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Abstract

Macrophage migration inhibitory factor (MIF) is a potent
pro-inflammatory cytokine that also counter-regulates
glucocorticoid action. We investigated whether immu-
noneutralization of MIF could reverse established exper-
imental crescentic glomerulonephritis and if this treat-
ment could modulate endogenous glucocorticoid levels.
Accelerated anti-GBM glomerulonephritis was induced
in six littermate pairs of rats. Once crescentic disease was
established on day 7, one animal in each pair was given
a daily injection of neutralizing anti-MIF antibody (Ab)
or irrelevant isotype control Ab for 14 days and then
killed on day 21. In addition, a group of 6 animals was
killed on day 7 of disease without any treatment. Ani-
mals receiving the control Ab exhibited a rapidly pro-
gressive glomerulonephritis with severe renal injury
(proteinuria), loss of renal function (creatinine clear-
ance), anemia, and marked histologic damage (including
glomerular crescent formation), compared with animals

killed on day 7 without treatment. In contrast, anti-MIF

Ab treatment partially reversed the disease by restoring
normal renal function and reducing histological damage
compared with untreated animals killed on day 7 (p <

0.05). Interestingly, anti-MIF Ab treatment also pre-
vented severe anemia (p < 0.05). Reversal of disease was
associated with a significant reduction in leukocyte infil-

tration and activation and renal interleukin- 1 (IL- 1) pro-
duction. Importantly, anti-MIF Ab treatment caused a

significant increase in endogenous serum corticosterone

levels, which correlated with the reversal of disease pa-
rameters. In conclusion, this study has demonstrated
that blocking MIW activity can partially reverse estab-
lished crescentic glomerulonephritis and suggests that
MIF operates by both enhancing the cellular immune
response and suppressing the endogenous anti-inflam-

matory glucocorticoid response.

Introduction

Macrophage migration inhibitory factor (MIF)
was first described over 30 years ago as a product
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of activated T cells that inhibited the migration of

macrophages in vitro and promoted macrophage
accumulation in the skin delayed-type hypersen-
sitivity reaction (1,2). The recent cloning and
characterization of MIF has led to the recognition
that this molecule occupies a pivotal position in

regulating the inflammatory and immune re-

sponses (3). The use of neutralizing antibodies

(Ab) has confirmed the central role of MIF in the
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cutaneous response to tuberculin (4). In addi-
tion, a requirement for MIF in primary T cell
activation and T cell-dependent immunoglob-
ulin production has been demonstrated in vitro
and in vivo (5). An unexpected property of
MIF was the discovery that it acts as a counter-
regulator for glucocorticoid action. Injection of
dexamethasone into mice causes an increase in
serum MIF levels, while the addition of recom-
binant MIF overcomes dexamethasone-medi-
ated inhibition of lipopolysaccharide-induced
cytokine secretion in vitro (6). In addition,
administration of recombinant MIF can over-
come dexamethasone inhibition of lethal en-
dotoxemia in mice (6). Consistent with its role
as a regulator of glucocorticoids, preformed
MIF is present at high levels within secretory
granules of corticotrophic cells of the anterior
pituitary (7). Indeed, MIF is widely expressed
in most normal tissues (8,9).

We have recently described constitutive
MIF expression by intrinsic glomerular and tu-
bular epithelial cells of the rat kidney. There is
a marked increase in both renal and systemic
MIF production during the development of
crescentic glomerulonephritis in the rat, which
is dependent upon tumor necrosis factor-a
(TNF-a) activity (10,11). Treatment of rats
with a neutralizing anti-MIF antibody (Ab) sig-
nificantly inhibits the induction of this aggres-
sive model of kidney disease, providing the
first evidence that MIF participates in the
pathogenesis of immunologically induced dis-
ease (12). This inhibition of disease induction
was associated with a suppression of blood
monocyte recruitment and subsequent mac-

rophage-mediated tissue injury. This finding
has opened up two important questions. First,
can anti-MIF Ab treatment reverse established
crescentic glomerulonephritis? This is the situ-
ation encountered in clinical practice and the
setting in which any new therapy must be
effective. Second, does immunoneutralization
of MIF affect circulating glucocorticoid levels?
This may be an important component of the
pro-inflammatory actions of MIF in immune-
mediated disease. These two questions have
been addressed in a study in which established
crescentic glomerulonephritis in rats was
treated with a neutralizing anti-MIF or irrele-
vant isotype control antibody and the effect
upon disease progression/resolution and se-
rum glucocorticoid levels examined.

Materials and Methods

Antibodies and Probes

The following mouse antibodies (Ab) were used:
IIID9, a mouse anti-murine MIF monoclonal Ab
raised to purified recombinant mouse MIF,
which neutralizes the bioactivity of mouse, rat,
and human MIF (13); OX-1; anti-rat CD45, a
leukocyte common antigen (14); ED1, an anti-
rat CD68 that labels most monocytes and mac-
rophages (15,16); R73, which recognizes a non-
polymorphic epitope of the af3 T cell receptor
(17); NDS 61, an anti-rat CD25, p55 chain of the
rat interleukin-2 receptor (IL-2R) (18); MCA
1397, an anti-rat recombinant IL-1f3 (Serotec,
Oxford, UK) (19); and 73.5, a mouse anti-hu-
man CD45R mAb that does not react with rat
tissues; this was used as a negative control. Per-
oxidase-conjugated goat anti-mouse IgG and
mouse peroxidase anti-peroxidase complexes
were purchased from Dakopatts (Glostrup, Den-
mark). Fluorescein isothiocyanate (FITC)-conju-
gated goat anti-rat IgG, anti-rat C3, and FITC-
conjugated sheep anti-rabbit IgG were purchased
from Nordic (Tilburg, The Netherlands).

A 420 bp fragment of mouse MIF cDNA
cloned into pBluescript (Stratagene, La Jolla, CA)
(20), was used to prepare digoxigenin (DIG)-
labeled cRNA sense and anti-sense probes for in
situ hybridization according to the manufactur-
er's protocol (Boehringer Mannheim, Mann-
heim, Germany).

Experimental Design

Passive accelerated anti-GBM disease was in-
duced in inbred male Sprague-Dawley rats (150-
180 g) (Monash Animal Services, Melbourne) as
previously described (21). Each experiment con-
sisted of a matched pair of inbred littermates
immunized at the same time by s.c. injection of 5
mg normal rabbit IgG in Freund's complete ad-
juvant, followed 5 days later (day 0) by i.v. in-
jection of 10 ml/kg body weight rabbit anti-rat
glomerular basement membrane (GBM) serum
(12.5 mg IgG/ml). One animal in each pair was
randomly assigned to treatment with daily i.p.
injections of 2.5 mg/kg anti-MIF Ab or an irrel-
evant isotype IgGI (73.5) control Ab from day 7
until being killed on day 21. A third group was
killed on day 7 after injection of anti-GBM serum
with no treatment in order to serve as a control
for the degree of renal injury at the time anti-
body treatment commenced. Blood and 24-hr
urine collections were taken on days 0, 1, 7, 14,



N. Yang et al.: Reversal of Glomerulonephritis by MIF Blockade 415

and 21. A group of normal rats was also exam-

ined. Animal experiments were approved by the
Animal Experimentation Ethics Committee of
Monash Medical Centre. Urinary protein excre-

tion was determined using the Manual Ponceau

Red method. Concentrations of serum and urine

creatinine, and serum urea were determined us-

ing the standard Jaffe rate reaction (alkaline
picrate) or NED/OPA assay, respectively. Hepa-

rinized blood samples were taken under ether
anesthesia at the time of sacrifice and white
blood cells were analyzed by Coulter Counter

(Cell Dyne). All analyses were performed by the
Departments of Biochemistry and Haematology,
Monash Medical Centre.

Skin Delayed-Type Hypersensitivity Response

Twenty-four hours prior to being killed, each
animal was given three separate intradermal in-

jections of 0.1 ml each of I mg/ml rabbit IgG

(specific antigen challenge), 1 mg/ml horse IgG
(irrelevant antigen control), and phosphate buff-
ered saline (PBS) (no antigen control). Skin
thickness at the time of killing was measured
using engineer's callipers.

Histopathology

Tissues were fixed in 4% buffered formalin and
4-,um paraffin sections were stained with hema-
toxylin and eosin (H&E) or periodic acid-Schiff
(PAS) reagent. Glomerular hypercellularity was

graded on the basis of the total glomerular cell
count/glomerular cross section (gcs) scored in

100 glomerular cross sections per animal in

H&E-stained sections and ranked as previously
described (22): (0), normal (<50 cells/gcs); (1),
mild (60-80 cells/gcs); (2), moderate (80-120
cells/gcs); (3), severe hypercellularity (>120
cells/gcs). The percentage of glomeruli exhibiting
segmental and/or global sclerosis or crescent for-
mation was also scored in 100 glomeruli per

animal in PAS-stained sections. A point counting
technique was used to quantitate tubulointersti-
tial damage (tubular atrophy, leukocytic infiltra-
tion, and fibrosis) in at least 50 high-power cor-

tical fields in PAS-stained sections (23). Data are

presented as the mean of 6 animals ± SEM.

Scoring was performed on blinded slides.

Measurement of the Humoral Immune Response

Circulating levels of rat IgG reactive with rabbit
immunoglobulin were quantitated by a sand-

wich ELISA, as previously described (24). Depo-
sition of immune reactants within the kidney
was assessed by direct immunofluorescence. Tis-
sues were snap frozen in liquid nitrogen and
4-,um cryostat sections were stained with FITC-
conjugated polyclonal antibodies to rat IgG, C3,
or rabbit IgG. Semi-quantitation of rabbit IgG, rat
IgG, and C3 deposition was determined in tissue
sections using an antibody titration method
(22,24). Sections from each tissue were incu-
bated with serial 2-fold dilutions of each anti-
body. Slides were blinded and the antibody dilu-
tion at which staining became undetectable was

scored.

Immunohistochemistry

Three-layer immunoperoxidase staining was

performed on cryostat sections of tissues fixed in

2% paraformaldehyde-lysine-periodate (PLP) as

previously described (22). Briefly, sections were
preincubated with 10% fetal calf serum (FCS)
and 10% normal goat serum in PBS for 20 min,
drained, and labeled with a mouse mAb for 60

min, washed (X 3) in PBS, and endogenous per-
oxidase inactivated by incubation in 0.3% H202
in methanol. Sections were then washed in PBS,
incubated with peroxidase-conjugated goat anti-
mouse IgG, washed in PBS, and incubated with
mouse peroxidase anti-peroxidase complexes
and developed with 3,3-diaminobenzidine to
produce a brown color. Sections were counter-
stained with PAS minus hematoxylin.

In Situ Hybridization

In situ hybridization was performed on 4-gm
paraffin sections of formalin-fixed tissue using a

microwave-based protocol (10,25). After dewax-
ing, sections were treated with 2 x 5 min micro-

wave oven heating in 0.01 M sodium citrate, pH
6.0, at 2450 MHz and 800 W, incubated with 0.2
M HCI for 15 min, followed by 1% Triton X-100

for 15 min, and then digested for 20 min with 10

,g/ml proteinase-K at 37°C (Boehringer Mann-

heim). Sections were then washed in 2 X SSC,
prehybridized, and then hybridized with 0.3
ng/,ul digoxigenin-labeled sense or anti-sense
MIF cRNA probe overnight at 42°C in a hybrid-
ization buffer containing 50% deionized form-
amide, 4 X SSC, 1 mg/ml salmon sperm DNA,
and 1 mg/ml yeast tRNA. Sections were washed
finally in 0.1 X SSC at 42°C and the hybridized
probe detected using alkaline phosphatase-con-
jugated sheep anti-digoxigenin F(ab) fragments
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and color development with NBT/X-phosphate.
Sections were counterstained with PAS minus
hematoxylin. Hybridization with the MIF cRNA
sense probe gave no signal.

Quantitation of Tissue Staining

A standard semi-quantitative method was used
to score the glomerular and tubulointerstitial in-
filtrates as previously described (10,22,24). Cells
labeled by each mAb or by the MIF cRNA probe
were counted in high-power fields (X40) of 20
consecutive glomerular cross sections for each
animal and expressed as the number of labeled
cells per glomerular cross section (gcs). Glomer-
ular staining with the anti-IL- 13 Ab was graded
on a scale of (0) no staining; (1) <25% stained;
(2) 25-50% stained; (3) >50% of the gcs
stained. To assess interstitial staining, cortical
areas were selected at random. The number of
labeled interstitial cells was counted in 20 con-
secutive high-power fields by means of a 0.02
mm2 graticule fitted in the eyepiece of the mi-
croscope and expressed as cells per mm2. These
fields progressed from the outer to inner cortex,
avoiding only large vessels and glomerular and
immediate periglomerular areas. For each tissue,
the same area was examined in serial sections
labeled with different Ab. No adjustment of the
interstitial cell count was made for tubules or the
luminal space. Tubular expression of MIF and
IL- 113 was scored in at least 1000 cortical tubules
in high-power fields as previously described ( 12).
Data are expressed as the mean for six animals ±

SEM. All counting was performed on blinded
slides.

Glomerular MIF Production

Glomeruli were isolated by differential sieving in
which a half kidney from each animal was placed
in RPMI 1640 medium with 5% FCS, diced
finely, gently pressed through a 250-,um wire
mesh and poured through a 106-,um and then a
75-,um wire mesh. Glomeruli remaining on the
top of the 75-,tm mesh were washed extensively
with RPMI/5% FCS and collected. Isolated glo-
meruli were >95% pure as assessed by phase-
contrast microscopy. Glomeruli were cultured at
3000 glomeruli/ml in RPMI 1640/5% FCS in 5%
CO2 at 370C for 24 hr and the supernatant har-
vested. The concentration of MIF in the super-
natant samples was quantitated by a sandwich
ELISA (6).

Corticosterone Assay

Animals were bled under ether anesthesia be-
tween 9 and 10 a.m. and serum samples pre-
pared. Serum corticosterone levels were mea-

sured by radioimmunoassay using an antiserum
prepared by immunizing rabbits with 4-pregnen-
111,21 -diol-3,20-dione 3-CMO: BSA conjugate
(Steraloids Inc., Wilton, NH). A known amount
of unlabeled corticosterone, or the test serum
sample, was adjusted to a 0.2 ml volume in gel-
atin buffer (0.1% gelatin in PBS, pH 7.5) and
incubated with 0.1 ml (-8000 cpm) of [1,2,6,7-
3H] corticosterone (TRK 406, Amersham Inter-
national, Buckinghamshire, UK) and 0.1 ml of a
1:16,000 dilution of corticosterone antiserum,
both in gelatin buffer. After overnight incubation
at 40C, 0.2 ml of 0.25% dextran-coated charcoal
was added, incubated for 15 min in an ice bath,
and tubes centrifuged at 1000 X g for 15 min.
The supernatant was removed and mixed with 3
ml of liquid scintillation fluid (Ready Safe, Beck-
man, CA) and radioactivity counted on a Wallace
1409 automated 13-counter (Pharmacia, Stock-
holm, Sweden). Duplicate samples covering a

range of 2.5 to 1200 pg of corticosterone were

assayed to form the standard curve. The level of
detection of the assay was 5 pg corticosterone per
tube. Inhibition curves produced by extracted
rat serum were parallel to that of unlabeled
corticosterone. The intra-assay and interassay
coefficients of variation were 3.3% and 9.2%,
respectively.

Statistical Analysis

Data were analyzed by one-way analysis of vari-
ance (ANOVA) using the Complete Statistical
Systems program (Statsoft, Tulsa, OK).

Results
Renal Function and Histological Damage

All animals on day 7 of anti-GBM disease exhib-
ited significant proteinuria (p < 0.001 vs. nor-
mal), a significant increase in serum creatinine
levels (p < 0.01 versus normal), and a decrease
in creatinine clearance (not significant) (Fig. 1).
Animals killed on day 7 of disease with no treat-
ment exhibited significant glomerular and tubu-
lar lesions, including glomerular crescent forma-
tion (Fig. 2). There was rapid progression of
crescentic glomerulonephritis in those animals
treated with the irrelevant control Ab over days
7 to 21, with ascites evident in 3 of 6 animals.
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(a) Proteinuria

]P<0.05
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, Treatment with anti-M F mAb,

Fig. 1. Anti-MIF Ab treatment improves renal
function in rat anti-GBM disease. The effect of
anti-MIF Ab (open circles, dotted line) and irrele-
vant control Ab treatment (closed circles, solid line)
was assessed in terms of (a) urinary protein excre-
tion, (b) serum urea levels, (c) serum creatinine lev-
els, and (d) the rate of creatinine clearance. Data are
shown as the mean ± SEM for six animals. *p <
0.05, **p < 0.01, ***p < 0.001 versus time-matched
control Ab-treated animals; #p < 0.05, ##p < 0.01,
###p < 0.001 versus day 7 by ANOVA. The group of
six animals killed on day 7 of disease without any
treatment had 291 ± 42 mg protein/24 hr, 17.3 +
3.5 nmol urea/L, 63 ± 6.8 ,umol creatinine/L, and
0.48 ± 0.03 ml/min creatinine clearance.
.d(b) Serum Urea

Treatment with anti.MIF mAb
L-----------------------------__ -_--_--_--_ ___ __J,

(c) Serum creatinine

Treatment with anti.MIF mAb,
.-

This is consistent with previous studies in which
animals treated with saline or an irrelevant con-

trol antibody developed a very similar, rapid pro-
gressive disease (8,12,26). In contrast, those an-

imals treated with the anti-MIF Ab showed a

partial reversal of established crescentic glomer-
ulonephritis. In particular, serum levels of urea

and creatinine returned to the normal range and
animals exhibited hyperfiltration (increased cre-

atinine clearance) (Fig. 1). Furthermore, there
was a significant reduction in glomerular hyper-
cellularity, segmental lesions, and crescent for-
mation in animals treatment with anti-MIF Ab

compared with animals killed on day 7 without
any treatment (Fig. 2).
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Fig. 2. Anti-MIF Ab treatment partially re-

verses renal histological damage in rat anti-
GBM disease. The percent of glomeruli exhibiting
hypercellularity (GHYP), focal and segmental lesions
(FSL), and crescents (CRES) and the percent cortical
interstitial lesions (TL) were scored in animals killed
on day 7 of disease without any treatment (open
bars), and after treatment with an irrelevant control
Ab (closed bars) or an anti-MIF Ab (hatched bars)
over days 7 to 21. Note that none of these glomeru-
lar or interstitial lesions are seen in normal animals.
Data are shown as the mean ± SEM for six animals.

*p < 0.05, **p < 0.01, ***p < 0.001, and not signifi-
cant (NS), by ANOVA.
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Fig. 3. Anti-MIF Ab treatment prevents ane-

mia in rat anti-GBM disease. White blood cell
counts (a), red blood cell counts (b), and blood he-
mioglobin levels (c) were mcasured before disease
induction (day 0, open bars), and after treatment

with an irrelevant control Ab (closed bars) or an an-

ti-MIF Ab (hatched bars) over days 7 to 21. Data are

shown as the mean ± SEM for six animals. *p <

0.05, and NS, not significant by ANOVA.

Blood Cell Counlts

Immunization of rats with rabbit IgG caused a

significant increase in the white blood cell (wbc)
count (15.2 + 3.8 vs. 7.8 + 2.3 X 106 wbc/ml in

normal rats, p < 0.05). White blood cell counts

remained elevated in both the anti-MIF- and
control Ab-treated rats over the 21-day study
(Fig. 3a). Severe anemia was evident in control
Ab-treated animals on day 21, with a significant
reduction in red blood cell counts and blood
hemoglobin levels. In contrast, animals treated
with the anti-MIF Ab prevented the develop-
ment of anemia (Fig. 3b, c).

Renial Leutkocytic In?filtrationl

Compared with normal rats, there was a 10-fold
increase in glomerular leukocytes and a 5-fold

Fig. 4. Anti-MIF Ab treatment halts renal leu-
kocyte infiltration in rat anti-GBM disease. The
number of leukocytes per glomcrular cross section
(gcs) (a) or per mm2 of the cortical interstitium (b)
was scored in animals killed oIn day 7 of disease
without treatmnent (open bars) and after treatnwent
with an irrelevant control Ab (closed bars) or ani an-
ti-MIF Ab (hatched bars) over days 7 to 21. Data are
shown as the mcan + SEM for six animals. *p <
0.05, **p < 0.01, and NS, not significant by ANOVA.

increase in interstitial leukocytes oIn day 7 of
anti-GBM disease (p < 0.01). Macrophages were

the main infiltrating cell type in the glomerulus,
while a mixed macrophage and T cell infiltrate
was seen in the interstitium (Fig. 4). A further
increase in macrophage and T cell infiltration,
including T cell activation (interleukin-2 recep-
tor expression ), was seen in those animals
treated with the control Ab over days 7 to 21.

This increase inl leukocyte infiltratioIn and activa-
tion was abrogated by anti-MIF Ab treatmlent
(Fig. 4).

Renal Produ ctioni of MIF and IL-]

Constitutive MIF mRNA and protein expression
is evident in some glomerular and tubular epi-
thelial cells in normal rat kidney (Figs. 5A and 6).
Both the number of MIF positive cells and the
intensity of staining was increased in glomeruli
and tubules on day 7 of untreated disease

(Figs. 5B and 6). A further increase in renal MIF

expression was evident in those animals treated
with the control Ab over days 7 to 21 (Figs. 5C
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Fig. 5. In situ hybridization of MIF mRNA ex- tubular MIF mRNA expression is seen on day 21 of
pression in tissue sections of normal and dis- anti-GBM disease treated with the control Ab. Note
eased kidney. (A) Normal rat kidney showing con- the expression of MIF mRNA in a glomerular cres-
stitutive MIF mRNA expression by a few podocytes cent (asterix). (D) Reduction in glomerular and tu-
in the glomerulus and some tubular epithelial cells. bular MIF mRNA expression on day 21 of anti-GBM
(B) Up-regulation of MIF mRNA on day 7 of un- disease following treatment with the anti-MIF Ab
treated rat anti-GBM disease. Note the increase in compared with control Ab shown in (C). Sections
the number of glomerular MIF mRNA+ cells and in were counterstained with PAS minus hematoxylin.
the focal pattern of increased tubular MIF expres- Magnification, X250.
sion. (C) Further up-regulation of glomerular and
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Fig. 6. Anti-MIF Ab treatment suppresses
renal MIF production in rat anti-GBM dis-
ease. Quantitation of in situ hybridization and
immunohistochemistry staining of tissue sections
was used to determine the number of glomerular
cells (a, b) and tubules (c, d) expressing MIF
mRNA (a, c) and MIF protein (b, d) in animals
killed on dav 7 of disease without treatment
(open bars), and after treatment with an irrele-
vant control Ab (closed bars) or an anti-MIF Ab
(hatched bars) over days 7 to 21. Data are shown
as the mean + SEM for six animals. *p < 0.05,
**p < 0.01, ***p < 0.001, and NS, not significant
by ANOVA. Values for normal rats are 6.5 + 1
MIF mRNA+ cells/gcs; 0.8 + 0.2 MIF protein+
cells/gcs; 29 + 2.5% MIF mRNA+ tubules, and
23 + 2.5 MIF protein+ tubules (all p < 0.01 ver-
sus day 7 untreated).

and 6). In contrast, no further increase in renal
MIF expression was seen in anti-MIF Ab-treated
animals (Figs. 5D and 6). As a second method to
evaluate MIF production, secretion of MIF by
isolated glomeruli cultured for 24 hr was quan-

titated. There was no increase in the level of MIF
secretion by glomeruli at day 7 of disease com-
pared with glomeruli from normal animals
(1894 + 150 versus 1955 + 169 pg/ml, respec-

tively, p = N.S.). However, animals receiving the
irrelevanit control Ab over days 7 to 21 showed a

significant increase in glomerular MIF secretion
(4249 + 977 pg/ml, p < 0.05 versus untreated
day 7 disease), which was suppressed by anti-
MIF Ab treatment (1571 + 177 pg/ml, p < 0.05

versus control Ab treated).
Interleukin- 1 (IL- 1) is another pro-inflam-

matory cytokine known to participate in leuko-
cyte recruitment in this disease model (22,27).
Therefore, we examined the effect of anti-MIF
Ab treatment on renal IL-1X3 production. There
was a significant increase in the glomerular IL- 1 3

staining score on day 7 of the disease compared
with normal rat kidney (p < 0.05). There was a
further increase in the glomerular IL- 1(3 score
and a significant increase in the percentage of
cortical tubules expressing IL-1,3 over days 7 to
21 with control Ab treatment, but this was sup-

pressed by anti-MIF Ab treatment (Fig. 7).

Cellular auid Hunioral Antigen Responises

Since MIF has previously been shown to play an

important role in both the skin delayed-type hy-

persensitivity (DTH) response and the primary

antibody response in vivo (4,5), we examined
the effect of anti-MIF Ab treatment on these

aspects of the immune response in this disease
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Fig. 7. Anti-MIF Ab treatment suppresses re-

nal IL-113 production in rat anti-GBM disease.
Immunohistochemistry staining of IL-103 protein was
assessed in (a) glomeruli and (b) cortical tubules.
Data arc shown as the mean + SEM for six animals
killed on day 7 of disease without treatment (open
bars), and after treatment with an irrelevant control
Ab (closed bars) or an anti-MIF Ab (hatched bars)
over days 7 to 21. *p < 0.05, **p < 0.01, ***p <

0.001, and NS, not significant by ANOVA. Values for
normal rats are 0.8 + 0.1 glomerular IL-1(3+ score
(p < 0.001 versus day 7 untreated) and 53 + 7%
IL-1,B3 tubules (p = N.S. versus day 7 uLntreated).

i NS
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Fig. 8. Anti-MIF Ab treatment does not affect
the humoral immune response in rat anti-GBM
disease. Serum levels of rat antibodies against the
immunizing antigen (rabbit IgG) were determined
by ELISA in diseased animals treated with the con-
trol Ab (closed circles, solid line) or anti-MIF Ab
(open circles, dotted line). Serum from normal, non-
immunized rats (open squares, dashed line), shows
the assay background. Data are shown as the
mean ± SEM for six animals.

Table 1. Serum corticosterone levels correlate
with disease parameters in rat anti-GBM
disease

Day 21 Serum
Disease Parameter Corticosterone
Measured on Day 21a Levela

Glomerular MIF mRNA+ cells r = -0.77, p = 0.005

Tubular MIF mRNA+ cells r = -0.87, p < 0.001

Glomerular ED1 + macrophage r = -0.57, p = N.S.

Interstitial ED1+ macrophages r = -0.57, p < 0.001

Interstitial IL-2R+ cells r = -0.82, p = 0.002

Proteinuria r = -0.61, p = 0.046

Serum creatinine r = -0.82, p = 0.002

Creatinine clearance r = 0.72, p = 0.013

Serum urea r = -0.72, p = 0.013

a Data are pooled from both control and anti-MIF Ab-
treated animals on day 21 (n = 12) and analyzed using the
Pearson single correlation coefficient.

model. Animals treated with the control Ab
mounted a vigorous skin response to the immu-
nizing antigen (rabbit IgG), but not to an irrele-
vant antigen (horse IgG) (3.25 ± 0.23 versus
2.13 ± 0.17 mm, respectively; p < 0.001) or to
PBS. There was a lesser degree of skin swelling in
response to challenge with rabbit IgG compared
with the irrelevant antigen in animals treated
with the anti-MIF Ab (2.68 ± 0.08 versus 2.23 ±

0.1, respectively; p < 0.001), which represents a
60% reduction in the antigen-specific skin re-
sponse compared with control Ab-treated ani-
mals (p < 0.001). In contrast, there was no dif-
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Fig. 9. Anti-MIF Ab treatment increases serum
corticosterone levels in rat anti-GBM disease.
Serum corticosterone levels were measured using a
radioimmunoassay in rats receiving control Ab
(closed circles, solid line) or anti-MIF Ab (open cir-
cles, dotted line) treatment over days 7 to 21. Nor-
mal rat serum corticosterone levels (day 0) are
shown. Data are shown as the mean + SEM for six
animals. "p < 0.05 versus day 7 by ANOVA.

ference in the titer of circulating rat antibodies
against the immunizing antigen between the two
treatment groups (Fig. 8). Similarly, no differ-
ences between the two Ab treatment groups
were evident in glomerular deposition of rabbit
IgG, rat IgG, or C3 as assessed by semi-quantita-
tive immunofluorescence staining (data not
shown).

Endogenous Corticosterone Levels

Serum samples were taken between 9 and
10 a.m. from anesthetised animals to minimize
variation in corticosterone levels. Compared
with serum corticosterone levels in normal rats
(35.6 ± 5.8 pg/ml), there was a significant fall in
corticosterone levels on day 7 of rat anti-GBM
disease (p < 0.01 vs. normal) (Fig. 9). Animals
receiving control Ab treatment showed a re-
bound with serum corticosterone returning to
normal levels by day 21 of the disease. However,
animals treated with anti-MIF Ab showed a more
rapid and significantly greater rebound in endog-
enous serum corticosterone levels compared
with control Ab-treated animals (Fig. 9). Indeed,
corticosterone levels in animals treated with the
anti-MIF Ab were significantly elevated above
normal levels by day 21 (p < 0.05).

To analyze the relationship between cortico-
sterone levels and disease, we compared the

r ~ ~ ~ ~ I-
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plasma corticosterone levels in all animals on day
21 (n = 12) with various disease parameters
using the Pearson single correlation coefficient
(Table 1). The number of glomerular and tubular
cells expressing MIF mRNA gave a highly signif-
icant negative correlation with corticosterone
levels. The number of interstitial macrophages
and immune-activated cells (IL-2R+), but not
glomerular macrophage infiltration, gave a neg-
ative correlation with corticosterone levels. In
addition, parameters of renal injury and renal
function gave a significant negative correlation
with corticosterone levels (Table 1).

Discussion

While a variety of intervention strategies have
been shown to be successful in preventing the
induction of the immune response that leads to
the development of immune-mediated diseases,
it has proven far more difficult to halt or even
partially reverse progressive tissue injury once it
is established. Indeed, this is the crucial test of
any new therapeutic strategy, as patients invari-
ably present to the clinician after their disease is
already established. The present study has, there-
fore, extended previous results by demonstrating
that antibody-based neutralization of MIF activ-
ity can halt and even partially reverse established
crescentic glomerulonephritis in the rat.

The ability of anti-MIF Ab treatment to in-
hibit established disease can be attributed to two
distinct mechanisms. First, MIF is known to par-
ticipate directly in the cellular immune response
(4,5). Consistent with a previous study (12), the
cellular immune response in this disease was
suppressed by anti-MIF Ab treatment as demon-
strated by inhibition of the skin DTH response, a
reduced macrophage and T cell infiltrate within
the kidney, and a reduction in immune activa-
tion (IL-2R expression) of the mononuclear cell
infiltrate. The inhibition of leukocyte infiltration
may be due in part to inhibition of local IL-i 3
production since this cytokine is known to pro-
mote renal leukocyte accumulation through in-
duction of molecules such as intercellular adhe-
sion molecule- 1 and monocyte chemoattractant
protein-i (27-29). In contrast to the cellular im-
mune response, anti-MIF Ab treatment had no
effect upon the secondary antibody response.

The second mechanism by which neutraliza-
tion of MIF activity suppressed this disease is
through counter-regulation of glucocorticoid
production. Whereas administration of recombi-

nant MIF has been shown to inhibit dexameth-

asone mediated suppression of lethal endotoxae-
mia in mice (6), the relationship between
endogenous production of MIF and glucocorti-
coids in immune-mediated disease is unknown.
There is an increase in both circulating MIF lev-

els and local renal MIF production during the
development of rat anti-GBM disease (10,11).
The current study showed that increased MIF

production during the early phase of disease de-
velopment was associated with a suppression of
serum corticosterone levels. In addition, neutral-
ization of MIF activity caused an increase in cor-

ticosterone levels to above that seen in normal
animals. These findings suggest that endogenous
MIF may act to regulate glucocorticoid levels in

immune-mediated glomerulonephritis. Further-
more, the increase in corticosterone levels seen

with anti-MIF Ab treatment may have contrib-
uted to the suppression of the cellular immune
response. Indeed, a sharp rise in endogenous
glucocorticoid levels has been shown to play a

crucial role in the resolution of acute paralyzing
injury in rat experimental allergic encephalomy-
elitis (EAE) (30). Also, the basal level of endog-
enous serum corticosterone has been shown to

be an important factor in the susceptibility of
Lewis, but not PVG.RTIC, rats to the induction of
EAE (31). The finding that serum corticosterone
did not rise above normal levels in control Ab-
treated anti-GBM disease probably reflects the
very aggressive nature of this disease model,
which progresses rapidly towards end-stage renal
failure.

Erythropoietin is produced by interstitial
cells within the kidney (32,33). Anemia is a com-
mon complication of renal failure caused by a
reduction in erythropoietin production in the
injured renal interstitium (34). In the current
study, anti-MIF Ab treatment of established anti-

GBM disease prevented the development of se-
vere anemia, demonstrating that neutralizing
MIF activity provides substantial protection
against interstitial injury during disease progres-
sion.

In summary, this study has demonstrated
that blocking MIF activity can partially reverse
established crescentic glomerulonephritis. While
MIF has been identified previously to act as a

counter-regulator of glucocorticoid action (6),
the present data suggest that in vivo MIF may
also influence glucocorticoid levels, providing an

additional level of regulation on the ensuing in-

flammatory and immune responses.
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