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The therapeutic options for anti-neutrophil cytoplasm antibody (ANCA)-associated systemic vasculitis (AASV) remain limited
and hampered by adverse effects. One potential novel therapeutic avenue involves inhibition of TNF-�, with encouraging
uncontrolled data in humans with one agent (infliximab) but disappointing controlled data from another (etanercept). For
investigating the potential role of TNF-� as a therapeutic target in AASV, the effect of an anti-rat TNF-� mAb (CNTO 1081)
in a rat model of AASV was investigated. For testing the effect of TNF-� blockade in this model, starting on day 28 after
immunization (a point when glomerulonephritis is established), animals were randomized to treatment with CNTO 1081 or
control mouse IgG. Treatment with CNTO 1081 significantly reduced albuminuria (mean 1.1 � 0.3 mg/24 h CNTO 1081 versus
8.0 � 1.9 controls; P < 0.05) and crescent formation (0% CNTO 1081 versus 60% controls; P < 0.05). Lung hemorrhage was also
reduced (CNTO 1081: median score 0, range 0 to 2; controls: 2, range 1 to 3; P < 0.05). When analyzed by intravital microscopy,
there was a 43% inhibition of leukocyte transmigration in mesenteric venules in response to topical CXCL1 (a neutrophil
chemoattractant) in the CNTO 1081 group compared with controls (P < 0.001). Anti-myeloperoxidase antibody titers were
similar in both groups throughout the study. In conclusion, these findings indicate that TNF-� plays an important role in the
pathogenesis of experimental autoimmune vasculitis and suggest that blockade of this cytokine with an mAb is effective in
treating established vasculitis. The therapeutic action of anti–TNF-� reagents may be mediated, in part, by suppression of the
enhanced leukocyte-endothelial interactions in this disorder.
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A nti-neutrophil cytoplasm antibody (ANCA)-associ-
ated systemic vasculitis (AASV) is characterized by
rapidly progressive glomerulonephritis and lung

hemorrhage, in addition to dysfunction in many other organs
(1). Despite the extensive interest in the pathogenesis of this
chronic inflammatory condition, the therapeutic options for
AASV remain limited (2). Before the widespread introduction
of cyclophosphamide treatment, this was a disease that was
usually fatal and resulted in a high incidence of irreversible
renal failure (3). With increased survival, AASV has become a
chronic illness of the elderly (4) that has a propensity to relapse
and necessitates long-term immunosuppression. Consequently,
the cumulative burden of treatment-related side effects, e.g.,
bone marrow suppression, infection, and malignancy, may re-
sult in more injury than the disease process itself (5). There thus
is a need for more specific, less toxic therapeutic agents.

In recent years, increased understanding of chronic inflam-

matory diseases has led to the development of a range of novel
biologic therapies for use in conditions such as rheumatoid
arthritis and Crohn’s disease. These include mAb and fusion
proteins designed to block the effects of TNF-� (6), IL-6 (7), T
cells (8,9), B cells (10), and adhesion molecules (11). These are
proving attractive forms of therapy, as they seem to be effica-
cious and to be associated with relatively few adverse effects. In
addition, in AASV, several uncontrolled studies of TNF-�
blockade with infliximab (a chimeric mAb to TNF-�) have been
performed (12–14). These have found anti–TNF-� mAb to be of
potential benefit in inducing remission in acute disease, in
treating refractory vasculitis, and in controlling chronic “grum-
bling” disease without escalation of immunosuppression.
However, in the recently published Wegener’s Granulomatosis
Etanerept Trial study, a large, prospective, randomized study
of etanercept (a soluble inhibitor of TNF-� and lymphotoxin),
there was no benefit from anti–TNF-� treatment in inducing and
maintaining remission in Wegener’s granulomatosis (15). In addi-
tion, this agent has been found to be ineffective in Crohn’s disease
(16). These investigations raise some uncertainty over the potential
role of TNF-� as a therapeutic target in AASV and indicate the
critical importance of performing controlled studies before the
widespread introduction of infliximab.
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The association of small-vessel vasculitis with autoantibodies
against constituents of the neutrophil granule was described in
the mid-1980s (17). The autoantigen in the majority of patients
with microscopic polyangiitis was subsequently found to be
myeloperoxidase (MPO) (18), an enzyme that is found in azuro-
philic granules and accounts for approximately 5% of total
neutrophil protein (19). In addition to being an aid in diagnosis
of vasculitis, ANCA titers tend to mirror disease activity (20).
Although AASV may relapse in the absence of a rise in ANCA
titer and clinical disease may occasionally persist despite a fall
in titer, the association of ANCA titer with vasculitis severity is
tight enough to prompt many clinicians to use serial ANCA
estimation in the ongoing care of patients with AASV (21,22). In
addition, certain drugs (e.g., propylthiouracil, hydralazine, phe-
nytoin) are capable of inducing MPO-ANCA, resulting in some
patients in focal necrotizing glomerulonephritis and systemic
vasculitis (23). These clinical findings, along with recent studies
indicating a pathogenic role for anti-MPO antibodies in a mu-
rine model (24), support the concept of an autoimmune re-
sponse against neutrophil proteins, such as MPO, as the central
driving force in AASV.

To address the role of TNF-� in the pathogenesis of AASV,
we investigated the effect of TNF-� blockade in an animal
model that was developed recently in our laboratory (experi-
mental autoimmune vasculitis [EAV]) (25). In this model, WKY
rats are immunized with purified human MPO (hMPO) in
complete Freund’s adjuvant (CFA). Anti-hMPO antibodies that
cross-react with rat neutrophils are detectable by 2 wk, prolif-
erative glomerulonephritis is present by 4 wk, and pauci-im-
mune crescentic glomerulonephritis is evident by 6 to 8 wk (26).
In addition, pulmonary vasculitis with alveolar hemorrhage is
a feature of this model. Furthermore, by observing the mesen-
teric microcirculation of these animals using intravital micros-
copy, we have shown that the leukocyte–endothelial interac-
tions of firm adhesion and transmigration are exaggerated in
EAV, a phenomenon that seems to be due to circulating ANCA
(25).

The role of TNF-� in this disease model was investigated
through the use of a monoclonal anti-rat TNF-� antibody,
CNTO 1081. Collectively, the findings demonstrate the efficacy
of CNTO 1081 in treating EAV, even when the disease pheno-
type is established, and indicate that this therapeutic effect is
associated with reversal of the exaggerated leukocyte transmi-
gration response seen in EAV. These data suggest an important
role for TNF-� in our animal model of vasculitis and hence
support the use of anti–TNF-� therapy in patients with AASV.

Materials and Methods
Animals

WKY/NCrlBR rats were purchased from Charles River (Margate,
UK). All animal studies were performed according to the directives of
the United Kingdom Home Office Animals (Scientific Procedures) Act
(1986).

Immunization Protocol and Characterization of
EAV Phenotype

Female rats (135 to 160 g) all were immunized intramuscularly with
hMPO (400 �g/kg; Calbiochem, Merck Biosciences, Nottingham, UK)

in an equal volume of CFA as described previously (27). Hematuria
was assessed with dipstick (Bayer Multistix, Berkshire, UK), and albu-
minuria was assessed with ELISA (Nephrat ELISA kit; Exocell, Phila-
delphia, PA). In addition, serum samples were taken for the measure-
ment of anti-hMPO antibodies by ELISA. Briefly, 96-well plates were
coated overnight with hMPO (2 �g/ml) in carbonate buffer. Wells then
were incubated with dilutions of serum samples in triplicate for 60 min
at 37°C, washed, and incubated with anti-rat IgG-alkaline phosphatase
conjugate (Sigma, St. Louis, MO) for 45 min at 37°C. Binding was
detected with p-NPP (Sigma) and read at 405 nm. Antibody titer was
determined by serial log or half-log dilution of serum and defined as
the dilution that results in a 50% drop in optical density. This was
calculated by regression analysis.

In addition to crescentic glomerulonephritis, rats with EAV develop
pulmonary vasculitis and hemorrhage. This was assessed macroscopi-
cally by a visual inspection of the lungs at the time of killing and graded
according to the amount of lung surface bleeding: 0, no hemorrhage; 1,
a single lesion; 2, 2 to 5 lesions; 3, 6 to 12 lesions; and 4, more than 12
lesions/massive macroscopic lung hemorrhage.

Histology and Immunohistochemistry
Kidney and lung tissues were taken from experimental and control

groups of rats at the time of killing. Tissues were fixed in 10% buffered
formalin and embedded in paraffin wax, and 3-�m sections were cut
for light microscopic studies. Sections were stained with hematoxylin
and eosin and periodic acid-Schiff for general morphology and to
establish the incidence of focal proliferative glomerulonephritis, fibrin-
oid necrosis, and crescent formation, using standard techniques (28).
Accurate quantification of lung histology requires antemortem tracheal
intubation and distension of the lungs with mounting medium. This
was not performed routinely, so it was not possible to provide quan-
titative measures of lung inflammation beyond commenting on the
presence or absence of perivascular leukocyte cuffing.

Immunoperoxidase staining was performed for the detection of glo-
merular and lung perivascular cell infiltration, using the anti-rat mono-
cyte/macrophage mAb ED1 (Serotec, Oxford, UK), for monocytes/
macrophages, as described previously (29). Briefly, 3-�m-thick
paraffin-embedded sections were rehydrated, and antigen retrieval was
performed using microwave exposure. The slides then were treated
with 1% hydrogen peroxide in PBS to block endogenous peroxidase
activity, and nonspecific binding was blocked with 20% goat serum.
The slides then were exposed to mouse anti-ED1 (1:200) overnight at
4°C in a humid chamber, followed by incubation with 1:200 biotinyl-
ated polyclonal goat anti-mouse antibody (Dakocytomation, Glostrup,
Denmark). The sections then were incubated in Streptavidin-Biotin
complex (Dakocytomation) and then briefly with 3,3�-diaminobenzi-
dine tetrahydrochloride dehydrate substrate (97%; Sigma-Aldrich, Gill-
ingham, UK). Harris’s hematoxylin was used as a counterstain and
glomerular cell infiltration was quantified in 50 glomerular cross-sec-
tions per slide. The degree of macrophage infiltration in pulmonary
tissue was assessed blindly using a semiquantitative analogue score (0
to 3).

Anti–TNF-� Antibody Treatment Protocol
The protocol was designed to treat established EAV, rather than to

prevent it, as this mirrors clinical practice. We used CNTO 1081, a
recombinant fully mouse IgG2a� anti-rat TNF-� antibody derived from
the parental murine antibody Rt108 (Centocor Inc., Malvern, PA). On
the basis of our previous studies with anti-TNF antibodies in a rat
model of anti–glomerular basement membrane disease (30), a dose of
16 mg/kg intraperitoneally, three times per week was used. We elected
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to begin treatment 28 d after immunization, a point when most rats
have developed hematuria, and to continue to day 56, a point when
histologic evidence of disease is maximal (31). Thus, in total, each rat
received 12 doses of CNTO 1081 or an equal dose of control mouse IgG
(Equitech-Bio, Kerrville, TX; n � 6 in each group). All therapeutic
antibodies were made up in sterile saline for injection (Braun, Melsun-
gen, Germany) and assayed for endotoxin before use by Limulus Ame-
bocyte Lysate testing (Bio-Whittaker, Walkersville, MD). Endotoxin
was removed using Detoxigel polymyxin columns (Pierce, Rockford,
IL), such that all preparations contained �5 EU/ml.

Intravital Microscopy
Intravital microscopy on rat mesentery was performed as described

previously (32). Briefly, control or EAV rats were anesthetized with
intravenous sodium pentobarbitone and maintained at 37°C on a
heated microscope stage. After midline abdominal incision, the mesen-
tery adjoining the terminal ileum was carefully arranged over a glass
window on the stage and superfused with Tyrode’s balanced salt
solution. Baseline quantification of leukocyte rolling, firm adhesion,
and transmigration was performed using a fixed-stage upright micro-
scope with water immersion objectives (Axioscope; Zeiss, Welwyn
Garden City, UK). In experiments that assessed the biologic effect of
CNTO 1081 in nonimmunized animals, CNTO 1081 (16 mg/kg) or

vehicle (saline) was given intravenously 1 h before laparotomy. On the
basis of dose finding experiments, a dose of 1 �g/kg TNF-� (or an
equal volume of saline) was injected to inhibit leukocyte rolling and
induce firm adhesion after exteriorization of the mesentery and quan-
tification of baseline variables. Leukocyte responses then were quanti-
fied at regular intervals for 30 min.

In rats that had EAV and were treated with CNTO 1081 or control
IgG, intravital microscopy was performed 57 to 63 d after immuniza-
tion and 28 to 34 d after commencing antibody treatment, and the rats
were killed thereafter. For investigating the effect of recombinant rat
CXCL1 (Peprotech, London, UK) in these animals, the chemokine was
applied continuously topically to the mesentery in the superfusion
buffer (final concentration 3 � 10�9 M) and leukocyte responses were
quantified at regular intervals. The experiments also typically involved
measurement of baseline and postoperative peripheral differential leu-
kocyte counts, in addition to red blood cell centerline velocity, as
previously detailed (32).

Figure 1. CNTO 1081 blocks the effect of TNF-� on leukocyte
rolling (A) and firm adhesion in vivo (B). Nonimmunized WKY
rats were given TNF-� (1 �g/kg) intravenously or vehicle 1 h
after pretreatment with CNTO 1081 (16 mg/kg [f]) or saline
(Œ), and leukocyte responses within rat mesenteric venules
were assessed using intravital microscopy. (A) Absolute change
in rolling response from baseline 10 min after administration of
saline or TNF-�. The reduction in rolling induced by TNF-�
(�22.5 � 3.7 cells/min) was prevented by CNTO 1081 pretreat-
ment (3.4 � 4.3). (B) Firm adhesion response over time in the
same animals after TNF-� administration. CNTO 1081 pre-
vented the progressive increase in adhesion induced by TNF-�.
The data represent the mean � SEM, n � 4 to 12/group.
Statistically significant differences between groups of rats are
shown by asterisks, *P � 0.05, **P � 0.005.

Figure 2. CNTO 1081 treatment ameliorates established renal
vasculitis in experimental autoimmune vasculitis (EAV), as
quantified by hematuria and urinary albumin excretion rate.
CNTO 1081 or control IgG was started at day 28 after immu-
nization with human myeloperoxidase (hMPO), at a point
when glomerulonephritis was already established, and contin-
ued on alternate days until day 56. In control animals, hema-
turia (A), as assessed by urine dipstick, increased progressively
over time to 3.2 � 0.2 at day 56, whereas it remained stable in
the CNTO 1081 group (mean 1.8 � 0.4 at day 56). Arrows
indicate doses of CNTO 1081/control IgG. Each data point
represents the mean � SEM. (B) Albuminuria was measured by
ELISA on urine collected on days 28 and 56 after hMPO im-
munization. The bars indicate the median � interquartile
range, and the error bars represent the range; n � 6 in each
group. Statistically significant differences between groups of
rats are shown by asterisks, **P � 0.01.
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Statistical Analyses
Differences between the two treatment groups were compared with

the Mann-Whitney test. Comparison of the fraction of animals with
crescentic nephritis was performed using Fisher exact contingency test.
Changes in rolling from baseline were compared with the Kruskal
Wallis test, with Dunn’s multiple comparison post hoc testing to com-
pare individual groups. Intravital microscopy adhesion and transmi-
gration data and hematuria levels over time were log-transformed and
analyzed using two-way ANOVA considering time and treatment
group as independent variables. Values at individual time points were
compared using Bonferroni post hoc tests. For clarity, the nontrans-
formed data are depicted in the graphs, although indications of signif-
icance levels refer to the appropriately transformed data.

Results
CNTO 1081 Inhibits TNF-�–Induced Microvascular
Responses In Vivo

To confirm that CNTO 1081 can inhibit the effects of TNF-�
in the leukocyte migration cascade, we tested the effect of
CNTO 1081 on TNF-�–induced leukocyte responses within rat
mesenteric venules. For this purpose, nonimmunized WKY rats
were pretreated with CNTO 1081 or vehicle 1 h before TNF-� (1
�g/kg), or saline was infused over 5 min. Leukocyte responses
of rolling flux and firm adhesion were recorded by intravital
microscopy both before and after TNF-� administration. In
saline-treated rats, rolling flux remained stable or increased
slightly during the period studied, whereas after intravenous
TNF-�, rolling flux was reduced dramatically (Figure 1A). This
TNF-�–induced reduction in rolling flux was completely
blocked in rats that were pretreated with 16 mg/kg CNTO
1081. In addition, infusion of TNF-� induced a progressive
increase in leukocyte firm adhesion over time (Figure 1B), a
response that was also completely prevented by CNTO 1081.
Therefore, in the dose range used later in the therapeutic study,
CNTO 1081 blocks the effect of TNF-� in the inflammatory
cascade.

Urinary and Pulmonary Manifestations of EAV Are
Alleviated by CNTO 1081

Having established a biologic effect of the anti–TNF-� anti-
body in vivo, we treated rats that had established EAV with
CNTO 1081 or control mouse IgG. EAV was induced by im-
munization with 400 �g/kg hMPO in CFA at day 0. As found
in previous studies (31), approximately 50% of animals had
developed renal vasculitis manifested by dipstick-positive he-
maturia by day 28 (Figure 2A). Animals were randomly as-
signed to treatment with either CNTO 1081 or control IgG 16
mg/kg, three doses per week for 4 wk (day 56). They were
matched with respect to renal vasculitis severity at the begin-
ning of treatment, as determined by hematuria and albumin-
uria estimation (Table 1). By day 56, all of those in the control
group had developed marked hematuria. In the CNTO 1081–
treated group, the level of hematuria remained static over the
course of the experiment. Excretory renal function was the
same in both groups (creatinine clearance 1.1 � 0.2 CNTO
versus 1.2 � 0.2 control IgG; NS).

With respect to the proteinuric response, rats with EAV in the
control group developed moderate albuminuria by day 56 (5 to
15 mg/24 h; Figure 2B). This was completely reversed by
treatment with CNTO 1081 (Table 1), with albuminuria declin-
ing to levels seen in nonimmunized WKY rats (27) (CNTO 1081
group: median 0.8 mg/24 h, interquartile range 0.5 to 1.9;
control group: median 7.1 mg/24 h, interquartile range 3.5 to
13.3; P � 0.01).

Pulmonary vasculitis with alveolar hemorrhage is a feature of
EAV. We quantified the degree of lung hemorrhage with a visual
analogue scoring system (0 to 4). All rats that had EAV and were
treated with control IgG developed petechiae of varying severity
over the lung surface (Figure 3). In the CNTO 1081 group, two
animals had mild lung hemorrhage and the remaining four had
none (mean lung hemorrhage score 0.5 � 0.3 and 2.0 � 0.4 in
CNTO 1081 and control groups, respectively; P � 0.05).

Table 1. Hematuria and albuminuria at the time of randomization (day 28) and culling (day 56) in individual ratsa

Animal
Hematuria Albuminuria (mg/24 h)

Randomization Culling Randomization Culling

CNTO
1 ��� 0 1.5 0.8
2 ��� ��� 8.2 2.0
3 � ��� 1.0 1.9
4 � �� 1.5 0.9
5 0 �� 0.5 0.4
6 ��� � 1.4 0.6

Control
1 ��� ���� 8.1 14.5
2 � ��� 1.2 1.7
3 �� ��� 3.2 7.2
4 �� ��� 7.2 12.1
5 ��� ��� 1.9 5.4
6 � ��� 0.6 7.0

aHematuria was assessed using dipstick, and albuminuria was measured using ELISA.

J Am Soc Nephrol 17: 160–169, 2006 Anti-TNF Therapy in EAV 163



CNTO 1081 Had No Effect on Production of ANCA
All rats had developed high levels of anti-hMPO antibodies

by 8 wk after immunization (mean 96 � 1 versus 95 � 2% of
reference standard in CNTO 1081– and control IgG–treated
animals, respectively). Treatment with CNTO 1081 had no ef-
fect on anti-hMPO antibody titers. Median titer was 1:9500
(interquartile range 3700 to 15500) and 1:7500 (interquartile
range 4700 to 12000) in the CNTO 1081 and control IgG groups,
respectively (P � 0.6).

Histologic Evidence of Crescentic Nephritis Is Abolished by
Treatment with CNTO 1081

As has been found in previous studies of EAV, 60% of
animals that were immunized with 400 �g/kg hMPO devel-
oped crescentic nephritis in the control group, with noncres-
centic proliferative glomerulonephritis in the remaining 40%.
All rats that were treated with CNTO 1081 were free of cres-
cents, with mild proliferative glomerular changes in 50% (P �

0.05; Figures 4 and 5). Interstitial nephritis, a feature of EAV in
previous studies, was moderately severe in rats with EAV in
the control group (Figures 4 and 5). This was significantly
reduced in CNTO 1081–treated animals (mean score 1.2 � 0.2 in
CNTO 1081 group versus 2.3 � 0.3 in controls; P � 0.05).
Consistent with this amelioration in glomerulonephritis, there
was a reduction in the degree of macrophage infiltration as
determined by immunostaining with ED1 (mean 36.3 � 13
ED1� cells/50 glomeruli in CNTO 1081–treated rats versus
90.0 � 19 in controls; P � 0.05; Figure 6). In rats with lung
hemorrhage, there was evidence of perivascular leukocyte cuff-

ing (Figure 4), with monocyte/macrophage lung infiltration
evident on ED1 staining (Figure 7). As preservation of lung
architecture mandates specialized lung handling at the time of
killing, it was not possible to quantify accurately the degree of
lung vasculitis. However, in line with the findings on macro-
scopic lung hemorrhage, perivascular cuffing seemed more
extensive in control-treated animals. The degree of macrophage
infiltration, as assessed by blinded scoring of ED1-stained lung
sections, was significantly greater in control-treated animals
(mean 1.5 � 0.4 in CNTO 1081–treated rats versus 0.3 � 0.2 in
controls; P � 0.05).

Rats with EAV Treated with CNTO 1081 Exhibit a
Reduced Leukocyte Transmigration Response

To investigate potential mechanisms underpinning the ther-
apeutic effect of anti–TNF-� antibody treatment in EAV, we

Figure 3. CNTO 1081 treatment ameliorates lung hemorrhage in
EAV. Eight weeks after immunization with hMPO and 4 wk
after starting treatment with CNTO 1081 or control IgG, WKY
rats were killed and the macroscopic appearance of the lungs
was scored. In CNTO 1081–treated animals, macroscopic pul-
monary hemorrhage was significantly reduced (A). (B) Macro-
scopic lung appearance in control IgG-treated (B1) and CNTO
1081–treated (B2) animals. Statistically significant differences
between groups of rats are shown by asterisks, *P � 0.05. Figure 4. CNTO 1081 treatment reduces glomerular abnormal-

ities, crescent formation, and lung vasculitis in EAV. (A) No
glomerular abnormalities in a rat that had EAV and was treated
for 4 wk with CNTO 1081. (B) Extracapillary proliferation with
crescentic glomerulonephritis in a rat that was treated with
control IgG (arrow). (C) Mild focal proliferative glomerulone-
phritis in a rat that was treated with CNTO 1081 (arrowhead).
(D) Focal necrotizing glomerulonephritis (arrow) in a rat that
had EAV and was treated with control IgG. (E) Focal prolifer-
ative glomerulonephritis with tubulointerstitial nephritis and a
red cell cast (arrow) in a rat that was treated with control IgG.
(F) Normal lung histology in a rat that was treated with CNTO
1081. G. Lung vasculitis in a rat that was treated with control
IgG (arrows). Magnification, �40 in A, B, and D, periodic acid
Schiff; �20 in C and E, hematoxylin and eosin; �10 in F and G,
hematoxylin and eosin.
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analyzed leukocyte adhesion and transmigration responses in
treated animals using intravital microscopy. In previous studies
(33), we showed that, in response to the physiologic inflamma-
tory stimulus CXCL1, a rat homolog of IL-8 (CXCL8), adhesion
and transmigration are exaggerated in EAV. This effect is due
to circulating ANCA, as demonstrated after passive transfer of
ANCA from rats with EAV to naı̈ve rats.

Using a similar approach, the mesentery of rats that had EAV

and were treated with CNTO 1081 or control IgG was super-
fused with CXCL1 (3 � 10�9 M, n � 4 in each group). Baseline
adhesion and transmigration values before administration of
CXCL1 were similar in the two groups (Figure 8A), as was basal
rolling flux (15.5 � 3.2 and 19.1 � 2.5 cells/min in CNTO 1081
and control groups, respectively). There was a trend toward a
reduced total leukocyte count in the control group (P � 0.1;
Table 2). After the addition of topical CXCL1, there was a rapid
increase in firm adhesion (9.0 � 0.7 versus 7.8 � 1.4 cells/
100-�m segment at 20 min in CNTO 1081 and control groups,
respectively). Whereas this declined over time in the control
group, it remained at the same level for the duration of the
experiment in the CNTO 1081 group and, considering all time
points, was significantly higher than in the control animals (P �

0.05).
The failure of adhesion values to fall over time seemed to be

due largely to a defect in transmigration in CNTO 1081–treated
rats (Figure 8B). In the control group, CXCL1 induced transmi-
gration of 9.5 � 2.0 cells/100-�m segment after 90 min. This
was significantly reduced by 43% (to 5.3 � 1.1 cells/100-�m
segment; P � 0.001) in CNTO 1081–treated animals.

Discussion
In a randomized, controlled study in rats with EAV, a model

of AASV, we have shown that a monoclonal anti-rat TNF-�
antibody reverses established glomerulonephritis and amelio-
rates pulmonary hemorrhage. This antibody also inhibits the
transmigration response to a physiologic inflammatory stimu-
lus, CXCL1, in rats with EAV. We showed previously that rats
with EAV exhibit enhanced adhesion and transmigration in
response to this chemokine, an effect that is mediated by cir-
culating ANCA (25). Although other mechanisms may be in-
volved, we postulate that the beneficial effect of anti–TNF-�
therapy is related at least partly to the interruption of the chain
of events that facilitates the interaction of ANCA with the target
antigen MPO on the surface of the neutrophil or monocyte, as
well as inhibition of endothelial adhesion molecule expression.
This may result in the observed reduction in leukocyte trans-
migration and consequent vascular injury in CNTO 1081–
treated animals. These findings provide a cornerstone for the
use of these antibodies in patients with AASV.

We elected to begin treatment 4 wk after induction of EAV, at

Figure 5. CNTO 1081 treatment reduces glomerular abnormalities and crescent formation in EAV. Histologic sections were scored
blindly to quantify the degree of focal proliferative glomerulonephritis (GN; A), crescentic glomerulonephritis (B), and tubulo-
interstitial nephritis (TIN; C). Each data point represents an individual animal, and asterisks illustrate statistically significant
differences: *P � 0.05, **P � 0.01.

Figure 6. Effect of CNTO 1081 on renal macrophage infiltration.
Kidney sections were probed with anti-CD68 (ED1) mAb, and
binding was detected with horseradish peroxidase–3,3�-diami-
nobenzidine tetrahydrochloride dehydrate (HRP-DAB). (A) Oc-
casional peri- and intraglomerular macrophages in a rat that
had EAV and was treated with CNTO 1081. There was virtually
no tubulointerstitial macrophage infiltration. (B) Focal macro-
phage infiltration in a glomerular crescent (arrow), with mild
peritubular macrophage infiltration in a rat that had EAV and
was treated with control IgG. (C) Dense peri- and intratubular
macrophage infiltrate (arrows) in a rat that had EAV and was
treated with control IgG. (D) Macrophage infiltration was
counted in 50 randomly chosen glomeruli/CD68-stained tissue
section. GCS, glomerular cross-section; n � 6 animals in each
group. Bars represent the mean � SEM. Statistically significant
difference between treatment groups is shown by an asterisk,
*P � 0.05. Magnification, �10 in A through C.
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a time when most animals are developing histologic and clin-
ical evidence of focal necrotizing glomerulonephritis. This ap-
proach mirrors closely the scenario encountered in clinical
practice, when patients present with established disease. In
addition, we believed that it was critical to use an appropriate
mouse IgG as a control, as the administration of IgG in itself has
a therapeutic effect in vasculitis (34). Although not identical to
human microscopic polyangiitis (rats with EAV develop little
excretory renal insufficiency or involvement of organs other
than kidney and lung), the EAV model shares many of the
features of its human counterpart. It is a model of the autoim-

mune response to MPO, as observed in AASV, and shares a
critical pathologic feature with human vasculitis: The pauci-
immune nature of the glomerulonephritis. The fibrinoid necro-
sis and crescentic glomerular lesions in EAV are identical in
appearance to those seen in human AASV (35,36). It therefore is
likely that the two conditions share many facets of the effector
arm of the vasculitic response. Thus, this model provides an
opportunity to test novel biologic agents in an arena where
current therapeutic approaches are unfocused and associated
with a large burden of adverse effects.

Before committing to the use of CNTO 1081 in a full thera-
peutic study, we investigated its ability to block a biologic effect
of TNF-� in vivo. On the basis of pilot studies in normal rats, the
most physiologically relevant and reproducible effect of intra-
venous TNF-� infusion was a rapid and reversible reduction in
leukocyte rolling, coupled with a progressive increase in leu-
kocyte adhesion. The reduction in rolling in this model proba-
bly occurs as a result of increased adhesion and leukocyte
sequestration in vascular beds such as the lungs, as it is accom-
panied by reversible peripheral leukopenia (unpublished ob-
servations). Pretreatment with CNTO 1081, at the same dose as
that used in the therapeutic study, completely prevented these
effects. This provided a basis for proceeding with the therapeu-
tic study and for extending our intravital microscopy observa-
tions to investigate rats that had EAV and were treated for 4 wk
with CNTO 1081 or control IgG. In these experiments, rather
than investigate the effect of CNTO 1081 on TNF-�–induced
leukocyte endothelial interaction, we studied the effect of
CNTO 1081 treatment on the response to the chemokine
CXCL1. This was chosen because of our previous observation
that rats with EAV exhibit exaggerated leukocyte-endothelial
interactions in response to this agent (25). We found that treat-
ment with CNTO 1081, as well as effectively inhibiting macro-
phage tissue infiltration and reversing crescent formation, in-
hibited leukocyte transmigration in rats with EAV. The level of
transmigration in response to CXCL1 observed in the CNTO
1081–treated group was similar to that observed in previous
studies of nonimmunized animals (25). Consistent with this
transmigration block, the number of firmly adherent cells re-

Figure 7. Effect of CNTO 1081 on pulmonary macrophage infiltration. Lung sections were probed with anti-CD68 (ED1) mAb, and
binding was detected with HRP-DAB. (A) Occasional alveolar and perivascular macrophages in the lung of a rat that was treated
with CNTO 1081. (B) Perivascular infiltrate that contained numerous macrophages in the lung of a rat that was treated with
control IgG. Magnification, �40 in A and B.

Figure 8. CNTO 1081 treatment inhibits the transmigration re-
sponse to CXCL1. Eight weeks after immunization with hMPO
and 4 wk after treatment was started with CNTO 1081 (f) or
control IgG (Œ), leukocyte responses in mesenteric venules of
WKY rats were assessed using intravital microscopy. After
taking baseline firm adhesion and transmigration readings, the
mesentery was superfused with CXCL1 (3 � 10�9 M), and
responses were quantified for an additional 90 min. (A and B)
Firm adhesion (A) and the transmigration responses (B) to
CXCL1. The data represent the mean � SEM; n � 4 in each
group. Statistically significant differences between groups of
rats are shown by asterisks, *P � 0.05, **P � 0.01, ***P � 0.0001.
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mained static over time in the CNTO 1081–treated group,
whereas the number of adherent cells fell (as leukocytes trans-
migrated) in the control group.

In previous intravital microscopy studies in the presence of
circulating ANCA (25), we have shown that transmigration is
enhanced. We postulate that this exaggerated transmigration is
dysregulated, in that transmigrating leukocytes are activated
inappropriately after interaction with ANCA, with consequent
potential for microvascular injury. In addition, we showed
previously that neutrophils are the dominant glomerular infil-
trating leukocytes 2 to 4 wk after immunization of WKY rats
with hMPO (37). This fits well with the paradigm built up over
the past decade, which proposes a series of mechanisms by
which ANCA could induce vasculitis (see ref 38 for review).
According to this schema, TNF-�–primed neutrophils and
monocytes express autoantigens (MPO and proteinase-3) on
their surface, allowing interaction with circulating autoantibod-
ies (ANCA). The sequence of events that follows includes in-
appropriate degranulation (39), reduced cellular deformability
(40), and dysregulated, proinflammatory apoptosis (41,42). Al-
though TNF-� is pleiotropic, with many effects on inflamma-
tory and endothelial cells, it is possible that one of the modes of
action of TNF-� blockade involves disruption of this process by
interrupting the interaction of cell surface MPO with circulating
ANCA.

We have contributed to clinical studies that have tested
potential uses for anti–TNF-� antibodies in AASV (12,13)
and the rational use of ANCA-depleting strategies such as
plasma exchange (43– 46). The EAV model that we have now
developed should facilitate further dissection of the mecha-
nisms whereby TNF-� blockade exerts a therapeutic effect, in
addition to permitting investigation of other biologic agents.
There is now an unprecedented opportunity to develop
novel therapies for AASV targeted at the pathophysiologic
mechanisms involved.

Acknowledgments
This work was funded by a Wellcome Trust Research Training Fel-

lowship to M.A.L., a National Kidney Research Fund Research Training
Fellowship to C.L.S., and grants from the British Heart Foundation.

Presented in part at the ANCA workshop; Heidelberg, Germany;
2005.

We acknowledge the technical assistance of Sarah Khan, John Dan-
gerfield, Rashmi Yadav, Jennifer Smith, Karen Larbi, and Fred Tam.

References
1. Booth AD, Pusey CD, Jayne DR: Renal vasculitis—An up-

date in 2004. Nephrol Dial Transplant 19: 1964–1968, 2004
2. Little MA, Pusey CD: Rapidly progressive glomerulone-

phritis: Current and evolving treatment strategies. J Neph-
rol 17[Suppl 8]: S10–S19, 2004

3. Fauci AS, Haynes BF, Katz P, Wolff SM: Wegener’s gran-
ulomatosis: Prospective clinical and therapeutic experience
with 85 patients for 21 years. Ann Intern Med 98:76–85,
1983

4. Little MA, Nazar L, Farrington K: Outcome in glomerulo-
nephritis due to systemic small vessel vasculitis: Effect of
functional status and non-vasculitic co-morbidity. Nephrol
Dial Transplant 19: 356–364, 2004

5. Hoffman GS, Kerr GS, Leavitt RY, Hallahan CW, Lebovics
RS, Travis WD, Rottem M, Fauci AS: Wegener granuloma-
tosis: An analysis of 158 patients. Ann Intern Med 116:
488–498, 1992

6. Lipsky PE, van der Heijde DM, St. Clair EW, Furst DE,
Breedveld FC, Kalden JR, Smolen JS, Weisman M, Emery P,
Feldmann M, Harriman GR, Maini RN: Infliximab and
methotrexate in the treatment of rheumatoid arthritis.
Anti-Tumor Necrosis Factor Trial in Rheumatoid Arthritis
with Concomitant Therapy Study Group. N Engl J Med 343:
1594–1602, 2000

7. Ito H, Takazoe M, Fukuda Y, Hibi T, Kusugami K, Andoh
A, Matsumoto T, Yamamura T, Azuma J, Nishimoto N,
Yoshizaki K, Shimoyama T, Kishimoto T: A pilot random-
ized trial of a human anti-interleukin-6 receptor monoclo-

Table 2. Baseline leukocyte count, blood flow, and vessel diameter in test ratsa

Baseline Leukocyte Count Mean Blood Flow

Vessel Diameter (�m)PMN
(�106/ml)

PBMC
(�106/ml)

Baseline
(mm/s)

30 min
(mm/s)

Nonimmunized
saline 1.3 � 0.2 4.1 � 0.5 1.7 � 0.1 2.0 � 0.2 29.8 � 0.6
TNF-� 0.8 � 0.1 4.6 � 0.8 1.6 � 0.03 1.9 � 0.1 29.6 � 0.8
TNF-� � CNTO 1081 1.1 � 0.3 4.3 � 0.4 1.9 � 0.2 2.0 � 0.1 30.5 � 0.4

hMPO-immunized
CNTO 1081 1.5 � 0.3 4.5 � 0.2 29.5 � 0.5
control IgG 0.8 � 0.2 3.6 � 0.4 29.2 � 1.1

aNonimmunized WKY rats were treated with intravenous TNF-� 1 �g/kg or saline 1 h after pretreatment with CNTO 1081
16 mg/kg or vehicle (n � 4 to 12 in each group). WKY rats were immunized with hMPO 400 �g/kg 8 wk previously and
subsequently were treated with CNTO 1081 or control IgG (each 16 mg/kg, n � 6 in each group) on alternate days. After
baseline readings were taken, they were treated with topical CXCL1 (3 � 10�9 M, n � 4 from each group). No significant
differences between the groups within each experiment were observed. Values are mean � SEM. PMN, polymorphonuclear
leukocytes; PBMC, peripheral blood mononuclear cells.

J Am Soc Nephrol 17: 160–169, 2006 Anti-TNF Therapy in EAV 167



nal antibody in active Crohn’s disease. Gastroenterology
126: 989–996, 2004

8. Hepburn TW, Totoritis MC, Davis CB: Antibody-mediated
stripping of CD4 from lymphocyte cell surface in patients
with rheumatoid arthritis. Rheumatology 42: 54–61, 2003

9. Moreland LW, Alten R, Van den Bosch F, Appelboom T,
Leon M, Emery P, Cohen S, Luggen M, Shergy W, Nuamah
I, Becker JC: Costimulatory blockade in patients with rheu-
matoid arthritis: A pilot, dose-finding, double-blind, pla-
cebo-controlled clinical trial evaluating CTLA-4Ig and
LEA29Y eighty-five days after the first infusion. Arthritis
Rheum 46: 1470–1479, 2002

10. Specks U, Fervenza FC, McDonald TJ, Hogan MC: Re-
sponse of Wegener’s granulomatosis to anti-CD20 chimeric
monoclonal antibody therapy. Arthritis Rheum 44: 2836–
2840, 2001

11. Gordon FH, Lai CW, Hamilton MI, Allison MC, Srivastava
ED, Fouweather MG, Donoghue S, Greenlees C, Subhani J,
Amlot PL, Pounder RE: A randomized placebo-controlled
trial of a humanized monoclonal antibody to alpha4 inte-
grin in active Crohn’s disease. Gastroenterology 121: 268–
274, 2001

12. Booth A, Harper L, Hammad T, Bacon P, Griffith M, Levy
J, Savage C, Pusey C, Jayne D: Prospective study of
TNFalpha blockade with infliximab in anti-neutrophil cy-
toplasmic antibody-associated systemic vasculitis. J Am Soc
Nephrol 15: 717–721, 2004

13. Bartolucci P, Ramanoelina J, Cohen P, Mahr A, Godmer P,
Le Hello C, Guillevin L: Efficacy of the anti-TNF-alpha
antibody infliximab against refractory systemic vasculiti-
des: An open pilot study on 10 patients. Rheumatology
(Oxford) 41: 1126–1132, 2002

14. Lamprecht P, Voswinkel J, Lilienthal T, Nolle B, Heller M,
Gross WL, Gause A: Effectiveness of TNF-alpha blockade
with infliximab in refractory Wegener’s granulomatosis.
Rheumatology (Oxford) 41: 1303–1307, 2002

15. Stone JH: Etanercept plus standard therapy for Wegener’s
granulomatosis. N Engl J Med 352: 351–361, 2005

16. Sandborn WJ, Hanauer SB, Katz S, Safdi M, Wolf DG,
Baerg RD, Tremaine WJ, Johnson T, Diehl NN, Zinsmeister
AR: Etanercept for active Crohn’s disease: A randomized,
double-blind, placebo-controlled trial. Gastroenterology 121:
1088–1094, 2001

17. van der Woude FJ: Anticytoplasmic antibodies in Wegen-
er’s granulomatosis. Lancet 2: 48, 1985

18. Falk RJ, Jennette JC: Anti-neutrophil cytoplasmic autoan-
tibodies with specificity for myeloperoxidase in patients
with systemic vasculitis and idiopathic necrotizing and
crescentic glomerulonephritis. N Engl J Med 318: 1651–
1657, 1988

19. Klebanoff SJ: Myeloperoxidase. Proc Assoc Am Physicians
111: 383–389, 1999

20. De’Oliviera J, Gaskin G, Dash A, Rees AJ, Pusey CD:
Relationship between disease activity and ANCA level by
ELISA in the long-term management of vasculitis. Adv Exp
Med Biol 336: 303–304, 1993

21. Han WK, Choi HK, Roth RM, McCluskey RT, Niles JL:
Serial ANCA titers: Useful tool for prevention of relapses
in ANCA-associated vasculitis. Kidney Int 63: 1079–1085,
2003

22. Jayne DR, Gaskin G, Pusey CD, Lockwood CM: ANCA

and predicting relapse in systemic vasculitis. QJM 88: 127–
133, 1995

23. Gunton JE, Stiel J, Clifton-Bligh P, Wilmshurst E, McElduff
A: Prevalence of positive anti-neutrophil cytoplasmic an-
tibody (ANCA) in patients receiving anti-thyroid medica-
tion. Eur J Endocrinol 142: 587, 2000

24. Xiao H, Heeringa P, Hu P, Liu Z, Zhao M, Aratani Y,
Maeda N, Falk RJ, Jennette JC: Antineutrophil cytoplasmic
autoantibodies specific for myeloperoxidase cause glomer-
ulonephritis and vasculitis in mice. J Clin Invest 110: 955–
963, 2002

25. Little MA, Smyth CL, Yadav R, Ambrose L, Cook HT,
Nourshargh S, Pusey CD: Antineutrophil cytoplasm anti-
bodies directed against myeloperoxidase augment leuko-
cyte-microvascular interactions in vivo. Blood 106: 2050–
2058, 2005

26. Smyth C, Smith J, Cook T, Haskard DO, Pusey C: Immuni-
sation with MPO directly induces small vessel vasculitis
with pauci-immune focal segmental glomerulonephritis
and alveolar haemorrhage in WKY rats. Cleve Clin J Med
[Suppl II]: 156, 2002

27. Smyth C, Smith J, Cook T, Haskard DO, Pusey C: Immuni-
sation with MPO directly induces small vessel vasculitis
with pauci-immune focal segmental glomerulonephritis
and alveolar haemorrhage in WKY rats [Abstract]. J Am Soc
Nephrol 13: 170A, 2002

28. Karkar AM, Tam FW, Steinkasserer A, Kurrle R, Langner
K, Scallon BJ, Meager A, Rees AJ: Modulation of antibody-
mediated glomerular injury in vivo by IL-1ra, soluble IL-1
receptor, and soluble TNF receptor. Kidney Int 48: 1738–
1746, 1995

29. Cook HT, Singh SJ, Wembridge DE, Smith J, Tam FW,
Pusey CD: Interleukin-4 ameliorates crescentic glomerulo-
nephritis in Wistar Kyoto rats. Kidney Int 55: 1319–1326,
1999

30. Khan S, Cook T, Pusey C, Bhangal G, Smith J: Blockade of
TNF-alpha is effective in the treatment of experimental
glomerulonephritis [Abstract]. J Am Soc Nephrol 14: 413A,
2004

31. Smyth C, Smith J, Cook HT, Haskard DO, Pusey C: Anti-
myeloperoxidase associated pauci-immune focal segmen-
tal glomerulonephritis in rats. Cleve Clin J Med 69[Suppl 2]:
S2–S156, 2002

32. Thompson RD, Wakelin MW, Larbi KY, Dewar A, Asima-
kopoulos G, Horton MA, Nakada MT, Nourshargh S: Di-
vergent effects of platelet-endothelial cell adhesion mole-
cule-1 and b3 integrin blockade on leukocyte
transmigration in vivo. J Immunol 165: 426–434, 2000

33. Little MA, Smyth C, Smith J, Yadav R, Pusey C, Nour-
shargh S: In vivo effects of the induction of ANCA on
leukocyte adhesion and transmigration as assessed by in-
travital microscopy [Abstract]. J Am Soc Nephrol 15: 693A,
2004

34. Jayne DR, Chapel H, Adu D, Misbah S, O’Donoghue D,
Scott D, Lockwood CM: Intravenous immunoglobulin for
ANCA-associated systemic vasculitis with persistent dis-
ease activity. QJM 93: 433–439, 2000

35. Ferrario F, Rastaldi MP, D’Amico G: The crucial role of
renal biopsy in the management of ANCA-associated renal
vasculitis. Nephrol Dial Transplant 11: 726–728, 1996

36. Ferrario F, Rastaldi MP: Necrotizing-crescentic glomerulo-

168 Journal of the American Society of Nephrology J Am Soc Nephrol 17: 160–169, 2006



nephritis in ANCA-associated vasculitis: The role of mono-
cytes. Nephrol Dial Transplant 14: 1627–1631, 1999

37. Smyth CL, Little MA, Cook HT, Smith J, Haskard DO,
Pusey C: Time course of development of vasculitis in a rat
model of ANCA-associated experimental autoimmune
vasculitis [Abstract]. Kidney Blood Pres Res 26: 263A, 2003

38. Rarok AA, Limburg PC, Kallenberg CG: Neutrophil-acti-
vating potential of antineutrophil cytoplasm autoantibod-
ies. J Leukoc Biol 74: 3–15, 2003

39. Falk RJ, Terrell RS, Charles LA, Jennette JC: Anti-neutro-
phil cytoplasmic autoantibodies induce neutrophils to de-
granulate and produce oxygen radicals in vitro. Proc Natl
Acad Sci U S A 87: 4115–4119, 1990

40. Tse WY, Nash GB, Hewins P, Savage CO, Adu D: ANCA-
induced neutrophil F-actin polymerization: Implications
for microvascular inflammation. Kidney Int 67: 130–139,
2005

41. Moosig F, Csernok E, Kumanovics G, Gross WL: Opso-
nization of apoptotic neutrophils by anti-neutrophil cy-
toplasmic antibodies (ANCA) leads to enhanced uptake
by macrophages and increased release of tumour necro-

sis factor-alpha (TNF-alpha). Clin Exp Immunol 122: 499 –
503, 2000

42. Harper L, Cockwell P, Adu D, Savage CO: Neutrophil
priming and apoptosis in anti-neutrophil cytoplasmic au-
toantibody-associated vasculitis. Kidney Int 59: 1729–1738,
2001

43. Aasarod K, Iversen BM, Hammerstrom J, Bostad L, Jorstad
S: Clinical outcome of patients with Wegener’s granuloma-
tosis treated with plasma exchange. Blood Purif 20: 167–173,
2002

44. Gaskin G, Jayne D: Adjunctive plasma exchange is supe-
rior to methylprednisolone in acute renal failure due to
ANCA-associated glomerulonephritis [Abstract]. J Am Soc
Nephrol 13: 2A, 2002

45. Klemmer PJ, Chalermskulrat W, Reif MS, Hogan SL,
Henke DC, Falk RJ: Plasmapheresis therapy for diffuse
alveolar hemorrhage in patients with small-vessel vasculi-
tis. Am J Kidney Dis 42: 1149–1153, 2003

46. Pusey CD, Rees AJ, Evans DJ, Peters DK, Lockwood CM:
Plasma exchange in focal necrotizing glomerulonephritis
without anti-GBM antibodies. Kidney Int 40: 757–763, 1991

J Am Soc Nephrol 17: 160–169, 2006 Anti-TNF Therapy in EAV 169


