are no longer visible (x350). 
C. Venule within the interstitium with Hz02 producing PMN (x350). 
D. Same vessel as in C after the addition of 0.01 5%  catalase (x350). 
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Table 2. Numbers of intraglomerular and interstitial H202 producing cells in serial renal cryostat 
sections and the capacity of ANCA to activate PMN in patients with Wegener's granulomatosis (WG). 

renal impair- no ANCA 
menta titer-1' 

severe 10 7(1-7) 

moderate 8 7(1 -7) 

mild 2 2( 1 -6) 

Statsr ns 

Intraglomerular 
renal impair-
ment' H,O, 
severe 5 . 1  ± 4 . 1 
moderate 1 .8 ± 1 .8 
mild 0.0 ± 0.0 
Statsr 

02-
prod.c 

136 ± 67 

134 ± 80 

95 ± 27 

ns 

PMN/CD15 
7 .4 ± 6.4 
1 . 8 ± 1 . 1  
0.8 ± 0.0 

Leukod 

xl09/l 

13 .8  ± 6 . 1 

9.2 ± 4.0 

7 .8  ± 1 .6 

ns 

Interstitial" 

H,O, 
1 .9 ± 0.9 
0 .7 ± 0 .5 
0.5 ± 0.7 
ns 

12 .6 ± 5.5 

7 .4 ± 4 .0 

5 . 8  ± 1 .0 

ns 

PMN/CD15 
2. 1 ± 1 . 1  
1 .2 ± 0.4 
0 .0 ± 0.0 
ns 

a Patients were divided into three groups depending on their serum creatinin level (Creat). Severe: 
Creat > 500 µmol/1, moderate: Creat between 106 and 500 µmol/1, and mild: Creat < 106 µmol/1 . 
b ANCA; antineutrophil cytoplasmic antibodies; ANCA titers were expressed as reciprocal dilutions
teps from O ( < 16) to 7 ( � 5 12). Results are given as median and range. 
c Superoxide production by IgG-ANCA activated normal PMN as measured by the superoxide 
dismutase inhibitable cytochrome c reduction expressed as the difference in OD 550 units. Numbers 
represent mean ± SD. 
d Total number of peripheral blood leukocytes and PMN as estimated on the day of the renal biopsy 
(xl09/l). 
• Cells were stained for H202 production and for CD15 in serial sections. 
r Differences between the three different groups, i .e .  patients with severe, moderate, and mild renal 
involvement, were estimated with a non parametric Kruskall-Wallis test. Values < 0.05 were 
considered significant. 

Presence of lysosoma.l enzymes, immunoglobulins, and complement in cryostat 

sections 

The extracellular localization of Pr3, MPO, and HLE was tested as a marker of 
degranulation. PR3, MPO, and HLE were mainly present intracellularly within 
the glomeruli. By doublestaining we found an overlap between PR3-, MPO-, and 
HLE-positive cells , and cells positive for CD15 (fig. 2a and 2b). The mean 
number of intraglomerular PR3 positive cells was significantly lower than that of 
HLE positive cells (p < 0.01) (table 3). No significant differences were noted 
between the number of intraglomerular PMN and intraglomerular monocytes. 
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PR3-, MPO-, or HLE-positive cells could totally fill up crescents, but also a 
more diffuse presence in the glomeruli was observed. 

Table 3. Numbers of intraglomerular and interstitial cells positive for proteinase 3 (PR3), myelope
roxidase (MPO), and elastase (HLE) in serial renal cryostat sections from patients with Wegener's 
granulomatosis (WG). 

Intraglomerular cells 

renal im- no . of PR3b MPOb HLEb PMNb monocytesb 

pairment• biopsies CD15 CD 1 4  

severe 1 0  5 . 1  ± 3 .4 7 .6  ± 6.7 8 . 1 ± 4 . 1  6 . 2  ± 2 .8  5 .3  ± 3 .0  

moderate 8 3 .0 ± 2 .8  3 .2  ± 3 .0 4.0 ± 4.4 nd nd 

mild 2 1 .9 ± 0 .8  1 . 8 ± 1 . 1  1 .0 ± 1 .4 1 .3 ± 0.4 0.0 ± 0.0 

Statsc ns ns ns 

Interstitial cells 

renal PR3b MPOb HLEb PMW monocytesb macrophagesb 

impairment CD 1 5  CD 14 CD68 

severe 2 . 1 ± 1 .7 2.2 ± 1 . 1  2 .4 ± 1 .2 1 .6 ± 0.9 2 .4 ± 1 . 1  3 . 6  ± 0.9 

moderate 1 .4 ± 1 . 1  1 .7 ± 1 . 1  1 .7 ± 1 .2 0.5 ± 0.7 nd nd 

mild 1 .0 ± 1 .0 1 .0 ± 0.0 0.5 ± 0.7 0.5 ± 0.7 0.5 ± 0.7 2.0 ± 1 .4 

Statsc ns ns ns ns ns ns 

• Patients were divided into three groups depending on their serum creatinin levels (Creat) . 
b Cells were stained for PR3 , MPO, and HLE, PMN (CD15) ,  monocytes(CD 14), and macrophages 
(CD68) . nd = not done 
c Differences between the three different groups, i .e .  patients with severe, moderate, and mild renal 
involvement, were estimated with a Kruskall-Wallis test. Values < 0 .05 were considered significant. 
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Figure 2 .  Immunofluorescence photographs showing proteinase 3 (PR3) and myeloperoxidase (MPO) 

in crysostat sections of renal biopsies from patients with Wegener's granulomatosis . 
A. Crescent totally filled up with PR3 positive cells (green fluorescence) (x 200). Arrows indicate 
margins of glomerular crescent. 
B. Same glomerulus as in A showing overlap between PR3- and CD15-positive cells. CD15 is a PMN 
membrane marker (red fluorescence) (x200). Arrows indicate same glomerular margins as shown in 
A .  
C .  Tubuli positive fo r  MPO (green fluorescence) (x320). 

Numbers of intraglomerular MPO- and HLE- positive cells correlated with serum 
creatinine levels (r =0.441; p < 0.1, r =0. 776; p < 0.05, respectively) . Within the 
interstitium the mean number of PMN was significantly lower than that of 
monocytes (p < 0.05) and macrophages (p < 0.05) (table 3). The mean number of 
PR3-positive cel_ls was significantly lower than that of HLE-positive cells 
(p < 0 .05) (table 3) . PR3-, MPO-, and HLE-positive cells surrounded glomeruli 
and tubuli. Tubuli were frequently positive for PR3, MPO, and HLE (fig. 2c). 
Besides localization of PR3, MPO, and HLE within intraluminal casts tubular 
epithelial cells seemed positive as well. Since the extracellular presence of Pr3, 
MPO, and HLE can serve as target for ANCA binding we also studied the 
presence of immunoglobulins and complement. By direct immunofluorescence 
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IgG was never found in a granular or linear pattern along the GBM (table 4). 
However, scanty deposits of lgG were observed in most of the biopsies. By 
double staining, incidentally, the presence of lgG corresponded with the extracel
lular presence of Pr3, MPO, and HLE ( data not shown). lgM and complement 
C3 were present in 35 and 50% of the biopsies, respectively, in a granular 
pattern along the GBM and within Bowman's capsule (table 4). The presence of 
C3 correlated with serum creatinine levels (r =0.584, p < 0.05) . 

Table 4. Intraglomerular deposition of imrnunoglobulins and complement in frozen 
biopsies from patients with Wegener's granulomatosis (WG). 

renal no. of lgGb IgMb Comple-
impairment• biopsies mentb 

severe 10 0 5 7 

moderate 8 0 2 3 

mildta 2 0 0 0 

Statsb ns ns 

• Patients were divided into three groups depending on their serum creatinin levels (creat). 
b Number of biopsies containing linear or granular deposits of IgG, IgM, and complement C3 
c A Kruskall-Wallis test was done between the three different groups. 

Presence of PR3, MPO, and HLE in plastic embedded sections 

Renal tissue was embedded in plastic in order to investigate the precise extracel
lular localization of PR3, MPO, and HLE. As a control for artifactual shifting of 
those enzymes during fixation, non-primed PMN from healthy donors were 
embedded in plastic and stained for PR3, MPO, and HLE. After post-fixation 
with acetone buffered formalin PMN stained positive with a cytoplasmic staining 
pattern without shifting of MPO and HLE towards the nucleus (fig. 3a and 3b). 
After staining with monoclonals directed to PR3, MPO, and HLE four types of 
staining could be distinguished: (a) intracellular staining as shown by double 
labeling for PR3, MPO, or HLE and for CD 15 (being a PMN membrane 
marker); (b) extracellular granular staining for PR3, MPO, and HLE (fig. 4a, b, 
c and d); (c) extracellular staining of PR3, MPO, and HLE along a linear 
structure (fig. 4e and t); and (d) positive staining for tubular epithelial cells (fig. 
4g and h). Staining patterns b and c were always found in the presence of PR3-, 
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Figure 3. lmmunofluorescence photographs showing the localization of elastase (HLE) in plastic 
embedded neutrophils. 
A. Neutrophil postfixed after sectioning and before staining with acetone buffered formalin. HLE 
stays within it's original localization in the cytoplasm (green fluorescence) (xlO00). 
B. Neutrophil stained for HLE without post-fixation. HLE has shifted from the cytoplasm to the 
perinucleus (green fluorescence) (x lO00). 

MPO-, and HLE- positive cells. However, not all PR3-, MPO-, and HLE
positive cells were accompanied by extracellular staining. Granular extracellular 
staining for PR3 was found in all biopsies, mostly within the interstitium. 
Granular extracellular staining for MPO and HLE was detected in 6 out of 8 
biopsies. Staining along a linear structure was observed for PR3 in 3, for MPO 
in 1, and for HLE in 6 out of 8 biopsies. Tubules positive for PR3 were found in 
4 out of 8 biopsies and tubules positive for MPO and HLE in 2 out of 8 biopsies. 
Tubular epithelial cells were also clearly positive for PR3, MPO, and HLE (fig. 
4g and h) . 

ANCA induced superoxide production 

Superoxide production (O2·) was measured by the superoxide dismutase inhibita
ble reduction of ferri-cytochrome c. The chemotactic peptide formyl-methyl
leucyl-phenylalanine and the heterologous polyclonal anti-myeloperoxidase used 
as positive controls induced 02- production by PMN, whereas buffer did not 
(results not shown). Next we tested IgG fractions isolated from ANCA positive 
sera of patients with WG at the time of the renal biopsy. All AN CA-positive IgG 
fractions were capable of activating TNF-a primed normal PMN as measured by 
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Figure 4. Presence of proteinase 3 (PR3), myeloperoxidase (MPO) and elastase (HLE) in plastic 
embedded renal tissues from patients with Wegener's granulomatosis. 
A. Extracellular presence of PR3 in a granular pattern surrounding a PMN within the interstitium 
(green fluorescence) (xlO00). B. The same cell as shown in A. The cell boundary is visualized by it's 
staining for CD15, a neutrophil membrane marker (red fluorescence) (xlOO0). C. Extracellular 
presence of MPO in a granular pattern within the interstitium (green fluorescence) (x500). 
D. Extracellular presence of HLE in a granular pattern within the interstitium (green fluorescence) 
(x500). E. Extracellular presence of HLE along the wall of a small vessel within the interstitium 
(green fluorescence) (xlO00). F. Extracellular presence of PR3 in a linear pattern along a glomerular 
capillary wall (green fluorescence) (xlO00). G. Extracellular presence of HLE in a granular pattern 
within the interstitium together with tubuli containing HLE positive casts (green fluorescence) (x 320) 
H. Tubules positive for PR3 as demonstrated by immunohistochemistry. PR3 is clearly present within 
epithelial cells as shown by the dark granular precipitates of diaminobenzidine (small arrows) (x 5 12) . 

their 02- production (table 2), whereas IgG derived from normal healthy controls 
did not (fig. 5) . The amount of 02- production induced by the ANCA-samples 
correlated significantly with ANCA titer in the sera tested before the IgG 
isolation (r=0.486, p < 0.05). An even stronger correlation was found between 
the capacity to activate primed PMN and the ANCA titer of the isolated IgG 
fractions (r=0. 734, p < 0.01) (fig.6). Hypothesizing that ANCA could be 
responsible for the intrarenal activation of PMN we related the in vitro capacity 
of the ANCA samples to activate primed PMN with the intrarenal presence of 
activated PMN. No correlation, however, could be found between ANCA 
induced PMN activation and the number of activated PMN present within the 
renal biopsies nor with the extent of impairment of renal function. 
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Figure S. Superoxide (02-) production by PMN as measured by the superoxide dismutase inhibitable 
cytochrome c reduction assay. The horizontal axis is the time axis of 02 production (in minutes), the 
vertical axis shows the superoxide dismutase inhibitable cytochrome c reduction expressed as the 
difference in OD 550 units. The figure shows TNF-a primed normal PMN stimulated with lgG 
fr�<'tions isolated from ANCA positive sera of three representative patients (ANCA titers 40 (■) ,  160 
(.1. ) ,  and > 640 (e),  respectively) inducing low, intermediate, and high levels of 02- production. IgG 
isolated from healthy controls induces no respiratory burst in primed PMN ( ♦ ) .  
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Figure 6. Correlation between the ANCA titer expressed as reciprocal dilutions starting at I :20 on 
the horizontal axis as measured in the isolated IgG fractions and the superoxide dismutase inhibitable 
cytochrome c reduction expressed as the difference in OD 550 units on the vertical axis induced by 
these fractions (r =0.734, p < 0.01) .  
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DISCUSSION 

In the present study we found that activated neutrophils, as assessed by their in 
situ HP2 production, are present in renal biopsies from patients with Wegener' s 
granulomatosis (WG). Hz02 production was detected by the precipitation of 
diaminobenzidine (DAB) by endogenously produced H202 and peroxidase (PO) 
[42-44]. Most but not all PMN produced H202 • The strong correlation that we 
observed between the extent of renal impairment and the numbers of activated 
neutrophils producing H202 suggests that activated PMN contribute to the patho
genesis of renal lesions in WG. The mean number of intraglomerular PMN found 
in the present study was comparable to that found by Hooke et al . in crescentic 
glomerulonephritis [51,52]. Besides PMN, large numbers of intraglomerular and 
interstitial monocytes and macrophages were present. Numbers of HLE positive 
cells were higher than that of PR3 positive cells within glomeruli and interstiti
um. This may be explained by the fact that PR3 is mainly present in PMN 
[53,54] and only shortly expressed in a subset of monocytes [55,56], whereas 
MPO and HLE are expressed for a longer period in a larger subset of monocytes 
[56]. 
The extracellular localization of lysosomal enzymes, as a marker of PMN 
activation, was studied with monoclonal antibodies directed to PR3, MPO, and 
HLE in frozen and plastic-embedded renal biopsies. Using a plastic embedding 
method we demonstrated the extracellular presence of PR3, MPO, and HLE in 
two patterns : (a) a granular pattern probably due to diffuse adherence of PR3, 
MPO, and HLE to extracellular matrix proteins; and (b) binding of Pr3, MPO, 
and HLE to linear, negatively charged structures as endothelial cells and GBM. 
In vitro studies have shown, in agreement with our findings, that Pr3 and MPO 
can stick to the surface of endothelial cells [33-35]. In vivo studies in mice and 
rats also have demonstrated that MPO and HLE can be present along the GBM 
(36,37,41,57]. Extracellular diffuse granular localization of HLE has also been 
reported in ophthalmic lesions in WG [38,40]. In our study, PR3, MPO, and 
HLE were additionally found in tubular casts and within tubular epithelial cells. 
Although cross reactivity between the targets of PR3-ANCA and glomerular 
epithelium has been suggested [58], we did not observe any binding to normal 
epithelial cells by our Mabs directed to the myeloid enzymes . It also has been 
demonstrated that cultured endothelial cells express Pr3 after activation with 
cytokines (59]. We, however, never observed Pr3 expression within endothelial 
cells of normal glomeruli . As demonstrated in mice injected intravenously with 
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MPO [57], Pr3, MPO, and HLE being cationic enzymes, are probably taken up 
by those tubular epithelial ceils. The combination of PMN producing H202 and 
the extracellular presence of Pr3, MPO, and HLE might lead to renal damage as 
seen in WG. H202 production and lysosomal enzymes are known to play a direct 
role in tissue degradation [39,60-65]. PR3 and HLE are active elastinolytic 
enzymes [15-17,41,66,67], and MPO plays an important additional role in tissue 
degradation by proteases [61]. Deposition of small amounts of immunoglobulins 
and complement might amplify tissue degradation by attracting more PMN. 
Since we found activated PMN in the renal biopsies and ANCA are known to 
activate primed PMN leading to a respiratory burst and degranulation [26-28], we 
investigated the PMN activating capacity of IgG preparations isolated from 
ANCA positive sera drawn at the time of the renal biopsy. The capacity of the 
IgG samples to activate TNF-a primed PMN was tested by measuring the 
superoxide dismutase inhibitable 02- production using the ferri-cytochrome c test. 
All IgG samples activated primed PMN obtained from normal donors. The extent 
of activation correlated with the ANCA titer. No correlation could be found, 
however, between the number of H202 producing cells present within the renal 
biopsy and the in vitro capacity of ANCA to activate PMN. Therefore other 
factors besides ANCA are probably important for the in vivo outcome. Levels of 
circulating TNF-a and local TNF-a production, as shown to be present in WG 
[68,69], and elevated levels of PMN as shown in the present study might also 
determine the number of activated PMN and thereby renal impairment. 
In conclusion, activated neutrophils producing H202 are present in renal biopsies 
from patients with WG. Their presence is strongly associated with renal impair
ment. In addition to H202 production we also found extracellularly localized PR3, 
MPO, and HLE, as markers of PMN activation. Both H202 production and 
extracellular lysosomal enzymes are known to play an important role in tissue 
degradation. PMN activation might be accomplished by ANCA present as all 
serum specimens drawn at the time of the biopsy induced PMN activation in 

vitro. Since no direct correlation was found between the in vitro capacity to 
activate PMN and the number of activated PMN present within the renal biopsies 
other factors such as (local) TNF-a production and expression of adhesion 
molecules probably contribute to the attraction and intrarenal activation of 
neutrophils as well. 

Acknowledgements. Part of this work was presented in abstract form at the Convention of the 
American Society of Nephrology in Baltimore, in November 199 1 .  We thank G. Horst for her 
excellent technical assistance and V. Fidler for statistical advice. 

92 



4. Activated neutrophils in WG 

REFERENCES 

Godman GC, Churg J. Wegener's granulomatosis; Pathology and a review of the literature. 
Arch Pathol 1954; 58 :533-553 . 

2 Fauci AS, Haynes BF, Katz P, Wolff SM. Wegener's granulomatosis; prospective clinical 
and therapeutic experience with 85 patients for 21 years. Ann Int Med 1983; 98 :76-85 . 

3 Hoffman GS, Kerr GS, Laevitt RY, Hallahan CW, Lebovics RS, Travis WO, Rottem M, 
Fauci AS.  Wegener's granulomatosis : an analysis of 158 patients. Ann Int Med 1992; 
1 16(6) :488-498. 

4 Juncos LI, Alexander RW, Marbury TC. Intravascular clotting preceding crescent formation 
in a patient with Wegener's granulomatosis and rapidly progressive glomerulonephritis. 
Nephron 1979; 24 : 17-20. 

5 Watanabe T, Yoshikawa Y, Toyoshima H. Morphological and clinical features of the kidney 
in Wegener's granulomatosis. A survey of 28 autopsies in Japan. Jap J Nephrol 1 98 1 ;  
23 :92 1 -930. 

6 Weiss MA, Crissman JD. Renal pathologic features of Wegener's granulomatosis: a review. 
Sem Resp Med 1989; 10(2): 141 - 148. 

7 Stilmant MM, Bolton WK, Sturgill BG, Schmitt GW, Couser WG. Crescentic glomerulo
nephritis without immune deposits; Clinicopathologic features . Kidney Int 1979; 1 5 :  1 84-195 .  

8 Ronco P, Verroust P, Mignon F, Kourilsky 0, Vanhille Ph, Meyrier A, Mery JPh, 
Morel-Maroger L. Imrnunopathological studies of polyarteritis nodosa and Wegener's 
granulomatosis: a report of 43 patients with 5 1  renal biopsies. Quart J Med 1983; 206:212-2-
23 . 

9 Salant DJ. Immunopathogenesis of crescentic glomerulonephritis and lung purpera. Kidney 
Int 1987; 32:408-425. 

1 0  Woude FJvan der, Rasmussen N,  Lobatto S ,  Wiik A, Permin H ,  Es LAvan, Giessen Mvan 
der, Hem GKvan der, The TH. Auto-antibodies to neutrophils and monocytes : a new tool for 
diagnosis and a marker of disease activity in Wegener's granulomatosis . Lancet 1 985; i :425-
429. 

1 1  Specks U, Wheatley CL, McDonald TJ, Rohrbach MS, DeRemee RA. Anticytoplasmic 
autoantibodies in the diagnosis and follow-up of Wegener's granulomatosis . Mayo Clin Proc 
1989; 64:28-36. 

12 Nolle B, Specks U,  Ludemann J, Rohrbach MS, DeRemee RA, Gross WL. Anticytoplasmic 
autoantibodies : Their imrnunodiagnostic value in Wegener granulomatosis. Ann Int Med 
1989; 1 1 1  :28-40. 

13  Cohen Tervaert JW, Woude FJvan der, Fauci AS, Ambros JL, Velosa J, Keane WF,  Meijer 
S, Giessen Mvan der, The TH, Hem GKvan der, Kallenberg CGM. Association between 
active Wegener's granulomatosis and anticytoplasmic antibodies. Arch Int Med 1989; 
149:2461-2465. 

14 Kallenberg CGM, Mulder AHL, Cohen Tervaert JW. Antineutrophil cytoplasmic antibodies: 
A still-Growing class of autoantibodies in inflammatory disorders. Am J Med 1992; 
93 :675-682. 

15  Goldschmeding R, Schoot CEvan der, Bokkel-huinink Dten, Hack CE, Ende CEvan den, 
Kallenberg CGM, Borne AEGKrvon dem. Wegener's granulomatosis autoantibodies identify 
a novel diisopropylfluorophosphate-binding protein in the lysosomes of normal human 
neutrophils. J Clin Invest 1989; 84: 1577-1587. 

16 Ludemann J, Utecht B, Gross WL. Anti-neutrophil cytoplasm antibodies in Wegener's 

93 



Pathogenic potential of ANCA 

granulomatosis recognize an elastinolytic enzyme. J Exp Med 1990; 1 7 1  :357-362 . 
17  Niles JL, McCluskey RT, Ahmad MF,  Arnaout MA.  Wegener's granulomatosis autoantigen 

is a novel neutrophil serine protease. Blood 1989; 7 4: 1888- 1 893 . 
1 8  Falk RJ, Jennette JC. Anti-neutrophil cytoplasmic antibodies with specificity fo r  myelope

roxidase in patients with systemic vasculitis and idiopathic necrotizing and crescentic 
glomerulonephritis .  N Engl J Med 1988; 3 18 :  165 1 -1657. 

19 Cohen Tervaert JW, Goldschmeding R, Elema JD, Giessen Mvan der, Huitema MG, Hem 
GKvan der, The TH, Borne AEGKrvon dem, Kallenberg CGM. Autoantibodies against 
myeloid lysosomal enzymes in crescentic glomerulonephritis. Kidney Int 1 990; 37:799-806. 

20 Cohen Tervaert JW, Goldschmeding R, Elema JD, Limburg PC, Giessen Mvan der, Huitema 
MG, Koolen MI, Hene RJ, The TH, Hem GKvan der, Borne AEGK.rvon dem, Kallenberg 
CGM. Association of antibodies to myeloperoxidase with different forms of vasculitis. 
Arthritis Rheum 1990; 33: 1264- 1272. 

2 1  Cohen Tervaert JW, Limburg PC, Elema JD ,  Huitema MG, Horst G,  The TH, Kallenberg 
CGM. Detection of autoantibodies to myeloid lysosomal enzymes: A useful adjunct to 
classification of patients with biopsy-proven necrotizing arteritis. Am J Med 199 1 ;  9 1 :59-66. 

22 Cohen Tervaert JW, Mulder AHL, Stegeman CA, Elema JD, Huitema MG, The TH, 
Kallenberg CGM . The occurence of autoantibodies to human leukocyte elastase in Wegener's 
granulomatosis and other inflammatory disorders . Ann Rheum Dis 1 993 ; 52: 1 15-120 .  

23 Jayne D, Heaton A, Brownlee A,  Evans DB,  Lockwood C. Sequential antineutrophil 
cytoplasmic antibody titres in the management of systemic vasculitis. Nephrol Dial Trans-
plant 1990; 5 :309- 3 10. 

24 Egner W, Chapel HM. Titration of antibodies against neutrophil cytoplasmic antigens is 
useful in monitoring disease activity in systemic vasculitidis. Clin Exp Immunol 1 990; 
82:244-249. 

25 Cohen Tervaert JW, Huitema MG, Hene RJ, Sluiter WJ, The TH, Hem GKvan der, Kallen
berg CGM. Prevention of relapses in Wegener's granulomatosis by treatment based on 
antineutrophil cytoplasmic antibody titre. Lancet 1990; 336:709-7 1 1 .  

26 Falk RJ, Terrell RS, Charles LA, Jennette JC. Anti-neutrophil cytoplasmic autoantibodies 
induce neutrophils to degranulate and produce oxygen radicals in vitro. Proc Natl Acad Sci 
USA 1990; 87:4 1 15-4 1 19 .  

27 Charles LA, Caldas MLR, Falk RJ, Terrell RS,  Jennette JC.  Antibodies against granule 
proteins activate neutrophils in vitro. J Leukoc Biol 199 1 ;  50:539-546. 

28 Keogan MT, Esnault VLM, Green AJ, Lockwood CM, Brown DL. Activation of normal 
neutrophils by anti-neutrophil cytoplasm antibodies. Clin Exp Immunol 1992; 90:228-234. 

29 Ewert BH, Jennette JC, Falk RJ. anti-myeloperoxidase antibodies stimulate neutrophils to 
damage endothelial cells .  Kidney Int 1992; 4 1 :375-383 . 

30 Savage COS, Pottinger BE, Gaskin G, Pusey CD, Pearson JD. Autoantibodies developing to 
myeloperoxidase and proteinase 3 in systemic vasculitis stimulate neutrophil cytotoxicity 
toward cultured endothelial cells. Am J Pathol 1 992; 141 :335-342. 

3 1  Klebanoff SJ. Oxygen metabolism and the toxic properties of phagocytes . Ann Int Med 1980; 
93 :480-489. 

32 Babior BM. The respiratory burst of phagocytes . J Clin Invest 1984; 73 :599-60 1 .  
33 Savage COS, Pottinger BE, Gaskin G, Pusey CD, Pearson JD . Myeloperoxidase (MPO) 

binds to cultured human umbilical vein endothelial cells (HUVEC) and is recognized by 
autoantibodies, P-ANCA, from patients with sytemic vasculitis. J Am Soc Nephrol 1991 ; 
2 :604. 

94 



4. Activated neutrophils in WG 

34 Vargunam M, Adu D, Taylor CM, Michael J, Richards N, Neuberger J, Thompson RA. 
Endothelium myeloperoxidase-antimyeloperoxidase interaction in vasculitis. Nephrol Dial 
Transplant 1 992; 7: 1077- 108 1 . 

35 Savage COS, Gaskin G, Pusey CD,  Pearson JD.  Anti-neutrophil cytoplasm antibodies can 
recognize vascular endothelial cell-bound anti-neutrophil cytoplasm antibody-associated 
autoantigens . Exp Nephrol 1993 ; 1 :  190- 195. 

36 Johnson RJ, Guggenheim SJ, Klebanoff SJ, Ochi RF, Wass A, Baker P, Schulze M, Couser 
WG. Morphologic correlates of glomerular oxidant injury induced by the myeloperoxida
se-hydrogen peroxide-halide system of the neutrophil .  Lab Invest 1988; 5(3):294-301 .  

37 Johnson RJ,  Couser WG, Chi EY, Adler S, Klebanoff SJ . New mechanism for glomerular 
injury myeloperoxidase-hydrogen peroxide-halide system. J Clin Invest 1987 ; 79: 1 379- 1387 . 

38  Trocme SD, Bartley GB, Campbell RJ, Gleich GJ, Leiferman KM. Eosinophil and neutrophil 
degranulation in ophthalmic lesions of wegener's granulomatosis. Arch Ophthalmol 199 1 ;  
109 :  1 585- 1 589. 

39 Watanabe H ,  Hattori S, Katsuda S, Nakanishi I, Nagai Y. Human neutrophil elastase: 
degradation of basement membrane components and immunolocalization in the tissue. 
Biochem J 1990; 108:753-759. 

40 Wathen CG, Bell D, Harrison DJ, Dawes J, Douglas AC. Neutrophil activation in Wege
ner's Granuloma. Am Rev Resp Dis 1988; 137 :348. 

4 1  Johnson RJ, Couser WG, Alpers CE, Vissers M ,  Schulze M,  Klebanoff SJ . The human 
neutrophil serine proteinases, elastase and cathepsin G, can mediate glomerular injury in 
vivo. J Exp Med 1 988; 168 : 1 169- 1 174.  

42 Briggs RT, Robinson JM, Karnovsky ML, Karnovsky MJ. Superoxide production by poly
morphonuclear leukocytes; a cytochemical approach. Histochem 1986; 84:37 1-378 . 

43 Karnovsky MJ, Robinson JM, Briggs RT, Karnovsky ML. Oxidative cytochemistry in 
phagocytosis: the interface between structure and function. Histochem J 1 98 1 ;  1 3 : 1 -22. 

44 Poelstra K, Hardonk MJ, Koudstaal J, Bakker WW. intraglomerular platelet aggregration and 
experimental glomerulonephritis. Kidney Int 1990; 37: 1500-1508 . 

45 Smith JK, Grisham MB, Granger DN, Korthuis RJ. Free radical defense mechanisms and 
neutrophil infiltration in post ischemic skeletal muscle. Am J Physiol 1 989; 256:H789-H793 . 

46 Pryzwansky KB, Martin LE, Spitznagel JK. lmmunocytochemical localization of myelope
roxidase, lactoferrin, lysozyme and neutral proteases in human monocytes and neutrophilic 
granulocytes. J Ret Endo Soc 1978; 24:295-3 10 .  

47 Goar H van, Horst MLC van der, Fidler V, Grand J .  Glomerular macrophage modulation 
affects mesangial expansion in the rat after renal ablation. Lab Invest 1992; 66(5) :564-57 1 .  

48 Brouwer E, Cohen Tervaert JW, Horst G, Huitema MG, Giessen M van der, Limburg PC, 
Kallenberg CGM. Predominance of lgGl and IgG4 subclasses of anti-neutrophil cytoplasmic 
autoantibodies (ANCA) in patients with Wegener's granulomatosis and clinically related 
disorders . Clin Exp Immunol 199 1 ;  83 :379-386. 

49 Sturk A, Janssen ME, Muylaert FR, Joop K, Thomas LLM, Cate JW ten. Endotoxin testing 
in blood. In: Liss AR, ed. Detection of bacterial endotoxins with the limulus amebocyte 
lysate test. Liss,A.R . ,  1987 :37 1 -385 . 

50 Pick E, Mizel D. Rapid microassays for the measurement of superoxide and hydrogen 
peroxide production by macrphages in cultur using automatic enzyme immunoassay reader. J 
Immunol Methods 1982; 38 :2 1 1 .  

5 1  Hooke D H ,  Hancock WW, Gee DC, Kraft N, Atkins RC. Monoclonal antibody analysis of 
glomerular hypercellularity in human glomerulonephritis. Clin Nephrol 1984; 22 : 1 63-168 .  

95 



Pathogenic potential of ANCA 

52 Hooke DH, Gee DC, Atkins RC. Leukocyte analysis using monoclonal antibodies in human 
glomerulonephritis. Kidney Int 1987; 3 1 :964-972. 

53 Calafat J, Goldschmeding R, Ringeling PL, Janssen H, Schoot CEvan der. In situ localizati
on by double-labeling immunoelectron microscopy of anti-neutrophil cytoplasmic antibodies 
in neutrophils and monocytes. Blood 1990; 75 :242-250. 

54 Csemok E, Ludemann J, Gross WL, Bainton OF. Ultrastructural localization of proteinase 3 ,  
the target antigen of  anti-cytoplasmic antibodies circulating in Wegener's granulomatosis. Am 
J Pathol 1990; 137 : 1 1 13-1 120 .  

55 Braun MG, Csemok E, Gross WL, Miiller-Hermelink HK. Proteinase 3,  the target antigen 
of anticytoplasmic antibodies circulating in Wegener's granulomatosis . Am J Pathol 199 1 ;  
1 39 :831 - 838. 

56 Charles LA, Falk RJ, Jennette JC. Reactivity of antineutrophil cytoplasmic autoantibodies 
with mononuclear phagocytes. J Leukoc Biol 1 992; 5 1  : 65-68 . 

57 Graham RC,Jr . ,  Kamovsky MJ. Glomerular permeability Ultrastructural cytochemical studies 
using peroxidases as protein tracers. J Exp Med 1966; 124 : 1 123- 1 133 . 

58 Abbott F, Jones S, Lockwood CM, Rees AJ. Autoantibodies to glomerular antigens in 
patients with Wegener's granulomatosis. Nephrol Dial Transplant 1989; 4 : 1 -8 .  

59 Mayet WJ, Csemok E, Szymkowiak C, Gross WL, Meyer zum Biischenfelde KH. Human 
endothelial cells express proteinase 3, the target antigen of anti cytoplasmic antibodies in 
Wegener's granulomatosis . Blood 1993 ; 82(4) : 122 1 - 1229. 

60 Shah SV. Role of reactive oxygen metabolites in experimental glomerular disease. Kidney Int 
1 989; 35: 1093-1 106. 

6 1  Weiss SJ . Tissue destruction by  neutrophils. N Engl J Med 1989; 320:365-376. 
62 Shah SV, Baricos WH, Basci A. Degradation of human glomerular basement membrane by 

stimulated neutrophils. J Clin Invest 1987; 79:25-3 1 .  
63 Henson PM, Johnston RBJr. Tissue injury in inflammation; oxidants, proteinases, and 

cationic proteins. J Clin Invest 1987; 79:669-674. 
64 Baricos WH, Shah SV. proteolytic enzymes as mediators of glomerular injury. Kidney Int 

1 99 1 ;  40: 161 -173. 
65 Westlin WF, Gimbrone Jr. MA. Neutrophil-mediated damage to human vascular endotheli

um: Role of cytokine activation. Am J Pathol 1993 ; 142 : 1 17-128. 
66 Kao RC, Wehner NG, Skubitz KM, Gray BH, Hoidal JR. Proteinase 3; A distinct human 

polymorphonuclear leukocyte proteinase that produces emphysema in hamsters . J Clin Invest 
1988;  82: 1963-1973 . 

67 Rao NV, Wehner NG, Marshall BC, Gray WR, Gray BH, Hoidal JR. Characterization of 
Proteinase 3 (PR-3), a neutrophil serine proteinase. Structural and functional properties. J 
Biol Chem 199 1 ;  266 :9540�9548 .  

68  Deguchi Y ,  Shibata N,  Kishimoto S .  Enhanced expression of  the tumour necrosis factor/ca
chectin gene in peripheral blood mononuclear cells from patients with systemic vasculitis. 
Clin Exp Immunol 1990; 8 1 : 3 1 1 -3 14 .  

69 Noronha I ,  Kruger C, Andrassy K, Ritz E, Waldherr R. In situ production of TNF-a, 11-1,B, 
and Il-2R in ANCA-positive glomerulonephritis. Kidney Int 1993 ; 43 :682-692. 

96 



CHAPTER S 

EXPRESSION OF ADHESION MOLECULES IN RENAL 
BIOPSIES IN WEGENER'S GRANULOMATOSIS. 

RELATION TO INFILTRATING LEUKOCYTES AND 
LEVELS OF SOLUBLE ADHESION MOLECULES 

Elisabeth Brouwer, Minke G. Huitema, Peter Heeringa, Jan Willem Cohen 

Tervaert, Jan J. Weening., Cees G.M. Kallenberg 

Department of Clinical Immunology, University of Groningen, and 

Department of Pathologf, Academic Medical Center, University of 

Amsterdam, The Netherlands. 

Submitted for publication 

97 



Pathogenic potential of ANCA 

SUMMARY 

Renal lesions in Wegener 's granulomatosis (WG) are characterized by intraglomerular and 

interstitial in.filtration of neutrophils, monocytes, and lymphocytes. In order to investigate 

possibly relevant contributions of adhesion molecules to the pathophysiology of renal lesions 

in WG we investigated presence and upregulation of adhesion proteins in relation to 

in.filtration of neutrophils, monocytes, and lymphocytes in renal tissue from patients with 

WG. The expression of adhesion molecules was investigated by immunohistochemistry using 

monoclonal antibodies directed to cell adhesion molecules of the selectin family (L-selectin, 

P-selectin, and E-selectin), immunoglobulin supergene family (vascular cell adhesion 

molecule-I and intercellular adhesion molecule-I), and theft]- andj32-integrinfamily (VLA-

4, CDJJa, CDllb, and CD18). Selectins were expressed in a minority of biopsies only. 

VCAM-1 was present in 70 % of the glomeruli. ICAM-1 was most abundantly present and 

the intensity of glomerular ICAM-1 expression correlated with the presence of glomerular 

crescents and the number of intraglomerular CDJ la positive leukocytes, neutrophils, and 

monocytes suggesting that ICAM-1 plays an important role in the migration of leukocytes 

into the glomeruli and in crescent formation. Serum levels of soluble adhesion molecules 

sVCAM-1 and sICAM-1, determined at the day of the renal biopsy, were elevated in contrast 

to sE-selectin. Levels of sVCAM-1 and sICAM-1 correlated with renal function impairment 

but not with the extent or intensity of their expression in renal tissue. 

INTRODUCTION 

Renal lesions in Wegener's granulomatosis (WG) are characterized by fibrinoid 
necrosis of glomerular capillary loops [l-3] and, at later stages, by 
intraglomerular and interstitial infiltration of neutrophils, monocytes, and 
lymphocytes [3,4]. Leukocytes are present within glomerular capillaries adherent 
to endothelial cells, and also extracapillary within Bowman's space. In contrast to 
the abundant presence of leukocytes, a relative absence of immunoglobulins is 
found [5,6]. 
The adhesion and extravasation of leukocytes requires regulated expression of 
adhesion molecules on both the endothelial cell and the leukocyte. Primary 
adhesion is mediated by lectin-carbohydrate interactions involving leukocyte or 
vascular selectins and their cognate oligosaccharide ligands [7 ,8]. Subsequent 
activation of leukocytes increases upregulation of secondary adhesion molecules 
belonging to the Bl  and B2 integrin families, resulting in strong attachment and 
extravasation of leukocytes [7-13]. Neutrophils (PMN) and monocytes express 
leukocyte selectin L-selectin (LECAM/Leu8) [14] and carbohydrate ligands for 
the vascular selectins P-selectin (CD62/GMP140) and E-selectin (ELAM-1) [7]. 

98 



5. Adhesion molecules in Wegener 's granulomatosis 

The activation dependent integrins on PMN and monocytes belong to the B2 
family (CDl la, CDl lb, and CD18) and serve as ligands for ICAM-1,-2, and -3 
on endothelial cells [8, 15, 16]. Adherence of neutrophils to endothelial cells is 
partially CD18 dependent, whereas migration for both neutrophils and monocytes 
is fully CD18 dependent [17]. Monocytes express more VLA-4 than neutrophils, 
and bind preferentially to endothelial cells (EC) via the inducible EC ligand 
VCAM-1 [13]. VCAM-1/VLA-4 interaction also contributes to lymphocyte 
adherence whereas CD18/ICAM-1 interaction plays a major role in the 
transendothelial migration of lymphocytes [18. 
In vitro studies, using human umbilical venous endothelial cells (HUVEC), have 
shown that there is a short term effect of substances such as thrombin or 
histamine on the expression of P-selectin, present during the first hour after 
activation, and on resultant neutrophil binding. In contrast, cytokines such as 
TNF or 11-1 excert a long term effect on E-selectin expression (present for 18 
hours), VCAM-1 expression (present for ± 30 hours), and ICAM-1 expression 
(present for more than 30 hours) [8,19-22]. Neutrophil adhesion, in vitro, follows 
the expression pattern of the upregulated selectin members, whereas monocytes 
and lymphocytes show a more prolonged adherence pattern to activated HUVEC 
[8]. 
In view of the presence of elevated cytokine levels in WG [23,24] and the 
absence of IgG along the glomerular basement membrane (GBM) serving as a 
chemoattractant for the migration of leukocytes we hypothesized that the pattern 
of leukocyte migration from the glomerular capillaries over the GBM into the 
urinary space or across Bowman's capsule may depend on the selective induction 
and expression of leukocyte adhesion molecules . To test this hypothesis, we 
investigated presence and upregulation of adhesion proteins in relation to 
infiltration of PMN, monocytes and lymphocytes in renal tissue from patients 
with WG. The expression of adhesion molecules was investigated by 
immunohistochemistry using monoclonal antibodies directed to adhesion- and cell 
surface molecules. 
Raised levels of sE-selectin, sVCAM-1, and sICAM-1 have been reported in 
rheumatoid arthritis, systemic lupus erythematosus, and recently also in WG 
[25-29]. These soluble adhesion molecules are secreted or released, in an active 
form, from the surface of activated cells [25,30-32]. Their presence might alter 
inflammatory responses [33]. Serum levels of sE-selectin, sVCAM-1, and 
sICAM-1 were measured, at the day of the renal biopsy, in order to investigate 
whether they reflect the in situ expression of these molecules and, possibly, the 
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extent of renal inflammation. 

MATERIALS AND METHODS 

Biopsies. Diagnostic renal biopsies were studied that obtained over a period of 
4 years from patients with newly diagnosed Wegener's granulomatosis (n=20) 
who were positive for anti-neutrophil cytoplasmic antibodies (ANCA) (table 1). 
The diagnosis of WG was established by the presence of classic clinical 
symptoms and histopathological findings [34]. Biopsies were taken before therapy 
had been started. Tissues were processed for light-microscopy with hematoxyline 
and methamine silver staining and, as described below, for im
munohistochemistry. The expression of adhesion molecules was investigated only 
in sections that contained glomeruli and contained no background staining. 

Frozen sections. For immunofluorescence and immunoperoxidase studies renal 
tissue was quickly embedded in tissue-tek, snap frozen in liquid nitrogen, and 
stored at -80 °C. Consecutive cryostat sections were cut at 2 or 4 µm as indica
ted, applied to a glass slide, and used for immunohistochemistry. 

Staining procedures. Cryostat sections were examined for the presence of lgG, 
IgM, IgA, and C3 by FITC-conjugated goat anti-human antisera (Kallestad). 
Biopsies were scored as positive or negative with regard to deposition of 
immunoglobulins and complement, and, the pattern of deposition was determined. 

Leukocyte phenotyping. A panel of monoclonal antibodies to leukocyte surface 
antigens was used on cryostat sections for analysis of renal leukocytes (table 2). 
In brief, cryostat sections of snap frozen material, cut 4 µm for 
immunoperoxidase (IP) and 2 µm for immunofluorescence (IF), were dried for at 
least 10 minutes and subsequently fixed in acetone. For most monoclonal 
antibodies (MAbs) we used a sensitive four layer peroxidase-technique. Briefly, 
sections were incubated sequentially with (a) normal rabbit serum 10% in 
phosphate buffered saline (PBS) for 20 minutes; (b) monoclonal antibody for 60 
minutes; (c) rabbit anti-mouse peroxidase labeled immunoglobulin 1 :50, 
supplemented with 1 % human AB serum for 15 minutes; (d) swine anti-rabbit 
peroxidase labeled immunoglobulin 1 :50, supplemented with 1 % human AB 
serum for 15 minutes followed by aminoethylcarbimazole (AEC) 0.2 mg/ml in 
0.05M acetate buffer pH 4.9 containing 5 % dimethylformamide and 0.03 % 
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Table 1. General histologic features of the biopsies studied 

Pat. Sex Age ANCA" % Cres- Breaks in Pseudo Interstitial 
no. F/M yrs. centsb Bowmans granulomasd infiltrate• 

capsulec 

F 67 MPO 94 + + + + +  

2 M 77 Pr3 89 + + + + +  

3 F 3 1  Pr3 33 + 

4 M 74 Pr3 25 + 

5 M 72 Pr3 60 + + +  

6 F 24 Pr3 50 + 

7 F 52 Pr3 15 

8 F 61  Pr3 50 + + + + + +  

9 M 74 Pr3 42 + 

10 M 32 Pr3 80 + + + +  

1 1  F 47 Pr3 14 + + + +  

12 F 60 Pr3 33 + + 

13 M 73 Pr3 15 + +  

14 M 68 Pr3 18  + 

15 F 22 Pr3 80 + + 

16 M 75 Pr3 100 + 

17 M 63 Pr3 14 + 

18  F 44 Pr3 56 + + + + +  

19 M 59 Pr3 100 + + + +  

20 M 3 1  MPO 70 

a Antineutrophil cytoplasmic antibodies (ANCA) were either directed to proteinase 3(Pr3) or 
myeloperoxidase (MPO) as detected by ELISA. 

b Number represents percentage of glomeruli containing cellular crescents. 
c Breaks in Bowman's capsule were scored by light microscopy as present ( +) or absent (-) . 
d Pseudogranulomas were scored as present ( +) or absent (-) by light microscopy . 
• The presence of leukocytes infiltrating the interstitium was scored on a semi-quantitative scale; - = 

absent, + = minimal, + + = mild, + + + = moderate, and + + + + = severe. 

hydrogen peroxide for 10 minutes. Sections were counterstained with 
hematoxylin, mounted in glycerin, and examined. All necessary dilutions were 
made in PBS. Specificity of labeling was shown by lack of staining following 
substitution of the primary MAb by a non relevant MAb directed to a pollen 
antigen. Positive staining of the different types of leukocytes in tonsil and spleen 
sections served as positive controls. The median number of glomeruli available 

101 



Pathogenic potential of ANCA 

for counting was 6 and the range varied from 3 to 16 per section. Total numbers 
of labeled intraglomerular cells were counted in each biopsy and expressed as 
mean cells/glomerular cross section. Cells within crescents were included in the 
glomerular counts. Labeled interstitial leukocytes were quantified by using a 
semiquantitative method; 0 = absent, 1 = minimal, 2 = mild, 3 = moderate, 
and 4 = severe. 

Table 2. Monoclonal antibodies to adhesion molecules, leukocyte-specific markers, 
and their ligands 

Family 

L-selectin 

P-selectin 

E-selectin 

Integrin- fl 1 
families 

82 

lg supergene 
family 

Leukocyte 
markers 

MAb 

Leu-8 

CLB-CD62 

H4/ l 8  
H 1 8/7 

HP 2/1 

CD l la 
CDl lb 
CD18  

84H 10 
4B9 

Leu M l  
32.2 
CD68 
Leu 3a 
Leu 3b 

Specificity 

PMN/monocytes 
lymphocytes 

platelets 
endothelial cells 

endothelial cells 
endothelial cells 

monocytes, 
lymphocytes 
Leukocytes, broad 
PMN ,monocytes,NK 
Leukocytes, broad 

Broad 
Endothelial cells 

PMN 
monocytes 
macrophages 
T subset 
T subset 

BD; Becton and Dickinson, Mountain View, California 

Source 

BD 

CLB 

Cotran [62] 
BD 

Immunotech 

CLB 
Dako 
CLB 

lmmunotech 
Carlos[49] 

BD 
Medarex 
Dako 
BD 
BD 

CLB; Central Laboratory for the Red Cross Blood Transfusion Service, Amsterdam, The Netherlands 
Dako; Dakopatts, Glostrup, Denmark 
lmmunotech; Marseille, France 
Medarex; West Lebanon, New Hampshire 

Expression of adhesion molecules. A panel of monoclonal antibodies directed to 
adhesion molecules was used on cryostat sections (table 2). The appropriate 
fixation, dilution, and specificity of the MAbs was tested on control appendix and 
spleen tissues. Briefly, cryostat sections of snap frozen material, cut 4 µ.m, were 
dried for at least 10 minutes and subsequently fixed in acetone. Sections were 
incubated sequentially with (a) normal rabbit serum 10% in phosphate buffered 
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saline (PBS) for 20 minutes; (b) monoclonal antibody for 60 minutes; (c) 0.06% 
H202 in PBS at RT, in order to block endogenous peroxidase; (d) rabbit anti
mouse peroxidase labeled immunoglobulin 1 :50, supplemented with 1 % human 
AB serum for 30 minutes; (e) swine anti-rabbit peroxidase labeled immunoglo
bulin 1 :50, supplemented with 1 % human AB serum for 15 minutes followed by 
aminoethylcarbimazole (AEC) 0.2 mg/ml in 0.05M acetate buffer pH 4.9 
containing 5 % dimethylformamide supplemented with 0.03 % hydrogen peroxide 
or diaminobenzidine (DAB) 0.5 mg/ml plus imidazole 1 mg/ml in 50 ml PBS 
supplemented with 0. 03 % hydrogen peroxide for 10 minutes. Sections were 
counterstained with hematoxylin, mounted in glycerin, and examined. All neces
sary dilutions were made in PBS. Tonsil sections and skin sections served as 
positive controls for P-selectin and E-selectin, appendix and spleen sections 
served as positive control sections for Leu-8, VCAM-1, VLA-4, ICAM-1, 
CDl la, CDl lb, CD18, and the leukocyte markers. The presence, pattern, and 
intensity of staining was scored by two independent observers. The intensity of 
staining was scored on a semi-quantitative scale : - = absent, + = weak, + + = 

mild, + + + = intermediate, + + + + = strong. In addition, we also tested the 
whole panel of Mabs on renal sections obtained from patients with renal 
adenocarcinoma tumours and autopsy material. We found a great variability in 
staining for VCAM-1 and ICAM-1 (results not shown). 

Plastic sections. In order to investigate the precise localization of ICAM-1 
within glomeruli and interstitium 8 additional renal biopsies were embedded in 
plastic. In short, biopsies were fixed in 2 % paraformaldehyde in PBS pH 7.4 for 
1 hour at 4 °C. After washing overnight in PBS containing 6% sucrose, the 
biopsies were dehydrated with 100% acetone for 30 min at 4°C. After dehydra
tion the tissues were infiltrated with glycomethacrylate (Technovit 8100 solution 
A, Kulzer, GmbH, Wehrheim, Germany) at 4°C for 8 hours. Following 
infiltration tissues were embedded in a mixture of Technovit solutions A and B 
(30 : 1) according to the manufacturers recommendation. Polymerization took 
place overnight on crushed ice at 4 ° C. The whole procedure was done at 4 ° C 
and all necessary incubation steps were performed on a rotor. Two µm thick 
sections were cut on a Reichert Jung Supercut plastic microtome using tungsten 
carbide tipped hard metal knives [36]. Sections were caught on 2 % 
paraformaldehyde, affixed on glass slides, and dried. 
To study the localization of adhesion molecules sections were stained using the 
following method (a) preincubation with normal rabbit serum 10% for 30 min at 
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37 °C; (b) monoclonal antibody incubation for 2 hours at 37 °C in the appropriate 
dilutions; (c) blocking of the endogenous peroxidase activity when necessary with 
hydrogen peroxide 0 .06% in PBS at RT (d) peroxidase conjugated rabbit anti
mouse 1 :40 (Dakopatts) supplemented with 1 % human AB serum for 30 min at 
37 °C; (e) DAB 0.5 mg/ml iri PBS supplemented with irnidazole 1 mg/ml plus 
0.03 % H202 for 10 minutes . Sections were counterstained with haematoxylin or 
periodic acid Schiff. The median number of glomeruli available for counting was 
3 and the range varied from 2 to 13 per section. 

Sera. Sera were drawn at the day of the renal biopsy. Serum creatinine levels 
and the creatinin clearance were estimated according to routine procedures. 
Control serum samples were obtained from 33 healthy male and female blood 
donors aged 21  to 67 years (median age 45 years). 

Antineutrophil cytoplasmic antibodies. ANCA were detected by indirect 
imrnunofluorescence as described previously [37] . Samples were scored as 
positive if the majority of neutrophils showed positive fluorescence at a serum 
dilution of at least 1 :  16. Antigen specifity was determined by antigen specific 
ELISAs for antibodies to PR3 , MPO, and HLE [34,38] .  

Serum levels of soluble adhesion molecules sE-selectin, s VCAM-1, and 

s/CAM-1. Serum samples from patients with WG (n =20) and controls (n = 33) 
were analyzed for levels of sE-selectin, sVCAM-1 ,  and sICAM-1 by sandwich 
ELISA according to the instructions of the manufacturer (British Bio-technology 
Products Ltd, Abingdon, UK). In brief, microtiter plates were coated with a 
murine monoclonal IgG antibody directed against sE-selectin, sVCAM-1 ,  and 
sICAM-1, respectively . After incubation with the sera in the appropriate dilution, 
sE-selectin, sVCAM-1 ,  and sICAM-1 were detected by a biotinylated monoclonal 
antibody recognizing an epitope different from that of the Mab used for coating. 
The colour reaction was developed with streptavidine-horseradish peroxidase and 
tetramethylbenzidine . Plates were read on an automated multiscanner. 

Statistical analysis. All values are expressed as mean ± SD. Values were 
analysed for statistical differences by a non-parametric Kruskal-Wallis one-way 
analysis of variance test for unpaired data and a Mann-Whitney U test when two 
groups were considered. Correlations within groups for different values were 
assessed with Spearmans rank test . All statistical tests were performed with a 
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Systat statistical package for personal computers. 

RESULTS 

General histologic features of the renal biopsies studied. By lightmicroscopy 
glomerular crescents were found in all renal biopsies but their presence varied 
from 14 to 100 % (table 1). Infiltrates surrounding glomeruli, so called 
pseudogranulomas, were present in half of the biopsies studied. Interstitial 
inflammatory infiltrates, present in different degrees, were found in 18 out of the 
20 renal biopsies. Fragmentations of Bowman's capsule were observed in 9 out 
of the 20 biopsies. By direct immunofluorescence we found that none of the 
biopsies contained IgG, 7 out of the 20 biopsies contained lgM, and 10 out of the 
20 biopsies contained complement C3. Immunohistologic analysis of the 
inflammatory infiltrates revealed PMN and monocytes being present within 
glomeruli (table 3). We were not able to quantify the number of intraglomerular 
macrophages since CD68, the marker used for macrophages, also stained 
mesangial cells in normal glomeruli. Within the interstitium monocytes and 
macrophages formed the majority of infiltrating cells (table 3). 

Table 3. Immunophenotype and extent of infiltrated intraglomerular and interstitial cells in renal 
biopsies (n=20) from patients with Wegener's granulomatosis (mean ± sd) 

Neutrophils Monocytes Macrophages T-cells T-cells 
CD8 CD15 CD64 CD68 CD4 

Glomerular cellsa 4 .7 ± 5.5 4 .0 ± 3 .5 * 

Interstitial cellsb 1 .5 + 1 . 1  2.7 ± 1 .5 3 .3  ± 1 . 1  

1 .9 ± 3 .4 1 . 1  ± 2 . 1  

1 .5 ± 1 .4 1 .4 ± 1 .3 
a Total numbers of labeled intraglomerular cells were counted in each biopsy and expressed as mean 
cells/ glomerular cross section. Cells within crescents were included in the glomerular counts . 
b The presence of leukocytes infiltrating the interstitium was scored on a semi-quantitative scale; 
0 = absent, 1 = minimal , 2 = mild, 3 = moderate, and 4 = severe. 
* Since mesangial cells were positive for CD68 we were unable to count the number of CD68 
positive leukocytes. 

Presence and localization of cellular adhesion molecules. L-selectin present on 
neutrophils and shed after activation, P-selectin and E-selectin both upregulated 
on endothelial cells after activation, were only scarcely present in the renal 
biopsies studied. Neutrophils present within glomeruli (table 3) were L-selectin 
negative (fig. IA and lB). Glomerular endothelial cells were negative for P
selectin and E-selectin. Within the interstitium L-selectin was present on 

105 



Pathogenic potential of ANCA 

interstitial mononuclear infiltrates in 5 out of 19 biopsies (fig. lC), P-selectin was 
detected on interstitial leukocytes in 5 out of 20 biopsies, and large E-selectin 
positive leukocytes were found in 4 out of 12 biopsies. Proximal tubular 
epithelial cells (PTEC) were positive for E-selectin in 7 out of the 12 biopsies 
studied (fig. 1D). 

(,!it·,; 
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Figure 1 .  Localization and expression of selectins within renal tissue of patients with Wegener' s  
granulomatosis A. Glomerulus containing neutrophils stained with the neutrophil marker CD 1 5  
(xlOO) . B .  Same glomerulus stained fo r  L-selectin. The neutrophils within the glomerulus are L
selectin negative ( lOOx) . C. L-selectin positive mononuclear cells present within the interstitium 
(x160) . D. E-selectin positive proximal tubuli (xlOO) . 

VCAM-1, important for the adherence of monocytes and lymphocytes to 
endothelial cells, was present in glomeruli in 12 out of 17 biopsies (table 4). Two 
patterns could be distinguished (1) : a more diffuse pattern present in 6 out of 17 
biopsies with staining of all of the glomerular cells, and (2) : a pattern in which 
VCAM-1 positive strands were diffusely present throughout the glomerulus in 
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another 6 biopsies. The second pattern was mainly present in more fibrocellular 
glomeruli. Since we used cryostat sections, it was difficult to identify positive 
staining glomerular cells. Crescents contained VCAM-1 positive leukocytes, and 
parietal epithelial cells were VCAM-1 positive in almost all of the biopsies 
studied (fig . 2A and 5A) . 

Table 4. Expression of ICAM-1 and its ligand CDl lb ,  and VCAM-1 and its ligand VLA-4 on renal 
tissues from patients with Wegener's granulomatosis 

Cell type 

Glomerular cells 
Bowman's capsule 
Intraglomerular 
leukocytes 

Proximal tubular 
epithelial cells 

Peri tubular 
capillaries 

Arteries 
Veins 
Interstitial 
infiltrates 

Number of biopsies expressing adhesion molecules 

ICAM-1 , CD l lb, VCAM-1 ,  VLA-4, 
n = 19 n = 19 n = 17 n= 17  

18* 2 6 0 

19 0 16 8 
3 17 6 6 

9 0 5 2 

7 0 0 0 

15 0 1 0 

14 0 0 2 
12 16 5 5 

* Glomeruli contained ICAM-1 positive endothelial and visceral epithelial cells in 6 out of 1 9  
biopsies, and a more diffuse staining pattern, in  which all o f  the glomerular cells were positive, i n  12  
out of  19 biopsies. 

Leukocytes positive for VLA-4 , ligand of VCAM-1, were present in 6 out of 17 
biopsies (fig. 2B). The extent of intraglomerular VCAM-1 expression tended to 
correlate with the presence of monocytes (r=0.472, p < 0.1). Interstitial 
mononuclear infiltrates were VCAM-1 positive in 5 out of 17 biopsies (fig. 2A, 
C, and D) and VLA-4 positive in 5 out of the 17 biopsies studied (fig. 2B) (table 
4) . Within the interstium PTEC were positive for VCAM-1 in 5 out of 17 
biopsies (fig. 2C). The presence of VCAM-1 positive PTEC tended to correlate 
with the presence of interstitial monocytes (r=0.537, p < 0.1). One biopsy 
contained an artery with VCAM-1 positive endothelial cells surrounded by 
mononuclear cells (fig. 2D). 
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Figure 2. Localization and expression of VCAM-1 and its ligand VLA-4 within the renal tissue of 
patients with Wegener's granulomatosis. A. VCAM-1 positive glomerulus containing VCAM-1 
positive parietal epithelial cells surrounded by VCAM- 1 positive mononuclear cells (x40). B. Same 
glomerulus as in A stained for VLA-4 containing only a few VLA-4 positive cells. VLA-4 is more 
abundantly present on the mononuclear cells surrounding the glomerulus (x40) . C. Glomerulus 
surrounded by VCAM-1 positive mononuclear cells tubuli are also VCAM-1 positive (x40). D. 
VCAM-1 positive small artery surrounded by VCAM-1 positive mononuclear cells (x l O0) . 

ICAM-1 and its ligands CDl la, CDl lb, and the common 62-chain CD18, were 
abundantly present. Glomeruli containing ICAM-1 positive cells (fig. 3A) were 
present in 6 out of 19 biopsies. Additional staining on plastic sections revealed 
that in these cases visceral epithelial cells were ICAM-1 positive (fig. 4A). 
Twelve out of 19 biopsies showed a more diffuse staining, in which all 
glomerular cells were positive (fig. 3B) for ICAM-1. Glomeruli containing 
ICAM-1 positive epithelial cells were stronger positive for ICAM-1 (p < 0. 05, 
Mann Whitney U test) than glomeruli that showed a diffuse staining pattern. 
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Figure 3. Localization and expression of ICAM-1 and its ligand CDl lb within the renal tissue of 
patients with Wegener's granulomatosis . A. ICAM-1 positive glomerular cells (xlO0) . B. Glomerulus 
showing a diffuse presence of ICAM-1 with staining of all glomerular cells (x40). C. ICAM-1 
positive proximal tubuli (x40). D. ICAM-1 positive endothelial cells within an artery and a vein 
(x40). E. Part of the artery shown in D. surrounded by CD18  positive cells (x40). 

CDl la, CDl lb, and CD18  were present on intraglomerular leukocytes which 
were present in almost all of the biopsies studied (fig. 5B). A significant 
correlation was found between the extent of intraglomerular ICAM-1 expression 
and the number of intraglomerular CDl la positive cells (r =0.  712;p < 0.01), the 
number of PMN (r =0.847;p < 0.01), and the number of monocytes 
(r =0.785;p < 0.02). Also, the presence of crescents as observed by 
lightmicroscopy correlated with the extent of intraglomerular ICAM-1 expression 
(r = 0.690;p < 0.01). ICAM-1 positive intraglomerular leukocytes were clearly 
present in 3 out of 19 biopsies. Glomerular crescents were only weakly ICAM-1 
positive in most of the biopsies (fig. 5C). Within the interstitium ICAM-1 was 
expressed on PTEC (fig. 3C) , with different intensity, in 9 out of 19 biopsies, 
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Figure 4. Localization and expression of ICAM-1 within plastic sections from renal tissue of patients 
with Wegener's  granulomatosis. A. ICAM- 1  positive visceral epithelial cells in a glomerulus diffusely 
positive for ICAM- 1 (arrows) (x lOO). B. ICAM-1  positive endothelium from an artery within the 
interstitium (x40). 

and on interstitial leukocytes in 12 out of 19 biopsies. ICAM-1 positive 
endothelial cells were observed within peritubular capillaries, arteries, and veins 
(fig. 3D and 4B) . ICAM-1 positive large vessel endothelium was found in 16 out 
of 19 biopsies in association with CDI la, CDl lb, and CD18 positive interstitial 
leukocytes (fig. 3D and 3E) . 

Serum levels of soluble adhesion molecules sE-selectin, s VCAM-1, and 
s/CAM-1. 
Serum levels of sE-selectin, sVCAM-1, and sICAM-1 were measured in order to 
investigate whether these molecules may reflect the extent of renal inflammation. 
Levels of sVCAM-1 and sICAM-1 were significantly higher in WG patients 
compared to controls (fig. 6). Serum creatinine levels correlated positively 
(r =0.586, p < 0.02 and r =0.650, p < 0.01) and creatinin clearance correlated 
negatively with serum levels of sE-selectin and sVCAM-1 (r =-0.535, p < 0.02 
and r = -0 .632, p < 0.01) but not with sICAM-1 (r =0.172 and r = -0.061, 
respectively). None of the levels of the measured soluble adhesion molecules 
correlated with the extent of renal expression of the corresponding adhesion 
molecules within glomeruli or interstitium. 
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Figure 5. Staining of VCAM-1 , ICAM-1 ,  and CD l lb in consecutive sections showing the same 
glomerulus. A. VCAM-1 positive parietal glomerular epithelial cells and leukocytes. (x40). B. CDl lb 
positive infiltrated leukocytes (x40) . C. ICAM-1 positive parietal epithelial cells and glomerular cells. 
Remarkably , the VCAM-1 and CD 11 b positive leukocytes are ICAM-1 negative (x40). 
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Figure 6. Box plots indicating range (error bars), 25 to 75 % interval (box), and median value 
(horizontal line) of measured serum levels of soluble sE-selectin, sVCAM-1 , and sICAM-1 in 20 
patients with Wegener's  granulomatosis (WG) at the moment of the renal biopsy, and in 33 age- and 
sex-matched healthy controls (cont . ) .  * = values outside the 5 to 95 % interval . Levels of sVCAM-1 
(p <0.0001) and sICAM-1 (p < 0.002) were significantly elevated in WG patients compared to 
controls (-----). 

DISCUSSION 

In the present study we investigated presence, localization, and upregulation of 
adhesion molecules in 20 renal biopsies from patients with Wegener's 
granulomatosis (WG). Lesions in renal biopsies from patients with WG are 
characterized by crescentic glomerulonephritis and a marked influx of leukocytes 
both within glomeruli and interstitium. By immunohistochemistry we found that 
neutrophils (PMN) and monocytes were the predominant infiltrating cells within 
glomeruli, and monocytes and macrophages within the interstitium. Lymphocytes, 
with a majority of CD4 positive cells, were found in smaller numbers. 
We analyzed whether the presence of infiltrating leukocytes in glomeruli and 
interstitium was related to the expression of adhesion molecules on resident 
glomerular and interstitial cells. Selectins (L-selectin, P-selectin, and E-selectin) 
are important for the early adherence of PMN and monocytes to the vascular 
endothelium [7 ,8]. L-selectin, normally expressed on resting PMN and shed after 
activation, was totally absent on neutrophils present in the renal biopsies from 
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our patients with WG. This suggests that neutrophils were activated [7], in 
agreement with previous findings [39]. L-selectin and P-selectin were mainly 
found on interstitial mononuclear infiltrates and not on glomerular endothelial 
cells . No other studies have been performed so far on renal expression of L- and 
P-selectin. Within synovial tissue L-selectin is expressed by different cell types 
whereas expression of P- and E-selectin is more restricted to endothelial cells 
[40,41]. E-selectin has been reported to be present on glomerular endothelial 
cells, peritubular endothelium, and large vessel endothelium shortly after 
stimulation with TNF [42]. Glomerular expression of E-selectin also has been 
reported in patients with lupus nephritis, acute glomerulonephritis, lgA nephritis, 
and recently also in polyarteritis nodosa [43-45], and in different rat models for 
proliferative glomerulonephritis [46-48]. A recent study also reported a virtual 
absence of E-selectin in 3 tested patients with WG [44]. The absence of P- and 
E-selectin expression on glomerular and interstitial endothelial cells in WG, as 
found in the present study, might be due to the fact that the renal biopsies were 
taken at a time when early markers like P- and E-selectin were already shed or 
down-regulated. Also, differences between the monoclonal antibodies used for 
staining might explain the observed differences. 
VCAM-1 and its ligand VLA-4 play an important role in the in vitro adherence 
of monocytes and activated T-cells [17, 18 ,49 ,50] to endothelium. VCAM-1 was 
diffusely present within glomeruli or present as positive strands within more 
fibrous glomeruli. VCAM-1 positive leukocytes were present within glomeruli 
and crescents. The role of VCAM-1 positive parietal epithelial cells reported in 
this study and also by others [44,51,52] remains unclear since damaged as well 
as normal glomeruli were positive . Glomerular VCAM-1 expression tended to 
correlate with the amount of infiltrating monocytes. A recent report [44] also 
described glomerular VCAM-1 expression in vasculitis in contrast to Seron et al . 
[52] who only found VCAM-1 on parietal and tubular epithelial cells . This 
discrepancy could be due to differences in stage or severity of the disease, the 
time at which the renal biopsy was taken, and to technical reasons such as the use 
of a different monoclonal antibody. Within the interstitium we incidentally 
observed an artery positive for VCAM-1 and surrounded by mononuclear cells. 
Most vessels surrounded by mononuclear infiltrates were VCAM-1 negative. 
VCAM-1 positive PTEC were present in 5 out of 17 biopsies . The presence of 
VCAM-1 positive PTEC tended to correlate with the presence of interstitial 
monocytes but not with the presence of interstitial CD4- or CDS-positive T-cells. 
In allograft rejection, however, a correlation has been observed between tubular 
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VCAM-1 expression and infiltration of CD3 positive cells [42]. Summarized, 
VCAM-1 expression on cells present in the glomeruli and tubular epithelial cells 
appeared to be related to the presence of mononuclear cells, suggesting that 
VCAM-1 is involved in the recruitment of monocytes in WG. Within glomeruli, 
part of the observed relation between VCAM-1 and mononuclear cells might also 
be explained by the fact that mononuclear cells themselves express VCAM-1 
[51]. 
ICAM-1 was strongly expressed on glomerular epithelial cells in 6 biopsies, and 
more diffusely present in 12 biopsies. Since we not only found a significant 
correlation between the numbers of intraglomerular CD 11 a positive cells, PMN, 
and monocytes, respectively, _  and ICAM-1 positive glomerular cells, but also 
between the percentage of crescents and glomerular ICAM-1 expression we 
suggest that ICAM-1 plays an important role in the migration of leukocytes into 
glomeruli and in the formation of crescents. Other studies on ICAM-1 expression 
in rapidly progressive glomerulonephritis (RPGN) have reported its expression on 
glomerular cells in early stages of RPGN as well as on crescents [44,53-55]. 
Interestingly, ICAM-1 staining on epithelial cells found in this study differs very 
much from the mesangial staining pattern observed in focal segmental 
glomerulosclerosis (FSGS) [56,57], indicating also that differential upregulation 
of ICAM-1 probably influences the pattern of leukocyte migration and thereby 
the development of renal disease. In our study cellular crescents were only 
weakly positive for ICAM-1. Others have reported a stronger staining of 
crescents for ICAM-1 [53,55] and decrease of staining when crescents become 
fibrocellular. Since all our biopsies were taken from patients with newly 
diagnosed WG not only differences in the stage of crescent formation (53] but 
also the phenotypes of the cells present within the crescent might explain the 
discrepancies observed in ICAM-1 expression. ICAM-1 was also found on 
peritubular capillaries, endothelium of larger vessels , interstitial leukocytes, and 
PTEC in agreement with other studies [54 ,55 ,58 ,59]. As such, upregulation of 
ICAM-1 appears to be a crucial step in the induction of lesions in WG. In 
accordance, treatment with Mabs against ICAM-1 and its ligands in experimental 
models of proliferative glomerulonephritis prevents the development of lesions 
[46,60]. 
Serum levels of soluble VCAM-1 and ICAM-1 were significantly elevated in WG 
patients compared to normal controls. Levels of sE-selectin, sVCAM-1, and 
sICAM-1 for our normal controls fell within the range of the values reported by 
other studies [33]. In contrast to Yokoyama et al. [43] no correlation could be 
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found between levels of sICAM-1 and glomerular or interstitial ICAM-1 
expression . We did find, however, a correlation between levels of sE-selectin and 
sVCAM-1 and serum creatinine levels. This cannot be explained by decreased 
renal clearance of these molecules [29,61] . Their relation with impaired renal 
function suggests that elevated levels might be a reflection of more longstanding 
renal inflammation. On the other hand the results are difficult to interpret since 
we don't know whether the ELISA measures active or inactive forms of sE
selectin, sVCAM-1 , and sICAM-1 . Also, serum levels of soluble adhesion 
molecules reflect both synthesis/release and clearance. In vivo soluble adhesion 
molecules could compete in cell-cell adhesion but also trigger a response in a 
ligand-bearing cell . Therefore it remains to be investigated whether elevated 
levels of sE-selectin, sVCAM-1, and sICAM-1 influence or alter the state of 
inflammation in WG. 
In summary, we have demonstrated the presence of cell adhesion molecules both 
on glomerular, endothelial , and proximal tubular epithelial cells as well as their 
ligands on intraglomerular and interstitial leukocytes . Selectins were only 
scarcely detected within the renal biopsies probably due to shedding (L-selectin) 
or transient expression (P-selectin , E-selectin). VCAM-1 , present in 70 % of the 
glomeruli, probably plays an important role in the migration of mononuclear 
cells . ICAM-1 was most abundantly present and the intensity of glomerular 
ICAM-1 expression correlated well with the presence of glomerular crescents and 
the number of intraglomerular CD! la positive leukocytes , neutrophils , and 
monocytes suggesting that ICAM-1 plays an important role in the migration of 
leukocytes into the glomeruli and in crescent formation. Levels of soluble 
adhesion molecules do not directly correlate with tissue expression but might be a 
reflection of a more chronic inflammatory process. 
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SUMMARY 

To develop an animal model for anti-myeloperoxidase (MPO) associated necrotizing crescen
tic glomerulonephritis (NCGN), we immunized Brown Norway (BN) rats with MPO and 
localized a neutrophil lysosomal enzyme extract, primarily consisting of MPO and elastinoly

tic enzymes, plus H2O2, the substrate of MPO, to the glomerular basement membrane 
(GBM). Upon immunization rats developed antibodies and positive skin tests to MPO. After 
unilateral perfusion of the left kidney with the lysosomal enzyme extract and HP2, MPO and 
IgG localized transiently along the GBM. At the time of maximal inflammation, at 4 and 10 

days after perfusion, MPO, lgG, and C3 could not be detected anymore. MPO immunized 
rats perfused with the lysosomal enzyme extract and H2O2, in contrast to control immunized 
and/or control perfused rats, developed a proliferative GN characterized by intra- and 
extracapillary cell proliferation, ruptured Bowman 's capsule, periglomerular granulomatous 
inflammation, and formation of giant cells. Monocytes, PMN and to a far lesser extent T
cells were found in the glomeruli. Interstitial infiltrates consisted of monocytes, PMN, and T
cells. Granulomatous vasculitis of small vessels was found at 10 days after perfusion. The 
proliferative NCGN in this rat model closely resembles human anti-MPO associated pauci

immune NCGN, and enables the study of the pathophysiology of anti-MPO associated 
NCGN. 

INTRODUCTION 

Necrotizing crescentic glomerulonephritis (NCGN), a clinically rapidly progressi

ve form of glomerular disease, can be associated with multisystem disorders 

(infectious or non-infectious) , or may occur in patients without a definite diagno

sis of systemic illness [ 1 ] . NCGN can be classified into three immunopathogenic 

categories: (a) anti-glomerular basement membrane (GBM) antibody mediated, 

(b) immune complex mediated, and (c) anti-neutrophil cytoplasmic antibody 

(ANCA) associated [2] . ANCA in patients with ANCA associated NCGN are 

either directed to proteinase 3 (Pr3) [3-5] or myeloperoxidase (MPO) [2,6 ,7] , 

both myeloid lysosomal enzymes. NCGN associated with anti-MPO antibodies is 

characterized by segmental fibrinoid necrosis of the glomerular basement mem

brane (GBM), marked infiltration of neutrophils and mononuclear cells ,  and 

paucity of lgG deposits [8-12] .  NCGN can be accompanied by granuloma forma

tion [13 , 14] . The pathogenesis of ANCA associated NCGN has not been elucida

ted so far. The close association between pauci-immune NCGN and anti-MPO 

antibodies [6, 7] suggests a pathogenetic role for an anti-MPO directed immune 

response. In vitro studies showed that anti-MPO antibodies can activate PMN to 

cause a repiratory burst and to mediate degranulation [15] . We hypothesized that 

NCGN may develop after focal release of lysosomal enzymes and production of 
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H2O2 by activated neutrophils in the presence of an anti-MPO directed immune 

response . To test this hypothesis we developed an animal model in which we 

perfused a lysosomal enzyme extract and H2O2 into the kidney of Brown Norway 

(BN) rats immunized with MPO. BN rats were chosen because they develop both 

humoral and cellular responses to MPO. Rats immunized with MPO and perfused 

with the lysosomal enzyme extract and H2O2 were found to develop glomerular 

intracapillary thrombosis followed by a proliferative glomerulonephritis characte

rized by glomerular capillary wall necrosis, extracapillary cell proliferation, 

infiltration of neutrophils and monocytes , ruptured Bowman's capsule, periglome

rular granuloma formation, vasculitis and extensive interstitial mononuclear infil

trates . lmmunoglobulin deposits were absent or scanty, similar to human NCGN. 

The development of this first experimental model of pauci-immune NCGN was 

found to be dependent on the presence of the lysosomal enzyme extract and H2O2 
along the GBM and a MPO directed immune response. 

MATERIALS AND METHODS 

Rats 
All experiments were performed in conventionally housed, 3 months old Brown

Norway (BN) rats , fed ad libitum with standard chow (Hope Farms, Woerden, 

The Netherlands). 

Lysosomal enzyme extract 
Human polymorphonuclear leukocytes (PMN) were isolated from buffy coats on 

a ficoll density gradient followed by dextran sedimentation. After sedimentation 

the remaining erythrocytes were removed by hypotonic lysis . MPO was extracted 

from PMN by dissolution of the cells in cetyltrimethyl ammonium bromide (CE

T AB) and sonification. Nuclei and membrane fragments were discarded by ultra

centrifugation and the extract was absorbed to a concanavalin A sepharose gel 

and eluted with a-methyl-D-mannoside. Eluted fractions with a ratio (OD 428/ 

280) greater than 0.5 ,  measured as the ratio between the optical density (OD) 

obtained at 428 nm (showing a specific spectral band for MPO) and the OD 

obtained at 280 nm, were pooled and extensively dialysed to sodium-acetate 

buffer pH 6.0 [16] .  The resulting lysosomal extract had an OD 428/280 ratio 

greater than 0.5 and contained mainly MPO, proteinase 3, and trace amounts of 

elastase, but no lactoferrin as determined by sandwich ELISA [3] . In accordance 

with the results of ELISA specific bands for MPO (at 15 ,  39 and 58 kD) and Pr3 
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(at 30kD) were found by gelelectrophoresis (results not shown). Peroxidase acti
vity of the extract was assayed spectrophotometrically by measuring the increase 
in absorbance at 470 nm upon oxidation of guaiacol (Sigma Chemical Co, St 
Louis, MO). In brief, 10 µl of the MPO preparation was added to a 1-cm light 
path cuvette containing 3 ml of the assay solution. The solution consisted of 29.6 
ml H20, 3 ml 0. 1 M sodium phosphate buffer, pH 7.0, 0. 1 ml 0. 1 M H202 , and 
48 µl guaiacol. One unit (U) of peroxidase activity is defined as the amount that 
consumes 1 µmol of Hz02 per minute [17]. 100 µg of the lysosomal extract con
tained approximately 58 µg MPO with an activity of 30 U. 

Myeloperoxidase 
Human MPO was purchased from Calbiochem-Behring Co . (La Jolla, Californi
a). This MPO was dissolved in sodium acetate buffer and had an OD 428/280 
ratio greater than O. 7. 

Immunization procedure 
BN rats were immunized with human MPO in Complete Freunds Adjuvant 
(CFA) supplemented with H37Ra, 5mg/ml (Difeo Laboratories, Detroit, Michi
gan). Rats received 10 µg MPO or control solution without MPO ( = sodiumace
tate buffer) subcutaneously (sc) in 0 .2 ml at two sites near the tailbase. At diffe
rent intervals levels of anti-MPO antibodies were measured by ELISA. The 
cellular response was assessed by skin testing. 

Detection of anti-MPO antibodies by ELISA 
In short, Labstar (Greiner, Kremsmiinster, Austria) microtiter plates were coated 
overnight with human MPO (isolated as described before) at a protein concentra
tion of 20 µg/ml in 0. 1 M carbonate buffer, pH 9.6. The plates were incubated 
with rat plasma, diluted in 0.05 M Tris, 0.05 % Tween, 2 % BSA, and 0.3 M 
NaCl, pH 8.0, starting at a dilution of 1 : 100 in PBS. Antibody binding was 
detected with sheep anti-rat lg linked to alkaline phosphatase (Serotec, Oxford, 
England), followed by p-nitrophenyl phosphate disodium as a substrate. The OD 
was read at 405 nm, and a standard curve was prepared from a reference serum. 
Antibody concentrations were computed from the linearized titration curve obtai
ned after log-logit transformation of the absorbances of the respective dilutions of 
the reference serum. The concentration of the reference serum was set at 100 U. 
The specificity of the antibodies for MPO was confirmed by immunoprecipitation 
from a total neutrophil extract. 
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Detection of anti-MPO by immunoprecipitation 

Human PMN were isolated by Ficoll , and a crude granule extract was obtained 
by nitrogen cavitation and ureum extraction in the presence of protease inhibitors 
[3]. Nuclei and membrane fragments were discarded by centrifugation. The 
antigens were radiolabeled with 1251 by the iodogen method [3], and diluted in 
PBS containing 4% BSA, 1 % Triton X-100, 0.5% SDS, and 0.5 M NaCl (im
munoprecipitation (IPP) buffer) . Antibody-bound antigen complexes were precipi
tated with Protein A CL-4B (Pharmacia , Uppsala, Sweden), 5 mg per plasma 
sample, washed with IPP buffer, PBS, and 10 mM Tris-HCl, pH 6.8, and centri
fuged through a sucrose gradient. The samples were boiled for 1 min in B-mer
captoethanol/SDS and subjected to electrophoresis in a 12.5 % acrylamide gel. 
After electrophoresis , gels were vacuum dried and exposed to a Kodak XAR5 
film. 

Skin tests 

To test the cellular response to MPO, heat-inactivated human MPO was applied 
to the inner ear pinna subcutaneously in MPG-immunized and control rats at 1 ,  
5 ,  and 10 weeks after immunization. All measurements were done in triplicate. 
The increase in ear thickness was measured with an engineer's micrometer (Tesa, 
Switzerland) at 0, 4, 24, and 48 hours after application. 

Renal perfusion 

Unilateral perfusion of the left kidney was performed according to a modification 
of the method of Hoyer et al . [18]. Rats were anesthesized with halothane, 02 , 

and NO2 • Through a midline incision, the aorta and vena cava were exposed by 
blunt dissection. After ligation of the tributaries, temporary clamps were placed 
on the aorta above the left renal artery, leaving the circulation of the right renal 
artery undisturbed. Through a puncture hole in the aorta, a needle was inserted 
and advanced up to the level of the left renal artery. The left renal vein was 
punctured to let blood and perfused fluids escape, which were collected in cotton 
wool. PBS (37 °C, pH 7.3) was infused until the kidney became pale and no 
visible blood escaped from the punctured renal vein. Subsequently 100 µg of the 
lysosomal enzyme extract in 0 .5 ml PBS containing approximately 58 µg MPO 
with an activity of 30 U, or 58 µg MPO alone in PBS, or PBS ( see experimental 
design) alone were perfused during 1 minute. After an additional exposure time 
of 2 minutes the kidney was again perfused with PBS or with 2 ml PBS contai
ning 1 mM HP2 (non-toxic concentration) followed by PBS according to Johnson 
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et al. [19]. After perfusion the needle was removed, the aorta was closed with 
atraumatic sutures ,  the clamps were removed and the kidney was allowed to 
reperfuse. Total ischemia time was always less than 12 min. Only rats were 
studied in which the kidney regained normal perfusion and colour. After surgery 
the rats were placed under a heat lamp for two hours and received an injection 
with buprenorfine (Reckitt and Coleman, Hull , England) sc as a pain reliever. 
For estimation of proteinuria , urine was collected in metabolic cages 24 hours 
after perfusion from all rats and before the day of sacrifice at 4 and 10 days after 
perfusion. The protein content was estimated with the biuret method. Hematuria 
was determined with a sangur test (Boehringer, Mannheim, Germany). 

Histological examination 

At different time intervals , rats were perfused with PBS at 4 °C to remove the 
blood from both kidneys and sacrificed. Specimens from both kidneys were 
obtained and prepared for light microscopy, immunofluorescence, and immuno
histochemistry. For light microscopy, renal tissue was fixed in 2 % paraformalde
hyde/PBS and embedded in plastic. 4 µm sections were stained with hematoxylin
eosin, periodic acid Schiff, or periodic acid silver methamine. For immunofluo
rescence (IF) and immunoperoxidase staining (IP), material was snap frozen in 
Freon or Isopenthane (isobutane), and 2 or 4 µm sections were cut. Sections were 
standard fixed with acetone. For detection of MPO, sections were fixed with 
acetone-buffered-formalin, 9% [20] . After fixation, sections were incubated with 
10 % normal rabbit, goat or swine serum, depending on the conjugate used. 
Detection of MPO, lg, and complement was tested by IF using mouse anti-human 
MPO (table 1), rabbit anti-rat lgG/A/M, F(ab')2 goat anti-rat lgG, and F(ab')2 
goat anti-rat C3, respectively. (all from Cappel Laboratories , West Chester , Penn
sylvania), followed by FITC labeled conjugates. The following conjugates were 
used: rabbit anti-mouse FITC (Dakopatts ,  Glostrup, Denmark), F(ab')2 goat anti
rabbit FITC, and F(ab')2 rabbit anti-goat FITC (both from Cappel Laboratories). 
Granulocytes ,  monocytes , and T cells were detected by IP using the monoclonal 
antibodies EDl ,  His48 , and OX19, respectively (table 1), followed by peroxidase 
(PO) labeled conjugates . We used rabbit anti-mouse PO (Dakopatts) with aminoe
thylcarbimazole as a substrate. Endogenous peroxidase activity was blocked with 
0.05 % H202 in PBS. Sections were counterstained with hematoxylin. All necessa
ry dilutions were made in PBS pH 7.2. The amount of MPO, lgG, and comple
ment deposition was estimated on a semiquantitative (3 +)  scale: -, absent; ± ,  

weak; + ,  mild; + + ,  intermediate; + + + ,  strong. To estimate the number of 
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EDl-, His48- and OX19-positive cells, we calculated the average number of cells 
per glomerulus by counting all positive cells present within 

Table 1 .  Antibodies used for immunofluorescence and immunohistochemistry on frozen tissues. 

Code Antigen lg(sub-)class Specificity Source 
recognized 

MPO human-MPO poly pmn/monocytes Dakopatts 

4 . 15 human-MPO IgGI pmn/monocytes CLB 

EDI cytoplasmic IgG l  macrophages [29] 

His 48 membrane IgGl neutrophils [30] 

ox 19  CD5/69kD IgGI T-cells/ Oxford 
subpopulation of 
B-cells 

Dakopatts; Glostrup; Denmark 
CLB; Central Laboratory for the Blood Transfusion Service, Amsterdam, The Netherlands 
Oxford; MRC Cellular Immunology Unit, William Dunn School of Pathology, 
University of Oxford 

50 glomeruli and dividing the total number by 50. Interstitial leukocytes were 
quantified by using a semiquantative method: -, absent; ±, minimal; +, mild; 
+ + ,  moderate, and + + + ,  severe. For immunofluorescence, sections were sco
red by two blinded persons. 

Electron microscopy 

Renal tissue was fixed in 2 % paraformaldehyde (PF), 0.05 % glutaraldehyde in 
PBS pH 7 .3, at 4 °C for 1 hour. After fixation tissue was stored in PBS, contai
ning 1 % PF and 1 % sucrose. Before processing sections of 1 mm3 were cut and 
immersed in 50 mM NH4Cl in PBS for 1 hour at 4 °C. The sections were dehy
drated, after several wash steps, by overnight incubation in absolute ethanol at 
progressively lowered temperatures (PLT-method) ranging from 0 °C to -35°C. 
After dehydration the sections were infiltrated with Lowicryl (Bio-Rad Laborato
ries, Richmond, California) at -35 °C. Lowicryl was refreshed three times before 
the resin was allowed to polymerize under ultraviolet light (360 nM) for 2 days at 
-40 °C followed by 2 days polymerization at room temperature (RT). 
Lowicryl ultrathin sections on formvar coated nickel grids (mesh 200) were floa
ted on drops of 20 µl 5 % normal goat serum/Tris Buffered Saline (TBS), pH 7.4. 

127 



Pathogenic potential of ANCA 

Grids were washed four times in 1 % TBS/BSA by transferring and floating on 
four droplets for 5 min each. The sections were subsequently incubated in 20 µl 
droplets of the primary antiserum (anti-MPG or anti-IgG) for 2 hours at RT in a 
humidity chamber. The antiserum was washed off with 1 % TBS/BSA. The secti
ons were then immersed in 20 µl droplets of goat anti-rabbit labeled with 15 nm 
immuno-gold (Auroprobe, Amersham, UK) in 1 % TBS/BSA, supplemented with 
1 % normal human serum for_ 1 hour at RT. After gold labeling, grids were was
hed with TBS/ BSA (lx5 min), TBS (2x5 min), and bidest (3x5 min). The secti
ons were counterstained with 1.8 % uranylacetate in 0.2 % methylcellulose (15 
centipose) in bidest for 5 min. Specificity of the staining was controlled by use of 
a monoclonal antibody of the IgG 1 subclass directed against pollen. 

Statistical analysis 

All values are expressed as the mean ± SEM and were analyzed for statistical 
differences by a non parametric one way analysis of variance (anova) for unpai
red data. Correlations within groups for different values were assessed with Spe
arman' s rank correlation test. 

Experimental design 

Seven groups of experiments were performed according to the following design : 
I. Renal perfusion with the lysosomal enzyme extract and Hp2 in MPG-immuni
zed rats. The lysosomal enzyme extract and H2G2 were perfused into the left 
kidney in MPG-immunized rats, 5 weeks after immunization. Rats were sacrifi
ced at 4 hours (n =2), 24 hours (n = 3), 4 days (n =6), and 10 days (n=8) after 
perfusion. 
II. Renal perfusion with the lysosomal enzyme extract and H2G2 in control immu
nized rats. The same procedure was followed for control immunized rats as des
cribed in I. 
III. Renal perfusion with the lysosomal enzyme extract in MPG immunized rats. 
The same procedure was followed as described in I. Rats were sacrificed at 4 
hours (n =2), 24 hours (n =2), 4 days (n=2) and 10 days (n= 3) after perfusion. 
IV. Renal perfusion with purified MPG and H2G2 in MPG immunized rats. The 
same procedure was followed as described in I. Rats were sacrificed at 4 hours 
(n =2), 24 hours (n =2), 4 days (n =4) and 10 days (n=4) after perfusion. 
V. Renal perfusion with H2G2 in MPG immunized rats. The same procedure was 

followed as described in I. Rats were sacrificed at 10 days (n=4) after perfusion. 
VI. Renal perfusion with MPG in MPG immunized rats. The same procedure 
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was followed as described in I. Rats were sacrificed at 4 hours (n =2), 24 hours 
(n =2), 4 days (n =2), and 10 days (n=2) after perfusion. 
VII. Renal perfusion with MPO in control immunized rats. The same procedure 
was followed as described in VI. 

RESULTS 

Humoral and cellular immune response to MPO 
BN rats immunized with human MPO developed antibodies reacting with human 
MPO (fig. 1) . The antibodies specifically precipitated MPO from a crude granule 
extract. The precipitate shows the 58 kD MPO heavy chain and a 39 kD heat 
degradation product. 
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Figure 1. Development of anti-MPO antibody titers in five representative rats immunized with human 
MPO. Antibodies to human MPO were measured by ELISA at 0, 3 ,  6, and 9 weeks after immunizati
on. Results are expressed as arbitrary units. Negative controls were below 5 units (mean + 2 SD) . 

The polyclonal anti-MPO antibody (table 1) precipitated the same bands, whereas 
control rat plasma did not precipitate any granule proteins (fig. 2). The skin tests 
used to document the cellular response to MPO showed an increase in ear thic
kness developing from 4 to 24 hours (fig. 3) with a gradual decrease thereafter. 
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Figure 2. lmmunoprecipitation studies with a crude neutrophilic protein extract. Lanes A to D contain 
the characteristic MPO bands (55 and 39 kD) precipitated by rat IgG, obtained at 10 weeks after 
immunization with MPO. Sera from control immunized rats did not precipitate any proteins (lane F). 
Lane E shows also the 55 and 39 kD band precipitated by a polyclonal anti-MPO antibody. This 
polyclonal antibody also recognizes smaller MPO fragments. 
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Figure 3 .  Skin tests in control (n =3) and MPO immunized rats (n =9) at 1 ,  5 ,  and 1 0  weeks after 
immunization. Ear thickness was measured in triplo at 4, 24, and 48 hours after injection of 10 µl 
heat inactivated MPO solution sc in the inner ear pinna. Increase in ear thickness was measured with 
an engineers micrometer. Results represent mean ± SEM. 
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lmmunohistological examination of the ears at 24 hours showed an infiltrate con
sisting of monocytes and neutrophils. Control rats showed only a slight increase 
in ear thickness at 4 hours, probably due to a transient reaction to the injected 
MPO solution. For perfusion studies, rats 5 weeks post-immunization were used, 
i.e., at a time when the humoral response was maximal. 

Renal perfusion in MPO immunized and control immunized rats 

Urine analysis 

Rats perfused with the lysosomal extract with or without H2O2 or MPO in combi
nation with H2O2 (groups I-IV) had proteinuria (fig. 4), and severe hematuria 
(80% of all those rats) or erythrocyturia (20% of all those rats) during the first 
24 hours after perfusion. There were no significant differences in levels of protei
nuria between groups I, II, III, and IV by anova. At 4 and 10 days after perfusi
on rats from groups I-IV were no longer proteinuric (fig. 4), but severe hematuri
a and erythrocyturia remained in 20 to 40%, respectively, of all those rats. Rats 
perfused with Hp2 alone (group V, fig. 4) and rats perfused with MPO alone 
(groups VI and VII, results not shown) had no proteinuria. 
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Figure 4. Urine analysis performed one week (-7d) before perfusion and 24 hours (24h), 4 days (4d), 
and 10 days ( 10d) after perfusion. Proteinuria was estimated with the biuret method and results are 
presented as mean ± SEM. Groups; group I (MPO immunized and perfused with the lysosomal 
enzyme extract and H202 , n= 17), group II (control immunized and perfused with the lysosomal 
enzyme extract and H202, n= 9), group III (MPO immunized and perfused with the lysosomal enzyme 
extract, n = 5), group IV (MPO immunized and perfused with MPO and H202, n = 8), and group V 
(MPO immunized and perfused with H202, n=4). 
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Deposition of MPO, IgG, and complement 

At 4 hours after perfusion MPO was present in a granular pattern along the GBM 
(fig. 5A} in all MPO immunized rats (table 2). By immunoelectronmicroscopy 
(IEM) we observed that at 4 hours after perfusion MPO was localized at the su
bendothelial and subepithelial side of the GBM (fig. 5B). In control immunized 
rats (groups II and VII) MPO could not be detected along the GBM. In MPO 
immunized rats IgG and complement were present along the GBM in a granular 
pattern along the GBM at 4 hours after perfusion. At 24 hours MPO was no lon
ger present in group I rats , whereas IgG and complement C3 could still be detec
ted in a diffuse granular pattern along the GBM (fig. 5C,D). In the remaining 
MPO immunized rats (groups III , IV, and VI) MPO as well as IgG and C3 were 
still detectable (table 2). At 4 and 10 days after perfusion deposits of IgG and 
complement were scanty or had disappeared completely in rats immunized with 
MPO and perfused with the lysosomal extract and H202 (group I; table 2 ,  fig. 
5E,F) .  In contrast deposits of IgG and C3 were still present in MPO immunized 
rats perfused with the lysosomal extract without H202 (group Ill), MPO and H202 

(group IV), and MPO alone (group VI) at 4 and 10 days after perfusion (table 2). 
The right non-perfused kidneys were always negative for MPO, IgG, and C3, 
except for a weak mesangial staining for lgG in some of the biopsies. 

Histopathology 

Severe lesions were only found in rats that were immunized with MPO and per
fused with the lysosomal enzyme extract or MPO and H202 (groups I and IV). At 
24 hours the main abnormalities detected in the perfused left kidney consisted of 
wrinkling of the GBM, accumulation of eosinophilic proteinaceous material into 
the capillary lumen and Bowman's space, glomerular capillary wall necrosis, 
PAS-positive reabsorption droplets in the cytoplasm of proximal convoluted tubu
les , and numerous urinary casts in tubular lumina (fig. 6A). At day 4, severe 
changes were seen in the renal cortex. Thirty to 80 % of the glomeruli showed 
fibrinoid necrosis of glomerular capillary walls , intra- and extracapillary cell 
proliferation, ruptures in Bowman's capsule, and influx of mononuclear cells and 
PMN. Periglomerular 'granuloma-like' infiltrates were seen consisting of mono
nuclear cells, PMN, and giant cells. At day 10 active, inflammatory lesions were 
still present. Intra- and extracapillary cell proliferation was found in 30 to 70 % 
of glomeruli and was accompanied by ruptures in Bowman's capsule, periglome
rular cell infiltration , and gia.nt cell formation (fig. 6B, C, and D). The intersti
tium showed chronic infiltrates consisting of mononuclear cells and PMN that 
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Figure 5. Localization of MPO by immunofluorescenceand electronmicroscopy. 
SA. Staining for MPO in a granular pattern along the GBM, 4 hours after perfusion with MPO alone in 
MPO immunized rats. SB. Electronmicroscopic localization of MPO, 4 hours after perfusion with MPO 
alone in MPO immunized rats, on the subendothelial and subepithelial sides of the GBM (Ep =epithelial 
side, En=endothelial side). SC. Staining for lgG in a granular pattern along the GBM, 24 hours after perfu
sion with the lysosomal extract and Hz02 in MPO immunized rats. Original magnification, x 320. SD. 
Staining for complement in a granular .pattern along the GBM, 24 hours after perfusion with the lysosomal 
extract and Hz02 in MPO immunized rats. SE. Absence of IgG deposits in the presence of active proliferati
ve lesions, 10 days after perfusion with the lysosomal extract and H202 in MPO immunized rats. SF. Over
view shows a glomerulus negative for IgG and tubuli with IgG positive casts, 10 days after perfusion with 
the lysosomal extract and H202 in MPO immunized rats. (A, C-E, original magnification x320; B, x30.000; 
F x200). 
Photographs on page 1 34. 

Figure 6. Lightmicroscopy of lesions found in group I rats (MPO immunized and perfused with the lysoso
mal enzyme extract and H2O2) .  Methamine-Silver with aniline red counterstaining. 6A. Capillaries occluded 
with eosinophilic material and tuft necrosis, 24 hours after perfusion. 6B. Crescent formation, tuft necrosis 
(arrow) , gaps in Bowman's capsule, and periglomerular infiltration, 10 days after perfusion. 6C. Intra- and 
extracapillary cell proliferation, crescent formation, gaps in Bowman's capsule (small arrow), and periglo
merular infiltration, 10 days after perfusion. 6D. Intra- and extracapillary cell proliferation, periglomerular 
infiltration, and giant cell formation (small arrows), 10 days after perfusion. 6E. Chronic mononuclear 
infiltrates surrounding glomeruli and tubuli at day 10 after perfusion within the interstitium. 6F. Vasculitis 
of a small venule with perivascular slightly granulomatous infiltration of monocytes, lymphocytes, giant 
cells and PMN at day 10 after perfusion. 6G. Karyorrhectic fragments surrounding a larger renal artery at 
day 10 after perfusion. (A-O, F, and G, original magnification x625; E, x250). 
Photographs on page 135 .  

133 



Pathogenic potential of ANCA 

134 



- ,-!\ "'I i "' -
-,,:�· ·, . ..  
• ,__ !'. ,1 .. 1 ( �.\' ,n,; C'( � v 

i� (;� �-
.· . � � � 
t . .,..: -� .. ; 
� ti/ , 

:., · . 
:ii. J; 

! .. � 

. 

6. An animal model of anti-MPO-associated GN 

A 

-L.. ...... 

i 'r .-· ' � , · ., 

. 
· .. '\ 

• 
- .,., ,., ,r., '· 

r. .  

135 



Pathogenic potential of ANCA 

surrounded tubuli and vessels at day 4 and even more at day 10 (fig. 6E). In 
addition vasculitis of small venules and arteries was observed (fig. 6F). In one 
biopsy we found a larger vessel surrounded by PMN and karyorrhectic fragments 
(fig. 6G). 
In control immunized rats perfused with the lysosomal enzyme extract and H2O2 

(group II) we also found accumulation of eosinophilic proteinaceous material into 
the capillary lumen, at 24 hours after perfusion, but no development of NCGN. 
In MPO immunized rats perfused with the lysosomal enzyme extract or MPO 
alone (groups III and VI), no significant lesions were observed, except for PAS 
positive droplets in the cytoplasm of proximal tubuli and a slight interstitial infil
trate. MPO immunized rats perfused with HP2 (group IV) or control immunized 
rats perfused with MPO (group VII) developed no lesions at all. 

Table 2. Intraglomerular deposition of myeloperoxidase (MPO), immunoglobulin G (lgG), and com-
Qlement {C32 in rats sacrificed 24 hours2 4 days, and 10 days after 2erfusion. 

Mxeloeeroxidase* Immuno�lobulin G* Comelement* 

Groups 4h 24h 4d !Od 4h 24h 4d !Od 4h 24h 4d !Od 

+ + + + + 

+ 

II 

ill + + + + ± + + ± 

+ + +  + +  

IV + ± + + + + + + 

+ + +  + + +  + 

V nd nd nd nd nd nd nd nd 
nd 

VI + + + + +  + + + 
+ ± + + + + + +  + +  + + +  

VII 

Goups; group I (MPO immunized and perfused with the lysosomal enzyme extract and H2O2, n= 1 9), group II 
(control immunized and perfused with the lysosomal enzyme extract and HP2, n= 1 1), group III (MPO immuni
zed and perfused with the lysosomal enzyme extract,n=9), group IV (MPO immunized and perfused with MPO 
and H2O2, n = l2) ,  and group V (MPO immunized and perfused with H2O2, n =4), group VI (MPO immunized 
and perfused with MPO, n = 8), group VII (control immunized and perfused with MPO, n =5). 
*The amount of MPO, IgG and complement deposition was estimated on a semi-quantitative (3 +)  scale, - absent, 
± weak, + mild, + + intermediate, + + + strong 
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lmmunophenotyping 
In accordance with the findings by light-microscopic examination, immunopheno
typing of renal tissue from group I and IV rats showed larger numbers of intrag
lomerular, endo- and extracapillary macrophages and PMN at days 4 and 10  
(table 3). The amount of macrophages found in the interstitium gradually increa
sed (table 3). T cells were observed in small numbers within the glomeruli and 
more abundantly within the interstitium at day 10 (table 3). Mild infiltration of 
inflammatory cells was found in group VI at 24 hours and 4 days after perfusion 
( data not shown). In accordance with the absence of IgG or complement deposits 
at the time of active fulminant NCGN, we found no correlation between the pre
sence of IgG or complement and the amount of infiltrated macrophages and 
PMN. 

DISCUSSION 

This study describes the first animal model that allows us to study the pathogene
sis of anti-MPO associated pauci-immune NCGN. The model is based on immu
nization of rats with MPO and subsequent localization of MPO, its substrate 
H202 , and elastinolytic enzymes, along the GBM. The lesions found in this model 
closely resemble human anti-MPO associated NCGN, characterized by a lack of 
immunoglobulin deposition at the time of fulminant glomerulonephritis [9, 10, 12] .  
BN rats immunized with human MPO developed anti-MPO antibodies. The pre
sence of an anti-MPO directed immune response alone did, however, not result in 
the development of NCGN as shown by the absence of lesions in the non-perfu
sed kidneys. In human pathology, also, anti-MPO antibodies can be present 
without disease activity [21]. Intercurrent infections, resulting in priming of PMN 
followed by further activation and release of enzymes and oxygen radicals in the 
presence of anti-MPO antibodies [ 15], frequently precede disease activity [22]. 
In our hypothesis the (focal) presence of active enzymes at the site of the GBM, 
possibly as a result of focal neutrophil activation and degranulation, is a prerequi
site for the development of NCGN. For this reason, we chose to perfuse the rat 
kidney with a lysosomal extract, containing MPO and elastinolytic enzymes, and 
Hp2 • Proteinuria was found in rats during the first 24 hours after perfusion with 
the lysosomal extract and H202 (groups I and II) and MPO and H202 (group IV) 
and was independent of the presence of antibodies to MPO. In accordance intra
capillary eosinophilic deposits were found both in MPG-immunized (group I) and 
control immunized rats (group II). 
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Table 3. lntraglomerular and interstitial presence of macrophages, neutrophils, and T-cells, as detected by 
the mAb's EDI ,  His 48 , and OX19, respectively (see table I). 

infiltrating Groups intraglomerular cells* interstitial cells1 

cells 

24 hrs 4 da�s 10 da�s 24 hrs 4 da�s 10 da�s 

PMN 1 .9 ± 0.2 7.4 ± 4.2 4 . 1  ± 2 .3* + +  + + +  + ±  

II 0.8 ± 0.2 0.9 ± 0.5 0.8 ± 0.2 ± ± ± 

m 1 .7 ± 0. 1 0.6 ± 0 . 1  0 .4  ± 0.2 + +  

IV 1 .3 ± 0 . 1  6 . 3  ± 3 .2 1 .3 ± 1 . 1  + +  + + +  

V nd nd 0.6 ± 0 .2 nd nd 

Mono's 3 .0 ± 0.3 16 ± 8 . 1 *  12 .4 ±6.3* ± + + +  + + +  

II 0.5 ± 0.2 1 .2 ± 0.2 2.1 ± 0.7 ± + 

m 1 .5 ± 0.3 1 .4 ± 0 . 1  0.2 ± 0.2 + + +  ± 

IV 0.8 ± 0. 1 1 5 . l  ± 9.6 15 .6 ± 6.4 + + +  

V nd nd 0.3 ± 0.3 nd nd 

T-cells 0 0 . 1  ± 0. 1 0.2± 0 . 1  * 

II 0 0 0 

III 0 0 0 nd ± 

IV 0 0 0.6 ± 1 .0 + +  

V nd nd 0 nd nd 

Rats were sacrificed at 24 hours, 4 and 10 days after perfusion. 
Groups; group I (MPO immunized and perfused with the lysosomal enzyme extract and H202 , n = 17), 
group II (control immunized and perfused with the lysosomal enzyme extract and H202, n = 9), group 
III (MPO immunized and perfused with the lysosomal enzyme extract, n =7), group IV (MPO immu
nized and perfused with MPO and H202 , n = l O) ,  and group V (MPO immunized and perfused with 
H2O2, n=4). 
*For estimation of the number of PMN,  monocytes and T-cells, we calculated the mean number of 
cells per glomerulus by counting all positive cells present within 50 glomeruli and dividing the total 
number by 50. Numbers represent mean ± SEM. 
§ Labelled interstitial leukocytes were quantified by using a semi quantative method; - absent, ± 
minimal, + mild, + +  moderate and + + +  severe; * p < 0.05 compared to groups II, III , and IV. 
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Perfusion with the lysosomal extract (group IV), containing elastinolytic enzymes 
capable of GBM degradation [23,24], alone also resulted in proteinuria during the 
first 24 hours after perfusion. A direct toxic effect of MPO/H202 or elastinolytic 
degradation of the GBM by perfused elastinolytic enzymes seems to be responsi
ble for the proteinuria found in groups I to IV. 
Only rats immunized with MPO and perfused with the lysosomal enzyme extract 
or MPO plus H202 developed proliferative lesions. The earliest lesions consisted 
of intracapillary deposition of eosinophilic material. Subsequently glomerular 
capillary wall necrosis, fibrinoid necrosis, intra- and extracapillary cell prolifera
tion, fragmentation of Bowman's capsule, periglomerular 'pseudogranuloma' 
formation, and chronic interstitial inflammation and vasculitis were found. IgG 
and C3 deposits were no longer present at the time when these active inflammato
ry lesions had developed in MPO immunized rats perfused with the lysosomal 
extract and H202 • Control immunized rats perfused with the lysosomal enzyme 
extract and HP2 , developed only, intracapillary eosinophilic deposits and mild 
glomerular infiltration, but no proliferative lesions in accordance with Johnson et 
al. [19,25]. Active MPO, which produces, in concert with HP2 , toxic hydroxyl
radicals and hypochlorite [23,24], was shown to be present for a longer time 
period in MPO immunized rats than in control immunized rats [26]. This, proba
bly, contributes to the more extensive morfologic damage found in MPO immuni
zed rats. Whereas significant lesions were observed also in MPO immunized rats 
perfused with MPO and H202 , IgG and complement C3 were still present in these 
rats 10 days after perfusion. Probably, the presence of lytic enzymes in the perfu
sate is related to the disappearance of IgG and C3 from the GBM. Since toxic 
oxygen metabolites locally inactivate a-1-antitrypsin, the major inhibitor of elasti
nolytic enzymes [24,27], those enzymes have the opportunity to degrade the 
GBM focally at the site of their release and are probably responsible for the fast 
removal of IgG and C3 in rats perfused with the lysosomal extract and H202 
resulting in the pauci-immune aspect of NCGN. The contribution of MPG-speci
fic T-cells to the progression of lesions still has to be investigated [28]. 
In conclusion we have developed the first model for anti-MPO associated pauci
immune glomerulonephritis, in which the focal presence of products from activa
ted neutrophils, i.e. MPO, its substrate H202 , and lytic enzymes, in the presence 
of an anti-MPO directed immune response are prerequisites for the development 
of pauci-immune NCGN. 
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SUMMARY 

In the present study we compared Brown-Norway (BN) rats, characterized by a strong 

humoral immune response, with Lewis rats, which are used for models in which cell

mediated immunity plays a major role, in order to investigate the differential contribution of 

the humoral versus the cellular response in the development of anti-myeloperoxidase (MPO) 
associated necrotizing crescentic glomerulonephritis (NCGN). Both rat strains immunized 

with human MPO developed anti-MPO antibodies. At JO days after immunization BN rats 

had significantly higher levels of anti-MPO antibodies than Lewis rats but at JO weeks both 

rat strains had comparable levels of anti-MPO antibodies. Cellular immunity as investigated 

by skin testing was maximal at 10 days after immunization in both rat strains. Ten weeks 

after immunization this response had significantly diminished (p < 0. 05) . The cellular 

response was comparable in both rat strains. 

Severe proliferative NCGN with fibrinoid necrosis of the glomerular capillary wall and 

pauci-immune deposits along the GBM developed in MPO-immunized BN rats after renal 

perfusion with lysosomal enzymes and hydrogen peroxide (HpJ. Periglomerular granuloma

like infiltrates were noted consisting of mononuclear cells, PMN, and giant cells. The 

interstitium showed chronic infiltrates consisting of mononuclear cells and PMN surrounding 

glomeruli and tubuli and vasculitis. Lewis rats developed early sclerosis and had 

significantly less infiltration of monocytes and T-cells than BN rats. Moreover, Lewis rats 

showed persistence of IgG deposition along the GBM. These differences between BN and 

Lewis rats were more outspoken when the kidney was perfused 10 days after immunization 

than at 10  weeks after immunization. For both rat strains together, a significant correlation 

was observed between anti-MPO titer and the amount of infiltrating monocytes whereas a 

negative correlation existed between the amount of infiltrating monocytes and IgG deposits. 

In conclusion, the increased anti-MPO antibody response in BN-rats is associated with 

higher influx of inflammatory cells and more rapid clearance of IgG from the GBM 

compared to Lewis rats. The early sclerosis found in Lewis rats is possibly due to a 

predominance of anti-inflammatory cytokines. No differences were found between rats with a 

positive and a negative skin tests indicating that the humoral response to MPO is of major 

importance for the development of anti-MPO associated NCGN. 

INTRODUCTION 

Pauci-immune necrotizing crescentic glomerulonephritis (NCGN) [1-3] is strongly 
associated with the presence of antineutrophil cytoplasmic antibodies (ANCA) 
[4]. ANCA in patients with ANCA associated NCGN are either directed to 
proteinase 3 (Pr3) [5-7] or myeloperoxidase (MPO) [2-4], both myeloid 
lysosomal enzymes. Relapses of disease activity are often preceded by a rise in 
ANCA [8-10], and ANCA are capable of activating polymorphonuclear 
granulocytes (PMN) [11-13]. These data point at a role for these antibodies in the 
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pathophysiology of NCGN. 
The initial lesion in NCGN is characterized by segmental fibrinoid necrosis of the 
glomerular basement membrane (GBM) followed by marked infiltration of 
neutrophils and mononuclear cells, and with paucity of IgG deposits [1, 14-17]. 
Within the interstitium large populations of T-cells can be found with a 
predominance of CD4 positive T -cells [18, 19], implying an important role also 
for T-cells in the pathogenesis of NCGN. The presence of granulomatous lesions 
and giant cells in biopsies from patients with WG additionally suggest active 
involvement of T-cells [20-22]. The presence of elevated levels of soluble Il-2 
receptors (sll-2R) and increases in levels of sll-2R preceding major relapses in 
patients with WG also indicate that T-cells probably play an active role in the 
pathogenesis of WG [23,24]. We induced anti-MPO associated NCGN in Brown
Norway (BN) rats, and showed that an anti-MPO response together with the 
presence of lysosomal enzymes including MPO as well as its substrate hydrogen 
peroxide (H202) along the GBM are prerequisites for the development of 
proliferative NCGN. BN rats are display a strong humoral response and are used 
for disease models characterized by polyclonal B-cell activation like mercuric 
chloride-induced nephritis [25 ,26]. In order to unravel the relative contribution of 
humoral versus cell-mediated immunity in the development of anti-MPO 
associated NCGN we compared the pattern and severity of renal lesions in BN 
rats with Lewis rats. Lewis rats are strong cellular responders based on a 
predominance of Th I -cells, and are used for T-cell dependent models like 
adjuvant arthritis and extrinsic allergic encephalomyelitis (EAE) [27 ,28]. In 
contrast BN rats have a large population of Th2-cells [29]. Th I -cells are T helper 
cells producing interferon-T (IFN-T) and are involved in DTH reactions whereas 
Th2 cells produce interleukin-4 (11-4) and Il-5 and are involved in B-cell help and 
antibody production [30]. To further elucidate the role of the cellular response we 
additionally induced NCGN early after immunization with MPO, a timepoint at 
which the cellular response is maximal, and at a later stage after immunization, a 
timepoint at which the cellular reponse has decreased and the humoral response is 
still maximal [31-33]. 

METHODS 

Rats 

All experiments were performed on conventionally housed, 3 months old Brown
Norway (BN) and Lewis rats both obtained from Harlan, Bilthoven, The 

145 



Pathogenic potential of ANCA 

Netherlands, fed ad libitum with standard chow ( Hope Farms, Woerden, The 
Netherlands). 

Lysosomal enzyme extract 
Human polymorphonuclear leukocytes (PMN) were isolated from buffy coats on 
Lymphoprep (Pharmacia, Fine Chemicals AB, Uppsala, Sweden) followed by 
dextran sedimentation. After sedimentation the remaining erythrocytes were 
removed by hypotonic lysis . MPO was extracted from PMN by dissolution of the 
cells in cetyltrimethyl ammonium bromide (CET AB) (Sigma Chemical Co, St 
Louis, MO) and sonification. Nuclei and membrane fragments were discarded by 
ultracentrifugation and the extract was absorbed to a concanavalin A sepharose 
gel (Pharmacia) and eluted with a-methyl-D-mannoside (Sigma). Eluted fractions 
with a ratio (OD 428/280) greater than 0.5, measured as the ratio between the 
optical density (OD) obtained at 428 nm (showing a specific spectral band for 
MPO) and the OD obtained at 280 nm, were pooled and extensively dialysed to 
sodium-acetate buffer pH 6 .0  [34] . The resulting lysosomal extract had an OD 
428/280 ratio greater than 0 .5 and contained mainly MPO, proteinase 3, and 
trace amounts of elastase, but no lactoferrin as determined by sandwich ELISA 
[5]. In accordance with the results of ELISA specific bands for MPO ( at 15, 39 
and 58 kD) and Pr3 (at 30 kD) were found by gelelectrophoresis [5,35] (results 
not shown). Peroxidase activity of the extract was assayed spectrophotometrically 
by measuring the increase in absorbance at 470 nm upon oxidation of guaiacol 
(Sigma). In brief, 10 µ1 of the MPO preparation was added to a I-cm light path 
cuvette containing 3 ml of the assay solution. The solution consisted of 29. 6  ml 
H20, 3 ml 0.1 M sodium phosphate buffer, pH 7.0, 0 . 1 ml 0 . 1 M H202 , and 48 
µ1 guaiacol. One unit (U) of peroxidase activity is defined as the amount that 
consumes 1 µmol of H202 per minute [36]. 100 µg of the lysosomal extract 
contained approximately 78 µg MPO with an activity of 30 U. 

Myeloperoxidase 
For immunization MPO was further purified from the lysosomal extract on a 
sephadex G150 gel (Pharmacia). Fractions with an OD 428/280 ratio greater than 
0.8 were pooled. Contamination with Pr3 or elastase (HLE) was ruled out by 
antigen specific ELISA's for Pr3 and HLE. Purity of the MPO preparation was 
further analyzed by gel-electrophoresis which showed specific bands for MPO (at 
15, 39, and 58 kD, data not shown) [35] . 
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Immunization procedure 

BN and Lewis rats were immunized with human MPO in Complete Freunds 
Adjuvant (CFA) supplemented with H37Ra, 5mg/ml (Difeo, Detroit, Michigan). 
Rats received 10 µg MPO or control solution without MPO ( = sodiumacetate 
buffer) subcutaneously (sc) in 0.2 ml at two sites near the tailbase. At different 
intervals levels of anti-MPO antibodies were measured by ELISA. The cellular 
response was assessed by skin testing. 

Detection of anti-MPO antibodies by ELISA 

In short, Labstar (Greiner, Kremsmiinster, Austria) microtiter plates were coated 
overnight with human MPO (isolated as described before) at a protein 
concentration of 20 µg/ml in 0.1 M carbonate buffer, pH 9.6. The plates were 
incubated with rat plasma, diluted in 0 .05 M Tris, 0.05 % Tween, 2 % BSA, 
and 0.3 M NaCl, pH 8.0, starting at a dilution of 1 :  100 in PBS. Antibody 
binding was detected with sheep anti-rat lg conjugated to alkaline phosphatase 
(Serotec, Oxford, England), followed by p-nitrophenyl phosphate disodium as a 
substrate. The OD was read at 405 nm, and a standard curve was prepared from 
a reference serum. Antibody concentrations were computed from the linearized 
titration curve obtained after log-logit transformation of the absorbances of the 
respective dilutions of the reference serum. The concentration of the reference 
serum was set at 100 U. The specificity of the antibodies for myeloperoxidase 
was confirmed by immunoprecipitation from a total neutrophil extract. 

Skin tests 

To test the cellular response to MPO, 10 µl of heat-inactivated human MPO was 
injected into the inner ear pinna subcutaneously in MPO-immunized and control 
rats at 10 days, and at 3- , 5- , and 10 wks after immunization. All measurements 
were done at least in duplicate. The increase in ear thickness was measured with 
an engineer's micrometer (Tesa, Switzerland) at 0, 4, 24, and 48 h after 
application. 

Renal perfusion 

Unilateral perfusion of the left kidney was performed according to a modification 
of the method of Hoyer, Mauer, and Michael [37]. Rats were anesthesized with 
halothane, 02 , and NO2 • Through a midline incision, the aorta and vena cava 
were exposed by blunt dissection. After ligation of the tributaries, temporary 
clamps were placed on the aorta above the left renal artery, leaving the 
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circulation of the right renal artery undisturbed. Through a puncture hole in the 
aorta, a needle was inserted and advanced up to the level of the left renal artery. 
The left renal vein was punctured to let blood and perfused fluids escape, which 
were collected in cotton wool . PBS (37 °C, pH 7.3) was infused until the kidney 
became pale and no visible blood escaped from the punctured renal vein. 
Subsequently the lysosomal extract containing 40 U of MPO in PBS was perfused 
during 1 minute. After an additional exposure time of 2 minutes the kidney was 
perfused with lmM H202 during 1 min followed by PBS according to Johnson et 
al. [38] . Following perfusion the needle was removed, the aorta was closed with 
atraumatic sutures, the clamps were removed and the kidney was allowed to 
reperfuse. Total ischemia time was always less than 12 min . Only rats in which 
the kidney regained normal perfusion and colour were used . After surgery the 
rats were placed under a heat lamp for two hours and received an injection with 
buprenorfine (Reckitt and Coleman, England) sc as a pain reliever. 

Histological examination 

At different time intervals , rats were perfused with PBS at 4 °C to remove the 
blood from both kidneys and sacrificed . Specimens from both kidneys were 
obtained and prepared for light microscopy, immunofluorescence, and 
immunohistochemistry . For light microscopy, renal tissue was fixed in 2 % 
paraformaldehyde/PBS and embedded in plastic. 4 µm sections were stained with 
hematoxylin-eosin, periodic acid Schiff, or periodic acid silver methamine. For 
immunofluorescence (IF) and immunoperoxidase staining (IP), material was snap 
frozen in freon or isopenthane (isobutane), and 2 or 4 µm sections were cut. 
Sections were standard fixed with acetone. For detection of MPO, sections were 
fixed with acetone-buffered-formalin 9 % [39]. After fixation, sections were 
incubated with 10 % normal rabbit, goat or swine serum, depending on the 
conjugate used. The presence of MPO, lg, and complement was tested by IF 
using mouse anti-human MPO (table 1), rabbit anti-rat IgG/A/M, F(ab')2 goat 
anti-rat IgG, and F(ab ')2 goat anti-rat C3, respectively (all from Cappel, West 
Chester, Pennsylvania), followed by FITC labeled conjugates. The following 
conjugates were used : rabbit anti-mouse FITC (Dakopatts, Glostrup, Denmark), 
F(ab ')2 · goat anti-rabbit FITC, and F(ab ')2 rabbit anti-goat FITC (both from 
Cappel). Granulocytes, monocytes, and T cells were detected by IP using the 
monoclonal antibodies EDI, His48, and R73, respectively (table 1), followed by 
peroxidase (PO) labeled rabbit anti-mouse (Dakopatts) with aminoethylcarbima
zole as a substrate . Endogenous peroxidase activity was blocked with 0 .05% 
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H2O2 in PBS. Sections were counterstained with hematoxylin. All necessary 
dilutions were made in PBS pH 7.2. The amount of MPO, lgG, and complement 
deposition was estimated on a semi-quantitative (3 +) scale, - absent, ± weak, + 

mild, + + intermediate, + + + strong. To estimate the number of EDl- ,  His48-
and R73-positive cells, we calculated the average number of cells per glomerulus 
by counting all positive cells present within 50 glomeruli and dividing the total 
number by 50. Interstitial leukocytes were quantified by using a semi quantative 
method; - absent, ± minimal, + mild, + + moderate, and + + + severe. For 
immunofluorescence sections were scored by two blinded persons. 

Table 1 .  Antibodies used for immunofluorescence and immunohistochemistry on frozen tissues. 

Code Antigen Ig(sub-)class Specificity Source 
recognized 

MPO human-MPO poly pmn/monocytes Dakopatts 

4 . 15 human-MPO IgGl pmn/monocytes CLB 

EDl cytoplasmic IgGl macrophages [52] 

His 48 membrane IgGl neutrophils [53] 

R73 TCR IgGl T-cells [54] 

1A29 ICAM-1 IgGl broad Seikagaku 

Dakopatts; Glostrup; Denmark 
CLB; Central Laboratory for the Blood Transfusion Service, Amsterdam, The Netherlands 
Seikagaku; Kogyo, Japan 

Statistical analysis 

All values are expressed as the mean ± SEM and were analyzed for statistical 
differences by a Kruskall-Wallis test for unpaired data. Correlations within 
groups for different values were assessed with Spearman' s rank correlation test. 

Experimental design 

Four groups of experiments were performed according to the following design: 
I. Renal perfusion with the lysosomal enzyme extract and HP2 • 10 days after 
immunization with MPO, in BN rats. Rats were sacrificed at 24 hours (n = 2), 4 
days (n =2), and 10 days (n =3) after perfusion. 
II. Renal perfusion with the lysosomal enzyme extract and H2O2 , 10 days after 
immunization with MPO, in Lewis rats. Rats were sacrificed at 24 hours (n=2), 
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4 days (n=2), and 10 days (n =4) after perfusion. 
III. Renal perfusion with the lysosomal enzyme extract and H2O2 , 10 weeks after 
immunization with MPO, in BN rats. Rats were sacrificed at 24 hours (n=2) , 4 
days (n=2), and 10 days (n=3) after perfusion. 
IV. Renal perfusion with the ·1ysosomal enzyme extract and H2O2 , 10 weeks after 
immunization with MPO, in Lewis rats. Rats were sacrificed at 24 hours (n=2), 
4 days (n=2), and 10 days (n = 3) after perfusion. 

RESULTS 

Humoral and cellular immune response to MPO 

Both BN and Lewis rats immunized with human MPO developed antibodies 
reacting with human MPO (fig. 1). At 10 days after immunization BN rats had 
significantly higher levels of anti-MPO antibodies as compared to Lewis rats 
(p < 0.001). At 10 weeks after immunization both rat strains had comparable 
levels of anti-MPO antibodies. The skin tests used to document the cellular 
response to MPO showed an increase in ear thickness developing from 4 to 48 h 
(fig. 2) at 10 days and 3 weeks after immunization in both BN- and Lewis-rat 
strains. At 5 and even more at 10 weeks after immunization the cellular response 
had diminished to a great extent. The increase in ear thickness at the latter time
points was higher at 4 or 24 hours than at 48 hours, indicating disappearence of 
T-cell mediated response to MPO. No significant differences in cellular reactivity 
were observed between the two rat strains. Perfusion studies were performed at 
10 days after immunization when BN and Lewis rats differed in their antibody 
response, and at 10 weeks after immunization when skin tests done with MPO 
were negative in both rat strains . 
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Figure 1. Anti-MPO antibody titer in MPO immunized Brown Norway (BN) and Lewis (Le) rats 10 
days and 10 weeks after immunization. 
Antibodies to human MPO were measured by ELISA. Results were expressed as arbitrary units. 
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Figure 2 .  Skin tests in MPO-immunized B N  (n= 1 1) and Lewis (Le) rats (n= 12) at 1 0  days and 3- ,  
5- ,  and IO-weeks after immunization. Ear thickness was measured at 4,  24, and 48 hours after 
injection of 10 µl heat-inactivated MPO solution into the inner ear pinna. Increase in ear thickness 
was measured with an engineer's micrometer. Results represent mean ± SEM. 
Skin tests in control immunized rats (n= 2) were negative. 
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Deposition of MPO, lgG, and complement 

MPO was detected along the GBM at 24 hours, in both BN and Lewis rats 
perfused with a lysosomal enzyme extract and H2O2 10 days after immunization 
(table 2). MPO was present in a diffuse granular pattern (fig. 3A). At 24 hours 
after perfusion we found IgG present along the GBM in both BN and Lewis rats. 
IgG was present in a granular to almost linear pattern in both rat strains (fig. 4A 
and 4B). IgG deposits disappeared rapidly in BN rats wheras at 10 days after 
perfusion IgG was still present in a granular pattern along the GBM in Lewis rats 
(Fig. 4C and 4D). This difference was statistically significant (p < 0.05). In 
association with IgG, granular C3 deposits (fig. 3B) were present in Lewis rats 
also for a longer period (table 2). Perfusion at 10 weeks after immunization also 
led to the presence of short duration of MPO in both rat strains (table 2). At 24 
hours after perfusion IgG was present in a granular pattern along the GBM (Fig. 
4E and 4F). At 10 days after perfusion the IgG deposits had disappeared almost 
completely in BN rats whereas deposits were still present in Lewis rats (fig 4G 
and 4H). The difference in IgG deposition at the latter time-point tended to be 
significant (p < 0 .1). In the right non-perfused kidneys some mesangial deposition 
of IgG was found. 

Table 2. Intraglomerular deposition of MPO, lgG, and C3 in rats sacrificed 24 h, 4d, and 10d after 
perfusion. 

MPO IgG C3 

immun Groups 24 h 4 d  10 d 24 h 4 d  10 d 24 h 4 d  10 d 
ization 

10 d .  BN ± ± + +  ± -* + 

10 d .  Lewis ± ± + + +  + + ± + +  + ± + + 

10 w. BN ± + +  + ± ± + ± ± 

10 w .  Lewis + + + +  + + +  + +  + +  + + 

Groups; MPO immunized Brown Norway (BN) (n = l 4) and Lewis rats (n = 15) were perfused with 
lysosomal extract and H202 at 10 days ( 10 d . )  and 10 weeks (10 w.) after immunization. 
The amount of MPO, lgG, and complement deposition was estimated on a semi-quantitative (3 +)  
scale: - ,  absent; ± , weak; + ,  mild; + + ,  intermediate; + + + ,  strong. 
* At 10 days after immunization and perfusion a significant difference in IgG deposition was observed 
between BN and Lewis rats. 
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Figure 3. Localization of MPO and complement by immunofluorescence. (A) Weak staining for MPO 
in a granular pattern along the GBM and also within tubular epithelial cells at 24 hours after perfusion 
with MPO in a MPO immunized BN rat perfused at 10 weeks after immunization (x 320). (B) 
Staining for complement in the same rat. Complement deposits were present in a diffuse granular 
pattern (x320). 

Histopathology 
At 24 hours after perfusion the main abnormalities detected in the perfused left 
kidney of both BN and Lewis rats perfused either at 10 days or 10 weeks after 
immunization consisted of accumulation of eosinophilic proteinaceous material 
into the capillary lumen and Bowman's space. This was accompanied by necrosis 
of the GBM and Bowman's capsule, and by the presence of erythrocytes within 
Bowman's space and in the tubular lumina (fig. SE). At 4 and even more at 10 
days after perfusion severe proliferative changes could be found in BN rats 
perfused at 10 days after immunization, especially within glomeruli and 
interstitium. Glomeruli showed fibrinoid necrosis of the glomerular capillary 
walls, intra- and extracapillary cell proliferation, rupture of Bowman's capsule 
and influx of mononuclear cells and PMN (fig. 5A). Periglomerular granuloma 
like infiltrates were seen consisting of mononuclear cells, PMN, and giant cells 
(fig. 5D and 6B). At day 10 still active lesions could be found consisting of intra
and extracapillary cell proliferation, destruction of the glomerular architecture 
and enlargement of glomeruli, and periglomerular infiltration of PMN, 
mononuclear cells and giant cells (fig. 6A and 6B). The interstitium showed 
chronic infiltrates consisting of mononuclear cells and PMN surrounding 
glomeruli and tubuli. Vasculits was also found (fig. 6A). In contrast to BN rats, 
Lewis rats perfused at 10 days after immunization developed lesions 
characterized by smaller amounts of inflammatory cells. 
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At 4 days proliferative lesions consisted of intra- and extracapillary cell 
proliferation, tuft necrosis, periglomerular infiltration of mononuclear cells, and 
vasculitis (fig 5B) . At 10 days after perfusion the glomerular lesions were less 
active and most glomeruli showed hyalinization accompanied by disappearence of 
inflammatory cells (fig 5D). Within the interstitium a chronic mononuclear 
infiltrate was present. 

Figure 4. Localization of lgG by immunofluoresence. A, B, C, and D are photographs from BN rats 
(A and C) and Lewis rats (B and D) perfused with the lysosomal extract and H202 at 10 days after 
immunization with MPO. (A) Diffuse granular/linear deposits of lgG in a BN rat sacrificed at 24 
hours after perfusion (x320). (B) The same IgG deposits were found in Lewis rats sacrificed at 24 
hours after perfusion (x320). (C) Absence of IgG deposits in the presence of active proliferative 
lesions in a BN rat sacrificed at 10 days after perfusion (x320) . (D) In contrast to BN rats, Lewis rats 
still had granular deposits of IgG along the GBM in their already sclerotic glomeruli at day 10 after 
perfusion (x320). 
E, F, G, and H are photographs from BN (E and G) and Lewis rats (F and H) perfused with the 
lysosomal extract and H202 at 10 weeks after immunization with MPO. (E) Diffuse granular to linear 
deposits of IgG in a BN rat sacrificed at 24 hours after perfusion (x320). (F) The same IgG deposits 
were found in Lewis rats sacrificed at 24 hours after perfusion (x320). (G) Weak presence of lgG 
deposits in an already sclerotic glomerulus in a BN rat sacrificed at 10 days after perfusion (x320). 
(D) In contrast to BN rats, Lewis rats had still granular deposits of IgG along the GBM in their 
already sclerotic glomeruli at day 10 after perfusion (x320). 
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7. Strain differences influence the pattern of NCGN 

BN rats perfused at 10 weeks after immunization also developed severe 
proliferative GN characterized by intra- and extracapillary cell proliferation, tuft 
necrosis, breaks in Bowman's capsule, and periglomerular infiltration with giant 
cell formation. Within the interstitium tubuli containing cellular casts were 
surrounded by mononuclear infiltrates. In addition, vasculitis was present (fig . 
6C). At 10 days after perfusion, glomeruli already showed disappearance of 
inflammatory cells and hyalinic changes (fig . 5G). A that point in time BN rats 
perfused at 10 days after immunization still had active lesions. Within the 
interstitium a chronic mononuclear infiltrate could be found surrounding glomeru
li and tubuli (fig. 5G). At 4 days after perfusion Lewis rats immunized 10 weeks 
before had lesions characterized by infiltration of inflammatory cells within 
interstitium and glomeruli, and eosinophilic casts within tubuli (fig. 5F and 6D). 
At 10 days after perfusion most glomeruli were already sclerotic (fig. 5H). 

Figure 5. Light microscopy of lesions found in BN rats (A, C, E, and G) and Lewis rats (B, D, F, 
and H) perfused with the lysosomal extract and H202 at 10 days (A, B ,  C, and D) and 10 weeks (E, 
F ,  G, and H) after immunization with MPO. Sections were stained with either hematoxylin (HE) or 
methamine-silver (MS) with aniline red counterstaining. (A) Intra- and extracapillary cell 
proliferation, crescent formation and periglomerular infiltration of inflammatory cells in a BN rat at 4 
days after perfusion (HE, x560). (B) Intra- and extracapillary cell proliferation, peri-glomerular, 
peritubular, and perivascular infiltration of inflammatory cells in a Lewis rat 4 days after perfusion 
(HE, x225). (C) Intra- and extracapillary cell proliferation, giant cell formation (arrow), breaks in 
Bowman's capsule, and interstitial infiltration of inflammatory cells at 10 days after perfusion in a BN 
rat (MS, x225) (D) Slerotic and reduced glomeruli and interstitial infiltration of inflammatory cells in 
a Lewis rat at 10 days after perfusion. (MS, x225). (E) Capillaries occluded with eosinophilic 
material and erythrocytes and tuft necrosis at 24 hours after perfusion in a BN rat (MS, x560). (F) 
Intra- and extracapillary cell proliferation, tuft necrosis, breaks in Bowman's capsule, and 
periglomerular infiltration in a Lewis rat at 4 days after perfusion (MS, x560). (G) Sclerotic and 
infiltrated glomeruli and chronic mononuclear infiltrates surrounding glomeruli, tubuli , and vessels in 
a BN rat at IO days after perfusion (HE, x225). (H) SI erotic and reduced glomeruli and interstitial 
infiltration of inflammatory cells in a Lewis rats at 10 days after perfusion. (MS, x225). 
Photographs on page 154. 
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Figure 6. Light microscopy of sections stained, by immunohistochemistry, with ED 1 ,  a monocyte 
marker, and ICAM- 1 , a cell adhesion molecule. Sections were counterstained with hematoxylin. (A) 
Intra- and extracapillary infiltration of monocytes in a BN rat perfused at 10 days after immunization 
and sacrificed at 1 0  days after perfusion. Vasculitis is present within the interstitium with perivascular 
infiltration of inflammatory cells. Tubuli contain eosinophilic and cellular casts (ED 1 ,  x225). (B) 
Huge intra- and extracapillary, periglomerular, and peritubular infiltration of inflammatory cells and 
giant cell formation with complete destruction of the glomerular architecture in a BN rat perfused at 
10  days after immunization and sacrificed at 10  days after perfusion (ICAM- 1 ,  x225). (C) and (D) 
Microphotographs of a BN- (C) and_ a Lewis- (D) rat perfused at 10 weeks after immunization and 
sacrificed at 4 days after perfusion. In the BN rat we found a large infiltration of mononuclear cells 
within glomeruli and interstitium whereas the infiltration of mononuclear cells in Lewis rats was less 
prominent. Eosinophilic and cellular tubular casts were found in both rats. (both microphotographs 
EDl ,  x225). 
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Table 3 .  Intraglomerular and interstitial presence of macrophages, neutrophils, and T-cells, as 
detected by the mAb's EDI ,  His 48, and R73 , respectively (see table I). 

infiltrating immuni Groups intraglomerular cells1 interstitial cells2 

cells zation 

24 hours 4 da�s 10 da�s 24 hours 4 da�s 10 da�s 

PMN 10 d. BN 1 .2 ± 0. 1 3 .7 ± 1 .0 1 .8 ± 0.6 + +  + + + ±  + +  

10  d. Lewis 0.7 ± 0.4 5.0 ± 2.0 0.9 ± 0.3 + + + ±  + 

!O w. BN 1 .3 ± 0.5 5.6 ± 1 .3 1 .0 ± 0. 1 + +  + +  + 

10 w. Lewis 1 .9 ± 0.4 1 .7 ± 0.8 1 .4 ± 0.6 + +  + ±  + 

Mono's 10  d. BN 1 .6 ± 1 .0 25. 3± 3 .6 16.3 ±2.0* + +  + + +  + + +  

1 0  d .  Lewis 1 .2 ± 0.3 1 8 . 3± 5.5 2.2 ± 0.9 + ±  + + ±  + ±  

!O w.  BN 0.9 ± 0.0 1 9.4± 6.5 12 .6± 4.4 + +  + + +  + + +  

10 w .  Lewis 3 .8  ± 2.6 3 .2 ± 2.3 5.3 ± 1 .6 + ±  + +  + + +  

T-cells 10 d. BN 0 2 .0 ± 0.6 2.0 ±0.9* + +  + + +  

1 0  d. Lewis o· 1 . 1  ± 0.9 0.6 ± 0.4 + +  + +  

1 0  w. BN 0 1 .5 ± 0. 1 1 .0 ± 0 . 1  ++  + +  

1 0  w. Lewis 0 0. 1 ± 0. 1 0.8 ± 0.6 + ±  + +  

Groups; MPO immunized Brown-Norway (BN) (n= 14) and Lewis rats (n= 15) were perfused with 
lysosomal extract and H2O2 at 10 days ( 1 0  d.) and 10 weeks ( 10 w.) after immunization. 
Rats were sacrificed at 24 hours, 4 and 10 days after perfusion. 
1 For estimation of the number of PMN's ,  monocytes and T-cells, we calculated the mean number of 
cells per glomerulus by counting all positive cells present within 50 glomeruli and dividing the total 
number by 50. Numbers represent mean ± SEM. 
2 Labelled interstitial leukocytes were quantified by using a semi quantative method; - absent, ± 
minimal , + mild, + + moderate and + + + severe. 
* At 10 days after immunization and perfusion a significant difference in mononuclear and T-cell 
infiltration was observed between BN and Lewis rats. 

Immunophenotyping 

In accordance with the findings by light-microscopic examination, 
immunophenotyping of infiltrated cells in renal tissue showed significantly larger 
numbers (p < 0.05) of intragfomerular macrophages and T-cells at day 10 after 
perfusion in BN rats than in Lewis rats both perfused at 10 days after 
immunization (table 3) . In comparison with the abundant presence of 
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macrophages, T cells were observed in small numbers within the glomeruli of 
both BN and Lewis rats, and were more abundantly present within the 
interstitium in BN rats (table 3). 
At 10 weeks after immunization significant differences in numbers of infiltrating 
cells were no longer observed between BN and Lewis rats. Both BN and Lewis 
rats had a maximal glomerular influx of PMN and monocytes at 4 days after 
perfusion. Within the interstitium large infiltrates consisting of PMN, monocytes, 
and T-cells at 4 and even more at 10 days after perfusion, were present 
surrounding glomeruli and tubuli (table 3). 

Correlation studies 

In order to investigate the contribution of the humoral versus the cellular immune 
response in anti-MPO associated NCGN we investigated the relationship of the 
anti-MPO titer and the cell-mediated (DTH) response to MPO with the extent of 
renal damage after perfusion. 
First, we investigated the contribution of the humoral response to MPO. At 10 
days after immunization, a timepoint at which BN rats had significantly higher 
levels of anti-MPO antibodies than Lewis rats. Lewis rats nevetheless had 
significantly larger amounts of IgG deposition (p < 0. 05) at 10 days after 
perfusion. At that time point BN rats had a larger glomerular influx of monocytes 
and T-cells in the perfused kidneys than Lewis rats. Except for differences found 
in IgG deposition which nearly reached statistically significance, these differences 
disappeared when rats were perfused at 10 weeks after immunization. 
For both rat strains together a significant correlation was found between the anti
MPO titer, as determined immediately before perfusion, and the amount of 
infiltrated monocytes. The amount of infiltrated monocytes correlated also 
significantly with the amount of infiltrated T-cells. Furthermore, we found a 
negative relationship between the amount of infiltrated monocytes and the amount 
of IgG deposits present along the GBM. 
Next, we investigated the contribution of the cellular response to MPO. Since no 
differences in cellular response were observed between the two rat strains we 
compared rats perfused at 10 days after immunization, a time at which all rats 
had a positive cellular response to MPO, versus 10 weeks after immunization, 
when all rats had a negative cellular response to MPO. No significant differences 
in intraglomerular and interstitial cell influx were observed between the two 
different time points. 
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DISCUSSION 

In the present study we compared BN rats, characterized as strong humoral 
responders [25,26,40] with Lewis rats, which are used for models in which cell
mediated immunity plays a major role [27 ,28], for the pattern and severity of 
renal lesions after the induction of anti-MPO associated NCGN. 
Both rat strains immunized with human MPO developed anti-MPO antibodies. At 
10 days after immunization BN rats had significantly higher levels of anti-MPO 
antibodies than Lewis rats. This difference might be due to the larger T -helper2 
(Th2) -cell population present in BN rats as compared to Lewis rats [29]. Th2-
cells produce 11-4 and 11-5 and are known to activate B-cells whereas Thi-cells, 
the dominant population in Lewis rats, are more involved in DTH reactions 
[ 40-42] . At 10 weeks after immunization both rat strains had comparable levels 
of anti-MPO antibodies. Other studies also reported equal levels of antibody 
production at this time-point [43,44]. 
The cell-mediated immune response as investigated by skin tests was maximal at 
10 days after immunization in both rat strains. Ten weeks after immunization this 
response had significantly diminished (p < 0.05) in both rat strains. The presence 
of a positive skin test in BN rats has also been found by others [31]. The concept 
that BN rats are weak cellular responders is based on in vitro studies in which a 
decreased T-cell proliferation to Con-A was found in BN rats. Recent studies, 
however, showed that this defect is probably due to the presence of toxic 
macrophages present in the lymphocyte cultures of BN rats and not in Lewis rats 
[45,46] . Also, the fact that Thl cells, the population which is believed to play a 
major role in DTH reactions [30], were reported to be less frequently present in 
BN than in Lewis rats [29] does not seem to influence the outcome of skin tests. 
In order to compare renal lesions after induction of proliferative NCGN, BN and 
Lewis rats were perfused at 10 days and 10 weeks after immunization with a 
lysosomal extract and H202 [33]. Rats were sacrificed at 24 hours, 4 days, and 
10 days after perfusion. 
Perfused MPO was only shortly present along the GBM in all groups . BN rats 
perfused at 10 days after immunization had a significantly shorter deposition of 
lgG along the GBM than Lewis rats. This difference was also observed, although 
to a lesser extent, between BN and Lewis rats perfused at 10 weeks after 
immunization. 
Interestingly, a negative inverse relationship was found between the presence of 
lgG along the GBM and the amount of intraglomerular monocytes present. This 
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might indicate that monocytes are responsible for the removal of IgG. 
Monocytes, and especially acivated monocytes, have indeed been reported to be 
important for the removal of IgG [ 4 7]. Activated monocytes release elastinolytic 
enzymes and produce toxic oxygen radicals which both play an important role in 
protein degradation [33,48,49]. One of the mechanisms underlying the activation 
of monocytes in the present model might be that rat monocytes had been 
activated by anti-MPO antibodies which cross-react with rat MPO [11,50] 
comparable to activation of p'rimed PMN by anti-MPO [11]. In a previous study 
we showed that anti-MPO antibodies present in BN rats immunized with human 
MPO indeed react with rat MPO, whereas in Lewis rats no cross reactivity was 
observed [32]. Moreover, the reported toxic potential of BN monocytes 
[42,45,46] might also have contributed to the faster removal of IgG in BN rats 
compared to Lewis rats . 
A significant correlation was found between anti-MPO titer and the amount of 
infiltrated monocytes, indicating that the humoral reponse plays an important role 
in the attraction of monocytes to the glomerulus. Significantly larger amounts of 
infiltrated intraglomerular monocytes and T-cells were found in BN rats perfused 
at 10 days after immunization than in Lewis rats. Anti-rat-MPO antibodies as 
present in BN rats [32], mediating monocyte- and PMN-activation, might have 
induced the attraction of more PMN and monocytes into the glomerulus in BN 
rats than in Lewis rats. Differences in antibody characteristics like affinity and 
subclass distribution might also have played an important role in the observed 
differences in leukocyte infiltration between BN and Lewis rats and need 
therefore further investigation. 
Severe proliferative NCGN characterized by fibrinoid necrosis of the glomerular 
capillary wall at an early stage, intra- and extracapillary cell proliferation, 
ruptures of Bowman's capsule and influx of mononuclear cells and PMN was 
found in BN rats perfused at 10 days after immunization. Periglomerular 
granuloma like infiltrates were seen consisting of mononuclear cells, PMN, and 
giant cells. The interstitium showed chronic infiltrates consisting of mononuclear 
cells and PMN surrounding glomeruli and tubuli, and vasculitis. Lewis rats 
developed early sclerosis and had significantly less infiltration of monocytes and 
T -cells than BN rats. 
Besides differences in antibody characteristics, differences in levels of pro
inflammatory cytokines like IFN-r and TNF-a and anti-inflammatory cytokines 
like TGF-B between the two rat strains might explain the difference in renal 
lesions. In BN-rats we were able to show that IFN-r is upregulated in the 
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glomeruli shortly after perfusion wiith the lysosomal extract followed by the 
upregulation of 11-lB and TNF-a [51] . Further studies need to be done to 
investigate the differences between the two rat-strains with respect to their 
cytokine patterns in the corse of NCGN. 
When NCGN was induced at 10 weeks after immunization the differences found 
between BN and Lewis rats were no longer present and both rat strains developed 
sclerosis at 10 days after immunization. 
Since we found a significant correlation between the presence of intraglomerular 
T-cells and monocytes, the cellular response might also have contributed to the 
development of anti-MPO associated NCGN. T-cells might have played an 
important role in the attraction of monocytes by the production of cytokines 
[41,42]. In conclusion BN rats develop a stronger anti-MPO response than Lewis 
rats early after immunization which, in combination with the presence of more 
toxic monocytes/macrophages, and the larger amount of infiltrating leukocytes 
might be responsible for the faster removal of lgG from the GBM as compared to 
Lewis rats. Lewis rats on the other hand develop early sclerosis possibly 
associated with the presence of higher levels of anti-inflammatory cytokines. 
The rapid coure of NCGN after perfusion at 10 weeks after immunization, a time 
point at which the skin tests are almost negative, suggests that the humoral 
response is primarily responsible for the induction of glomerular lesions. Transfer 
studies with anti-MPO antibodies and/or T-cells to non-immunized rats need to be 
performed to unravel their differential contribution. 

REFERENCES 

Stilmant MM, Bolton WK, Sturgill BG, Schmitt GW, Couser WG. Crescentic 
glomerulonephritis without immune deposits; Clinicopathologic features . Kidney Int 1 979; 
15 : 1 84- 195 .  

2 Falk RJ, Jennette JC. Anti-neutrophil cytoplasmic antibodies with specificity for 
myeloperoxidase in patients with systemic vasculitis and idiopathic necrotizing and crescentic 
glomerulonephritis. N Engl J Med 1988; 3 1 8 : 165 1 -1657. 

3 Cohen Tervaert JW, Goldschmeding R, Elema JD, Giessen Mvan der, Huitema MG, Hem 
GKvan der, The TH, Borne AEGKrvon dem, Kallenberg CGM. Autoantibodies against 
myeloid lysosomal enzymes in crescentic glomerulonephritis. Kidney Int 1 990; 37:799-806. 

4 Falk RJ . ANCA-associated renal disease (clinical conference). Kidney Int 1990; 38 :998-1010 .  
5 Goldschmeding R, Schoot CEvan der, Bokkel-huinink Dten, Hack CE, Ende CEvan den, 

Kallenberg CGM, Borne AEGKrvon dem. Wegener's granulomatosis autoantibodies identify a 
novel diisopropylfluorophosphate-binding protein in the lysosomes of normal human 
neutrophils. J Clin Invest 1989; 84: 1577- 1587. 

6 Niles JL, McCluskey RT, Ahmad MF, Arnaout MA. Wegener's Granulomatosis autoantigen is 
a novel neutrophil serine protease. Blood 1989; 74 : 1888- 1893 . 

163 



Pathogenic potential of ANCA 

7 Ludemann J, Utecht B, Gross WL. Anti-neutrophil cytoplasm antibodies in Wegener's 
Granulornatosis recognize an elastinolytic enzyme. J Exp Med 1990; 1 7 1  :357-362. 

8 Cohen Tervaert JW, Woude FJ van der, Fauci AS, Ambros JL, Velosa J, Keane WF, Meijer 
S, Giessen M van der, The TH, Hem GK van der, Kallenberg CGM. Association between 
active Wegener's Granulomatosis and anticytoplasmic antibodies. Arch Int Med 1989; 
149:2461 -2465 . 

9 Specks U, Wheatley CL, McDonald TJ, Rohrbach MS, DeRernee RA. Anticytoplasmic 
autoantibodies in the diagnosis and follow-up of Wegener's granulomatosis. Mayo Clin Proc 
1 989; 64 :28-36. 

10 Nolle B, Specks U, Ludemann J,  Rohrbach MS, DeRernee RA, Gross WL. Anticytoplasmic 
autoantibodies: Their immunodiagnostic value in Wegener Granulornatosis .  Ann Int Med 1989; 
1 1 1  :28-40. 

1 1  Falk RJ, Terrell RS, Charles LA, Jennette JC . Anti-neutrophil cytoplasmic autoantibodies 
induce neutrophils to degranulate and produce oxygen radicalsin vitro. Proc Natl Acad Sci USA 
1990; 87 :41 15-4 1 19 .  

12  Mulder AHL, Horst G, Limburg PC, Kallenberg CGM. Activation of  neutrophils by 
anti-neutrophil cytoplasmic antibodies is FcR-dependent. Clin Exp Immunol 1 993 ; 93(1 ) :S16 .  

13  Porges AJ, Redecha PB, Csemok E, Bross WL, Kimberley RP.  Monoclonal ANCA (anti-MPO 
and anti-Pr3) engage and activate neutrophils via Fcj Receptor IIA. Clin Exp Immunol 1993 ; 
93( 1) :S18 .  

14 Hom RG, Fauci AS, Rosenthal AS, Wolff SM. Renal biopsy pathology in Wegener's 
Granulomatosis. Arn J Pathol 1974; 74 :423-440. 

15  Germuth FG,Jr . ,  Valdes AJ, Taylor JJ, Wise O'L, Rodriguez E. Fatal immune complex 
glomerulonephritis without deposits . John Hopkins Med J 1975 ; 136 : 1 89- 192. 

16 Ronco P, Verroust P, Mignon F, Kourilsky 0, Vanhille Ph, Meyrier A,  Mery JPh, 
Morel-Maroger L. Immunopathological studies of polyarteritis nodosa and Wegener's 
granulomatosis: a report of 43 patients with 51 renal biopsies. Quart J Med 1983 ; 206:212-223 . 

17  Weiss MA,  Crissman JD . Renal pathologic features of  Wegener's Granulomatosis: a review. 
Sem Resp Med 1989; 10(2) : 141- 148. 

18 Gephardt GN, Ahmad M,  Tubbs RR. Pulmonary vasculitis (Wegener's granulomatosis); 
Immunohistochemical study of T and B cell markers . Am J Med 1983 ; 74 :700-704. 

1 9  Berge RJMten, Wilmink JM, Meyer ChrJLM, Surachno S ,  Veen JHten, Balk AG, Schellekes 
PThA. Clinical and immunological follow-up in patients with severe renal disease in Wegener' s  
granulornatosis . Am J Nephrol 1985 ; 5 :2 1-29 . 

20 Linas SL, Whittenburg D, Repine JE. Role of neutrophil derived oxidants and elastase in 
lipopolysacharide-mediated renal injury. Kidney Int 199 1 ;  39:61 8-623. 

2 1  Carrington CB, Liebow AA. Limited forms of  angiitis and granulornatosis of  Wegener's type. 
Am J Med 1966; 4 1 :497-527. 

22 Bhatena DB, Migdal SD, Julian BA, McMorrow JG, Baehler RW. Morphologic and 
immunohistochernical observations in granulomatous glornerulonephritis .  Am J Pathol 1987; 
126 :58 1 .  

23 Schmitt WH, Heesen C, Csernok E.  Elevated serum levels of soluble interleukin-2-receptor 
(sll-2R) in Wegener's Granulornatosis (WG): association with disease activity. Arthritis Rheum 
1992; 35 : 108- 1 10.  

24 Stegeman CA, Cohen Tervaert JW, Huiterna MG, Kallenberg CGM. Serum markers of T cell 
activation in relapses of Wegener's granulornatosis. Clin Exp Immunol 1 993 ; 9 1 :4 15-420. 

25 Pelletier L, Hirsch F, Rossert J, Druet E, Druet P. Experimental mercury-induced 

164 



7. Strain differences influence the pattern of NCGN 

glomerulonephritis . Springer Semin Immunopathol 1987; 9 :359-369. 
26 Aten J, Veninga A, de Heer E, Razing J, Nieuwenhuis P, Hoedemaeker PJ, Weening JJ. 

Susceptibility to the induction of either autoimmunity or immunosuppression by mercuric 
chloride is related to the MHC class II haplotype. Eur J Immunol 199 1 ;  2 1 : 6 1 1 -616.  

27 Matsumoto Y, Kawai K, Fujiwara M. Analysis of the T cell repertoire for myelin basic protein 
inthymus-grafted and other types of chimera: evidence that major histocompatibility complex 
molecules on accessory cells rather than T cell specificty mainly regulate susceptibilty to 
autoimmune encephalomyelitis. Eur J Immunol 1990; 20:21 19-2 126.  

28 Huitinga I ,  van Rooijen N, de Groot CJA, Uitdehaag BMJ, Dijkstra CD. Suppression of 
experimental allergic encephalomyelitis in lewis rats after elimination of macrophages . J Exp 
Med 1990; 172: 1025- 1033 . 

29 Groen H, Klatter FA, Petersen AS van, Pater JM, Nieuwenhuis P, Kampinga J. Composition 
of rat CD4+ resting memory T cell pool is influenced by MHC. Transplant Proc 1993 ; 
25(5) :2782-2783 . 

30 Mosmann TR, Cherwinski H ,. Bond MW, Giedlin MA, Coffman RL. Two types of murine 
helper T cell clone. I. Definition according to profiles of lymphokine activities and secreted 
proteins. J Immunol 1986; 136:2348-2357. 

3 1  Rennke HG, Klein PS, Sandstrom DJ, Mendrick DL. Cell-mediated immune injury i n  the 
kidney: acute nephritis induced in the rat by azobenzenearsonate. Kidney Int 1994;45 : 1044-
1056. 

32 Brouwer E, Weening JJ, Klok PA, Huitema MG, Cohen Tervaert JW, Kallenberg CGM. 
Induction of an humoral and cellular (auto) immune response to human and rat myeloperoxidase 
in Brown-Norway, Lewis, and Wistar Kyoto rat strains. Adv Exp Med Biol 1993 ; 
336: 139-142. 

33 Brouwer E, Huitema MG, Klok PA, Weerd Hde, Cohen Tervaert JW, Weening JJ, Kallenberg 
CGM . Anti-myeloperoxidase associated proliferative glomerulonephritis; An animal model . J 
Exp Med 1993 ; 177:905-9 14.  

34 Merrill DP. purification of human myeloperoxidase by concavalin A-sepharose affinity 
chromatography. Prep Biochem 1980; 10(2) : 1 33- 150. 

35 Olsen RL, Little C. Purification and some properties of myeloperoxidase and eosinophil 
peroxidase from human blood. Biochem J 1983 ; 209:781-787 . 

36 Klebanoff SJ, Waltersdorph AM, Rosen H. antimicrobial activity of myeloperoxidase. Meth 
Enzym 1984; 105 :399-403 . 

37 Hoyer JR, Mauer SM, Michael AF. unilateral renal disease in the rat. I. clinical, morphologic 
and glomerular mesiangial functional features of the experimental model produced by renal 
perfusion with aminonucleoside. J Lab Clin Med 1975; 85 :756-768. 

38 Johnson RJ, Guggenheim SJ, Klebanoff SJ, Ochi RF, Wass A, Baker P, Schulze M, Couser 
WG. Morphologic correlates of glomerular oxidant injury induced by the 
myeloperoxidase-hydrogen peroxide-halide system of the neutrophil . Lab Invest 1988 ; 
5(3) :294-301 .  

39 Pryzwansky KB, Martin LE, Spitznagel JK. Immunocytochemical localization of 
myeloperoxidase, lactoferrin, lysozyme and neutral proteases in human monocytes and 
neutrophilic granulocytes. J Ret Endo Soc 1978; 24:295-3 10. 

40 Goldman M,  Druet P, Gleichman E. TH2 cells in systemic autoimmunity: insights from 
allogeneic diseases and chemically induced autoimmunity . Immunol Today 1991 ; 
12(7) :223-227. 

4 1  Mathieson PW, Thim S ,  Oliveira DBG. Regulatory role o f  OX22 h,gh T cells in mercury 

165 



Pathogenic potential of ANCA 

induced autoimmunity in the Brown Norway rat. J Exp Med 1993 ; 177: 1309- 1 3 16. 
42 Meide PH van der, de Labie MCDC, Botman CAD, van Bennekom WP, Olsson T, Aten J ,  

Weening JJ . Mercuric chloride down-regulates T cell interferon-j ; Production in Brown 
Norway but not in Lewis rats; Role of glutathione. Eur J Immunol 1993 ; 23 :675-681 .  

43 Sato Y, Naito I, Akita M, Okigaki T.  Strain specific responses of inbred rats on the severity of 
experimental autoimmune glomerulonephritis. J Clin Lab Immunol 1986; 19 : 193-199. 

44 Bolton WK, May WJ, Sturgill BC. Proliferative autoimmune glomerulonephritis in rats : A 
model for autoimmune glomerulonephritis in humans. Kidney Int 1993 ; 44:294-306. 

45 Fu Y, Blankenhorn EP. Nitric oxide-induced anti-mitogenic effects in high and low responder 
rat strains. J Immunol 1992; 148:2217-2222. 

46 Hoffman RA, Langrehr JM, Billiar TR, Curran RD, Simmons RL. Alloantigen-induced 
activation of rat splenocytes is regulated by the oxidative metabolism of L-arginine. J Immunol 
1 990; 145 :2220-2226. 

47 Camussi G, Tetta C, Bussolino F, Turello E, Brentjens J, Montrucchio G, Andres G. Effect of 
leukocyte stimulation on rabbit immune complex glomerulonephritis. Kidney Int 1990; 
38 : 1047-1055 . 

48 Weiss SJ . Tissue destruction by neutrophils. N Engl J Med 1989; 320:365-376. 
49 Henson PM, Johnston RBJr. Tissue injury in inflammation; oxidants, proteinases, and cationic 

proteins. J Clin Invest 1987 ; 79:669-674. 
50 Charles LA, Caldas MLR, Falk RJ, Terrell RS, Jennette JC. Antibodies against granule 

proteins activate neutrophils in vitro. J Leukoc Biol 199 1 ;  50:539-546. 
5 1  Coers W, Brouwer E ,  Vos H, Chand A, Huitema S ,  Heeringa P ,  Kallenberg CGM, Weening 

JJ . Podocyte expression of MHC class I and II and I CAM-I in experimental pauci-immune 
crescentic glomerulonephritis. Submitted . 

52 Dijkstra CD, Dopp EA, Joling P, Kraal G. The heterogeneity of mononuclear phagocytes in 
lymphoid organs: distinct macrophage subpopulations in the rat recognized by monoclonal 
antibodies ED I ,  ED2 and ED3 . Immunology 1985 ; 54:589-599. 

53 Kampinga J, Aspinall R.  Thymocyte differentiation and thymic microenvironment development 
in the fetal rat thymus: an immunological approach. In: Kendall M, Ritters M, eds. Thymus 
Update vol . 3 .  London: Harwood Academic Publishers, 1990: 149. 

54 Hilnig T, Wallny HJ, Hartley JK, Lawetzky A, Tiefenthaler G. A monoclonal antibody to a 
constant dterminant of the rat T cell antigen receptor that induces T cell activation. J Exp Med 
1 989; 169 :73-86. 

166 



CHAPTER S 

RENAL ISCHEMIA/REPERFUSION INJURY CONTRIBUTES 
TO RENAL DAMAGE IN A RAT MODEL OF ANTI

MYELOPEROXIDASE ASSOCIATED PROLIFERATIVE 
GLOMERULONEPHRITIS 

Elisabeth Brouwer, Pieter A. Klok*, Minke G. Huitema, Jan J. Weening®, 

Cees G.M. Kallenberg 

Department of Clinical Immunology and Pathology*, University of Groningen, 

and 
Department of Pathology®, Academic Medical Center, University of Amsterdam, 

The Netherlands. 

Submitted for publication 

167 



Pathogenic potential of ANCA 

SUMMARY 

The occurence of focal fibrinoid necrosis of capillary loops in the very early stages of ANCA 

assocciated necrotizing crescentic glomerulonephritis (NCGN) and the increased prevalence 

of this disease at older age suggest that renal ischemia may play an additional role in its 

pthophysiology. In the present study we investigated the contribution of renal ischemia to the 

induction of anti-myeloperoxidase (MPO) associated NCGN in a rat model of this disease. 

The developement of renal lesions is dependent on the presence of an anti-MPO immune 

response and the localization of a lysosomal extract containing lytic enzymes and MPO in 

combination with hydrogen peroxide (HPiJ along the glomerular basement membrane 

(GBM). The hypothesis was tested that perfusion of hydrogen peroxide (HP.) could be 

replaced by ischemialreperfusion (IIR) injury, as I/R injury activates endothelial cells to 

produce oxygen metabolites. 

IIR was induced by clamping the renal artery for 20 minutes in kidneys in which the 

circulation had been restored several minutes after perfusion with the lysosomal extract in 

MPO immunized rats. Rats developed lesions characterized by intra- and extracapillary cell 

proliferation, periglomerular infiltration, ruptures in Bowman 's capsule, ischemic tubuli 

and, interstitial mononuclear infiltrate. Control groups consisting of control immunized rats 

perfused with the lysosomal extract followed by IIR and MPO immunized rats perfused with 

the lysosomal extract developed minor lesions only. 

To further explore the possible mechanisms involved in the contribution of IIR to the 

development of NCGN we studied the expression of ICAM-1 in renal tissue from the three 

experimental groups. Upregulation of ICAM-1 occurred in MPO-immunized rats perfused 

with the lysosomal extract Jo/owed by IIR but also in both control groups suggesting that 

up regulation of ICAM-1 in itself is not sufficient to induce lesions. 

In conclusion, renal ischemia contributes to the development of anti-MPO associated NCGN 

in a rat model of this disease possibly by inducing endothelial cells to produce toxic oxygen 

metabolites. 

INTRODUCTION 

Necrotizing crescentic glomerulonephritis (NCGN), clinically manifest as rapidly 
progressive glomerulonephritis, can be associated with multisystem disorders 
from infectious or non-infectious origin, or may occur in patients without a 
systemic illness [ l]. NCGN can be classified into three immunopathogenic 
categories: (i) anti-glomerular basement membrane (GBM)- antibody mediated, 
(ii) immunecomplex mediated, and (iii) anti-neutrophil cytoplasmic antibody 
(ANCA) associated [2]. ANCA in patients with ANCA associated NCGN are, 
generally, either directed to proteinase 3 (Pr3) [3-5] or myeloperoxidase (MPO) 
[2,6,7], both myeloid lysosomal enzymes. The initial lesion in this form of 
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NCGN is characterized by segmental fibrinoid necrosis of the glomerular 
basement membrane (GBM) followed by marked infiltration of neutrophils and 
mononuclear cells, and paucity of IgG deposits [8-12]. Focal fibrinoid necrosis of 
capillary loops is present at a very early stage in the development of NCGN 
indicating that focal endothelial damage and GBM necrosis, possibly further 
aggravated by ischemia, are prerequisites for the development of ANCA
associated NCGN. Ischemia followed by reperfusion (I/R) is known to induce 
endothelial cell damage as well as leukocyte accumulation in reperfused organs. 
Renal I/R injury is characterized by reduced renal blood flow, increased vascular 
resistance, decreased glomerular filtration rate, erythrocyte trapping, and tubular 
obstruction proportional to the duration of the ischemic insult [13]. Activation of 
endothelial cells in reperfused organs is characterized by elevated intracellular 
calcium levels, production of platelet activating factor, nitric oxide (NO), and 
superoxide (02-) production, and upregulation of adhesion molecules like selectins 
and intercellular adhesion molecule-I (ICAM-1) [14-19]. Evidence has 
accumulated that neutrophils play a pivotal role in renal reperfusion injury by the 
production of oxygen radicals and release of lysosomal enzymes [13,20]. Several 
recent studies on limb I/R associated lung injury and myocardial I/R injury have 
demonstrated that blocking of ICAM-1 on endothelial cells and/or 62-integrins on 
neutrophils attenuates reperfusion injury [17,21]. No studies so far have been 
performed on the role of adhesion molecules in renal I/R. 
In a recently developed model of anti-MPO associated NCGN, characterized by 
glomerular intracapillary thrombosis followed by a proliferative glomerulo
nephritis, we demonstrated that anti-MPO alone is not sufficient for the induction 
of NCGN but that MPO, lytic enzymes, and hydrogen peroxide need to be 
localized along the GBM [22]. In view of the focal fibrinoid necrosis of capillary 
loops in human ANCA associated NCGN [23,24], possibly related to focal 
ischemia, and the need for oxygen radicals, in the experimental model for anti
MPO associated NCGN, we tested whether ischemia could play a role in the 
induction of experimental NCGN. Ischemia was induced in MPO immunized 
rats, directly after unilateral renal perfusion with a lysosomal extract containing 
MPO, HLE, and Pr3, without hydrogenperoxide by clamping the left renal artery 
for 20 minutes starting after reconstitution of the circulation and after several 
minutes of reperfusion and recovery. In addition, since adhesion molecules have 
been shown to play an important role in limb I/R associated lung injury and 
myocardial I/R, we also investigated the presence and upregulation of adhesion 
molecules in relation to renal I/R. 
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METHODS 

Rats 

All experiments were performed on conventionally housed, 3 months old Brown
Norway (BN) rats obtained from Harlan, Bilthoven, The Netherlands, fed ad 
libitum with standard chow (Hope Farms, Woerden, The Netherlands). 

Lysosomal enzyme extract 

Human polymorphonuclear leukocytes (PMN) were isolated from buffy coats on 
a ficoll density gradient followed by dextran sedimentation. After sedimentation 
the remaining erythrocytes were removed by hypotonic lysis. MPO was extracted 
from PMN by dissolution of the cells in cetyltrimethyl ammonium bromide 
(CET AB) and sonification. Nuclei and membrane fragments were discarded by 
ultracentrifugation and the extract was absorbed to a concanavalin A sepharose 
gel and eluted with a-methyl-D-mannoside. Eluted fractions with a ratio (OD 
428/280) greater than 0.5, measured as the ratio between the optical density (OD) 
obtained at 428 run (showing a specific spectral band for MPO) and the OD 
obtained at 280 run, were pooled and extensively dialysed to sodium-acetate 
buffer pH 6.0 [25]. The resulting lysosomal extract had an OD 428/280 ratio 
greater than 0.5 and contained mainly MPO, proteinase 3, and trace amounts of 
elastase, but no lactoferrin as determined by sandwich ELISA [3]. In accordance 
with the results of ELISA specific bands for MPO (at 15, 39 and 58 kD) and Pr3 
(at 30kD) were found by gelelectrophoresis (results not shown). Peroxidase 
activity of the extract was assayed spectrophotometrically by measuring the 
increase in absorbance at 470 run upon oxidation of guaiacol (Sigma Chemical 
Co, St Louis, MO). In brief, 10 µl of the MPO preparation was added to a 1-cm 
light path cuvette containing 3 ml of the assay solution. The solution consisted of 
29.6 ml H20, 3 ml 0.1 M sodium phosphate buffer, pH 7.0, 0.1 ml 0.1 M H202, 

and 48 µ,l guaiacol. One unit (U) of peroxidase activity is defined as the amount 
that consumes 1 µmol of H202 per minute [26]. 100 µg of the lysosomal extract 
contained approximately 78 µg MPO with an activity of 30 U. 

Myeloperoxidase 

For immunization MPO was further purified from the lysosomal extract on a 
sephadex G150 gel (Pharmacia, Fine Chemicals AB, Uppsala, Sweden). 
Fractions with an OD 428/280 ratio greater than 0.8 were pooled. Contamination 
with Pr3 or HLE was ruled out by antigen specific ELISA's for Pr3 and HLE. 
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Immunization procedure 

BN rats were immunized with human MPO in Complete Freunds Adjuvant 
(CFA) supplemented with H37Ra, 5mg/ml (Difeo, Detroit, Michigan) . Rats 
received 10 µg MPO or control solution without MPO ( = sodiumacetate buffer) 
subcutaneously (sc) in 0.2 ml at two sites near the tailbase. 

Detection of anti-MPO antibodies by ELISA 

Labstar (Greiner, Kremsmiinster, Austria) microtiter plates were coated overnight 
with human MPO (isolated as described before) at a protein concentration of 20 
µg/ml in 0.1 M carbonate buffer, pH 9.6. The plates were incubated with rat 
plasma, diluted in 0.05 M Tris, 0.05 % Tween, 2 % BSA, and 0.3 M NaCl, pH 
8.0, starting at a dilution of 1: 100 in PBS. Antibody binding was detected with 
sheep anti-rat lg conjugated to alkaline phosphatase (Serotec, Oxford, England), 
followed by p-nitrophenyl phosphate disodium as a substrate . The OD was read 
at 405 run, and a standard curve was prepared from a reference serum. Antibody 
concentrations were computed from the linearized titration curve obtained after 
log-logit transformation of the absorbances of the respective dilutions of the 
reference serum. The concentration of the reference serum was set at 100 U. 

Renal perfusion 

Unilateral perfusion of the left kidney was performed according to a modification 
of the method of Hoyer, Mauer, and Michael [27]. Rats were anesthesized with 
halothane, 02 , and NO2 • Through a midline incision, the aorta and vena cava 
were exposed by blunt dissection. After ligation of the tributaries, temporary 
clamps were placed on the aorta above the left renal artery, leaving the 
circulation of the right renal artery undisturbed. Through a puncture hole in the 
aorta, a needle was inserted and advanced up to the level of the left renal artery . 
The left renal vein was punctured to let blood and perfused fluids escape, which 
were collected in cotton wool. PBS (37 °C, pH 7.3) was infused until the kidney 
became pale and no visible blood escaped from the punctured renal vein. The 
lysosomal extract containing 40 U or 80 U of MPO in PBS was perfused during 
1 minute . After an additional exposure time of 2 minutes the kidney was again 
perfused with PBS according to Johnson et al. [28]. Following perfusion the 
needle was removed, the aorta was closed with atraumatic sutures, the clamps 
were removed and the kidney was allowed to reperfuse. Total ischemia time was 
always less than 12 min. Only rats in which the kidney regained normal perfusion 
and colour were used for ischemia/reperfusion studies. Shortly after reperfusion 
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of the left renal artery, the left renal artery was clamped for 20 minutes in order 
to induce ischemia followed by reperfusion. After surgery the rats were placed 
under a heat lamp for two hours and received an injection with buprenorfine 
(Reckitt and Coleman, England) sc as a pain reliever. 

Histological examination 
At different time intervals after renal perfusion with the lysosomal extract, rats 
were perfused with PBS at 4 °C to remove the blood from both kidneys and 
sacrificed. Specimens from both kidneys were obtained and prepared for light 
microscopy, immunofluorescence, and immunohistochemistry. For light 
microscopy, renal tissue was fixed in 2 % paraformaldehyde/PBS and embedded 
in plastic. 4 µm sections were stained with hematoxylin-eosin, periodic acid 
Schiff, or periodic acid silver methamine. For immunofluorescence (IF) and 
immunoperoxidase staining (IP), material was snap frozen in freon or isopenthane 
(isobutane), and 2 or 4 µm sections were cut. Sections were standard fixed with 
acetone. For detection of MPO, sections were fixed with acetone-buffered
formalin 9 %  [29]. After fixation, sections were incubated with 10 % normal 
rabbit, goat or swine serum, depending on the conjugate used. Detection of 
MPO, lg, and complement was done by IF using mouse anti-human MPO (table 
1), rabbit anti-rat IgG/A/M, F(ab')2 goat anti-rat IgG, and F(ab')2 goat anti-rat 
C3, respectively (all from Cappel, West Chester, Pennsylvania), followed by 
FITC labeled conjugates. The following conjugates were used: rabbit anti-mouse 
FITC (Dakopatts, Glostrup, Denmark), F(ab')2 goat anti-rabbit FITC, and F(ab')2 
rabbit anti-goat FITC (both from Cappel) . Granulocytes, monocytes, and T cells 
were detected by IP using the monoclonal antibodies EDl, His48, and R73 
respectively (table 1), followed by peroxidase (PO) labeled conjugates. We used 
rabbit anti-mouse PO (Dakopatts) with aminoethylcarbimazole as a substrate. 
Endogenous peroxidase activity was blocked with O. 05 % H202 in PBS. Sections 
were counterstained with hematoxylin. All necessary dilutions were made in PBS 
pH 7.2. The amount of MPO, lgG, and complement deposition was estimated on 
a semi-quantitative (3 +) scale, - absent, ± weak, + mild, + + intermediate, 
+ + + strong. To estimate the number of EDl-, His48- and R73-positive cells, 
we calculated the average number of cells per glomerulus by counting all positive 
cells present within 50 glomeruli and dividing the total number by 50. Interstitial 
leukocytes were quantified by using a semi quantative method; - absent, ± 
minimal, + mild, + + moderate, and + + + severe. For immunofluorescence 
sections were scored by two blinded persons. 
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Table 1 .  Antibodies used for immunofluorescence and immunohistochemistry on frozen tissues. 

Code Antigen lg(sub-)class Specificity Source 
recognized 

MPO human-MPO poly PMN /monocytes Dakopatts 

4 . 15 human-MPO lgGl PMN/monocytes CLB 

EDI cytoplasmic lgGl PMN [36] 

His 48 membrane IgGl neutrophils [37] 

R73 TCR lgGl T-cells [38] 

1 A29 ICAM-1 IgGl Broad Seikagaku 

OX42 CDl lb IgG2a neutrophils, monocy- Oxford 
tes, NK-cells 

Dakopatts; Glostrup; Denmark. 
CLB; Central Laboratory for the Blood Transfusion Service, Amsterdam, The Netherlands.  
Seikagaku; Kogyo, Japan. 
Oxford; MRC Cellular Immunology Unit, William Dunn School of Pathology, University of Oxford. 

Expression of adhesion molecules 

In an additional set of experiments sequential cryostat sections were stained for 
ICAM-1 and CDl lb (table 1). The appropriate fixation, dilution, and specificity 
of the MAbs used was tested on control appendix and spleen tissues. Briefly, 
cryostat sections of snap frozen material, cut 4 µm, were dried for at least 10 
minutes and subsequently fixed in acetone. Sections were incubated sequentially 
with (a) normal rabbit serum 10 % in phosphate buffered saline (PBS) for 20 
minutes; (b) monoclonal antibody for 60 minutes; (c) 0.06% H202 in PBS at RT, 
in order to block endogenous peroxidase; (d) rabbit anti-mouse peroxidase labeled 
immunoglobulin 1 :40, supplemented with 1 % rat serum for 60 minutes followed 
by aminoethylcarbimazole (AEC) 0.2 mg/ml in 0.05 M acetate buffer pH 4.9 
containing 5 % dimethylformamide supplemented with 0.03 % hydrogen peroxide 
or diaminobenzidine (DAB) 0.5 mg/ml plus imidazole 1 mg/ml in 50 ml PBS 
supplemented with 0.03 % hydrogen peroxide for 10 minutes. Sections were 
counterstained with hematoxylin, mounted in glycerin, and examined. All neces
sary dilutions were made in PBS. Appendix and spleen sections served as positive 
control sections for ICAM-1 and CDl lb. The intensity of staining was scored on 
a semi-quantitative scale : - = absent, + = weak, + + = mild, + + + = strong, 
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+ + + + = very strong. In addition, we stained sections obtained from kidneys 
of normal rats (n=2) also for ICAM-1 and CDl lb. 

Plastic sections 

In order to investigate the precise localization of ICAM-1 within glomeruli and 
interstitium we embedded renal tissue also in plastic. In short, biopsies were 
fixed in 2% paraformaldehyde in PBS pH 7.4 for 1 hour at 4 °C. After washing 
overnight in PBS containing 6 % sucrose, the biopsies were dehydrated with 
100% acetone for 30 min at 4 °C. After dehydration the tissues were infiltrated 
with glycomethacrylate (Technovit 8100 solution A, Kulzer, GmbH, Wehrheim, 
Germany) at 4 °C for 8 hours. Following infiltration tissues were embedded in a 
mixture of Technovit solutions A with an initiator for polymerization (30: 1) 
according to the manufacturers recommendation. Polymerization took place 
overnight on crushed ice at 4 °C. The whole procedure was done at 4 °C and all 
necessary incubation steps were performed on a rotor. Two µ.m thick sections 
were cut on a Reichert Jung Supercut plastic microtome using tungsten carbide 
tipped hard metal knives [301. Sections were caught on 2 % paraformaldehyde, 
affixed on glass slides, and dried. 
To study the localization of adhesion molecules sections were stained using the 
following method (a) preincubation with normal rabbit serum 10% for 30 min at 
37°C; (b) monoclonal antibody incubation for 2 hours at 37°C in the appropriate 
dilutions; ( c) blocking of the endogenous peroxidase activity when necessary with 
hydrogen peroxide 0.06 % in PBS at RT (d) peroxidase conjugated rabbit anti
mouse 1 :40 (Dakopatts) supplemented with 1 % normal rat serum for 60 min at 
37°C; (e) DAB 0.5 mg/ml in PBS supplemented with imidazole 1 mg/ml plus 
0.03 % H202 for 10 minutes. Sections were counterstained with haematoxylin or 
periodic acid Schiff. The median number of glomeruli available for counting was 
3 and the range varied from 2 to 13 per section. 

Statistical analysis 

All values were expressed as the mean ± SEM. Analysis for statistical 
differences was done by a non parametric one way analysis of variance (anova) 
for unpaired data. Correlations within groups for different values were assessed 
with Spearman' s rank correlation test. 

Experimental design 

Three groups of experiments were performed according to the following design: 
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I. Renal perfusion with the lysosomal enzyme extract in MPG-immunized rats 
followed by 1/R. The lysosomal enzyme extract was perfused into the left kidney 
in MPG-immunized rats, 5 weeks after immunization. As no significant 
differences were observed between rats perfused with 40 or 80 U MPG these rats 
were grouped together. After reperfusion the left kidney was clamped to induce 
ischemia and reperfused after 20 minutes. Rats were sacrificed at 24 hours 
(n =2), 4 days (n =7), and 10 days (n =4) after perfusion. 
II. Renal perfusion with the lysosomal enzyme extract in control immunized rats 
followed by 1/R. The same procedure was followed for control immunized rats as 
described in I. 
Rats were sacrificed at 24 hours (n =2), 4 days (n = 2), and 10 days (n =2) after 
perfusion. 
III. Renal perfusion with the lysosomal enzyme extract in MPG-immunized rats. 
The lysosomal enzyme extract was perfused into the left kidney in MPG
immunized rats, 5 weeks after immunization. Rats were sacrificed at 24 hours 
(n =2), 4 days (n =2), and 10 days (n = 2) after perfusion. 

RESULTS 

Humoral immune response to MPO 

BN rats immunized with human MPG developed antibodies reacting with human 
MPG (fig. 1). For perfusion studies, rats 5 weeks post-immunization were used 
i.e. at a time when the humoral response was maximal [22]. 

Deposition of MPO, IgG, and complement 

MPG was detected along the GBM together with lgG and C3 at 24 hours, 4 days, 
and 10 days after perfusion in MPG immunized rats perfused with the lysosomal 
extract followed by 1/R (group I) (table 2). MPG was present in a diffuse 
granular pattern (fig. 2A) whereas lgG and C3 were present in a more linear 
pattern. In control immunized rats (group II) MPG could not be detected along 
the GBM. MPG was also much present along the GBM for a much shorter 
period, up to 24 hours, in rats from group III (MPG immunized and perfused 
with the lysosomal extract) as compared to group I rats ( MPG immunized rats 
perfused with the lysosomal extract followed by 1/R) (table 2). Despite the short 
localization of MPG in group III, lgG and C3 stayed along the GBM up to 10 
days both in groups I and III (fig. 2B and 2C). 
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Figure 1. Anti-MPO antibody titers in control (Ctrl) (n = 6) and MPO immunized (n= 10) rats. 
Antibodies to human MPO were measured by ELISA at 5 weeks after immunization. Results are 
expressed as arbitrary units. 

Table 2. Intraglomerular deposition of MPO, IgG, and C3 in rats sacrificed 24 hours, 4 days, and 
10 days after perfusion. 

Groups 24 h 

II 

III 

+ + +  

+ 

MPO 

4 d  

+ +  

lgG 

10 d 24 h 4 d  

± + ±  + ±  

+ +  + 

C3 

10 d 24 h 4 d  10 d 

+ ±  + + ±  + + ±  + 

+ + +  + + 

Group I, MPO immunized and perfused with the lysosomal extract followed by ischernia/reperfusion 
(n= 13) .  
Group II, Control immunized and perfused with the lysosomal extract followed by ischernia/reperfusi
on (n =6) . 
Group III, MPO immunized and perfused with the lysosomal extract (n =6) . 
The amount of MPO, IgG, and complement deposition was estimated on a semi-quantitative (3 +)  
scale: - ,  absent; ± ,  weak; + ,  mild; + + ,  intermediate; + + + ,  strong. 
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Figure 2. Localization of MPO, lgG, and complement by immunofluoresence. 
A, B, and C are photographs from BN rats perfused with the lysosomal extract followed by 
ischemia/reperfusion injury (group I). (A) Diffuse granular deposits of MPO along the GBM in a rat 
sacrificed at 24 hours after perfusion (x320). (B) Granular IgG deposits in a rat sacrificed at 10 days 
after perfusion (x320). (C) Granular deposits of complement along the GBM at day 10 after perfusion 
(x320). 

Histopathology 
Severe lesions were only found in rats which were immunized with MPO and 
perfused with the lysosomal enzyme extract followed by 1/R. At 24 hours the 
main abnormalities detected in the perfused left kidney consisted of accumulation 
of eosinophilic proteinaceous material into the capillary lumen and Bowman's 
space, sometimes accompanied by necrosis of the GBM (fig. 3A). At 4 and even 
more at 10 days after perfusion proliferative changes could be observed within 
glomeruli and interstitium. Within glomeruli we found necrosis and wrinkling of 
the GBM, intra- and extracapillary proliferation, periglomerular infiltration, giant 
cell formation, and breaks in Bowman's capsule (fig. 3B and 3C). Within the 

177 



Pathogenic potential of ANCA 

178 

� • •  · =  � ........ .,-- _ ........ ,,_.. 
l l ' .  7,'f ) --� ... 10''� .,, . t ·I.l 

� � \(f_._11'_{;A�.:f.t��-;1�/�.l � "'- _ ... :·. • ··r .') 
l . ... �r: � � 

� .  J. ·::· ; :, , ), 
• � •ff ·h' , ,..  · . 

.,::. .  ' . .  � 
;;;:-\ ��;:. ;: ':� .. 

,: • 
.� .. l' 

• � r � 

.,� •• - � . . 
f �' 

-'j?;'f/{J ' .: �?. )���_j.!/�-�-�;_{t.� r"-¥ .. i:..• / • , ,,. .. 

_,,_ : , ._-,�-� f J•i'���i,.�.�11,,)l�tf '.' , t�� • \., . ,.�it�,1-, 
:���i. :" : ;:�·�· �:�����i��� � 1t �ii !'!.Ai���;J 



8. Role of renal ischemia in MPO-ANCA associated NCGN 

Figure 3. A, B, C, and D; Light microscopy of lesions found in rats perfused with the lysosomal 
extract followed by ischemia reperfusion injury (group I). Sections were stained with either 
hematoxylin (HE) or methamine-sil"'.er (MS) with aniline red counterstaining. (A) Capillaries occluded 
with eosinophilic material and erythrocytes and tuft necrosis at 24 hours after perfusion (MS, x560) 
(B), (C} , and (D) Intra- and extracapillary cell proliferation, crescent formation and periglomerular 
and perivascular infiltration of inflammatory cells, tubular necrosis and interstitial infiltration of 
inflammatory cells at 10 days after perfusion (MS and HE, x225). 
E, F, G, and H; Light microscopy of sections stained, by immunohistochemistry, with EDl ,  a 
monocyte marker, and ICAM-1 ,  a cell adhesion molecule in rats perfused with the lysosomal extract 
followed by ischemia reperfusion injury (group I) . Sections were counterstained with hematoxylin. (E) 
Diffuse staining of ICAM-1 within glomeruli and Bowman's capsule in a rat sacrificed at 4 days after 
perfusion (x560). (F) Intracapillary infiltration of monocytes in a rat sacrificed at 4 days after 
perfusion (ED- I ,  x560). (G) Diffuse staining of ICAM-1 within glomeruli and on vessel walls in the 
interstitium in a rat sacrificed at 10 days after perfusion (x225). (H) Intra- and extracapillary as well 
as periglomerular and peritubular infiltration of monocytes in a rat sacrificed at 10 days after 
perfusion (ED- I , x225). 

interstitium mononuclear infiltrates were found surrounding glomeruli, tubuli, and 
vessels (fig. 3D). Tubules showed ischemic changes characterized by eosinophilic 
necrosis and desquamation of tubular epithelial cells. Within the tubular lumina 
eosinophilic and sometimes cellular casts were found. In some animals vessels 
were observed with hyalinized walls surrounded by mononuclear cells (fig. 3C 
and D). Within group II rats (control immunized and perfused with the lysosomal 
extract followed by 1/R) we observed deposition of eosinophilic material within 
the glomeruli at 24 hours after perfusion . Tubules showed ischemic changes at 4 
and 10 days after perfusion. In addition slight interstitial infiltrate was present. 
However, proliferative changes were not observed. Also, in group III rats (MPO 
immunized and perfused with the lysosomal extract) no significant lesions were 
observed, except for a transient cell influx at 24 hours and a slight interstitial 
infiltrate. 

Immunophenotyping 

In accordance with the findings by light-microscopic examination, 
immunophenotyping of renal tissue from group I rats showed larger numbers of 
intraglomerular, endo- and extracapillary macrophages and PMN at days 4 and 
10 after perfusion (table 3) (fig 3F and H). T cells were observed in small 
numbers within the glomeruli and more abundantly within the interstitium at day 
10 (table 3). A transient glomerular neutrophil and monocyte influx was found at 
24 hours in MPO immunized rats perfused with the lysosomal extract (Group 
III). Within the interstitium mild infiltration of inflammatory cells was seen in 
groups II and III at 24 hours and 4 days after perfusion. 
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Upregulation of adhesion molecules 
The intensity of ICAM-1 staining was strong and diffusely present, with staining 
of all glomerular cells, in group I (MPO immunized and perfused with the 
lysosomal extract followed by 1/R) and group III rats (MPO immunized and 
perfused with the lysosomal extract). The high intensity of ICAM-1 staining in 
those groups differed significantly (p < 0.008) from the mild and diffuse staining 
as found in group II ( control immunized and perfused with the lysosomal extract 
followed by 1/R) (fig. 3E and G) (Table 4). However, compared to normal 
control rats in which glomerular ICAM-1 staining was absent or only weakly 
present (data not shown), ICAM-1 was also upregulated in group II . Proximal 
tubular epithelial cells were positive for ICAM-1 in groups I and III, but not in 
group II. Interstitial infiltrates, as present in group I, were weakly ICAM-1 

Table 3. lntraglomerular and interstitial presence of neutrophils, macrophages, and T-cells, as 
detected by the mAb 's ED I ,  His 48, and R73 , respectively (see table I). 

infiltrating Groups intraglomerular cells' interstitial cells2 

cells 

24 hours 4 days 10 days 24 hours 4 days 10 days 

PMN 2.6 ± 0.5 3 . 1  ± 1 .5 1 .6 ± 0.5 + + +  + +  

II 0.7 ± 0. 1 0 .8 ± 0.2 0.5 ± 0.4 ± ± 

III 1 .7 ± 0 . 1  0 . 6  ± 0 . 1 0.5 ± 0 . 1  + +  

Mt/> 2 .8  ± 1 . 1  3.2 ± 1 .0 7 . 1  ± 4.3 + + ±  + + + +  + + +  

II 0.3 ± 0.2 0.3 ± 0.0 0.6 ± 0.3 ± ± 

III 1 .5 ± 0.3 1 .4 ± 0. 1 0.3 ± 0.0 + + +  ± 

T-cells 0 0 . 1 ± 0 . 1  0.5 ± 0.7 + ±  + +  

II 0 0 0 

III 0 0 0 ± 

Rats were sacrificed at 24 hours, 4 and 10 days after perfusion. 
Group I, MPO immunized and perfused with the lysosomal extract followed by ischemia/reperfusion 
(n= 13) .  Group II, Control immunized and perfused with lysosomal extract followed by ischemia 
/reperfusioh (n= 6) .  Group III, MPO immunized and perfused with the lysosomal extract (n= 6) . 
1 For estimation of the number of PMN, monocytes and T-cells, we calculated the mean number of 
cells per glomerulus by counting all positive cells present within 50 glomeruli and dividing the total 
number by 50. Numbers represent mean ± SEM. 
2 Labelled interstitial leukocytes were quantified by using a semi quantative method; - absent, ± 
minimal, + mild, + + moderate and + + + severe 
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positive. Cells positive for CDl lb-, ligand of ICAM-1, were most abundantly 
found in group I (MPO immunized and perfused with the lysosomal extract 
followed by 1/R) and not in group II (MPO immunized and perfused with 
lysosomal extract). The amount of infiltrated CDl lb positive cells in groups I 
and III differed significantly from that of group II (p < 0.001). Intraglomerular 
ICAM-1 expression tended to correlate with the infiltration of CDl lb positive 
cells (r =0.374, p < 0.1). 

Table 4. Upregulation of ICAM-1 and influx of CDl lb positive cells in rats sacrificed 24 hours, 4 
days, and 10 days after perfusion. 

Groups 24 h 

ICAM-1 

4 d  10 d 

CD l lb 

24 h 4 d  10 d 

+ + +  + + ±  + + +  3 . 1  ± 0.2 1 .7 ± 0 .8 3 . 3  ± 2.2 

II + ±  ++ +± 0 . 1 ± 0. 1  0 .5 ± 0.0 0. 1 ± 0.0 

III + + + +  + + +  + + +  0 .9 + 0.0 0.5 + 0.0 0 .4 + 0.4 

Group I, MPO immunized and perfused with the lysosomal extract followed by ischemia/reperfusion 
(n= 13) .  
Group II ,  Control immunized and perfused with the lysosomal extract followed by ischernia/reperfusi
on (n=6) .  
Group III, MPO immunized and perfused with the lysosomal extract (n=7). 
The amount of ICAM-1 was estimated on a semi-quantitative (4 +) scale: -, absent; +, weak; + + ,  
mild; + + + ,  strong; + + + + ,  very strong. 
For estimation of the number of CD 1 1  b positive cells, we calculated the mean number of cells per 
glomerulus by counting all positive cells present within 50 glomeruli and dividing the total number by 
50. Numbers represent mean ± SEM . 

DISCUSSION 

In the present study we investigated the contribution of renal ischemia to the 
induction of anti-myeloperoxidase (MPO) associated necrotizing crescentic 
glomerulonephritis. In a previous study we described that the development of 
NCGN in the rat is dependent on the presence of an anti-MPO immune response 
and the localization of a lysosomal extract containing lytic enzymes and MPO in 
combination with hydrogen peroxide (H202) along the glomerular basement 

181  



Pathogenic potential of ANCA 

membrane (GBM) [22]. In the present study rats were immunized with MPO and 
perfused with the lysosomal extract only. In proved that perfusion of hydrogen 
peroxide (H202) could be replaced by ischemia/reperfusion (I/R) injury 
suggesting that I/R injury activates endothelial cells to bind and subsequently 
activate neutrophils, possibly by the production of oxygen metabolites [14,31]. 
The results suggest that once neutrophils bind to activated or damaged 
endothelium and start to degranulate in the presence of autoantibodies to MPO, a 
Wegener type of lesion develops, irrespective of the cause of the endothelial 
damage. 
To study the effect of renal ischemia in this model three experimental groups 
were formed; group I in which MPO immunized rats were perfused with the 
lysosomal extract followed by 1/R, group II in which control immunized rats 
were perfused with the lysomal extract followed by I/R, and group III in which 
MPO immunized were perfused with the lysosomal extract only. All rats 
immunized with MPO developed an anti-MPO response. We chose to clamp the 
kidney after perfusion and subsequent recovery, because clamping before 
perfusion would result in a poor circulation and distribution of the MPO. 
MPO localized along the GBM in a granular pattern, as detected at 24 hours, 
after perfusion in groups I and III rats that were MPO immunized. In group II, 
the control immunized rats, no deposition of MPO was observed. Interestingly, 
MPO remained present along the GBM up to 10 days in group I in contrast to 
group III. In a previous study in which MPO immunized rats were perfused with 
the lysosomal extract and H202 MPO was present for a shorter period of time 
along the GBM [22]. The prolonged localization of MPO in group I rats might be 
related to the fact that the renal artery was clamped soon after perfusion with the 
lysosomal extract in group I and not in group III. The exact mechanisms 
underlying removal or persistence of MPO are at present not clear. In contrast to 
the short presence of MPO in group III, IgG and C3 stayed along the GBM up to 
10 days after perfusion in both groups I and III. The far longer presence of the 
antibody in comparison to the antigen, MPO in the present model, has also been 
reported in other studies in which cationized IgG served as antigen [32,33]. The 
rapid clearance of the antigen from the GBM might be due to its faster removal 
or masking of the antigen by the antibody [32]. In a previous study in which we 
perfused the lysosomal extract in combination with H202 we observed a fast 
removal of IgG after 24 hours [22], in contrast to the present study in which IgG 
persisted along the GBM up to 10 days. A possible explanation might be the 
longer presence of MPO in the present study or the more effective degradation of 
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IgG in the previous study due to the presence of higher numbers of toxic 
monocytes [22]. 
By immunohistology the most severe lesions were observed in group I rats . At 24 
hours the main abnormalities consisted of intracapillary accumulation of 
eosinophilic proteinaceous material. At 4 and even more pronounced at 10 days 
proliferative changes such as intra- an extracapillary cell proliferation, 
periglomerular infiltration, and ruptures of Bowman's capsule could be observed. 
Within the interstitium tubuli, showing ischemic changes, were surrounded by a 
mononuclear infiltrate. Rats from group II only showed slight ischemic changes 
and some interstitial infiltration of mononuclear cells demonstrating that 1/R 
injury in itself did not induce those lesions. In group III a transient influx of 
neutrophils and monocytes was observed. The transient presence of inflammatory 
cells, in contrast to the persistence of lgG and C3, in group III has also been 
observed in other models of in situ immunecomplex formation [34,35]. 
In the present study we found that renal I/R injury in MPO immunized rats 
perfused with lysosomal extract contributes to the development of proliferative 
necrotizing glomerulonephritis. I/R injury alone (group II) resulted in minor 
lesions only. The mechanisms underlying the contribution of I/R to the 
pathogenesis of anti-MPO associated NCGN might be several fold. It has .been 
shown that MPO immunized rats perfused with hydrogen peroxide, an oxygen 
metabolite, in addition to a lysosomal extract developed severe proliferative 
NCGN [22]. The present findings suggest that renal ischemia induces endothelial 
cells to produce H202 and, as such, provide the substrate for MPO. The 
prolonged presence of MPO, as well as IgG and complement, observed after the 
induction of 1/R in MPO immunized rats perfused with the lysosomal extract, 
might also have influenced the effector phase of NCGN by prolonged attraction 
of neutrophils and monocytes and by prolonged production of toxic oxygen 
metabolites. Otherwise, I/R might have induced upregulation of adhesion 
molecules important for binding, activation, and migration of inflammatory cells. 
In the present study we observed that renal I/R leads to increased expression of 
ICAM-1 as compared to renal sections from normal rats. This, did, however, not 
result in an influx of cdl lb-positive inflammatory cells. Perfusion of lysosomal 
extract in MPO immunized rats also resulted in a strong increase in ICAM-1 
expression, but was, again, in itself not sufficient to induce influx of 
inflammatory cells. Generally, a weak association was observed between 
intraglomerular expression of ICAM-1 and the presence of cells positive for 
CDl lb (ligand of ICAM-1). Apparently, activation of inflammatory cells with 
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upregulation of their adhesion molecules is another prerequisite for their influx 
into the renal tissue. Models of lung injury induced by hind limb 1/R injury have 
demonstrated the important contribution of elevated levels of cytokines like 11-1 
and TNF in this respect [17,21]. These factors might therefore have played an 
important role in our model by activation of both endothelial cells and PMN, and 
need further investigation. 
In conclusion 1/R injury contributes to the development of anti-MPO associated 
NCGN. These data are relevant in view of the initial histopathological lesions of 
ANCA associated NCGN and the occurrence of this disease particular in patients 
of older age. The exact mechanisms involved need further investigation. 
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INTRODUCTION 

Until today, the etiology and pathogenesis of Wegener 's granulomatosis (WG) and 
related disorders is poorly understood. As a result patients are treated with non
specific immunosuppressives which frequently have severe side-effects. Disease 
activity of WG is often preceded by a rise in ANCA and treatment based on an 
increase in titer can prevent relapses of WG [1,2]. As mentioned in the general 
introduction, in vitro studies have demonstrated that ANCA can activate primed 
PMN, which express Pr3 and MPO on their surface, to the production of reactive 
oxygen species (ROS) and the release of lysosomal enzymes [3-5]. When ANCA 
and primed PMN are co-cultured with endothelial cells, the latter become damaged 
[6,7]. Based on these data we hypothesized that ANCA play an important role in 
the pathogenesis of WG and related disorders (as presented in chapter 1) . In the 
present thesis we explored the in vivo pathogenic role of ANCA. 

INDUCTION OF ANTINEUTROPHIL CYTOPLASMIC ANTIBODIES 
(ANCA) 

One of the most intriguing questions concerning autoimmune diseases is what causes 
patients to develop autoantibodies. In this respect little is known on the induction of 
ANCA [8]. 
Several different theories have been proposed for autoantibody production. these 
theories generally start from the assumption, which is based on findings in 
experimental animals and men, that auto-reactive B-cells are normally present but 
in a quiescent state . Auto-reactive T-cells are normally deleted during T-cell 
development in the thymus . Auto-reactive T-cells may, however, develop due to 
molecular mimicry between an exoantigen and an autoantigen. A second thery 
suggests that active suppression of auto-reactive B-cells occurs by specific auto
reactive T-suppressor cells. Loss of these cells may result in autoantibody 
production. A third theory supposes that auto-reactive T-cells are in a state of 
anergy and can be activated under certain circumstances. For some autoantigens 
sequestration from the immune-system is thought to underly tolerance. When these 
antigens are exposed to the immune system autoimmunity may result. Finally 
polyclonal activation of auto-reactive B-cells, either T-cell dependent or 
independent, may underly the generation of autoantibody formation 
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Possible mechanisms that specifically underly the induction of an ANCA-related 
immune response might be [8]: 

1. Molecular mimicry : Cross reactivity of extrinsic antigens with epitopes of Pr3 or 
MPO inducing the activation of autoreactive B-cells or T-cells. 
2. Chemical modification: B- or T-cell recognition of Pr3 and MPO due to changes 
in Pr3 and MPO caused by drugs or toxic agents. The resulting immune response 
might also be directed to native Pr3 or MPO. 
3. Polyclonal activation: polyclonal stimulating agents such as lipopolysaccharide, 
superantigens, or chemicals which may result in activation of ANCA production. 

The studies described in chapter 2 and chapter 3 throw some light on the processes 
involved in ANCA production. In chapter 2 we presented data on the subclass 
distribution of ANCA. ANCA predominantly belong to the IgG 1 and IgG4-subclass 
and occasionally, especially in active disease, to the IgG3 subclass [9]. The switch 
of B-cells from IgG 1 production to IgG4 production is known to be dependent both 
on the antigen involved and T-cell regulatory factors [10,11]. Also it is known that 
IgG4 is produced after recurrent stimulation with an antigen [12, 13]. The data 
indicate that ANCA production is antigen driven and T-cell dependent. Cross 
reactivity of Pr3 and MPO with an external antigen or a chemical modification of 
Pr3 and MPO might be involved. These data also suggest that autoreactive T-cells 
recognizing Pr3 and MPO are present. In chapter 3 we confirmed that autoreactive 
T-cells recognizing Pr3 are present in the peripheral blood of patients and, in a 
lower frequency, in normal controls . The cause of the development of autoreactive 
T-cells is unknown, but could be related to genetically determined differences in 
MHC-antigens resulting in presentation of disease-associated epitopes [14, 15]. 
However, only weak MHC associations have been described sofar. 

The subclass distribution of ANCA and the recognition of Pr3 by T-cells suggest T
cell dependent ANCA production by autoreactive B-cells . The presence of 
autoreactive B-cells is supported by a study in which V-domain antibody fragments 
specific for neutrophil cytoplasmic antigens were found within the normal B-cell 
repertoire [16]. 

Support for molecular mimicry as a cause for ANCA production is provided by 
Cohen Tervaert et al . who showed that nasal symptoms often precede full blown 
disease activity [1, 17] and Stegeman et al. showed that chronic nasal carriage of 
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staphylococcus aureus predisposes for relapsing disease [18]. Both studies could 
indicate that common epitopes are shared between bacterial antigens and Pr3 and 
MPO which could trigger ANCA production. 
Treatment of patients with hydralazine and propylthiouracil sometimes induces 
ANCA production [19,20] suggesting that a chemical modification of Pr3 or MPO 
also could underly the induction of ANCA. In this respect studies done in rats 
treated with HgC12 that spontaneously develop MPO-ANCA are of interest [21-23]. 

T-cell dependent activation of autoreactive B-cells by stimulating agents [8] is 
suggested as full blown disease activity and relapses of WG are often preceded by 
infections [1, 17,24]. The microbes involved may act as superantigens. 

For the induction of ANCA it is, probably, also relevant to differentiate between 
Pr3-ANCA and MPO-ANCA. MPO-ANCA are sometimes found in association with 
other autoantibodies as in Goodpasture's syndrome, SLE and RA [25-29]. 
Therefore, it could be possible that the induction of Pr3-ANCA is more related to 
an antigen driven T-cell dependent response, whereas MPO-ANCA production is 
probably more related to a polyclonal stimulation of B-cells. Future studies 
investigating cross reactivity between Pr3 and microbial antigens need to be 
performed to solve part of this issue. 

IN VIVO EVIDENCE FOR ANCA MEDIATED PMN ACTIVATION 

In vitro studies have demonstrated that ANCA can activate primed PMN, 
expressing Pr3 and MPO on their surface, to produce reactive oxygen species 
(ROS) and release lysosomal enzymes [3-5]. When ANCA and primed PMN are co
cultured with endothelial cells the latter become damaged [6, 7]. Based on these data 
we hypothesized that ANCA may play an important role in the pathogenesis of WG 
and related disorders possibly through their PMN activating capacity (chapter 1 
(fig.2)). Expression of Pr3 and MPO on the surface of primed PMN [30] provide 
the targets for ANCA binding and subsequent binding of ANCA to the PMN leads 
to their activation. ANCA induced PMN activation is also dependent on the Fe-part 
of the antibodies, and the availability of the second Fc-y-receptor on the neutrophil 
[3-5]. Mulder et al. found that sera of patients with active disease better induced the 
respiratory burst than sera drawn from patients with inactive disease [4]. 
Interestingly, high levels of the IgG3 subclass of ANCA seem to be related to the 
activating capacity of ANCA. [4]. In agreement with these data, we showed in 
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chapter 2 that the presence of IgG3-ANCA is related to more severe disease and 
renal involvement [9] . In addition, when ANCA are isolated from sera of patients 
with WG and renal involvement, the ANCA titer closely relates to the degree of 
PMN activation as measured by the superoxide dismutase inhibitable reduction of 
ferricytochrome-C ( described in chapter 4) [31]. 

In chapter 4 we described the capability of ANCA to activate normal PMN in vitro 

and showed that activated PMN are present in renal biopsies taken from patients 
with newly diagnosed WG . Renal lesions in WG are characterized by 
intraglomerular and interstitial infiltration of PMN, monocytes, and lymphocytes 
[32-35], and ANCA mediated PMN activation might be one of the initiating factors 
for PMN migration . Activation of PMN was assessed by measuring H202 
production in situ and the extracellular localization of lysosomal enzymes . We 
found that activated PMN were present in the renal biopsies and that the amount of 
activated PMN correlated with renal tissue damage as assessed by serum creatinin 
levels . However, the number of activated PMN present did not correlate with the 
capacity of simultaneously drawn ANCA to activate PMN. Since ANCA alone are 
not sufficient to activate PMN, the levels of priming factors like TNF and LPS as 
well as the numbers of circulating PMN might explain the discrepancy [31]. Besides 
ANCA and priming agents, adhesionmolecules are also necessary for the activation 
of PMN and migration into the tissue (see below). The degree of expression and 
state of activation of these adhesionmolecules (see also chapter 5) might be an 
important contributing factor and offer a possible explanation for the observed 
discrepancies. 

When ANCA are responsible for PMN activation [3] in vivo, ANCA or IgG should 
be present on or within the PMN. FACS analysis studies by Csemok et al . showed 
that Pr3 and MPO are present on the surface of PMN [30]. They also found IgG in 
the PMN [36] . This is in accordance with the in vitro finding by van der Woude et 
al . that PMN internalize ANCA [37] . In our biopsies, however, we were not able 
to confirm the presence of IgG within the PMN (unpublished observations). 
Whether, indeed, ANCA activate PMN in vivo and whether this mechanism 
underlies subsequent renal tissue damage needs further investigation. 
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MIGRATION OF PMN; ROLE OF ADHESION MOLECULES 

Renal lesions in WG are characterized by intraglomerular and interstitial infiltration 
of PMN, monocytes, and lymphocytes [32-35] . AN CA-mediated PMN activation 
might be one of the initiating factors for PMN migration for which adhesion mo
lecules are a necessary requirement. 
Primary adhesion of PMN is mediated by lectin-carbohydrate interactions involving 
leukocyte or vascular selectins and their cognate oligosaccharide ligands [38,39]. 
Subsequent activation of PMN activates secondary adhesion molecules belonging to 
the Bl  and B2 integrin families, resulting in strong attachment and extravasation of 
PMN [38-44] . Neutrophils express leukocyte selectin L-selectin (LECAM/Leu8) 
[45] and carbohydrate ligands for the vascular selectins P-selectin (CD62/GMP140) 
and E-selectin (ELAM- 1) [38] . The activation dependent integrins on PMN belong 
to the B2 family (CDl la, CDl lb, and CD18) and serve as ligands for ICAM-1,-2, 
and -3 on endothelial cells [39,46,47]. Adherence of PMN to endothelial cells is 
partially CD18 dependent, whereas migration is fully CD18 dependent [48]. 
PMN adhesion, in vitro, follows the expression pattern of the upregulated adhesion 
molecules [39] . 
Adhesion molecules are not only involved in the transmigration of PMN, but also 
in lysis of endothelial cells by ANCA-activated primed PMN [6,7] . In vitro Ewert 
et al. and Keogan et al. showed that adhesion molecules play an important role in 
ANCA-activated PMN-mediated endothelial cell lysis [6,7] . Blocking of CD18 on 
the PMN which is the ligand for ICAM-1 (intercellular adhesion molecule-I) 
prevents lysis of endothelial cells [7]. 

As adhesionmolecules in vitro play an important role in the migration and toxic 
potential of the PMN, we studied the in vivo presence of these adhesion molecules 
in chapter 5. In this chapter we studied the presence of adhesion molecules by 
immunohistochemistry in renal tissue from patients with WG. 
Selectins, important for the early migration of PMN, were only scarcely detected 
within the renal biopsies probably due to shedding (L-selectin) or to their transient 
expression (P-selectin, E-selectin). ICAM-1 was most abundantly present and the 
intensity of glomerular ICAM-1 expression correlated well with the presence of 
glomerular crescents and the number of intraglomerular CDl la positive leukocytes, 
neutrophils, and monocytes suggesting that ICAM-1 plays an important role in the 
migration of PMN into the glomeruli and in crescent formation . 
A drawback of the study is that renal biopsies were only available from one time-
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point. It is therefore not possible to study the sequelae of events in the patient. In 
our rat model for MPG-ANCA associated necrotizing crescentic glomerulonephritis 
(NCGN), as described in chapter 6 [49], we studied the sequential upregulation of 
adhesion molecules. We found that the upregulation of ICAM-1 was closely 
associated with the influx of PMN and monocytes [50]. 
In addition to the presence of adhesion molecules in renal tissue from patients with 
WG, serum levels of soluble adhesion molecules sE-selectin, sVCAM-1, and 
sICAM-1 were determined at the day of the renal biopsy in order to investigate 
their relationship with renal inflammation. Serum levels of soluble sVCAM-1 and 
sICAM-1 were significantly elevated in WG patients as compared to normal 
controls. No correlation could be found, however, between levels of sICAM-1 and 
glomerular or interstitial ICAM-1 expression. It remains, therefore, to be 
investigated whether levels of sE-selectin, sVCAM-1, and sICAM-1 affect the state 
of inflammation in WG. 

PATHOGENIC POTENTIAL OF ANCA IN AN EXPERIMENTAL MODEL 

The close association between pauci-immune NCGN and anti-MPG antibodies 
suggests a pathogenic role for an anti-MPG-directed immune response [51,52]. 
Moreover, Kobayashi et al. showed that MPG-AN CA directed to autologous rat 
MPG contribute to damage in a rat model for anti-GBM nephritis [53]. So, MPG
ANCA are likely to play a pathogenic role possibly by activating primed PMN. In 
the rat model for anti-GBM nephritis these MPG-ANCA may amplify the disease 
by the activation of PMN. Based on these in vitro and in vivo data we hypothesized 
(chapter 1/fig.2) that NCGN may develop after focal release of lysosomal enzymes 
and production of H2G2 by activated PMN in the presence of an anti-MPG-directed 
immune response. To test this hypothesis we developed an animal model in which 
we perfused a lysosomal enzyme extract and Hz02 into the kidney of BN rats 
immunized with MPG, as presented in chapter 6. After unilateral perfusion of the 
left kidney with the lysosomal enzyme extract and H2G2 in MPG immunized rats, 
MPG and IgG localized transiently along the GBM. At the time of maximal 
inflammation, at 4 and 10 days after perfusion, MPG, lgG, and C3 could not be 
detected anymore . MPG immunized rats developed a proliferative GN characterized 
by intra- and extracapillary cell proliferation, ruptured Bowman's capsule, 
periglomerular granulomatous inflammation and formation of giant cells. Monocy
tes, PMN and to a far lesser extent T-cells were found in the glomeruli. Interstitial 
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infiltrates consisted of monocytes, PMN, and T-cells. Granulomatous vasculitis of 

small vessels was found at 10 days after perfusion. The proliferative NCGN in this 

rat model closely resembles human anti-MPO associated pauci-immune NCGN and 

is dependent both on the local presence of products of activated PMN and on an 

anti-MPO directed immune-response [49] . 

A major hallmark of this model for anti-MPO associated NCGN is the absence of 

IgG along the GBM at a time when there still is active inflammation in the kidney. 

Probably the presence of lytic enzymes in the perfusate and the additional release 

of those enzymes by activated and infiltrated PMN and monocytes, are related to 

the disappearance of lgG and C3 from the GBM. Since toxic oxygen metabolites 

locally inactivate a-1-antitrypsin, the major inhibitor of elastinolytic enzymes, those 

enzymes have the opportunity to degrade the GBM, in concert with deposited lgG 

and complement, focally at the site of their release, resulting in the pauci-immune 

aspect of NCGN [54-56]. 

The initial lesion as described by Fienberg in patients with WG as part of NCGN 

is a focal fibrinoid necrosis of the GBM without apparent cell influx [57 ,58]. This 

is also the first lesion in our rat model due to the perfusion of lysosomal extract and 

H202 and comparable to the lesions due to MPO and H202 perfusion as described 

by Johnson et al. [59,60]. Therefore, we postulated that the initial damage in 

patients possibly also is caused by a focal attack of products of activated PMN on 

the GBM. Why these PMN focally attack the GBM is a point of further inves

tigation. Possible candidates are , as discussed below, haemodynamic disturbances, 

localization of bacterial products or immune complexes, or the co-occurence of 

another renal disease [25-27 ,61 ,62]. 

Since rats immunized with human MPO develop antibodies predominantly directed 

to human MPO and we also perfused lysosomal extract isolated from human PMN 

the presented rat model is not a real auto-immune-model [49 ,63] .  At present studies 

are underway to immunize rats in such a way that they develop anti-MPO antibodies 

directed to rat MPO. In such a model local activation of rat PMN should hypothe

tically initiate the development of NCGN. Contributing factors in ANCA-mediated 

PMN activation and subsequent tissue damage could be studied in such a model. 

As presented in the introduction, Pr3-ANCA are closely related to WG [1 ,37]. 

Therefore it is important to develop an experimental model in which Pr3-ANCA can 

be studied. The pathogenic role of Pr3-ANCA in vivo might differ from that of 

MPO-ANCA, since inhibition by Pr3-ANCA of the inactivation of Pr3 by its major 

inhibitor a-1-AT might play an important role. Besides the amount of Pr3-ANCA 
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qualitative aspects of the antibodies and possibly other factors might also play an 
important role since in vitro studies have shown that the inhibitory activity of Pr3-
ANCA is not directly related to the amount of specific antibody [64] and in a 
longitudinal study it has been shown that disease activity in patients with WG 
correlates with the amount of inhibitory activity of the serum rather than with the 
titer of the anti-proteinase 3 antibodies [64]. These data suggest that escape of the 
enzyme from its inactivation may contribute to the inflammatory process. Although 
most anti-proteinase 3 positive sera not only inhibit inactivation of proteinase 3 but 
also its enzymatic activity [65], the reversible antigen-antibody binding may be 
dissolved at the site of inflammation allowing the enzyme to display its lytic 
activity. As such, Pr3-ANCA may be specifically associated with destructive 
inflammatory processes. 
So far, no rat homologue for Pr3 has been defined. 
Since in vitro studies have shown the importance of inhibition of Pr3 by Pr3-ANCA 
positive sera [64,65] it is important that at least all three components i.e. Pr3, Pr3-
ANCA, and a-1-AT, are present in an animal model. 

CONTRIBUTION OF THE HUMORAL VERSUS THE CELLULAR 

RESPONSE TO L YSOSOMAL ENZYMES IN NCGN 

Large populations of T-cells, with a predominance of CD4 positive T-cells, can be 
found in lesions of patients with WG, in granulomatous lesions in the airways but 
as well as in the kidney, in particular in the interstitium [ 66-69]. This suggests an 
important role for T-cells in the pathogenesis of renal lesions. Moreover, the 
presence of elevated levels of soluble 11-2 receptors (sll-2R) and increases in levels 
of sll-2R preceding major relapses in patients with WG also indicate that T-cells 
probably play an active role in the pathogenesis of WG [70,71]. 

To further study the possible role of cell-mediated immunity in ANCA associated 
NCGN we compared, in chapter 7, BN rats, characterized by a strong humoral 
immune response, with Lewis rats, which are used for models in which cell
mediated immunity plays a major role, in order to investigate the differential 
contribution of the humoral versus the cellular response in the development of anti
myeloperoxidase (MPO) associated necrotizing crescentic glomerulonephritis 
(NCGN). We found that the increased anti-MPO antibody response, as present in 
BN-rats, was associated with a higher influx of inflammatory cells and a more rapid 
clearance of IgG from the GBM as compared to Lewis rats. No differences, 
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however, were found in renal lesions between rats that were perfused at 10 days 
after immunization, when they had a positive skin test to MPO, and rats perfused 
at 10 weeks after immunization, at which time they had a negative skin test to 
MPO. These data suggest that possibly the humoral response to MPO is of major 
importance for the development of anti-MPO associated NCGN. However, since 
skin tests only show one part of the cellular response, namely, the delayed type 
hypersensitivity reaction and not the T-cell dependent cytotoxic response [8], T-cells 
might still play an important role in the pathogenesis of NCGN. Therefore, transfer 
studies should be performed with anti-MPO antibodies and/or MPO specific T-cells 
to non-immunized rats in order to unravel their differential contribution in the 
pathogenesis of NCGN. 

CONTRIBUTING FACTORS TO TISSUE DAMAGE IN THE EFFECTOR 
PHASE OF MPO-ANCA ASSOCIATED NCGN 

Focal fibrinoid necrosis of capillary loops is present at a very early stage in the 
development of NCGN indicating that focal endothelial damage and GBM necrosis 
early occur in anti-MPO associated NCGN. Several factors could hypothetically be 
responsible for this important initial endothelial cell lesion. Amongst these, the 
following factors are possible: 

1. Haemodynamic disturbances like hypertension or ischemia [61], 
2. Infectious lesions like deposition/ binding of bacterial products or opsonized 
bacteria to vascular walls or a local renal reaction to elevated cytokine levels 
associated with a generalized infection [18,24,62], 
3. Co-occurence of another disease, e.g. Goodpasture's syndrome [25-27]. 

In chapter 8 we studied the role of ischemia in the development of anti
myeloperoxidase (MPO) associated NCGN in the rat model presented in chapter 6 .  
The hypothesis was tested that. the additional perfusion of  hydrogen peroxide (H202) 

could be replaced by ischemia/reperfusion (1/R) injury as 1/R injury activates 
endothelial cells to produce oxygen metabolites. I/R was induced by clamping the 
left renal· artery for 20 minutes after perfusion with the lysosomal extract in MPO 
immunized rats . Rats developed lesions characterized by intra- an extracapillary cell 
proliferation, periglomerular infiltration, breaks in Bowman's capsule, ischemic 
tubuli, and interstitial mononuclear infiltrate. These rats confirm that ischemia con
tributes to renal tissue damage, possibly by damaging endothelial cells. Studies 
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should be performed in order to analyze whether other potential candidates for the 
initial endothelial damage also play a role. Theoretically, AN CA-activated PMN in 
itself might also be the intitial damaging factor (chapter 1/ fig. I). If so, the 
question, still, has to be solved why the kidney serves as one of the major target 
organs in WG. 

CONCLUSIONS 

In the present thesis we explored the in vivo pathogenic role of ANCA in WG and 
related disorders based on the hypothesis as presented in fig.2/chapter 1. 
Renal biopsies obtained from patients with WG, as presented in chapter 4 and 
chapter 5, revealed that activated PMN indeed are present in the renal tissue and 
that their presence correlates with renal impairment. As stated not only ANCA are 
important for the activation of those PMN, priming agents and adhesion molecules 
also play an important regulatory role. We found that adhesion molecules relevant 
for PMN activation and migration were present and upregulated in the renal tissue 
from patients with WG indicating that they play an important role in vivo. 

In chapter 6 we presented data that the ANCA mediated immune response is a 
necessary requirement together with lysosomal enzymes and H 202 for the 
development of necrotizing crescentic glomerulonephritis in the BN rat. Without 
ANCA only minor lesions were observed demonstrating the crucial role of ANCA 
in vivo in the development of NCGN. As presented in fig. 2 not only antibodies but 
also T-cells directed to Pr3 and/ or MPO are likely to be involved in the 
development of granulomatous vasculitis. We found that antibodies directed to Pr3 
and/or MPO are of major importance fro the development of NCGN as presented 
in chapter 7. Since WG and related disorders often develop in elderly patients, 
vascular disturbances like ischemia are likely to be relevant as in vivo initiating 
and/or contributing factors which need further attention. 
Based on the presented data we conclude that ANCA play an important in vivo role 
in the initial phase of the disease by activating PMN and in the effector phase by 
amplifying the inflammatory reponse. 
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SIGNIFICANCE OF THE STUDIES WITH RESPECT TO TREATMENT: 
FUTURE PROSPECTS 

At present, the usual treatment regimen for systemic vasculitis including pauci
immune NCGN consists of 2 mg/kg/day cyclophophamide given orally in 
combination with lmg/kg/day prednisolone. This treatment, however, is, as stated 
in the introduction, accompanied by severe side-effects . 
The increasing knowledge on the disease pathogenesis of WG and related disorders 
enables us to define new therapeutic strategies. 

New therapeutic strategies which are at present under investigation, as shown also 
in figure 1, are: 

1. Antimicrobial treatment. Molecular mimicry of Pr3 and/or MPO or deposition 
of microbial antigens to the glomerular capillary wall might play a role in the 
induction of ANCA as has been discussed . As stated in the introduction a number 
of uncontrolled studies have described a favourable effect of trimethop
rim/sulfamethoxazole (T/S) in the treatment of WG, particularly in limited WG 
[72, 73]. The possibly positive effect of TIS might be explained by the observation 
that relapses of WG are frequently preceeded by infections [24] .Interestingly, our 
group recently found that chronic nasal carriage of Staphylococcus aureus is 
frequent in patients with WG, and identifies a subgroup more prone to relapses of 
the disease [18]. The inter-relationship between chronic nasal carriage of 
Staphylococcus aureus and prevention of relapses by T /S treatment has not been 
studied so far nor has the role of Staphylococcus aureus in the induction of ANCA 
been addressed. 

2 .  Removal/inhibition of ANCA. As presented in this thesis ANCA play an 
important in vivo role in the initial phase of the disease by activating PMN and in 
the effectorphase by amplifying the inflammatory reponse . Removal of ANCA by 
plasma exchange might therefore be useful both in the initial and in the effector 
phase. Another therapeutic approach aims at intervention in ANCA production by 
the administration of intravenous gammaglobulin (IV-lg). IV-lg might exert its 
effect, besides saturating Fe-receptors, by the presence in the preparation of anti
idiotypic antibodies which interact with the idiotypic network. Anti-idiotypic 
antibodies reactive to ANCA have, indeed, been detected in pooled human 
immunoglobulin and in the sera from patients with ANCA-positive vasculitis 
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obtained during remission [74]. Preliminary data suggest that IV-lg infused at 0 .4 
g/kg/day on 5 consecutive days may have a beneficial effect in patients with 
ANCA-positive vasculitis resulting not only in clinical improvement but also in 
some 50% reduction in levels of ANCA [75]. Controlled prospective studies are, 
however, needed to demonstrate the clinical usefulness of IV-lg. 

3. Removal/inhibition of autoreactive T-cells. As presented T-cells recognizing 
Pr3 are present in the peripheral blood of patients with WG. In combination with 
existing data of the presence of CD4 positive T-cells in the lesions [66, 76] treatment 
with anti-CD4 antibodies might be useful!. A study has been described in a patient 
with vasculitis showing that treatment with a combination of two monoclonal 
antibodies , one directed against an antigen present on all mononuclear cells and the 
other against the CD4 molecule , resulted in clinical remission [77]. This pilot study 
still awaits confirmation from a larger scale study. 

4. Removal/inhibition of priming agents. Besides infections as mentioned before, 
cytokines might also play a role both in the initiation of WG by priming of PMN 
and in the effector phase by upregulation of adhesion molecules and the 
activation/attraction of inflammatory cells. Treatment with antibodies directed to 
cytokines has been shown to be effective in a rat model for anti-GBM nephritis 
[78]. Studies therefore need to be done in our rat model for MPO-ANCA associated 
NCGN [ 49] as well as in patients in order to investigate the therapeutic potential of 
cytokine modulation either by blocking monoclonal antibodies or by receptor 
antagonists. 

5. Blockade of adhesion molecules. Since adhesion molecules play an important in 

vivo role in PMN migration (present study) and in ANCA mediated PMN 
cytotoxicity to endothelial cells [6, 7] treatment with monoclonal antibodies directed 
to adhesion molecules might prevent activation of PMN and cell migration in the 
effector phase of WG and related disorders [7]. Several studies have been done in 
animal models for anti-GBM nephritis and they all indicate that treatment with 
monoclonal antibodies directed to relevant adhesion molecules prevents glomerular 
injury [79-81]. Studies are in progress in our rat model for anti-MPO associated 
NCGN to investigate the therapeutic effect of monoclonal antibodies to adhesion 
molecules in MPO-ANCA associated NCGN. 
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SAMENVATTING 

De ziekte van Wegener wordt gekenmerkt door het optreden van herhaaldelijk 
terugkerende ontstekingen in neus en bijholten gevolgd door ontsteking van 
bloedvaten op andere plaatsen in het lichaam, vooral in de nieren. De ontstaans
wijze van de ziekte van Wegener en andere vormen van vaatwandontsteking die 
gepaard gaan met nierontsteking is grotendeels nog onbekend. Inzicht in de 
ontstaanswijze zal kunnen leiden tot betere vormen van behandeling en hopelijk 
tot preventie van deze emstige aandoeningen. 
Eerder onderzoek in onze afdeling heeft laten zien dat er een hechte relatie 
bestaat tussen het voorkomen van antineutrofiele cytoplasmatische antistoffen 
(ANCA) en ziektebeelden gekenmerkt door vaatwandontsteking. Deze ANCA 
zijn autoantistoffen die gericht zijn tegen bestanddelen uit de korrels van witte 
bloedcellen, de zogenaamde neutrofiele granulocyten. Met name antistoffen tegen 
proteinase 3 en myeloperoxidase, beide enzymen uit de granulocyt, zijn nauw 
met deze aandoeningen geassocieerd. Tevens is gebleken dat ANCA in staat zijn 
reeds licht geaktiveerde neutrofiele granulocyten verder te aktiveren. Wanneer de 
neutrofiele granulocyt in lichte mate wordt geaktiveerd verschijnen proteinase 3 
(Pr3) en myeloperoxidase (MPO) op het oppervlak van deze eel. In aanwezigheid 
van ANCA die gericht zijn tegen Pr3 of MPO vindt vervolgens verdere aktivatie 
plaats waarbij de granulocyten zuurstofradicalen gaan produceren en schadelijke 
enzymen uitstoten. Deze aktivatie van neutrofiele granulocyten door ANCA leidt 
ondermeer tot schade aan endotheelcellen, de cellen die de binnenkant van 
bloedvaten bekleden , wanneer deze endotheelcellen met ANCA en neutrofiele 
granulocyten warden samengebracht. Op deze wijze kunnen ANCA in vitro een 
beginnende ontsteking doen verergeren en bijdragen aan weefselschade. Onduide
lijk is echter hoe dit in het lichaam (in vivo) leidt tot ontsteking van vaatwand en 
nieren. De doelstelling van het onderzoek beschreven in dit proefschrift was erop 
gericht de mogelijke manieren waarop ANCA een rol spelen bij het ontstaan van 
vaatwand-/nierontsteking in vivo, d.w.z. in patienten en in een proefdiermodel te 
onderzoeken. 
In het eerste deel van dit proefschrift onderzochten we allereerst de karakteristie
ken van de autoimmuunreaktie tegen proteinase 3 en myeloperoxidase. Naast 
antistoffen bleken ook witte bloedcellen gericht tegen deze enzymen voor te 
komen. Verder bleken de autoantistoffen met name bij patienten met nieraantas
ting te behoren tot een subklasse die granulocyten sterk kunnen aktiveren. 
Vervolgens analyseerden we nierbiopten van patienten met de ziekte van Wege
ner. In deze biopten vonden we inderdaad aanwijzingen dat geactiveerde neutro
fiele granulocyten in de nieren aanwezig zijn. Aangezien ANCA niet in de nieren 
werden aangetroffen moet nader onderzoek uitwijzen of ANCA in oorsprong 
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verantwoordelijk zijn geweest voor activatie van deze neutrofiele granulocyten. 
Ook toonden we in deze biopten aan dat adhesiemoleculen, belangrijk voor de 
migratie van neutrofiele granulocyten vanuit de bloedbaan naar het weefsel, in 
versterkte mate in de nier aanwezig zijn en dat hun aanwezigheid samenhangt met 
de mate waarin ontstekingscellen in de nier worden aangetroffen. 
In het tweede deel van het proefschrift hebben we in een dierexperimenteel model 
onderzocht op welke manier ANCA leiden tot nierschade. Hiertoe werden ratten 
geimmuniseerd met myeloperoxidase wat resulteerde in antistofvorming tegen dit 
enzym. We vonden dat de aariwezigheid van de zo ontstane ANCA op zichzelf 
onvoldoende was voor het ontstaan van nierschade. Het bleek tevens noodzakelijk 
dat produkten van geaktiveerde neutrofiele granulocyten, met name zuurstofradi
kalen en toxische enzymen, in de nier aanwezig waren. De combinatie van een 
afweerreaktie tegen myeloperoxidase en de lokalisatie van de produkten van 
geaktiveerde granulocyten in de nier bleek te resulteren in een emstige ontsteking 
in de nier. De afwijkingen in de nier bleken geheel vergelijkbaar met de afwijkin
gen welke ook bij patienten met antistoffen tegen myeloperoxidase, zoals vermeld 
een van de specificiteiten van ANCA, in de nier gevonden worden. De vraag 
blijft echter nu nog hoe bij patienten de geaktiveerde granulocyten in de nier 
komen. Meerdere faktoren zouden hiervoor verantwoordelijk kunnen zijn. Het 
feit dat infekties vaak het uitlokkend moment van de ziekte vormen zou erop 
kunnen wijzen dat infekties een rol spelen bij de aktivatie van de neutrofiele 
granulocyt. Ook lokale faktoren in de nier zoals een verminderde doorbloeding of 
een lokale infektie zouden ter plekke van de nier de granulocyt kunnen aktiveren. 
Gebruik makend van het eerder genoemde diermodel hebben wij inderdaad 
kunnen aantonen dat een tijdelijk verminderde doorbloeding van de nier in 
belangrijke mate kan bijdragen aan de schade . 
Concluderend blijkt uit ons onderzoek dat geaktiveerde granulocyten een belang
rijke rol spelen bij de nierafwijkingen die voorkomen bij patienten met ANCA 
gericht tegen myeloperoxidase en proteinase 3. ANCA lijken een verdere 
aktivatie van de granulocyt en progressie en voortgang van de nierontsteking te 
induceren. Deze pathogene werking van ANCA wordt door het in dit onderzoek 
ontwikkelde proefdiermodel ondersteund. Het ontwikkelde proefdiermodel kan als 
basis dienen voor het analyseren van nieuwe therapieen voor de met ANCA 
geassocieerde ontstekingsziekten van de nier. Deze behandelingswijzen zouden 
gericht kunnen zijn op het remmen van de aktivatie en de migratie van de 
neutrofiele granulocyt naar de nier. Dergelijke meer specifieke behandelingen 
gebaseerd op inzicht in de pathofysiologie van de aandoening zouden in de 
toekomst de huidige, niet-specifieke immuunsuppressieve behandeling, welke met 
veel bijwerkingen gepaard gaat, kunnen vervangen. 
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