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SUMMARY

Recent studies have identified a key role for macrophage migration inhibitory factor (MIF) in a number
of immune cell-mediated diseases. The current study investigated the potential role of MIF in acute
allograft rejection. Lewis rats underwent bilateral nephrectomy and then received an orthotopic DA
renal allograft or an orthotopic Lewis renal isograft. Groups of six animals were killed at day 1 or 5 after
transplantation. No immunosuppression was used. Animals receiving a renal allograft exhibited severe
rejection on day 5, as shown by high levels of serum creatinine, very low rates of creatinine clearance,
and severe tubulitis with a dense macrophage and T cell infiltrate. In contrast, isografts had normal renal
function on day 5 with no histological evidence of rejection. Northern blotting showed that renal MIF
MRNA expression was unchanged at day 1, but was increased 3-5-fold on ldesjtd hybridization
showed a marked increase in MIF mRNA expression by tubular cells and MIF mRNA expression by
many infiltrating mononuclear cells in day 5 allografts. Immunostaining confirmed an increase in
tubular MIF protein expression, particularly in areas of severe tubular damage with prominent
leucocytic infiltration. Double staining showed that many infiltrating macrophages and T cells
expressed the MIF protein in day 5 allografts. There was only a minor increase in MIF expression in
day 5 isografts, demonstrating that neither surgical injury nor stress cause significant up-regulation of
MIF expression in allograft rejection. In conclusion, this study has demonstrated that local MIF
production is specifically increased in acute renal allograft rejection. These results suggest that MIF may
play an important role in the cellular immune response mediating acute allograft rejection.
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INTRODUCTION An unexpected and unique function of MIF is its ability to

Macrophage migration inhibitory factor (MIF) was originally cou_nte_r-regulgte glgco_co_r_tlcmd action. I\/I_IF_can overcome gluco-
- : - . ... corticoid-mediated inhibition of endotoxin-induced macrophage
described as a product of activated lymphocytes which inhibits

the migration of guinea pig macrophagesitro, and promotes the cytokine production [14]. This is also evidemtvivo with admin-

skin DTH reaction [1,2]. It is now apparent that MIF is produced by istration of recomblnqnt_MlF_ overriding dexamethasone inhibition
. . e of lethal endotoxaemia in mice [14]. Furthermore, MIF appears to
a wide range of cell types, including intrinsic renal glomerular and

tubular epithelial cells, and is synthesized in most tissues [3—-6]. Age involved in the response to stress on the basis that physiological

exemplified by experimental glomerulonephritis, local MIF pro- doses Of dexamethasone up-regulate njacropha_ge MI!: production,
O ) - . ndotoxic shock causes release of MIF into the circulation, and that
duction is up-regulated in association with macrophage and T ce

infiltration and tissue damage in immune-mediated disease [6]f IF is released from the AtT-20 pituitary corticotrophic cell line

- . L ollowing stimulation with corticotrophin-releasing factor [4,7,14].
Using blocking antibodies, it has been demonstrated that MIF plays Acutge allograft reiection is a T cgll-de endentg rocesL in Whi]Ch
a pivotal role in experimental models of endotoxaemia, the skinthe 9 ) P P

DTH reaction, crescentic glomerulonephritis and arthritis [7—13]. graft becomes infiltrated with large numbers Qf.T cells and
macrophages [15,16]. T cells can cause graft injury through
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best histological predictor of graft survival [17]. Based upon its tubular rejection was graded on a scale of 0—4 on the basis of the
known functions, it is postulated that MIF may play a pathological percentage of the cortex containing necrotizing tubulitis and
role in acute allograft rejection. mononuclear cell infiltration: 0, no lesions; 1, lesions in 0—10%;
The aim of this study was to examine MIF mRNA and protein 2, 10—25%; 3, 25—50%; and #,50% of the cortex.
expression in arat model of acute renal allograft rejection. This model
was performed in the absence of imnmunosuppressive treatment so Bsobes
to give a clear picture of MIF expression in the rejection process. IrPlasmids containing a 420-bp fragment of mouse MIF cDNA [18],
addition, an isograft control was included to assess the potentiadnd a 358-bp fragment of rat glyceraldehyde-3-phosphate dehy-
contribution of surgical stress to MIF expression within the graft. drogenase (GAPDH) cDNA [19], were used to prepare digoxigenin
(DIG)-labelled anti-sense and sense cRNA probes according to the
manufacturer’s protocol (Boehringer Mannheim GmbH, Mann-
MATERIALS AND METHODS heim, Germany). Probes were precipitated and DIG incorporation
Model of acute renal allograft rejection assessed by dot blotting. For Northern blotting, a 440-bp DIG-
A group of 24 inbred male Lewis rats (R¥)1(200-385g) under- labelled, single-stranded cDNA probe for rat MIF was prepared by
went bilateral nephrectomy of which 12 received an orthotopic DApolymerase chain reaction (PCR).
(RT1%) renal allograft and 12 received an orthotopic Lewis renal
isograft. The donor rat was anaesthetized, the left kidney removebtlorthern blotting
and flushedn situwith cold preservative solution and stored in that Northern blotting was performed as previously described [20].
solution on ice until transplantation (approx. 30 min). The recipientTotal cellular RNA from a half kidney was extracted using the
rat was anaesthetized, the left kidney removed and then replacd®NAzol reagent (@co BRL, Gaithersburg, MD), and 1fg
orthotopically with the graft. The recipient left renal artery was samples were denatured with glyoxal and dimethylsulphoxide,
telescoped into the donor renal artery, and the recipient renal veigsize fractionated on 1-2% agarose gels and capillary blotted onto
joined to the donor renal vein using an external cuff. The donor angbositively charged nylon membranes (Boehringer Mannheim).
recipient ureters were joined over a short polyethylene stent afteMembranes were hybridized overnight with DIG-labelled probes
the kidney was revascularized. The right kidney was then removedn DIG Easy Hyb solution (Boehringer Mannheim), washed, and
Groups of six animals were killed on day 1 and on day 5 post-bound probes were detected using sheep anti-DIG antibody (Fab)
transplantation. No immunosuppression was administered. Kidnegonjugated with alkaline phosphatase and development with
specimens were collected from Lewis rats at the time of theCPD-star enhanced chemiluminescence (Boehringer Mannheim).
bilateral nephrectomy and used as the normal kidney control. ~ Chemiluminescence emissions were captured on Kodak XAR film
and densitometry analysis performed using the Gel-Pro Analyser
Renal function program (Media Cybernetics, Silver Spring, MD).
Blood samples and 24 h urine collections were taken from six
Lewis rats prior to the transplantation to serve as the normaln situ hybridization
controls. Blood and 24 h urine collections were taken on day 1 oin situ hybridization was performed on gm paraffin sections of
day 5 after transplantation. Serum and urine creatinine levels wertormalin-fixed tissue using a microwave-based protocol as
measured using a modified Jaffe method and urinary proteirdescribed previously [5,10]. Sections were heated for 10 min in a
excretion was determined by the Ponceau red method. All analyseaicrowave oven in 10 msodium citrate pH 6-0, incubated in @2
were performed by the Department of Biochemistry, MonashHCI for 15min and then 1% Triton X-100 for 15min before

Medical Centre. digestion for 20min with 1@g/ml proteinase-K (Boehringer
Mannheim) at 37C. Sections were washed ix ZSC, prehybri-
Histopathology dized and then hybridized with MIF cRNA sense or anti-sense

Renal tissues were fixed in 4% buffered formalin anddparaffin ~ probes overnight at 42 in a hybridization buffer containing 50%
sections were stained with haematoxylin and eosin. The degree afeionized formamide, 4SCC, 1 mg/ml salmon sperm DNA and

Table 1. Renal function, histological analysis and leucocyte infiltration in renal allograft rejection

Serum Creatinine Rejection Glomerular Interstitial Glomerular Interstitial
creatinine clearance score T cells T cells macrophages macrophages
(umoll) (ml/min) (0-4) (cell/gcs) (cells/mR) (cells/gcs) (cells/mr)
Normal 45.0+ 4.5 1.70+0-47 0 0-70-4 76+ 20 0-6x0-2 32+ 14
Day 1 allograft 56-0-8-4 0-07=0-051t 0-6:0-5 0-8-0-2 198+ 67 2.8+ 0.7t 409+ 182
Day 5 allograft 208-3% 61-9**t1 0-10+0-09**tt 2.8+0-3** 4.2+ 0-2**tft 2945+ 771**ttt 7.9x2.4**t11 3383+ 1828***tt+
Day 1isograft 59-29-4 0-10+0-061t 0-2£0-2 1.0£0-3 142+ 47 2.3 05 256+ 71
Day 5 isograft  64-339-8 0-82:0-271 0-4:0-2 1.0:0-1 232+ 27 2:2+1.0 207+ 72

Data are meart s.d.
tP<0-05; tP<0-01; 1P <0-001versusnormal; *P<0-05; **P<0-01; ***P < 0-001versusday 5 isograft byanova.
gcs, Glomerular cross-section.
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1mg/ml yeast tRNA. Sections were then washed inx®BCC
at 42C and the probe detected using alkaline phosphatase-
conjugated sheep anti-DIG F(ab) fragments and colour development
with NBT/X-phosphate. Sense control probes gave no signal.

Antibodies

The following MoAbs were used in this study: I1ID9, mouse MoAb
raised against recombinant human MIF which cross-reacts with
rat MIF [10]; ED1, anti-rat CD68 labels most monocytes and
macrophages [21]; R73, recognizes a non-polymorphic epitope of
theaB T cell receptor [22]. Peroxidase and alkaline phosphatase-
conjugated goat anti-mouse 1gG, mouse peroxidase—anti-peroxidase
complexes (PAP), and mouse alkaline phosphatase—anti-alkaline
phosphatase complexes (APAAP) were all purchased from Dakopatts
(Glostrup, Denmark).

Immunohistochemistry

One- and two-colour immunohistochemical staining was per-
formed as described previously [5,10,23]. Paraffin sections
(4pm) were treated with 10 min of microwave oven heating in
10mv sodium citrate pH6-0, preincubated with 10% fetal calf
serum (FCS) and 10% normal sheep serum in PBS for 20 min,
drained and incubated with either 111.D.9 or ED1 MoAb overnight
at £C. Sections were then washed3) in PBS, endogenous
peroxidase-inactivated in 0-3% ,8, in methanol, incubated
with peroxidase-conjugated goat anti-mouse IgG followed by
mouse PAP and developed with 3,3-diaminobenzidine to produce
a brown colour. Detection of T cells using the R73 MoAb was
performed on cryostat sections @) of tissue fixed in 2%
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Fig. 2. Renal macrophage migration inhibitory factor (MIF) mRNA
expression in acute renal allograft rejection in the rat. (a) Northern blot
Fig. 1. Haematoxylin and eosin staining of acute renal allograft rejection inof whole kidney RNA probed for MIF and glyceraldehyde-3-phosphate
the rat. (A) Normal rat kidney. (B) Day 5 renal allograft rejection showing dehydrogenase (GAPDH). (b) Densitometric analysis of Northern blots
severe tubulitis and a dense interstitial mononuclear cell infiltrate. (C) Dayshowing the ratio of MIF to GAPDH mRNA expression in normal rats,
5 renal isograft showing minimal tubulitis and no significant interstitial isografts () and allografts M). Data are meart s.e.m. for groups of six
mononuclear cell infiltrate. (Mags 160.) animals. P <0-05versusnormal; *P<0-05versusday 5 isograft.
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paraformaldehyde-lysine-periodate using the same method, excepy a second preincubation in 10% bovine serum albumin for
for omission of the microwave step.

For two-colour immunostaining, sections were stained usingphosphatase-conjugated goat anti-mouse IgG and mouse APAAP
ED1 or R73 MoAbs as above and then treated by microwaveand developed with fast blue BB salt (Ajax Chemicals, Melbourne,
heating to denature bound antibodies and prevent antibody cros#wstralia) to produce a blue colour. Sections were mounted in an
reactivity [23]. Tissues were then preincubated as above, followeéqueous medium.

3=

20 min, drained and incubated sequentially with I11.D.9, alkaline

Quantification of immunohistochemistry staining

The number of immunostained cells was scored under high power
(x400) in 20 glomerular cross-sections per animal. Immunostain-
ing of tubules and interstitial cells was scored in 20 high power
fields (x 400) moving sequentially from the outer to inner to outer
cortex in randomly selected areas, avoiding only glomeruli and
large vessels. No adjustment was made for the tubular area. On
average, 1000 tubules were scored for each animal. All scoring was
performed on coded slides.

RESULTS

Renal function and histological damage

All animals receiving renal allografts exhibited severe rejection on
day 5 post-transplantation, with highly elevated serum creatinine
and very low rates of creatinine clearance (Table 1). Animals
receiving a renal isograft had reduced levels of creatinine clearance
during the first 24 h post-transplantation, but this recovered to 50%
of the normal (baseline) creatinine clearance by day 5.

All allograft recipient animals exhibited histological evidence
of severe rejection on day 5, with severe necrotic tubulitis and
dense interstitial mononuclear cell infiltration (Fig. 1). Quantifica-
tion of immunostaining showed a significant glomerular macro-
phage and T cell infiltrate and an intense interstitial macrophage
and T cell infiltrate in day 5 allografts (Table 1). No significant
vascular rejection was seen at day 5, despite the severe interstitial
rejection. In contrast, little damage was seen in the renal isografts
on day 5, with no significant macrophage or T cell infiltration
(Fig. 1 and Table 1).

MIF gene expression
Northern blotting showed constitutive MIF mRNA expression in
normal rat kidney (Fig. 2). There was no change in MIF gene
expression in day 1 isografts or allografts. However, there was a
3-5-fold increase in MIF mRNA expression in day 5 allografts
compared with normal rat kidney (Fig. 2). There was a two-fold
increase in MIF mRNA levels in day 5 isografts, but this was not
statistically significant (Fig. 2).

The distribution of MIF gene expression within grafts was
assessed hip situ hybridization. There was constitutive expression

Fig. 3.Insituhybridization using a digoxigenin (DIG)-labelled macrophage
migration inhibitory factor (MIF) riboprobe in acute renal allograft rejec-
tion in the rat. (A) Normal rats kidney showing MIF mRNA expression in
cortical tubular epithelial cells and some glomerular cells. (B) Day 5
allograft showing a dramatic increase in both the intensity and area of
MIF mRNA expression. Most tubules show strong staining for MIF mRNA,
especially in areas of severe damage. Many infiltrating interstitial cells are
positive for MIF and there is an increase in the number of glomerular cells
expressing MIF mRNA. (C) Day 5 isograft showing a small increase in the
number of tubules expressing MIF mRNA compared with normal kidney,
but the intensity of staining is much less than that seen in day 5 allografts.
(Mag. x160.)
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of MIF mRNA by tubular epithelial cells and a few glomerular DISCUSSION
cells (mostly podocytes) in normal rat kidney (Fig. 3A). There was
little change in the pattern of MIF mMRNA expression in day 1
allografts and isografts compared with normal kidney. However
there was a marked increase in renal MIF mRNA expression o
day 5 of allograft rejection (Fig. 3B). Many tubules, particularly in
areas of severe damage, showed a strong hybridization signal Ml
mMRNA. Many of the infiltrating interstitial cells in areas of damage
showed MIF mRNA expression (Fig. 3B). In contrast, MIF gene
expression in the day 5 isograft controls was similar to that seen i
normal kidney (Fig. 3C).

This study has demonstrated that MIF gene and protein expression
is markedly up-regulated during acute renal allograft rejection in
‘the rat. This pattern of increased MIF expression is similar to that
r|?)reviously described in rat crescentic glomerulonephritis [5]. The
1a_.bility of neutralizing anti-MIF antibodies to substantially inhibit
crescentic glomerulonephritis [10,11] suggests that the increased
MIF expression in acute renal allograft rejection may also be of
gathological significance. This postulate is supported by three
observations. First, up-regulation of MIF expression was most
prominent in areas with severe tubular damage and focal macro-
phage and T cell infiltration, whereas areas with little damage had
MIF protein expression weak MIF expression and only mild leucocytic infiltration. Second,

Consistent with the pattern i situ hybridization, immunostain- there was a highly significant correlation between tubular MIF
ing with an anti-MIF MoAb showed MIF protein expression expression and loss of renal function, histological damage and
cortical tubules (35-51%), and a small number of g|Omeru|arinterstitial leucocytic infiltration. Third, the up-regulation of MIF
cells (mostly podocytes) in normal Lewis rat kidney (Figs 4A expression was sp(_ecif_ic to the rgjection process. This latter point is
and 5). Day 1 renal allografts and isografts showed a significanuPPorted by two findings. The increase in renal MIF mRNA and
increase in the percentage of Mifubules (Fig. 5). On day 5 of Protein expression paralleled the development of allpgraft rejec-
allograft rejection, there was a further increase in the percentage dfon. ith little change on day 1 and marked up-regulation on day 5
tubules expressing MIF protein (79—96%), and a marked increas&/N€n severe rejection was apparent. In addition, there was only a
in the intensity of tubular MIF immunostaining (Figs 4B and 5). Small increase in renal MIF expression in day 5 isografts, demon-
Strong tubular MIF immunostaining was seen in areas of severétrating that the non-specific effects of surgical trauma and stress
damage in association with focal macrophage and T cell infiltratiof@k€ only & minor contribution to the increased renal MIF
(Fig. 4B). Double immunostaining showed that many interstitial ©XPression seen in allograft rejection. _
macrophages and T cells expressed MIF (Fig. 4B). In contrast, in 1here are several possible mechanisms by which MIF may
areas where tubular morphology was reasonably well preserveB@rticipate in the rejection process. First, local MIF production
there was weak MIF expression and mild leucocyte infiltration. [nMay promote macrophage and T cell accumulation in the rejecting
day 5 isografts, the pattern of MIF immunostaining was little 9raft. This is based upon the ability of MIF to induce macrophage

changed compared with that seen in normal rat kidney (Figs 4&nd T cell recruitment in the skin DTH response and in experi-
and 5). mental glomerulonephritis [9,10]. Indeed, MIF can exert direct

chemotactic effects upon macrophages [1], and it can induce

expression of IL-1 and leucocyte adhesion molecules which play
Correlation between MIF expression and transplant rejection  a crucial role in the recruitment process [10]. Second, MIF may
Tubular MIF expression was found to correlate with the severitypromote T cell activation within the graft given the ability of anti-
of rejection, loss of renal function and interstitial T cell and MIF antibodies to block primary T cell activatioim vitro and
macrophage infiltration (Table 2). There was a minor increasen vivo [24]. Third, MIF is well known as a potent macrophage
in glomerular MIF expression which correlated with the mild activator. Therefore, MIF production by T cells, or by intrinsic
glomerular T cell and macrophage infiltrate, although little renal cells, may activate macrophages leading to the release of
glomerular damage was evident. Glomerular MIF expression didnediators that cause allograft damage.
not correlate with the severity of rejection or loss of renal function It was interesting that there was increased MIF expression by
(Table 2). intrinsic renal cells (glomerular and tubular epithelial cells) in

Table 2.Correlation macrophage of migration inhibitory factor (MIF) expression with serum creatinine, severity of graft rejection and macrophagé and T cel
accumulation

Glomerular Glomerular Interstitial Interstitial
Serum creatinine Rejection T cells macrophages T cells macrophages
(umolf) score (0—4) (cells/gcs) (cells/gcs) (cells/Mm (cells/mn?)
Glomerulus NS NS 0-420* 0-364* — —
(MIF™ cells/gcs)
Tubules 0-616*** 0-575%* — — 0-513** 0-421*
(% MIF)

Data from all animals were analysed. The Pearson single correlation coefficient was used for all data except the rejection score (Spearman correlatio
coefficient).

*P<0-05; *P<0-01; **P<0-001.

gcs, Glomerular cross-section.
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In conclusion, MIF expression is up-regulated during acute rat

30— (a)
renal allograft rejection. This was specific to the rejection process,
25 since isografts showed little change in MIF expression. These data
suggest a pathological role for MIF in allograft rejection, a
2 20 r postulate which needs to be tested by cytokine blocking studies.
5
@© 15
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