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The involvement of proinflammatory cytokines inter-
leukin (IL)-1 and tumor necrosis factor (TNF) in cres-
centic glomerulonephritis (GN) is well established.
Recently the requirement of intrinsic renal cell par-
ticipation via their production of TNF in crescentic
GN was demonstrated. The current studies address
the relative contributions of leukocyte and intrinsic
renal cell-derived IL-1� in the induction of TNF pro-
duction and glomerular injury by studying bone mar-
row chimeric mice. Leukocyte-derived IL-1� was crit-
ical in the development of crescentic renal injury
because IL-1��/�3WT (absent leukocyte IL-1�) chi-
meric mice had significantly attenuated TNF expres-
sion and were protected from the development of
crescentic GN. In contrast, WT3 IL-1��/� chimeric
mice (intact leukocyte but absent renal IL-1�) devel-
oped similar TNF expression and crescentic GN to
wild-type mice. To determine the cellular target for
IL-1 in this model, IL-RI chimeric mice were studied.
IL-1RI�/�3WT chimeric (absent leukocyte IL-1RI ex-
pression) mice showed no attenuation of crescentic
GN, whereas in the absence of renal IL-1RI (WT3 IL-
1RI�/� chimeras), glomerular TNF expression and
the development of crescentic GN were significantly
decreased. These studies demonstrate that leukocytes
are the major cellular source of IL-1� , and that IL-1�
acts principally via the IL-1RI on intrinsic renal cells
to induce TNF expression and crescentic glomerular
injury. (Am J Pathol 2004, 164:1967–1977)

Cytokine involvement in the pathogenesis of crescentic
glomerulonephritis (GN) has been demonstrated in nu-
merous human and experimental studies. Crescentic GN
is characterized by the presence of delayed type hyper-
sensitivity effectors (CD4� T cells, macrophages, and

fibrin) and the formation of crescents, and is associated
with a Th1 cell-mediated response toward planted glo-
merular antigens.1–7 Based on in vitro and in vivo data, it
is generally accepted that both infiltrating inflammatory
cells and intrinsic renal cells synthesize and release cy-
tokines, however the extent of intrinsic renal cell contri-
butions to the effector phase of immune renal injury has
only recently been assessed.

The active role of resident cells in mediating inflamma-
tory injury is becoming increasingly apparent, with studies
in arthritis,8 experimental autoimmune encephalomyeli-
tis,9–11 and GN12–15 demonstrating that local parenchymal
cells initiate and perpetuate the effector inflammatory re-
sponse. Several studies have established an important
function for central nervous system resident cells in the
pathogenesis of experimental autoimmune encephalitis. In
particular, bone marrow (BM) chimeras have demonstrated
the capacity for resident central nervous system cells to
present Ag, express MHC class II and CD40, and to control
T-cell accumulation via chemokine synthesis.11,16–18 How-
ever, another study of experimental autoimmune encepha-
litis in tumor necrosis factor (TNF) chimeric animals demon-
strated that leukocytes contribute �99% of total TNF
present within the inflamed central nervous system and are
the essential source of TNF that drives chemokine produc-
tion (MCP-1 and TCA-3) by resident central nervous system
stromal cells.19

In experimental GN, studies using BM chimeric mice
have demonstrated that intrinsic renal cells are actively
involved in directing and influencing renal injury. Intrinsic
renal cells contribute toward the formation of glomerular
crescents, renal leukocyte accumulation, and impairment
of renal function via their production of interferon-�, inter-
leukin (IL)-12, TNF, and expression of MHC class II and
CD40 molecules.12–15,20 In addition, it has been demon-
strated that the relative contribution of particular cyto-
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kines and their cellular sources may vary. Some cyto-
kines (interferon-�, IL-12) are produced by both intrinsic
renal cells and leukocytes, whereas others (TNF) are
expressed principally by intrinsic renal cells.

Both IL-1 and TNF are important cytokines in the
pathogenesis of crescentic GN. Human studies have
demonstrated elevated expression of both cytokines in
biopsies from patients with crescentic GN.21 In experi-
mental GN, administration of soluble TNF receptors or the
natural IL-1 receptor antagonist (IL-1ra) to rats develop-
ing crescentic GN reduced glomerular injury and pre-
vented crescent formation.22,23 Furthermore, treatment
with anti-IL-1� antibodies or anti-TNF antibodies also re-
sulted in a reduction of proteinuria in anti-glomerular
basement membrane (GBM) GN.24 Intrinsic renal cells
have been shown to be the predominant source of TNF
that mediates glomerular inflammation in a murine model
of crescentic GN.14 However, the predominant cellular
source of IL-1 is controversial because some studies
suggest that infiltrating macrophages are the main
source of IL-1 in crescentic glomeruli,25–27 whereas oth-
ers implicate intrinsic renal cells as the major source.28,29

The current study investigates the major cellular
source of IL-1� contributing to inflammatory injury in cres-
centic GN, and the main target for IL-1-mediated proin-
flammatory effects in crescentic GN. Our results demon-
strate that IL-1� is produced principally by BM-derived
cells, and predominantly targets intrinsic renal cells via
the IL-1RI to mediate renal injury in murine crescentic
GN. It also indicates that TNF production by intrinsic renal
cells is induced by IL-1� from infiltrating leukocytes act-
ing in a paracrine manner.

Materials and Methods

Mice

Mice homozygous for targeted deletions of IL-1� (a gift
from Y. Iwakura, University of Tokyo, Tokyo, Japan)30 and
IL-1RI (a gift from A. Satsokar, Ohio State University, OH,
USA)31 genes were backcrossed onto a C57BL/6
background. These mice were bred and housed under
specific pathogen-free conditions at Monash University
(Clayton, Victoria, Australia).

BM Transplantation

IL-1��/�, IL-1RI�/�, or C57BL/6 wild-type (WT) mice
were used for BM transplantation. Donor mice (12 to 14
weeks of age) were sacrificed by CO2 inhalation followed
by cervical dislocation. The marrow was harvested from
the tibia and femur under sterile conditions and depleted
of red blood cells, as previously reported.12 Recipient
mice (5 to 6 weeks of age) were lethally irradiated with
two exposures of 5.5 Gy at 3 hours apart. Within 6 hours
of irradiation, 5 � 106 BM cells were injected into the tail
vein. The resulting chimeric mice were housed under
specific pathogen-free conditions for 8 weeks to allow
BM reconstitution. At this time, circulating leukocyte num-
bers, lymphocyte subsets (assessed by flow cytometry),

and splenic distribution of T cells and macrophages (as-
sessed by immunohistology) were normal, as previously
reported.12,13

The effect of irradiation on kidney architecture, func-
tion, and development of GN was assessed in WT mice
after irradiation and transplantation of WT BM. Sham
chimeric (WT3WT) and age-matched nonirradiated
mice had similar baseline proteinuria (WT3WT chime-
ras, 0.94 � 0.27 mg/24 hours; WT, 0.77 � 0.2 mg/24
hours) and serum creatinine levels (WT3WT chimeras,
18.84 � 1.38 �mol/L; WT, 17.51 � 0.58 �mol/L). Further-
more, kidneys of irradiated mice showed no histological
abnormalities on routine light microscopy.

Sham chimeras (WT3WT) developed similar systemic
immune responses to the nephritogenic Ag and similar
progression of GN to WT mice,12 indicating that irradia-
tion and BM transplantation per se did not affect the
development of this disease. The incidence of crescentic
glomeruli (WT, 31 � 3%; sham chimeras, 33 � 1%) and
glomerular infiltration of CD4� T cells (WT, 1.2 � 0.1
c/gcs; sham chimeras, 1.1 � 0.1 c/cgs) and macro-
phages (WT, 3.3 � 0.4 c/gcs; sham chimeras, 3.2 � 0.1
c/gcs) were equivalent. Similarly, there was no difference
in functional renal injury between the two groups, indi-
cated by proteinuria (WT, 3.9 � 0.8 mg/24 hours; sham
chimeras, 4.6 � 0.1 mg/24 hours) and serum creatinine
(WT, 35 � 3 �mol/L; sham chimeras, 36 � 6 �mol/L).

Serum and kidney TNF and IL-1� cytokine production
in sham chimeric (WT3WT) animals (n � 5) were equiv-
alent to levels observed in normal C57BL/6 mice (n � 3)
(TNF levels in serum: WT3WT chimeras, 0.03 � 0.01
ng/ml and WT, 0.05 � 0.01 ng/ml; kidney: WT3WT,
5.2 � 1.1 ng/g and WT, 5.1 � 0.6 ng/g; IL-1� levels in
kidney: WT3WT, 6.6 � 0.8 ng/g and WT, 7.0 � 0.5 ng/g).

The efficiency of BM reconstitution was assessed by
BM transplantation between CD45 congenic mice (Ly5.1
and Ly5.2). Detection of donor and recipient leukocytes
by flow cytometry using allele-specific monoclonal anti-
bodies demonstrated that 98 � 1% of BM cells, 92 � 1%
of PBMCs, and 90 � 2% of splenic leukocytes were of
donor origin in the Ly5.13WT (Ly 5.2) chimeric mice.13

Repopulation of intrinsic renal cells by BM-derived
precursors was assessed by transplantation of green
fluorescent protein-positive BM into irradiated WT mice.
Eight weeks after transplantation, green fluorescent pro-
tein expression was detected in 1.9 � 0.3 cells per glo-
merular cross-section, indicating that �5% of cells in
normal mouse glomeruli were BM derived. Because kid-
neys were not perfused some of these cells may be
circulating leukocytes.14

Induction of Crescentic GN

Crescentic anti-GBM was induced in mice by an intrave-
nous injection of a total of 14.4 mg of sheep anti-mouse
GBM globulin [in 900 �l of phosphate-buffered saline
(PBS)] divided equally into two doses given 3 hours
apart. The development of crescentic GN was assessed
21 days later in WT mice and four groups of irradiated BM
transplanted chimeric mice. These were, IL-1��/�3WT
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chimeras in which IL-1��/� BM was transplanted into WT
recipients, WT3 IL-1��/� chimeras in which WT BM was
transplanted into IL-1��/� recipients, IL-1RI�/�3WT chi-
meras in which IL-1RI�/� BM was transplanted into WT
recipients, and WT3 IL-1RI�/� chimeras in which WT BM
was transplanted into IL-1RI�/� recipients. All mice were
13 to 14 weeks of age at the time of administration of
anti-GBM globulin.

Histological Assessment of Glomerular Injury

Glomerular Crescent Formation

Kidney tissue was fixed in Bouin’s fixative, embedded
in paraffin, and 3-�m sections were stained with periodic
acid-Schiff’s reagent. Glomeruli were considered to ex-
hibit crescent formation when two or more layers of cells
were observed in Bowman’s space. A minimum of 50
glomeruli was assessed to determine the crescent score
for each animal.

Glomerular CD4� T Cell and Macrophage
Accumulation

Kidney tissue and spleen was fixed in periodate/lysine/
paraformaldehyde. Six-�m cryostat-cut sections were
stained to demonstrate CD4� T cells and macrophages
with monoclonal antibodies, GK1.5 and M1/70, respec-
tively, using a three-layer immunoperoxidase technique.2

A minimum of 20 equatorially sectioned glomeruli were
assessed per animal and results expressed as cells per
glomerular cross-section (c/gcs).

Functional Assessment of Glomerular Injury

Proteinuria

Mice were housed individually in cages to collect urine
before administration of anti-GBM globulin and through-
out the final 24 hours of the experiment. Urinary protein
concentrations were determined by a modified Bradford
method.32 Before induction of GN, all groups of mice had
24-hour urine protein excretion in the normal range (0.5 to
2.0 mg/24 hours).

Serum Creatinine

Serum creatinine concentrations were measured by an
enzymatic creatininase assay.

Demonstration of Renal IL-1� and IL-1RI
Expression

IL-1� and IL-1RI expression in renal tissues were de-
tected using monoclonal antibodies: anti-mouse IL-1�
(clone 30311; R&D Systems/Bio Scientific, Gymea, NSW,
Australia) and anti-mouse IL-1RI (clone 35F5; BD Bio-
sciences/PharMingen, San Diego, CA) directly conju-
gated to Alexa 488 and 594 (Molecular Probes, Eugene
OR), respectively. Cryostat-cut snap-frozen kidney tissue

sections (6 �m) were blocked with 10% normal rat serum
in 5% bovine serum albumin/PBS and then incubated
with individual antibodies at a final dilution of 1 in 40 for
60 minutes at room temperature. Confocal images of
IL-1� and IL-1RI renal expression were collected using a
Bio-Rad (Hampstead, UK) confocal inverted Nikon micro-
scope equipped with an air-cooled 25-mW argon/krypton
laser, as previously described.13 Digital images were
collected using Bio-Rad laser sharp 2000 version 4.1
software.

Assessment of Glomerular TNF Expression

Glomerular TNF expression was detected using a phy-
coerythrin-conjugated rat anti-mouse TNF antibody
(clone MP6-XT22, BD Biosciences/PharMingen). Cryo-
stat-cut snap-frozen kidney tissue sections (6 �m) were
blocked with 10% normal rat serum in 5% bovine serum
albumin/PBS and then incubated with the phycoerythrin-
rat-anti-mouse TNF antibody at a final dilution of 1 in 40
for 60 minutes at room temperature. In a blinded protocol
on a minimum of 50 glomeruli per mouse, glomeruli were
scored semiquantitatively (0 to 3�), with 0 being equiv-
alent to background and 3� equal to the most intense
fluorescence in any glomerulus.

Measurement of TNF and IL-1�

Serum and kidney tissue samples were collected from
normal WT (n � 5), IL-1��/�3WT (n � 5), WT3 IL-1��/�

(n � 5), and IL-1RI�/�3WT (n � 5) and WT3 IL-1RI�/�

(n � 5) chimeric mice with GN. Kidney samples were
homogenized in 0.1 mol/L NaCl, 0.05 mol/L Tris-Cl, 2%
v/v Triton X-100 together with protease inhibitors (Roche
Diagnostics, Melbourne, Australia). The homogenate was
spun at 14,000 rpm for 15 minutes and the supernatant
was collected. Tissue extracts and serum were stored at
�70°C until assayed. TNF and IL-1� were measured by
enzyme-linked immunosorbent assay (ELISA), with a de-
tection limit of 0.031 ng/ml and 0.061 ng/ml, respectively.
Microtiter plates were coated with anti-mouse TNF (1
�g/ml) or anti-mouse IL-1� (4 �g/ml) as the capture
antibody (R&D Systems, NSW, Australia). Plates were
washed in 0.05% Tween/PBS and blocked with 1% bo-
vine serum albumin in PBS for 2 hours at 37°C. Plates
were then washed and incubated with recombinant mu-
rine TNF or IL-1� (R&D Systems) at serial dilutions be-
tween 4.0 and 0.031 ng/ml dilutions or with serum,
spleen, and kidney extracts at 4°C overnight. Plates were
washed and bound mouse TNF or IL-1� was detected
using biotinylated anti-mouse TNF or biotinylated IL-1�
antibodies (R&D Systems) at a concentration of 200 or
500 ng/ml, respectively, for 1 hour at room temperature.
Plates were washed and streptavidin-horseradish perox-
idase (1:2000 in 1% bovine serum albumin/PBS; Chemi-
con, Melbourne, Australia) was added for 20 minutes at
room temperature followed by TMB (Sigma Aldrich Pty.
Ltd., NSW, Australia), the chromogenic substrate. All
samples were assayed in duplicate, the assay was per-
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formed twice and results were calculated as concentra-
tion/wet weight of tissue (ng/g) or ng/ml for serum.

Humoral Immune Responses to Sheep Globulin

Mouse anti-sheep globulin antibody titers were measured
by ELISA on serum collected at the end of each experi-
ment. Assays were performed using microtiter plates
coated with sheep globulin at a concentration of 10 �g/ml
and bound mouse Ig was detected using horseradish
peroxidase-conjugated sheep anti-mouse Ig antibody
(Amersham, Little Chalfont, UK), as previously described.4

Experimental Design and Statistical Analysis

The development of GN was studied in a total of 20 WT
mice, 5 IL-1��/�3WT chimeric mice, 10 WT3 IL-1��/�

chimeric mice, 5 IL-1RI�/�3WT chimeric mice, and 19
WT3 IL-1RI�/� chimeric mice. Results are expressed as
the mean � SEM. The statistical significance was deter-
mined by one-way analysis of variance, followed by New-
man-Keuls post hoc test.

Results

Leukocyte-Derived IL-1� Is Required for the Full
Development of Crescentic GN

Renal IL-1� Expression

IL-1� was expressed in interstitial and intraglomerular
areas as well as on tubular cells. Expression in glomeruli

was associated with both leukocytes and intrinsic renal
cells. Prominent IL-1� expression was observed in WT
mice with GN (Figure 1A). In WT3 IL-1��/� chimeric
mice (Figure 1B) intrinsic renal cell expression was ab-
sent, however occasional intraglomerular cells were pos-
itive for IL-1�. Co-localization with Mac-1 demonstrated
that these IL-1�-expressing cells were macrophages (not
shown). In IL-1��/�3WT chimeras, tubular and intraglo-
merular IL-1� was observed (Figure 1C). In the IL-RI
chimeric (both WT3 IL-1RI�/� and IL-1RI�/�3WT)
groups (Figure 1, D and E, respectively) IL-1� expression
was unaffected and similar to the expression observed in
WT mice. Measurement of IL-1� protein by ELISA dem-
onstrated that renal IL-1� was significantly reduced in
IL-1��/�3WT chimeric mice compared to WT3 IL-
1��/�, this indicating that a major contribution of leuko-
cytes to renal IL-1� occurs in this model (Figure 2B).
Renal IL-1� in WT3 IL-1��/� chimeras was not different
from WT mice with GN. Serum levels of IL-1� were unde-
tectable in all groups (�0.031 ng/ml).

Similar Development of Crescentic GN Is Observed in
WT and IL-1��/�3WT Chimeric Mice

We have previously demonstrated the important role
IL-1� has in the development of crescentic GN, with a
50% reduction in crescent formation and marked atten-
uation of glomerular leukocyte recruitment and functional
parameters of renal injury in IL-1�-deficient mice devel-
oping anti-GBM GN.33 WT mice and chimeric mice with
IL-1� expression restricted to cells derived from the BM
(WT3 IL-1��/� chimeras) developed proliferative GN

Figure 1. Renal localization of IL-� (green, A–E) and IL-1RI (red, F–J) in WT and chimeric mice with GN, detected by immunofluorescence, and captured by
confocal microscopy. A: In glomeruli of WT mice, cytoplasmic staining of infiltrating leukocytes with occasional patchy staining of resident glomerular cells was
observed. Tubular areas were also positive for IL-1�. B: In WT3 IL-1��/� chimeras IL-1� was only detected on macrophages infiltrating the kidney, no renal
expression was detected. C: In IL-1��/�3WT chimeric animals, IL-1� expression was sparsely observed in glomeruli and on tubular cells. In IL-1RI chimeric mice,
WT3 IL-1RI�/� (D), and IL-1RI�/�3WT (E), IL-1� expression was observed in a similar pattern to WT animals. Renal expression of IL-1RI in WT (F),
WT3 IL-1��/� (G), and IL-1��/�3WT (H) mice was similar, with the receptor observed to be present on cells in the glomerulus and on tubules. I: In contrast
the WT3 IL-1RI�/� chimeras had absent renal IL-1RI expression with limited expression detected on infiltrating inflammatory cells. J: The expression of IL-1RI
in IL-1RI�/�3WT chimeras was not noticeably reduced compared with WT mice, this indicating that the prominent expression observed in WT and IL-1�
chimeric mice to be by intrinsic renal cells. Confocal immunofluorescence, under oil immersion. Original magnifications, �600.
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(Figure 3, A and B, respectively) with a similar incidence
of glomerular crescent formation, 25.1 � 1.7% and
22.1 � 3.2%, respectively (Figure 4), indicating that leu-
kocyte-derived IL-1� is sufficient for the development of
crescents.

Leukocyte recruitment in WT3 IL-1��/� chimeras,
specifically glomerular CD4� T cells (0.6 � 0.05 c/gcs;
P � 0.001; compare WT) and macrophages (1.1 � 0.11
c/gcs; P � 0.001; compare WT) was significantly less
than in WT (CD4� T cells, 1.1 � 0.09; macrophages,
2.2 � 0.15; Figure 4) mice but significantly greater than
previously observed in IL-1�-deficient mice.

Elevations in serum creatinine were similar in WT and
WT3 IL-1��/� chimeras (25.2 � 2.0 �mol/L, 22.7 � 2.1
�mol/L, respectively); however, there was a significant
reduction in the amount of proteinuria in WT3 IL-1��/�

chimeras (4.5 � 0.7 mg/24 hours, P � 0.01) compared to
WT (9.1 � 1.0 mg/24 hours, Figure 5).

GN Is Less Severe in IL-1��/�3WT Chimeric Mice

Chimeric mice with absent BM-derived IL-1� but intact
renal IL-1� (IL-1��/�3WT chimeras) showed similar pro-
tection from crescentic GN to that observed in mice with

complete IL-1� deficiency. Crescent formation was sig-
nificantly reduced in IL-1��/�3WT chimeras (8.2 �
1.0% of glomeruli) compared to WT (P � 0.001) and
WT3 IL-1��/� chimeras (P � 0.01, Figures 3C and 4).

Leukocyte recruitment was diminished in chimeric
mice with IL-1� expression restricted to renal cells. In
IL-1��/�3WT chimeras the glomerular accumulation of
CD4� T cells (0.3 � 0.06 c/gcs) and macrophages (0.3 �
0.04 c/gcs) was significantly reduced compared to WT
mice (P � 0.001) and WT3 IL-1��/� chimeras (P � 0.05,
Figure 4). Only minor renal impairment was displayed in
these chimeric mice consistent with the degree of glo-
merular crescent formation. Both proteinuria (3.1 � 0.7
mg/24 hours; P � 0.01; compare WT) and serum creati-
nine (16.9 � 0.8�mol/L; P � 0.05; compare WT) were
reduced to a similar extent as previously demonstrated in
IL-1�-deficient mice (Figure 5).

Expression of the IL-1RI on Intrinsic Renal Cells Is
Required for Full Development of Crescentic GN

IL-1RI Expression

IL-1RI expression was detected in glomeruli of WT,
WT3 IL-1��/� chimeric, IL-1��/�3WT chimeric, and IL-
1RI�/�3WT chimeric mice (Figure 1; F, G, H, and J,
respectively). Intrinsic renal cell expression of IL-1RI was

Figure 2. Renal TNF and IL-1� levels were measured in WT and chimeric
mice with GN. Kidney samples were homogenized and protein extracted,
results expressed as concentration (ng) per tissue wet weight (g). A: Kidney
TNF expression was significantly reduced in IL-1��/�3WT and WT3 IL-
1RI�/� chimeric mice compared to WT mice (*, P � 0.05). B: Renal IL-1�
expression was reduced in IL-1��/�3WT chimeras compared to WT3 IL-
1��/� chimeras (F, P � 0.05).

Figure 3. The histological appearance of crescentic glomerular injury in WT
and chimeric mice 21 days after administration of sheep anti-mouse GBM
globulin. A: WT mice developed proliferative GN with glomerular crescent
formation, deposition of glomerular periodic acid-Schiff-positive material
and cellular interstitial infiltrate. Proliferative changes and crescents were also
observed in WT3 IL-1��/� chimeric (B) and IL-1RI�/�3WT chimeric (E)
mice with GN. IL-1��/�3WT chimeric (C) and WT3 IL-1RI�/� chimeric
(D) mice developed mild proliferative GN, with only occasionally observed
crescent formation . Periodic acid-Schiff-stained sections. Original magnifi-
cations, �400.
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not observed in WT3 IL-1RI�/� chimeric mice, however it
was detected on intraglomerular leukocytes (Figure 1I).

Crescentic GN Is Diminished in WT3 IL-1RI�/�

Chimeric Mice

Chimeric mice with the receptor expressed on BM-
derived cells but with absent renal expression (WT3 IL-
1RI�/� chimeras) showed significant protection from
crescentic GN and were protected to a similar extent to
IL-1RI-deficient mice, IL-1�-deficient mice33 and IL-
1��/�3WT chimeras (Figure 3D).

Figure 4. Histological features of glomerular injury in WT and IL-1� chimeric
mice with GN: glomerular crescent formation, glomerular CD4� T cell accu-
mulation, and glomerular macrophage accumulation. Control WT mice with
GN developed severe GN with a high incidence of glomerular crescent
formation. In contrast IL-1��/�3WT chimeric mice had a significant reduc-
tion in the proportion of glomeruli affected. WT3 IL-1��/� chimeric mice
had a similar incidence of crescent formation to WT controls, which was
significantly higher than IL-1��/�3WT chimeric mice. Glomerular accumu-
lation of CD4� T cells and macrophages was significantly reduced in both
chimeric groups, with a trend to a greater reduction observed in IL-1��/�3WT
chimeras because inflammatory cellular infiltrate is significantly reduced
compared to WT3 IL-1��/� chimeras.

Figure 5. Functional indices of injury in IL-1� chimeric mice with GN. WT
mice with GN developed significant proteinuria, whereas IL-1� chimeric
mice had reduced proteinuria compared with WT mice. Elevated serum
creatinine demonstrated impaired renal function in WT and WT3 IL-��/�

chimeric mice, whereas significantly lower serum creatinine levels were
demonstrated in IL-1��/�3WT chimeric mice. The dotted line indicates
the urinary protein excretion and serum creatinine of normal WT mice
without GN.
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Crescent formation was significantly reduced in WT3 IL-
1RI�/� chimeras (17.7 � 2.2% of glomeruli) compared to
WT mice (P � 0.05, Figure 6). This trend continued in
leukocyte recruitment, with glomerular accumulation of
CD4� T cells (WT3 IL-1RI�/� chimeras, 0.2 � 0.03 c/gcs)
and macrophages (WT3 IL-1RI�/� chimeras, 0.4 � 0.09
c/gcs) significantly reduced compared to WT mice (P �
0.001) and IL-1RI�/�3WT chimeras (CD4� T cells, P �
0.001; macrophages, P � 0.01; Figure 6). Preservation of
renal function paralleled the minimal histological changes
observed with significantly lower proteinuria (2.9 � 0.3
mg/24 hours; P � 0.001; compare WT) and lower serum
creatinine levels (16.5 � 0.8 �mol/L; P � 0.001; compare
WT; Figure 7) measured in WT3 IL-1RI�/� chimeras.

Figure 6. Histological features of glomerular injury in WT and IL-1RI chimeric
mice with GN: glomerular crescent formation, glomerular CD4� T cell accumu-
lation, and glomerular macrophage accumulation. Control WT mice with GN
developed severe GN with a high incidence of glomerular crescent formation.
Similarly WT3 IL-1RI�/� chimeric mice formed numerous crescents with a high
incidence of glomeruli affected. In contrast WT3 IL-1RI�/� chimeric mice
had a significant reduction in the proportion of crescentic glomeruli com-
pared to WT mice. Glomerular accumulation of CD4� T cells and macro-
phages was significantly reduced in both chimeric groups, with a trend to a
greater reduction observed in WT3 IL-1RI�/� chimeras because inflamma-
tory cellular infiltrate is significantly reduced compared to IL-1RI�/�3WT
chimeras.

Figure 7. Functional indices of injury in IL-1RI chimeric mice with GN. IL-1RI
chimeric mice developed significantly less proteinuria compared with WT mice
with GN. Serum creatinine demonstrated impaired renal function in WT and
IL-1RI�/�3WT chimeric mice, whereas WT3 IL-1RI�/� chimeric mice had
significantly lower serum creatinine than WT mice. The dotted line indicates the
urinary protein excretion and serum creatinine of normal WT mice without GN.
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WT and IL-1RI�/�3WT Chimeras Develop Similar
Patterns of Renal Injury

In comparison to the WT3 IL-1RI�/� chimeras, mice
with IL-1RI expression on intrinsic renal cells but absent
expression on BM-derived cells (IL-1RI�/�3WT chime-
ras) exhibited similar disease severity as WT mice (Figure
3E). Crescent formation (21.2 � 2.9% of glomeruli), glo-
merular CD4� T cell (0.6 � 0.09 c/gcs), and glomerular
macrophage (1.1 � 0.18 c/gcs) accumulation was sig-
nificantly higher than WT3 IL-1RI�/� chimeric mice
(CD4� T cells, P � 0.001; macrophages, P � 0.01; Figure
6). In addition, renal function was not protected to the
same extent as WT3 IL-1RI�/� chimeric mice with el-
evated proteinuria (5.0 � 0.3 mg/24 hours) and serum
creatinine levels (21.5 � 0.6 �mol/L) observed in
IL-1RI�/�3WT chimeric mice (Figure 7).

TNF Expression in IL-1� and IL-1RI Chimeric
Mice (Figure 8)

Prominent TNF expression was observed in glomeruli,
tubules, and interstitial areas of WT mice (Figure 8A), and
was unaffected by absence of intrinsic renal cell IL-1�

(WT3 IL-1��/� chimeras, Figure 8B) or leukocyte IL-RI
expression (IL-1RI�/�3WT chimeras, Figure 8E). How-
ever, in IL-1��/�3WT and WT3 IL-1RI�/� chimeras
(Figure 8, C and D, respectively), glomerular TNF expres-
sion was markedly attenuated, in the absence of leuko-
cyte IL-1� production (IL-1��/�3WT) or intrinsic renal
cell IL-1RI (WT3 IL-RI�/�). Sparse TNF expression was
observed on some periglomerular cells, interstitial cells,
and occasional tubular cells in these mice. This pattern
of expression was semiquantitatively scored and glomer-
ular TNF expression did not differ between WT
(2.4 � 0.07), WT3 IL-1��/� chimeric (2.2 � 0.05), and
IL-1RI�/�3WT chimeric mice (2.2 � 0.06), but was sig-
nificantly reduced in IL-1��/�3WT (0.3 � 0.06) and
WT3 IL-1RI�/� (0.5 � 0.04) mice (refer to graph). These
results were confirmed by ELISA analysis of kidney ex-
tracts. A significant reduction of renal TNF was observed
in IL-1��/�3WT and WT3 IL-1RI�/� chimeric mice,
whereas WT, WT3 IL-1��/�, and IL-1RI�/�3WT mice
had similar levels of renal TNF. Serum TNF levels were
equivalent in all groups of mice (WT, 0.04 � 0.004 ng/ml;
WT3 IL-1��/�, 0.02 � 0.002 ng/ml; IL-1��/�3WT,
0.03 � 0.002 ng/ml; WT3 IL-1RI�/�, 0.03 � 0.005 ng/ml;
and IL-1RI�/�3WT, 0.03 � 0.003 ng/ml).

Figure 8. Immunofluorescence assessment of renal TNF expression. A: In WT mice, prominent glomerular TNF was observed on intraglomerular cells, particularly
in the glomerular stalk. TNF expression was also observed on tubular cells. This prominent pattern of TNF expression was also observed in WT3 IL-1��/� (B)
and IL-1RI�/�3WT (E) chimeras. In contrast, TNF expression was significantly reduced in IL-1��/�3WT (C) and WT3 IL-RI�/� (D) chimeric mice, with
minimal TNF expression on intraglomerular cells and in interstitial area. F: Semiquantitative analysis showed significant reduction in renal TNF expression in
IL-1��/�3WT and IL-1RI�/�3WT chimeras compared to other groups (f, P � 0.001; see WT) Confocal immunofluorescence, under oil immersion. Original
magnifications, �600.
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Serum Ab Titers to Sheep Globulin (Figure 9)

No significant differences were observed in the serum
titers of mouse anti-sheep globulin antibody in any
groups.

Discussion

Several studies have assessed the primary source of IL-1
in GN and have established a link between glomerular
macrophage infiltration and increased glomerular ex-
pression of IL-1� in experimental GN.25,34–37 Studies of
human GN have also demonstrated significant glomeru-
lar IL-1� mRNA and protein expression within glomerular
crescents and have attributed this expression to infiltrat-
ing macrophages rather than intrinsic renal cells.21,38–41

Intrinsic renal cells are capable of producing IL-1 in vitro,
and histological studies have suggested intrinsic renal
cells may be the major source of IL-1 during GN.28,29,42

In the present study, the relative contribution of leuko-
cytes and intrinsic renal cells to IL-1�-dependent injury in
crescentic nephritis was addressed by creating chimeric
mice. This technique has been previously demonstrated
to result in �90% replacement of recipient BM, splenic,
and circulating leukocytes with those of the donor phe-
notype.13 An important role for leukocyte IL-1� produc-
tion was demonstrated in WT3 IL-1��/� chimeric mice
with restricted expression of IL-1� to BM-derived cells.
These mice developed crescentic nephritis in a similar
pattern to WT controls, particularly the incidence of cres-
cent formation and serum creatinine elevation. However it
should be noted that cellular recruitment (CD4� T cell
and macrophage accumulation) and proteinuria are de-
creased with the absence of renal IL-1, suggesting a role
for renal-derived IL-1� in a feedback loop for leukocyte
recruitment that may involve up-regulation of chemokine
expression.43–48

In contrast, crescentic GN was markedly attenuated in
the absence of leukocyte IL-1�, despite the intact ability

of intrinsic renal cells to produce IL-1�. Crescent forma-
tion, CD4� T cell and macrophage glomerular accumu-
lation were all significantly reduced compared to WT
controls and WT3 IL-1��/� chimeric mice, as were func-
tional indices of renal injury. These studies demonstrate
that although IL-1� production by intrinsic renal cells
contributes to some aspects of crescentic GN, leukocyte
IL-1� alone is sufficient for induction of crescent forma-
tion in this model. Absent leukocyte IL-1� production
provides equivalent protection to total IL-1� deficiency,
indicating that IL-1� production by intrinsic renal cells
cannot compensate for absent leukocyte IL-1�.

To address the cellular targets for IL-1 in this model,
we studied the requirement for IL-1RI expression on leu-
kocytes and intrinsic renal cells. Absence of intrinsic
renal cell IL-1RI provided similar protection to complete
IL-1RI deficiency, indicating that intrinsic renal cells are
the major targets for IL-1. Crescent formation, CD4� T
cell and macrophage accumulation, proteinuria, and se-
rum creatinine were all significantly reduced compared to
WT animals. In contrast, chimeric mice with absent IL-1RI
expression on BM-derived cells but with renal cells ex-
pressing the IL-1 receptor developed crescentic GN sim-
ilar to WT mice. Therefore, intrinsic renal cells need to
express the IL-1 type I receptor for the full development
of injury in crescentic GN.

Together with IL-1, TNF is a key cytokine in the patho-
genesis of crescentic GN. It recently has been demon-
strated that intrinsic renal cells are the major source of
TNF that is responsible for a substantial component of
injury and crescent formation in this model of crescentic
GN.14 TNF is produced by intrinsic renal cells, including
mesangial,49–51 glomerular,52,53 and tubular epithelial
cells.54,55 Macrovascular endothelial cells also produce
TNF56,57 but TNF production by glomerular endothelial
cells has not been reported.

The current study demonstrates that leukocyte produc-
tion of IL-1� and expression of IL-1RI on intrinsic renal
cells is required for intraglomerular production of TNF.
IL-1� has been reported to induce TNF expression in vitro
and in vivo.58 By confocal and ELISA analysis, we have
demonstrated equivalent TNF expression in the kidneys
of WT3 IL-1��/� chimeric, and IL-1RI�/�3WT chimeric
mice with crescentic GN to that seen in the WT mice. In
these mice, IL-1� expression was predominantly cellular
associated, whereas TNF expression was prominently
expressed in glomeruli and on tubules. In comparison,
IL-1��/�3WT chimeric mice, which had absent leuko-
cyte IL-1� and limited renal expression of IL-1� (primarily
observed on tubular cells), had a reduction in renal IL-1�
measured by ELISA. TNF expression by glomerular cells
was similarly attenuated in these chimeric mice, indicat-
ing that leukocyte-derived IL-1� is required for glomeru-
lar TNF expression. Furthermore, in the absence of intrin-
sic renal cell IL-1RI expression in WT3 IL-1RI�/�

chimeras, glomerular production of TNF was markedly
reduced despite equivalent renal IL-1� production to WT
mice. These studies outline a pathway of renal injury, in
which infiltrating BM-derived cells by their production of
IL-1, interact with the IL-1RI on intrinsic renal cells, caus-
ing the release of TNF and subsequent renal injury.

Figure 9. Circulating mouse anti-sheep globulin titers in chimeric mice with
crescentic GN demonstrating similar levels of serum anti-sheep globulin
antibody in WT, IL-1��/�3WT, and WT3 IL-1��/� groups. Nonsignificant
reductions of serum anti-sheep globulin antibody titers in WT3 IL-1RI�/�

and IL-1RI�/�3WT chimeric groups were observed. Bottom dotted line
represents the circulating serum anti-sheep globulin antibody levels ob-
served in normal WT mice without GN.
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In summary, these studies demonstrate that leukocyte
production of IL-1� induces intrinsic glomerular cells to
produce TNF via the IL-1 type I receptor. These studies
demonstrate a possible pathological pathway of the per-
petuation of inflammation, and indicate that both BM-
derived cells and local cells are of equal importance in
their contributions in organ-specific inflammatory injury.
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