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ABSTRACT

Vasculitides that affect the lung represent a diverse group of diseases with various
systemic clinical manifestations, and include microscopic polyangiitis (MPA), granuloma-
tosis with polyangiitis (GPA, formerly Wegener granulomatosis), Churg-Strauss syndrome
(CSS), and anti-glomerular basement membrane (anti-GBM) disease (Goodpasture syn-
drome). The etiologies of these diseases remain largely unknown. Although the pathogenic
mechanisms of each differ, these diseases overlap by the presence of anti-neutrophil
cytoplasmic autoantibodies in the vast majority of patients with MPA and GPA, and a
substantial minority of patients with CSS and anti-GBM disease. This article reviews the
current understanding of the pathogenesis of these four disease entities.

KEYWORDS: Vasculitis, microscopic polyangiitis, Wegener granulomatosis, Churg

Strauss syndrome, Goodpasture syndrome, anti-GBM, pathogenesis

Vasculitides that affect the lung represent a
diverse group of diseases with various systemic clinical
manifestations. Phenotypically, these diseases present
primarily with one of two, sometimes overlapping,
manifestations. Microscopic polyangiitis (MPA) and
anti-glomerular basement membrane (anti-GBM) dis-
ease (Goodpasture syndrome) typically present with
alveolar capillaritis and pulmonary hemorrhage (associ-
ated with pulmonary infiltrates), whereas granulomatosis
with polyangiitis (GPA, formerly Wegener granuloma-
tosis)1 and Churg-Strauss syndrome (CSS) are charac-
terized by granulomatous inflammation presenting with
pulmonary nodules and/or cavities and upper airway and
bronchial lesions leading to stenosis (GPA) and severe
asthma (CSS). Despite their phenotypic and different
underlying pathogenetic mechanism, these disease
entities share a common link with the presence of anti-
neutrophil cytoplasmic autoantibodies (ANCAs), which
are found in �90% of patients with MPA or GPA,
�40% of patients with CSS,2,3 and 30% of patients with
anti-GBM disease.4 This article reviews the current

understanding of the pathogenesis of these four disease
entities. The pathogenesis of immune-complex-medi-
ated vasculitis associated with pulmonary manifestation
depends on the underlying disease and is not discussed in
this review.

ANCA-ASSOCIATED SMALL-VESSEL
VASCULITIS

Pathogenesis

The pathogenesis of small-vessel-vasculitis associated
with the presence of ANCA is not fully understood.5,6

There is convincing evidence that ANCAs are directly
involved in the pathogenesis of pauci-immune small-
vessel vasculitis or glomerulonephritis based on substan-
tial in vitro and in vivo data. In vitro, ANCAs have been
shown to activate normal human polymorphonuclear
leukocytes.7–9 The current hypothesis stipulates that
ANCAs induce a premature neutrophil respiratory burst
and degranulation of primary and secondary granules10,11
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at the time of their margination and diapedesis, leading to
the release of lytic enzymes and toxic oxygen metabolites
at the site of the vessel wall, thus leading to endothelial
cell damage12,13 and necrotizing inflammatory injury. In
order for anti-myeloperoxidase (anti-MPO), or anti-
proteinase-3 (anti-PR3), to interact with their corre-
sponding antigens, they must penetrate the cell; alter-
natively the antigens must translocate to the cell surface.
Indeed, small amounts of cytokines [eg, tumor necrosis
factor (TNF) and interleukin-1 (IL-1)] at concentrations
too low to cause full neutrophil activation, induce the
translocation of MPO and PR3 to the cell surface.14,15

Furthermore, patients with ANCA disease aberrantly
express PR3 and MPO genes through epigenetic mech-
anisms, and this expression correlates with disease activ-
ity.16,17

In addition, PR3 and MPO released from neu-
trophils and monocytes enter endothelial cells and cause
cell damage. PR3 entry into the endothelial cells18,19

results in the production of IL-820 and chemoattractant
protein-1 and induces an apoptotic event.21,22 MPO can
transcytose intact endothelium to localize within the
extracellular matrix23 where it catalyzes nitration of
tyrosine residues on extracellular matrix proteins,24 re-
sulting in their fragmentation.25 Recent data suggest
that endothelial cells inhibit superoxide generation by
ANCA-activated neutrophils, and that endothelial cell
injury may be mediated by serine proteases instead.26

Neutrophil activation by ANCAs is likely medi-
ated by both the antigen-binding portion of the auto-
antibodies [F(ab’)2] and the engagement of their Fc
fraction to Fc gamma receptors on the surface of neu-
trophils. Engagement of the Fc receptors results in
neutrophil activation including respiratory burst, degra-
nulation, phagocytosis, cytokine production, and upre-
gulation of adhesion molecules.13,27 ANCAs have been
shown to engage both Fc gamma RIIa and Fc gamma
RIIIb receptors.28–30 In addition, ANCAs F(ab0)2 in-
duce oxygen radical production28 and the transcription
of cytokine genes in normal human neutrophils and
monocytes.31 Overall, ANCAs F(ab0)2 are likely capable
of low-level neutrophil and monocyte activation,
whereas the Fc portion causes leukocyte activation
once the F(ab0)2 has interacted with the antigen, either
on the cell surface or in the microenvironment.13

The role of T cells in the pathogenesis of pauci-
immune necrotizing small-vessel vasculitis is suggested
by the presence of CD4þT cells in the granulomatous
and active vasculitic lesions,32–35 and by correlation of
soluble markers of T cell activation with disease activity,
specifically soluble interleukin-2 receptor36 and sCD30.37

A substantial body of work examined T cell
abnormalities in ANCA disease, primarily in Wegener
granulomatosis.38 Studies indicate there can be general-
ized leukopenia with low numbers of CD4þT helper
cells independent of therapy, increased effector memory

T cells in remission, a skewing toward more PR3-
responsive Th17 cells,39 and perhaps a functional defect
in regulatory T (Treg) cells whereby these cells were
found to have diminished or absent suppression of
autologous responder T cell proliferation in co-incuba-
tion studies.40 In addition, there is an increased percent-
age of T cells secreting IL-17 in the periphery and serum
levels of TH17-associated cytokine IL-23 correlate with
the propensity for disease activity.41

Recent animal models have provided direct evi-
dence of the pathogenic role of ANCAs in small-vessel
vasculitis and helped elucidate involved inflammatory
pathways. Rats immunized with human MPO develop
anti-rat-MPO antibodies, a necrotizing and crescentic
glomerulonephritis, and pulmonary capillaritis.42 Using
intravital microscopy, elegant studies have shown that
anti-MPO-activated neutrophils marginate and diaped-
ese along the vascular wall.42 In another model, MPO
knockout mice were immunized with murine MPO, and
splenocytes from these mice were transferred to im-
mune-incompetent Rag’2 mice resulting in the develop-
ment of anti-MPO antibodies, a severe necrotizing and
crescentic glomerulonephritis, and, in some animals,
vasculitis in the lung and other organs. The transfer of
anti-MPO antibodies alone induces a pauci-immune
necrotizing and crescentic glomerulonephritis thus es-
tablishing the ability of anti-MPO antibodies to induce
disease.43,44 The disease is abrogated when the neutro-
phils of anti-MPO recipient mice are depleted by a
selective anti-neutrophil monoclonal antibody thus in-
dicating the important role of neutrophil in the patho-
genesis of this disease.45 Conversely, the transfer of T
cells alone did not cause glomerular crescent formation
or vascular necrosis.46 Using this same model, a previ-
ously unsuspected role of complement activation was
demonstrated. Glomerulonephritis and vasculitis were
abrogated with cobra venom factor and failed to develop
in mice deficient for complement factors C5 and B,
whereas C4-deficient mice developed disease compara-
ble with wild-type mice.47 These results indicate that the
alternative complement pathway (but not the classic or
lectin pathways) is required for disease induction. Fur-
thermore, the glomerulonephritis is completely abro-
gated or markedly ameliorated by treating the mice
with a C5-inhibiting monoclonal antibody.48 These
results are corroborated by in vitro experiments that
demonstrate that blockade of the C5a receptor on
human neutrophils abrogated their stimulation.49 In
aggregate, these results suggest an important role of
complement activation in the pathogenesis of ANCA
vasculitis; however, their relevance to disease in humans
remains to be established.

Animal models establishing the pathogenic role
of anti-PR3 are less well established. In a recent study,
autoimmunity-prone non-obese diabetic (NOD) mice
were immunized with recombinant mouse PR3 that
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resulted in high levels of c-ANCA, but no detectable
disease development. When splenocytes from these
immunized mice were transferred into immunodeficient
NOD–severe combined immunodeficiency (SCID)
mice, the recipient mice developed vasculitis and severe
segmental and necrotizing glomerulonephritis. How-
ever, no disease was observed when splenocytes from
rmPR3-immunized C57BL/6 mice were transferred
into immunodeficient C57BL/6-RAG-1–/– mice, sug-
gesting that complex host factors play a role in the
development of anti-PR3 mediated vasculitis.50

Induction of ANCAs

As is true for most autoimmune responses, the inciting
events in the loss of tolerance and the generation of
ANCAs are not known. Although genetic predisposi-
tions51 and environmental exposure52 have been impli-
cated, no direct link between these exposures and the
formation of ANCAs has been established. Three hy-
potheses have been advanced possibly leading to the
generation of ANCAs.

A serendipitous finding in ANCA vasculitis led to
a theory of autoantigen complementarity.53 This theory
rests on evidence that proteins transcribed and translated
from the sense strand of DNA bind to proteins that are
transcribed and translated from the anti-sense strand of
DNA. It has been demonstrated that some patients with
PR3- ANCA harbor antibodies to an antigen comple-
mentary to the middle portion of PR3. These anti-
complementary PR3 antibodies form an anti-idiotypic
pair with PR3-ANCA. Moreover, cloned complemen-
tary PR3 proteins bind to PR3 and function as a serine
proteinase inhibitor. Preliminary data suggest that the
complementary PR3 antigens are found on a variety of
microbes, some of which have been associated with
ANCA vasculitis and also found in the genome of
some patients with both PR3- and MPO-ANCA.54

Although these studies need to be confirmed and ex-
panded to determine the source of the complementary
PR3 antigen and their role (if any) in inducing vasculitis,
they provide a novel venue for understanding the prox-
imate cause of the ANCA autoimmune response.

A second theory for the genesis of ANCA disease
is based on the observation that some patients with both
MPO-ANCA and PR3-ANCA have antibodies to
another neutrophil protein, lysosome-associated mem-
brane protein 2 (LAMP2), that are capable of neutrophil
activation and endothelial damage in vitro.55 LAMP2
has homology to a protein expressed by fimbriated
bacteria (FimH). Antibodies to either FimH peptides
or LAMP2 peptides are capable of inducing necrotizing
and crescentic glomerulonephritis in rats. Anti-LAMP2
antibodies could therefore result from molecular mimi-
cry as a result of infection with gram-negative organisms
making FimH. The association of LAMP2 antibodies

with ANCA disease has not yet been independently
confirmed.

A third proposed theory of causation rests on the
concept of so-called neutrophil extracellular traps
(NETs), consisting of chromatin fibers released by
ANCA-stimulated neutrophils, and containing the
ANCA antigens MPO and PR3, as well as a neutro-
phil-derived activator of plasmacytoid dendritic cells.56

Although not specifically implicated in inducing
ANCA, this paradigm proposes a mechanism by which
the formation of NETs could activate dendritic cells and
autoreactive B cells, capable of perpetuating the auto-
immune response to the ANCA target antigens.

Churg-Strauss Syndrome

Churg-Strauss syndrome (CSS) is characterized by the
presence of eosinophil-rich granulomatous inflamma-
tion involving the respiratory tract, and a necrotizing
vasculitis involving primarily the small and medium-size
vessels. It is clinically characterized by the presence of
asthma and peripheral blood eosinophilia and allergic
rhinitis. Only �40% of patients have circulating AN-
CAs, which, when present, are usually directed against
MPO (MPO-ANCA). ANCA-positive and -negative
CSS appear to differ to some extent with regard to the
frequency and character of organ involvement. ANCA-
positive patients are more likely to manifest signs of
necrotizing glomerulonephritis, pulmonary hemorrhage,
peripheral neuropathy, and purpura, whereas ANCA-
negative patients are more likely to present cardiac
involvement and pulmonary infiltrates.3,57

ETIOLOGY

Like other vasculitides, the etiology of CSS is largely
unknown. Proposed potential triggers of disease have
included desensitization treatment, inhaled antigens,
free-base cocaine, and the use of leukotriene receptor
antagonists (LTRAs). When analyzed, only 23% of
patients with CSS had a potential triggering factor.3

Numerous reports have associated the onset of CSS with
the use of LTRAs, including reports to the Committee
on Safety of Medicines in the United Kingdom and the
U.S. Food and Drug Administration (FDA) Adverse
Event Reporting System (AERS) database in the United
States.58,59 A case-crossover study reported significantly
increased risk of developing CSS with LTRA use,60 but
this risk was not confirmed in a case-control study after
controlling for other asthma drug use by multivariate
analysis.61 It is, however, unclear whether this associa-
tion is causal, or confounded by the indication for the use
of LTRA. At stake is whether CSS may be caused by
LTRAs, whether they unmask an underlying disease by
allowing a reduction in the dose of corticosteroids, or
whether they are prescribed to patients with severe
asthma representing an early phase of the disease.
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Upon careful review of all cases of suspected drug-
induced CSS reported to the FDA between 1996 and
2003 (n¼ 1274), the diagnosis could be confirmed in
181 cases, 90% of whom had a preceding exposure to
LTRA.62 A positive ANCA test was detected in 42% of
the cases tested. Of 140 cases for whom there was
sufficient documentation to categorize the patterns of
disease presentation and corticosteroid use, 9% had a
previous diagnosis of CSS, corticosteroids were de-
creased or stopped within 6 months in 19%, 8% were
possibly in a prodromal early phase of CSS at the time
the LTRA was initiated, 20% had unstable asthma at the
time of treatment initiation, and 44% had stable asthma
at treatment initiation.62 The latter two categories sug-
gest that the use of LTRA may be causative of CSS in
some patients.

PATHOGENESIS

Understanding the pathogenesis of CSS has focused on
mechanisms involved in the development of the eosino-
philia characterizing this disorder, and notably a key role
for IL-5 and other Th2 cytokines.63 Patients with active
CSS appear to have elevated plasma levels of IL-5,64 and
peripheral blood mononuclear cell production of IL-5
may be increased in vitro in the setting of T cell
activation.63 IL5 induces terminal differentiation of
committed eosinophil precursors,65 prolongs their sur-
vival,66,67 induces their degranulation and antibody-
depended cytotoxicity,68,69 and promotes their adhesion
to endothelial cells and transmigration from the vascu-
lature.70 In addition to IL-5, T cells from patients with
CSS exhibit increased production of Th2 cytokines IL-4
and IL-13.71 Migration of eosinophils to inflammatory
sites appears to be mediated by eotaxin-3,72 and in-
creased levels of this cytokine appear to be correlated
with levels of disease activity and inflammation.73

Peripheral T cell lines from CSS patients also
produce high amounts of the Th-1 cytokine gamma-
interferon (IFNg).63 One study revealed that patients
with CSS exhibit decreased CD4þCD25þT cells that
produce IL-10 when compared with chronic eosino-
philic pneumonia and asthma, which increased in pa-
tients with CSS in remission. These findings again
suggest a role of T regulatory cells in the development
of the disease.74 It is conceivable that the relative
importance of Th-1 and Th-2 responses may differ in
patients with predominantly eosinophilic/allergic phe-
notype versus vasculitic/granulomatous manifestations
of the disease. In addition, patients with active CSS
exhibit decreased frequency of peripheral Treg cells75

and increased frequency of Th17 cells when compared
with patients with asthma and chronic eosinophilic
pneumonia.74 These findings were reversed in patients
with inactive disease.

Genetic predisposition to the development of
CSS has been proposed. In one study, HLA (human

leukocyte antigens) -DRB4 and HLA-DRB1*07 were
more prevalent among patients with CSS, with HLA-
DRB4 correlating with the number of vasculitic mani-
festations.76 In another study, three single nucleotide
polymorphisms tagging a haplotype of the IL-10 gene
promoter that were found to be highly significantly
associated with ANCA-negative CSS (n¼ 103) (odds
ratio 2.16, 95% confidence interval 1.52–3.06), but were
negatively associated with Wegener granulomatosis
(n¼ 403).77

Goodpasture Syndrome (Anti-glomerular

Basement Membrane–Associated Lung

Vasculitis)

Goodpasture syndrome is characterized by circulating
antibodies to the GBM (anti-GBM) and deposition of
immunoglobulin G (IgG) or rarely IgA along GBMs.78,79

Anti-GBM disease occurs as a renal-limited disease
(anti-GBM glomerulonephritis) and as a pulmonary-renal
vasculitic syndrome (Goodpasture syndrome).80 The
incidence of anti-GBM disease has two peaks with respect
to age.81 The first peak is in the second and third decade of
life and has a male preponderance and a higher frequency
of pulmonary hemorrhage (Goodpasture syndrome). The
second peak is in the sixth and seventh decade and has a
predominance of women who more often have renal-
limited disease.

Genetic susceptibility to anti-GBM disease is
associated with HLA DRB1*1501 and DQB*0602,82–85

supporting the hypothesis that certain class II molecules
present GBM peptides to T helper cells. This concept is
further supported by mouse models of anti-GBM disease
in which crescentic glomerulonephritis and lung hemor-
rhage are restricted to only certain MHC (major histo-
compatibility complex) haplotypes, despite the ability of
mice of all haplotypes to produce antibodies to the
noncollagenous (NC1) domain of the a3 chain of
type IV collagen.86 In addition to genetic susceptibility
based on HLA antigens, differences in susceptibility
to anti-GBM disease in mouse strains were associated
with haplotypes of the kallikrein gene family, which
encodes serine esterases implicated in the regulation of
inflammation, apoptosis, redox balance, and fibrosis.87

Antagonizing the kallikrein pathway by blocking the
bradykinin receptors augmented disease, while bradyki-
nin administration reduced the severity of anti-GBM
antibody-induced nephritis in a susceptible mouse strain.
These results suggest that kallikreins are protective dis-
ease-associated genes in anti-GBM antibody-induced
nephritis in mice.87 Similarly, study of various strains of
rats to nephrotoxic serum (rabbit anti-rat GBM serum)
has identified the duplication of the Fc gamma R3 gene
as a determinant of resistance to disease.88 Conversely,
the susceptibility of Wistar Kyoto (WKY) rats has been
linked to a polymorphism of the JunD gene, associated
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with regulation of macrophage activation.89 Whether
these findings pertain to susceptibility or severity of
anti-GBM disease in humans in unknown.

PATHOGENESIS

The landmark study by Lerner et al90 demonstrated that
antibodies eluted from kidneys of patients with Good-
pasture syndrome and injected in monkeys led to the
induction of fulminant glomerulonephritis, proteinuria,
renal failure, and pulmonary hemorrhage along with
intense staining of the GBM for human IgG.

The antigen to which anti-GBM antibodies react
is in the collagenase-resistant part of type IV collagen, the
‘‘noncollagenous domain,’’ or NC1 domain.91–93 The
antigenic epitopes are in a cryptic form because antibody
binding to the native hexameric structure of the NC1
domain is minimal but increases 15-fold when the
hexameric NC1 domain is denatured and dissociates
into dimers and monomers.94 About 90% of anti-type
IV collagen antibodies are directed against the a-3 chain
of type IV collagen95 sequestered within the a3a4a5(IV)
NC1 hexamers. In patients with anti-GBM disease who
do not have antibodies to the classic epitopes on the a 3
chain, antibodies to entactin have been detected.96

The majority of patients with anti-GBM disease
express antibodies to two major conformational epitopes
(EA: residues 17–31 and EB: residues 127–141) located
within the carboxyterminal NC1 domain of the a-3
chain of type IV collagen.97–99 Antibody levels against
a3, EA, and EB correlated with serum creatinine and
with death or end-stage renal disease (ESRD) at 1 year,
but not with sex, age, presence of ANCAs, or hemopt-
ysis.100 The stimuli leading to the formation of anti-
GBM autoantibodies are unknown; as is the mechanism
by which the normally hidden target epitopes become
accessible to circulating autoantibodies. It is presumed
that environmental factors, such as exposure to hydro-
carbons,101 tobacco smoke,102 and endogenous oxidants
can expose the cryptic Goodpasture epitopes.

About one third of patients with anti-GBM/
Goodpasture disease also have circulating ANCA, the
majority being to MPO.103,104 No differences in the
reactivity to the major Goodpasture epitopes were de-
tected between patients with anti-GBM plus ANCAs
compared with anti-GBM alone.105 It is speculated that
in patients with concomitant anti-GBM and ANCAs,
the latter may appear first and cause damage to the
GBM, thus exposing the normally hidden target epito-
pes of anti-GBM antibodies. Coexistence of ANCAs in
patients with anti-GBM antibodies is associated with
small-vessel vasculitis in organs in addition to lung and
kidney. In experimental models, antibodies to MPO
aggravate experimental anti-GBM disease.104,106

Several animal models of anti-GBM disease were
developed based on immunization with heterologous
or homologous GBM. Anti-GBM antibody–induced

injury can also be induced passively by the intravenous
injection of heterologous anti-GBM antibodies. The rat
model induced by injection of heterologous anti-GBM
has permitted the study of the roles of various inflam-
matory mediators in the development of anti-GBM
disease.107 Thus impairing leukocyte recruitment and
monocyte/macrophage glomerular infiltrate by blocking
the chemokine CXCL16 (with a polyclonal anti-
CXCL16 antiserum),108 depleting CD8(þ ) cells, or
treatment with an antibody to perforin resulted in a
significantly reduced severity of anti-GBM-induced glo-
merular injury.109 These results suggest that CD8(þ )
cells play a role in glomerular injury as effector cells, in
part through a perforin/granzyme-mediated pathway.

Although anti-GBM disease is considered a pro-
totypical antibody-mediated disease, several lines of
evidence point to an important role for T cells in the
initiation or pathogenesis of this disease. In addition to
the association with HLA class II antigens, the involve-
ment of T cells in the development of the autoimmune
response to the Col4a3NC1 is supported by studies of
T cell proliferation in response to monomeric compo-
nents of the GBM and synthetic oligopeptides.110 A
nephritogenic T cell epitope of Col4a3NC1 was dem-
onstrated to induce glomerulonephritis in WKY rats.111

Interestingly, cross-reactive peptides from human infec-
tion-related microbes could be identified that also in-
duced severe proteinuria and modest to severe
glomerulonephritis in immunized rats. One peptide
derived from Clostridium botulinum also induced pulmo-
nary hemorrhage.112

CD4þCD25þTreg cells may play an important
role in regulating the immune response in anti-GBM
disease. The transfer of Treg cells attenuates the develop-
ment of proteinuria and glomerular damage without
preventing the deposition of immune complexes in mice
that were previously immunized with rabbit IgG and
before an injection of rabbit anti-GBM serum.113 In
humans, Treg cells may explain in part the uncommon
occurrence of disease relapses, and the eventual disappear-
ance of anti-GBM antibodies in patients even without
immunosuppressant medications as peripheral GBM-
specific Treg cells emerge in the convalescent period,
while undetected at the time of acute presentation.114

The role of complement in the pathogenesis of
anti-GBM disease is evidenced by the deposition of C3
along the GBM and supported by studies of animal
models in mice and rabbits. These studies suggest that
the terminal components of complement do not play a
major part in the pathogenesis of the disease except in
leukocyte-depleted animals.115–117 Studies using the
heterologous anti-GBM model in mice rendered com-
pletely deficient of complement components C3 or C4
revealed a protective effect of C3 deficiency more than
that of C4 deficiency.118 In an ‘‘attenuated’’ mouse
model of anti-GBM using a subnephritogenic dose of
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rabbit anti-mouse GBM antibody albuminuria was ab-
sent in Fcg chain deficient and reduced in C3 deficient
mice. C1q- and C4-deficient mice did develop protei-
nuria suggestive of involvement of the alternative path-
way of complement.119 The role of Fcg receptors is also
evidenced by the occurrence of severe lung hemorrhage
in mice deficient for the inhibitory Fcg 2b receptor
treated with bovine type IV collagen.120
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3. Sablé-Fourtassou R, Cohen P, Mahr A, et al; French
Vasculitis Study Group. Antineutrophil cytoplasmic anti-
bodies and the Churg-Strauss syndrome. Ann Intern Med
2005;143(9):632–638

4. Hellmark T, Niles JL, Collins AB, McCluskey RT,
Brunmark C. Comparison of anti-GBM antibodies in sera
with or without ANCA. J Am Soc Nephrol 1997;8(3):
376–385

5. Jennette JC, Falk RJ. Pathogenic potential of anti-
neutrophil cytoplasmic autoantibodies. Adv Exp Med Biol
1993;336:7–15

6. Kallenberg CG, Brouwer E, Weening JJ, Tervaert JW. Anti-
neutrophil cytoplasmic antibodies: current diagnostic and
pathophysiological potential. Kidney Int 1994;46(1):1–15

7. Harris AA, Falk RJ, Jennette JC. Crescentic glomerulo-
nephritis with a paucity of glomerular immunoglobulin
localization. Am J Kidney Dis 1998;32(1):179–184

8. Jennette JC, Falk RJ. Pathogenic potential of anti-
neutrophil cytoplasmic autoantibodies. Adv Exp Med Biol
1993;336:7–15

9. Keogan MT, Esnault VL, Green AJ, Lockwood CM,
Brown DL. Activation of normal neutrophils by anti-
neutrophil cytoplasm antibodies. Clin Exp Immunol 1992;
90(2):228–234

10. Ewert BH, Jennette JC, Falk RJ. Anti-myeloperoxidase
antibodies stimulate neutrophils to damage human endo-
thelial cells. Kidney Int 1992;41(2):375–383

11. Braun MG, Csernok E, Gross WL, Müller-Hermelink HK.
Proteinase 3, the target antigen of anticytoplasmic anti-
bodies circulating in Wegener’s granulomatosis: immuno-
localization in normal and pathologic tissues. Am J Pathol
1991;139(4):831–838

12. Savage CO, 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 1992;141(2):
335–342

13. Porges AJ, Redecha PB, Kimberly WT, Csernok E, Gross
WL, Kimberly RP. Anti-neutrophil cytoplasmic antibodies
engage and activate human neutrophils via Fc gamma RIIa.
J Immunol 1994;153(3):1271–1280

14. Charles LA, Caldas ML, Falk RJ, Terrell RS, Jennette JC.
Antibodies against granule proteins activate neutrophils in
vitro. J Leukoc Biol 1991;50(6):539–546

15. Brouwer E, Huitema MG, Mulder AH, et al. Neutrophil
activation in vitro and in vivo in Wegener’s granulomatosis.
Kidney Int 1994;45(4):1120–1131

16. Yang JJ, Pendergraft WF, Alcorta DA, et al. Circum-
vention of normal constraints on granule protein gene
expression in peripheral blood neutrophils and monocytes
of patients with antineutrophil cytoplasmic autoantibody-
associated glomerulonephritis. J Am Soc Nephrol 2004;
15(8):2103–2114

17. Ciavatta DJ, Yang J, Preston GA, et al. Epigenetic basis for
aberrant upregulation of autoantigen genes in humans with
ANCA vasculitis. J Clin Invest 2010;120(9):3209–3219

18. Taekema-Roelvink ME, Van Kooten C, Heemskerk E,
Schroeijers W, Daha MR. Proteinase 3 interacts with a 111-
kD membrane molecule of human umbilical vein endothe-
lial cells. J Am Soc Nephrol 2000;11(4):640–648

19. Kurosawa S, Esmon CT, Stearns-Kurosawa DJ. The soluble
endothelial protein C receptor binds to activated neutro-
phils: involvement of proteinase-3 and CD11b/CD18. J
Immunol 2000;165(8):4697–4703

20. Ballieux BE, Hiemstra PS, Klar-Mohamad N, et al. Detach-
ment and cytolysis of human endothelial cells by proteinase 3.
Eur J Immunol 1994;24(12):3211–3215

21. Yang JJ, Kettritz R, Falk RJ, Jennette JC, Gaido ML.
Apoptosis of endothelial cells induced by the neutrophil
serine proteases proteinase 3 and elastase. Am J Pathol
1996;149(5):1617–1626

22. Taekema-Roelvink ME, van Kooten C, Janssens MC,
Heemskerk E, Daha MR. Effect of anti-neutrophil cytoplas-
mic antibodies on proteinase 3-induced apoptosis of human
endothelial cells. Scand J Immunol 1998;48(1):37–43

23. Baldus S, Eiserich JP, Mani A, et al. Endothelial trans-
cytosis of myeloperoxidase confers specificity to vascular
ECM proteins as targets of tyrosine nitration. J Clin Invest
2001;108(12):1759–1770

24. Brennan ML, Wu W, Fu X, et al. A tale of two controversies:
defining both the role of peroxidases in nitrotyrosine
formation in vivo using eosinophil peroxidase and myeloper-
oxidase-deficient mice, and the nature of peroxidase-gener-
ated reactive nitrogen species. J Biol Chem 2002;277(20):
17415–17427

25. Woods AA, Linton SM, Davies MJ. Detection of HOCl-
mediated protein oxidation products in the extracellular
matrix of human atherosclerotic plaques. Biochem J 2003;
370(Pt 2):729–735

26. Lu X, Garfield A, Rainger GE, Savage CO, Nash GB.
Mediation of endothelial cell damage by serine proteases,
but not superoxide, released from antineutrophil cytoplasmic
antibody-stimulated neutrophils. Arthritis Rheum 2006;
54(5):1619–1628

27. Kettritz R, Jennette JC, Falk RJ. Crosslinking of ANCA-
antigens stimulates superoxide release by human neutro-
phils. J Am Soc Nephrol 1997;8(3):386–394

28. Kimberly RP. Fcgamma receptors and neutrophil activation.
Clin Exp Immunol 2000;120(suppl 1):18–19

29. Kocher M, Edberg JC, Fleit HB, Kimberly RP. Antineu-
trophil cytoplasmic antibodies preferentially engage Fc
gammaRIIIb on human neutrophils. J Immunol 1998;
161(12): 6909–6914

30. Kocher M, Edberg JC, Fleit HB, Kimberly RP. Antineu-
trophil cytoplasmic antibodies preferentially engage Fc
gammaRIIIb on human neutrophils. J Immunol 1998;
161(12):6909–6914

250 SEMINARS IN RESPIRATORY AND CRITICAL CARE MEDICINE/VOLUME 32, NUMBER 3 2011

D
ow

nl
oa

de
d 

by
: W

or
ld

 H
ea

lth
 O

rg
an

iz
at

io
n 

( 
W

H
O

).
 C

op
yr

ig
ht

ed
 m

at
er

ia
l.



31. Yang JJ, Alcorta DA, Preston GA, et al. Genes activated by
ANCA IgG and ANCA F(ab’)2 fragments [abstract]. J Am
Soc Nephrol 2000;11:485A

32. Bolton WK, Innes DJ Jr, Sturgill BC, Kaiser DL. T-cells
and macrophages in rapidly progressive glomerulonephritis:
clinicopathologic correlations. Kidney Int 1987;32(6):869–
876

33. Csernok E, Trabandt A, Müller A, et al. Cytokine profiles in
Wegener’s granulomatosis: predominance of type 1 (Th1) in
the granulomatous inflammation. Arthritis Rheum 1999;
42(4):742–750

34. Balding CE, Howie AJ, Drake-Lee AB, Savage CO. Th2
dominance in nasal mucosa in patients with Wegener’s
granulomatosis. Clin Exp Immunol 2001;125(2):332–339

35. Komocsi A, Lamprecht P, Csernok E, et al. Peripheral blood
and granuloma CD4(þ )CD28(-) T cells are a major source
of interferon-gamma and tumor necrosis factor-alpha in
Wegener’s granulomatosis. Am J Pathol 2002;160(5):1717–
1724

36. Schmitt WH, Heesen C, Csernok E, Rautmann A, Gross
WL. Elevated serum levels of soluble interleukin-2 receptor
in patients with Wegener’s granulomatosis: association with
disease activity. Arthritis Rheum 1992;35(9):1088–1096

37. Wang G, Hansen H, Tatsis E, Csernok E, Lemke H, Gross
WL. High plasma levels of the soluble form of CD30
activation molecule reflect disease activity in patients with
Wegener’s granulomatosis. Am J Med 1997;102(6):517–523

38. Berden AE, Kallenberg CG, Savage CO, et al. Cellular
immunity in Wegener’s granulomatosis: characterizing T
lymphocytes. Arthritis Rheum 2009;60(6):1578–1587

39. Abdulahad WH, Stegeman CA, Limburg PC, Kallenberg
CG. Skewed distribution of Th17 lymphocytes in patients
with Wegener’s granulomatosis in remission. Arthritis
Rheum 2008;58(7):2196–2205

40. Abdulahad WH, Stegeman CA, van der Geld YM,
Doornbos-van der Meer B, Limburg PC, Kallenberg CG.
Functional defect of circulating regulatory CD4þT cells in
patients with Wegener’s granulomatosis in remission.
Arthritis Rheum 2007;56(6):2080–2091

41. Nogueira E, Hamour S, Sawant D, et al. Serum IL-17 and
IL-23 levels and autoantigen-specific Th17 cells are elevated
in patients with ANCA-associated vasculitis. Nephrol Dial
Transplant 2010;25(7):2209–2217

42. Little MA, Smyth CL, Yadav R, et al. Antineutrophil
cytoplasm antibodies directed against myeloperoxidase aug-
ment leukocyte-microvascular interactions in vivo. Blood
2005;106(6):2050–2058

43. Xiao H, Heeringa P, Hu P, et al. Antineutrophil
cytoplasmic autoantibodies specific for myeloperoxidase
cause glomerulonephritis and vasculitis in mice. J Clin
Invest 2002;110(7):955–963

44. Huugen D, Xiao H, van Esch A, et al. Aggravation of anti-
myeloperoxidase antibody-induced glomerulonephritis by
bacterial lipopolysaccharide: role of tumor necrosis factor-
alpha. Am J Pathol 2005;167(1):47–58

45. Xiao H, Heeringa P, Liu Z, et al. The role of neutrophils in
the induction of glomerulonephritis by anti-myeloperox-
idase antibodies. Am J Pathol 2005;167(1):39–45

46. Jennette JC, Xiao H, Falk RJ. Pathogenesis of vascular
inflammation by anti-neutrophil cytoplasmic antibodies.
J Am Soc Nephrol 2006;17(5):1235–1242

47. Xiao H, Schreiber A, Heeringa P, Falk RJ, Jennette JC.
Alternative complement pathway in the pathogenesis of

disease mediated by anti-neutrophil cytoplasmic autoanti-
bodies. Am J Pathol 2007;170(1):52–64

48. Huugen D, van Esch A, Xiao H, et al. Inhibition of
complement factor C5 protects against anti-myeloperox-
idase antibody-mediated glomerulonephritis in mice. Kid-
ney Int 2007;71(7):646–654

49. Schreiber A, Xiao H, Jennette JC, Schneider W, Luft FC,
Kettritz R. C5a receptor mediates neutrophil activation and
ANCA-induced glomerulonephritis. J Am Soc Nephrol
2009;20(2):289–298

50. Primo VC, Marusic S, Franklin CC, et al. Anti-PR3
immune responses induce segmental and necrotizing
glomerulonephritis. Clin Exp Immunol 2010;159(3):
327–337

51. Spencer SJ, Burns A, Gaskin G, Pusey CD, Rees AJ. HLA
class II specificities in vasculitis with antibodies to neutrophil
cytoplasmic antigens. Kidney Int 1992;41(4):1059–1063

52. Hogan SL, Satterly KK, Dooley MA, Nachman PH,
Jennette JC, Falk RJ; Glomerular Disease Collaborative
Network. Silica exposure in anti-neutrophil cytoplasmic
autoantibody-associated glomerulonephritis and lupus
nephritis. J Am Soc Nephrol 2001;12(1):134–142

53. Pendergraft WF III, Pressler BM, Jennette JC, Falk RJ,
Preston GA. Autoantigen complementarity: a new theory
implicating complementary proteins as initiators of auto-
immune disease. J Mol Med 2005;83(1):12–25

54. Pendergraft WF III, Preston GA, Shah RR, et al. Auto-
immunity is triggered by cPR-3(105-201), a protein comple-
mentary to human autoantigen proteinase-3. Nat Med 2004;
10(1):72–79

55. Kain R, Exner M, Brandes R, et al. Molecular mimicry in
pauci-immune focal necrotizing glomerulonephritis. Nat
Med 2008;14(10):1088–1096

56. Kessenbrock K, Krumbholz M, Schönermarck U, et al.
Netting neutrophils in autoimmune small-vessel vasculitis.
Nat Med 2009;15(6):623–625

57. Pagnoux C, Guillevin L. Churg-Strauss syndrome: evi-
dence for disease subtypes? Curr Opin Rheumatol 2010;
22(1):21–28

58. Committee on Safety of Medicines/Medicines Control
Agency. Leukotriene receptor antagonists update on adverse
reaction profiles. Curr Probl Pharmacovigilance 1999;25:14

59. DuMouchel W, Smith ET, Beasley R, et al. Association of
asthma therapy and Churg-Strauss syndrome: an analysis of
postmarketing surveillance data. Clin Ther 2004;26(7):
1092–1104

60. Hauser T, Mahr A, Metzler C, et al. The leucotriene receptor
antagonist montelukast and the risk of Churg-Strauss
syndrome: a case-crossover study. Thorax 2008;63(8):
677–682

61. Harrold LR, Patterson MK, Andrade SE, et al. Asthma
drug use and the development of Churg-Strauss syn-
drome (CSS). Pharmacoepidemiol Drug Saf 2007;16(6):
620–626

62. Bibby S, Healy B, Steele R, Kumareswaran K, Nelson H,
Beasley R. Association between leukotriene receptor antag-
onist therapy and Churg-Strauss syndrome: an analysis of
the FDA AERS database. Thorax 2010;65(2):132–138

63. Hellmich B, Csernok E, Gross WL. Proinflammatory
cytokines and autoimmunity in Churg-Strauss syndrome.
Ann N Y Acad Sci 2005;1051:121–131

64. Schönermarck U, Csernok E, Trabandt A, Hansen H,
Gross WL. Circulating cytokines and soluble CD23, CD26

PATHOGENESIS OF LUNG VASCULITIS/NACHMAN, HENDERSON 251

D
ow

nl
oa

de
d 

by
: W

or
ld

 H
ea

lth
 O

rg
an

iz
at

io
n 

( 
W

H
O

).
 C

op
yr

ig
ht

ed
 m

at
er

ia
l.



and CD30 in ANCA-associated vasculitides. Clin Exp
Rheumatol 2000;18(4):457–463

65. Clutterbuck EJ, Hirst EM, Sanderson CJ. Human inter-
leukin-5 (IL-5) regulates the production of eosinophils in
human bone marrow cultures: comparison and interaction
with IL-1, IL-3, IL-6, and GMCSF. Blood 1989;73(6):
1504–1512

66. Yamaguchi Y, Hayashi Y, Sugama Y, et al. Highly purified
murine interleukin 5 (IL-5) stimulates eosinophil function
and prolongs in vitro survival. IL-5 as an eosinophil
chemotactic factor. J Exp Med 1988;167(5):1737–1742

67. Yamaguchi Y, Suda T, Ohta S, Tominaga K, Miura Y,
Kasahara T. Analysis of the survival of mature human
eosinophils: interleukin-5 prevents apoptosis in mature
human eosinophils. Blood 1991;78(10):2542–2547

68. Lopez AF, Sanderson CJ, Gamble JR, Campbell HD,
Young IG, Vadas MA. Recombinant human interleukin 5 is
a selective activator of human eosinophil function. J Exp
Med 1988;167(1):219–224

69. Fujisawa T, Abu-Ghazaleh R, Kita H, Sanderson CJ,
Gleich GJ. Regulatory effect of cytokines on eosinophil
degranulation. J Immunol 1990;144(2):642–646

70. Shahabuddin S, Ponath P, Schleimer RP. Migration of
eosinophils across endothelial cell monolayers: interactions
among IL-5, endothelial-activating cytokines, and C-C
chemokines. J Immunol 2000;164(7):3847–3854

71. Kiene M, Csernok E, Müller A, Metzler C, Trabandt A,
Gross WL. Elevated interleukin-4 and interleukin-13
production by T cell lines from patients with Churg-Strauss
syndrome. Arthritis Rheum 2001;44(2):469–473

72. Zwerina J, Axmann R, Jatzwauk M, Sahinbegovic E, Polzer
K, Schett G. Pathogenesis of Churg-Strauss syndrome:
recent insights. Autoimmunity 2009;42(4):376–379

73. Polzer K, Karonitsch T, Neumann T, et al. Eotaxin-3 is
involved in Churg-Strauss syndrome—a serum marker closely
correlating with disease activity. Rheumatology (Oxford)
2008;47(6):804–808

74. Saito H, Tsurikisawa N, Tsuburai T, Oshikata C, Akiyama
K. Cytokine production profile of CD4þT cells from
patients with active Churg-Strauss syndrome tends toward
Th17. Int Arch Allergy Immunol 2009;149(suppl 1):61–65

75. Tsurikisawa N, Saito H, Tsuburai T, et al. Differences in
regulatory T cells between Churg-Strauss syndrome and
chronic eosinophilic pneumonia with asthma. J Allergy Clin
Immunol 2008;122(3):610–616

76. Vaglio A, Martorana D, Maggiore U, et al; Secondary and
Primary Vasculitis Study Group. HLA-DRB4 as a genetic
risk factor for Churg-Strauss syndrome. Arthritis Rheum
2007;56(9):3159–3166

77. Wieczorek S, Hellmich B, Arning L, et al. Functionally
relevant variations of the interleukin-10 gene associated
with antineutrophil cytoplasmic antibody-negative Churg-
Strauss syndrome, but not with Wegener’s granulomatosis.
Arthritis Rheum 2008;58(6):1839–1848

78. Salant DJ. Immunopathogenesis of crescentic glomerulo-
nephritis and lung purpura. Kidney Int 1987;32(3):408–425

79. Briggs WA, Johnson JP, Teichman S, Yeager HC, Wilson
CB. Antiglomerular basement membrane antibody-medi-
ated glomerulonephritis and Goodpasture’s syndrome.
Medicine (Baltimore) 1979;58(5):348–361

80. Kelly PT, Haponik EF. Goodpasture syndrome: molecular
and clinical advances. Medicine (Baltimore) 1994;73(4):
171–185

81. Fischer EG, Lager DJ. Anti-glomerular basement mem-
brane glomerulonephritis: a morphologic study of 80 cases.
Am J Clin Pathol 2006;125(3):445–450

82. Fisher M, Pusey CD, Vaughan RW, Rees AJ. Susceptibility
to anti-glomerular basement membrane disease is strongly
associated with HLA-DRB1 genes. Kidney Int 1997;51(1):
222–229

83. Huey B, McCormick K, Capper J, et al. Associations of
HLA-DR and HLA-DQ types with anti-GBM nephritis
by sequence-specific oligonucleotide probe hybridization.
Kidney Int 1993;44(2):307–312

84. Burns AP, Fisher M, Li P, Pusey CD, Rees AJ. Molecular
analysis of HLA class II genes in Goodpasture’s disease. QJM
1995;88(2):93–100

85. Kitagawa W, Imai H, Komatsuda A, et al. The HLA-
DRB1*1501 allele is prevalent among Japanese patients with
anti-glomerular basement membrane antibody-mediated
disease. Nephrol Dial Transplant 2008;23(10):3126–3129

86. Kalluri R, Danoff TM, Okada H, Neilson EG. Suscepti-
bility to anti-glomerular basement membrane disease and
Goodpasture syndrome is linked to MHC class II genes and
the emergence of T cell-mediated immunity in mice. J Clin
Invest 1997;100(9):2263–2275

87. Liu K, Li QZ, Delgado-Vega AM, et al; Profile Study
Group; Italian Collaborative Group; German Collaborative
Group; Spanish Collaborative Group; Argentinian Collab-
orative Group; SLEGEN Consortium. Kallikrein genes are
associated with lupus and glomerular basement membrane-
specific antibody-induced nephritis in mice and humans. J
Clin Invest 2009;119(4):911–923

88. Aitman TJ, Dong R, Vyse TJ, et al. Copy number
polymorphism in Fcgr3 predisposes to glomerulonephritis
in rats and humans. Nature 2006;439(7078):851–855

89. Behmoaras J, Bhangal G, Smith J, et al. Jund is a determinant
of macrophage activation and is associated with glomerulo-
nephritis susceptibility. Nat Genet 2008;40(5):553–559

90. Lerner RA, Glassock RJ, Dixon FJ. The role of anti-
glomerular basement membrane antibody in the pathogenesis
of human glomerulonephritis. J Exp Med 1967;126(6):989–
1004

91. Wieslander J, Barr JF, Butkowski RJ, et al. Goodpasture
antigen of the glomerular basement membrane: localization
to noncollagenous regions of type IV collagen. Proc Natl
Acad Sci U S A 1984;81(12):3838–3842

92. Wieslander J, Bygren P, Heinegård D. Isolation of the
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