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Anti-Macrophage Migration Inhibitory Factor Antibody Suppresses
Chronic Rejection of Heterotopically Transplanted Trachea in Rats
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Macrophage migration inhibitory factor (MIF) is a pro-inflammatory cytokine essential for delayed hypersensitivity in vivo, and is involved in
bronchiolitis obliterans and late rejection in lung transplantation. We tested here whether neutralization of MIF using anti-MIF antibody prevents
such a response. We examined the MIF mRNA expression level and changes in allograft tracheal epithelium and intraluminal obstruction in a
rat allograft model. Lewis rat (RT1') underwent heterotopic tracheal transplantation from Brown Norway rats (RT1") in the omentum. Anti-MIF
antibody was injected in the peritoneum. Rats were divided into three groups (non-treated allograft, allograft treated with normal rabbit IgG and
allograft treated with anti-MIF antibody). Implants were harvested on days 7 or 21 for histological analysis. MIF mRNA expression was higher
in the allograft at days 7 and 21 than in the isograft. The epithelium in non-treated allograft was almost absent at day 7. The epithelial height
in the anti-MIF-treated graft was higher than that in normal IgG-treated grafts. The intraluminal space was mostly replaced by granulation tissue
at day 21 in the untreated group. The proportion of obliterans was lowest in the anti-MIF group, the second lowest in the untreated group and
the third lowest in the normal IgG-treated grafts, and the difference was significant (p<0.001) between the first two groups. Our results indicate

that anti-MIF antibody suppresses allogenic tracheal rejection.
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Introduction

Orthotopic lung transplantation has become a useful modality for end-
stage pulmonary disease and the currently available immunosuppressive
regimens have also reduced the rate of acute rejection.’ However, the
long-term outcome in lung transplant recipients is not satisfactory be-
cause of postoperative complication of obliterative bronchiolitis
(OB).” OB is an inflammatory disorder that leads to airway injury
and bronchial occlusion by fibrosis.”* Several investigators reported
that the frequency and severity of acute rejection correlate with the
development of OB.

** Furthermore, patients with OB also show cellu-

lar rejection response as evident by perivascular infiltrating lym-
phocytes.’ Thus, there is a general agreement that OB is caused by
bronchial damage accompanied by graft rejection after lung trans-
plantation. Several studies indicated that chronic allogenic response
is the underlying immunological mechanism of OB.” T-cell mediated
tissue injury or inflammatory cytokines might be associated with
OB.* However, the pathogenesis of OB has not been fully clarified

so far.

T-cell-dependent macrophage activation and recruitment may be
nonspecifically associated with graft injury through the secretion
of soluble mediators such as nitric oxide and tumor necrosis factor-
a (TNF-a) via the delayed-type hypersensitivity (DTH) reaction,
which would be closely related to graft injury by acute and chronic
allograft rejection.® The macrophage migration inhibitory factor
(MIF), a 12.5-kDa protein with multiple pro-inflammatory proper-
ties, was first identified in 1966 as a cytokine." Subsequent studies

11,12

clarified that MIF was an important pro-inflammatory cytokine
and MIF is associated with DTH reaction in several diseases,”"
and is known to play a pivotal role in primary antigenic and mitogenic
stimulation of T cell activation and T-cell-dependent antibody produc-
tion." Furthermore, MIF stimulates the proliferation of fibroblasts"
and the expression of MIF is increased in rat allograft rejection and
human kidney transplants with acute rejection.™"” These findings
suggest that MIF could play an important role in the process of

allograft rejection or it could by itself induce rejection. Makita et
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al.” reported that anti-MIF antibody suppressed the development of
adult respiratory distress syndrome in lipopolysaccharide-induced
lung injury.

The main hypothesis of the present study was that neutralization
of MIF using anti-MIF antibody would prevent allograft rejection
and the development of OB after lung transplantation. To test our
hypothesis, we used a rat model of allograft tracheal transplanta-
tion and examined messenger ribonucleic acid (mRNA) of MIF in
the allograft. To clarify the effect of anti-MIF antibody in preventing
OB, we examined changes in tracheal epithelium and intraluminal
obstruction in vivo.

Subjects and Methods
Animals

Inbred, unmodified, pathogen-free, major histocompatibility com-
plex (MHC) (RT')-incompatible male rats, the Lewis (RT1') and
Brown Norway (RT1") rats, were used in the present study. All rats
were 8-10-week old and weighed 250-300 g (Charles River Japan
Inc., Yokohama, Japan, and SLC Japan Co., Shizuoka, Japan) at
the time of the study. They were housed in the Laboratory Animal
Resource Center at Nagasaki University Graduate School of
Biomedical Sciences in accordance with the institutional guidelines.
The study design was approved by the Ethics Committee of Nagasaki
University Graduate School of Biomedical Sciences.

Heterotopic tracheal transplantation

Heterotopic tracheal transplantation was performed using the
method reported by Reichenspurner et al.” After induction of gen-
eral anesthesia with intraperitoneal injection of pentobarbital (40
mg/kg), the trachea of the donor Brown Norway rat was exposed
through a midline cervical incision and upper midline sternotomy.
The trachea with the main bronchi were removed by dividing at the
pulmonary hilum and immediately submerged in ice-cold 0.9% sa-
line containing 10,000 IU/mL penicillin and 1,000 pg/mL strepto-
mycin solutions (Sankyo Co., Tokyo, Japan). Recipient animals
(Lewis rat) were anesthetized with intraperitoneal injection of pen-
tobarbital (40 mg/kg). After upper midline abdominal incision, the
trachea of the donor was heterotopically implanted into the greater
omentum and was fixed with stitches to avoid migration. The perito-
neum and abdominal musculature were closed with 4-0 Dexon and
skin was closed with 3-0 nylon suture. In addition to these experi-
mental rats (n=15), we used 5 control recipient Lewis rats, each
transplanted with a trachea of a Lewis rat using the above-mentioned
procedure (i.e., isograft model).

Preparation of rabbit polyclonal antibody against rat MIF

Polyclonal anti-rat MIF serum was generated by immunizing New
Zealand White rabbits with purified recombinant rat MIF. Rat MIF
was expressed in Escherichia coli and was purified by homogeneity

as described previously.” In brief, the rabbits were intradermally
inoculated with 100 pg of MIF emulsified in Complete Freunds'
adjuvant (CFA), and then immunoglobulin G (IgG) fraction was
prepared using the protein A-Sepharose according to the protocol
provided by the manufacturer. The anti-rat MIF antibody was
kindly provided by Professor Jun Nishihira at the First Department
of Medicine and Central Research Institute, Hokkaido University
School of Medicine, Sapporo, Japan.

Experimental design and tissue processing

The present experiment was designed to evaluate the effects of
anti-MIF antibody (Ab) in suppressing allogenic rejection. To test
this effect, we compared (1) 5 rats with allograft and treated with
anti-MIF Ab (anti-MIF group), (2) 5 rats with allograft and treated
with normal rabbit IgG (Biogenesis, Poole, England) (normal IgG
group) and (3) 5 rats with allograft that received no other treatment
(non-Tx group). In the normal IgG group, non-immunized rabbit
IgG was injected intraperitoneally after tracheal transplantation
(IgG fraction was 3 mg/kg/day). In the anti-MIF group, the rats were
injected intraperitoneally with anti-MIF antibody at 3 mg/kg/day. All
rats were sacrificed at day 7 or 21 after injection and the graft was
removed from the recipient and cut into two pieces at the tracheal
midsection. One was used for measuring mRNA and the other piece
was fixed overnight in 4% paraformaldehyde (pH 7.4) - phosphate-
buffered saline (PBS) at 4°C for hematoxylin-eosin (H&E) staining
for the histological evaluation and morphometry.

RT-PCR of rat MIF

Detection of MIF-mRNA was performed as follows. After isola-
tion of the RNA by acid guanidinium thiocyanate-phenol-chloroform
extraction, the complementary deoxyribonuclease (cDNA) was pre-
pared from each sample as described previously.”

The gene structure of MIF is shown in Figure 1. The gene en-
coding MIF consists of 3 exons with cDNA of 348 base pairs (bp).
The primer was selected between 15 bp from the initiation codon
and 15 bp from the termination codon. In all cases, the first primer
was the forward PCR primer and the second primer was the reverse
PCR primer. The primers were: MIF forward primer: 5-ATGCCTT
AGTTCATC-3"; MIF reverse primer: 3'-GAGTTCGCTTCCACC-5'
(size of PCR product was 348 bp) and B-actin forward primer: 5'-
ATGTTTGAGACCTTCAAAAC-3'"; B-actin reverse primer: 5'-A
ACGTCACACTTCATGATGGA-3' (size of PCR product was 525
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Figure 1. Scheme of gene and cDNA of rat MIF.
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bp). The cycle conditions were 95°C for 5 min/95°C for 45 s/60°C
for 75s/72°C for 105s for 24 cycles, followed by an extension step
of 5 min at 72°C and then stored at 4°C. In a series of preliminary
studies, we determined the optimal number of thermal cycles by
the exponential portion of the curve for the PCR products and testing
several different amounts of initial DNA template. Then, we con-
firmed that the amount of each PCR product after these PCR cy-
cles correlated with that of the initial DNA template. For electro-
phoresis, 8 uL of the PCR products were loaded on 2.0% agarose
gel in a Trisborate-EDTA buffer. After electrophoresis, the gel im-
ages showing ethidium bromide fluorescence were scanned with
Image Reader software using a Fluoro-image analyzer and analyzed
with Image Gauge software. For the quantitative analysis, the inten-
sity of the PCR products in MIF relative to that in B-actin was calcu-
lated for each sample. To confirm that the correct RCP products had
been amplified, the gel bands were excised from the gel and se-
quenced (ABI733, Applied Biosystems, Foster City, CA).

Histological evaluation and computerized morphometry

The H&E-stained sections of transplanted trachea were examined
histologically by light microscopy (magnified x200). Each image
was digitized and analyzed using the software of Scion image Beta
4.02 (Scion Co., Frederick, MD). We quantified the height of the
tracheal epithelium and the proportion of obliterated intra-luminal
area in the transplanted trachea, using the method reported previ-
ously.”

Statistical analysis

Results were expressed as mean (or proportion) + standard de-
viation. The overall difference among groups in the distribution of
the height of epithelium and the frequency of intrluminal obliterans
was first analyzed by analysis of variance (ANOVA), and if the
overall difference was significant, then Scheffe's multiple compari-
son method was used for post hoc pairwise comparison. The neces-
sary calculations were performed using StatView 5.0 (SAS Institute
Inc., Cary NC).

Results

All procedures were technically successful and the treated animals
remained stable. MIF-mRNA was detected in the syngeneic and
allogenic implants (Figure 2). The expression level of MIF-mRNA in
allograft was higher at days 7 and 21 than in the isograft. Histological
examination of the transplanted trachea showed more flattening of the
tracheal epithelium at day 7 in the allograft than in the isograft (Figure
3 A and B). However, the epithelium in the anti-MIF Ab-treated
allograft was not flattened compared to non-treated rats (Figure 3 C).
There was marked intraluminal obliterans at day 21 in the allograft
(Figure 4 A), and the intraluminal obliterans was suppressed in anti-
MIF Ab-treated allograft (Figure 4 B).

MIF-mRNA L ] +— 348bp
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Figure 2. MIF-mRNA expression by RT-PCR in the transplants. (A) Isograft
at day 7. (B) Isograft at day 21. (C) Allograft at day 7. (D) Allograft at day
21. The B-actin-mRNA was used for control.
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Figure 3. Histological findings of epithelium at the membranous part of the
trachea in transplanted rat. A. Isograft. B. Non-treated allograft. C. Anti-MIF
Ab treated allograft.
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Figure 4. Histological findings of intraluminal granulomatous obliterans of trachea in transplanted rat. A. Non-treated allograft. B. Anti-MIF Ab treated

allograft.
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Figure 5. The distribution of the height of epithelium in each group. The post
hoc pairwise comparison was based on Scheffe's multiple comparison method.

Figure 5 shows the distribution of height of the epithelium at day
7 in each group. The epithelium in non-Tx group (4.8+2.1 pm) was
little observed compared to the isograft group (49.7+15.9 pm) at
day 7. The epithelial height in the anti-MIF group (32.3+6.5 um)
was significantly greater (p=0.008) than that in the non-Tx group,
while it did not differ much from that in the normal IgG group
(17.949.1 pum) or in the isograft group. Figure 6 shows the distri-
bution of the proportion of intraluminal obliteration at day 21 in
each group. The intraluminal space was mostly replaced by fibrous
granulation tissue in the non-Tx group (94.6+1.4%). The propor-
tion of obliterans in the anti-MIF group (46.8+7.6%) was signifi-
cantly lower (p<0.001) than that in the non-Tx group, which was
in turn lower than that in the normal IgG group (63.1+14.6%).
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Figure 6. The proportion of intraluminal obliterans in each group. The post
hoc pairwise comparison was based on Scheffe's multiple comparison method.

Discussion

As described above, OB is the major cause of morbidity and mor-
tality in patients who undergo heart-lung and lung transplantation.
The long-term survival is poor in approximately 50% of the patients
who develop OB.” The pathogenesis of OB is not fully understood
at this stage; however, OB is considered the result of chronic rejec-
tion.”**** Hertz et al.” used a murine model of heterotopic lung trans-
plantation and showed that the allograft was infiltrated by immune
cells, which was then occluded with fibroblasts or collagen scar re-
sembling OB within 4 weeks after transplantation. In the present
study, the transplanted trachea in non-treated allograft showed marked
disappearance of the epithelium at day 7 and complete obstruction
of the intraluminal space at day 21. The results indicate that the fi-
brous granulation was induced by the loss of tracheal epithelium.
Therefore, changes in tracheal or bronchial epithelium seem to be
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an important sign for predicting the development to OB. In this re-
gard, it is necessary to suppress the flattening of tracheal or bron-
chial epithelium in order to prevent OB.

The immunological mechanism of OB is considered as graft re-
jection caused by infiltrating T-cells or activated macrophages in
the graft.” T-lymphocytes are the central mediators of allograft re-
jection, and directly cause tissue damage through their cytotoxicity
against donor cells.” In this regard, David et al.”** showed that
the allo-reactive CD8" T-cells and CD4" T-cells caused OB. T-cell-
dependent macrophage activation and recruitment may contribute to
graft injury nonspecifically through DTH reactions. Suppressing this
immunological adverse response may reduce the rejection in lung
transplantation. In the present study, we hypothesized that neutrali-
zation or prevention of production of harmful cytokines such as a
TNF-a, infiltration of macrophages and T-lymphocytes may reduce
allograft rejection.

Figure 7 shows the scheme of interactive responses by MIF.”
MIF is a pro-inflammatory cytokine, and is a central mediator of
DTH reaction in vivo."" MIF is secreted by macrophages or T-cells in
various organs in response to harmful stimulants such as endotoxin
oxygen radicals. Subsequently, MIF plays a pivotal role in the pri-
mary antigenic and mitogenic stimulation of T-cells or T-cell-
dependent antibody production, which should adversely affect in-
flammatory changes."” Furthermore, MIF stimulates the proliferation
of fibroblasts' and is expressed in the tissue of rat showing allograft
rejection.”® These findings suggest that MIF is a potential player in
the process of allograft rejection. Therefore, we examined the ef-
fect of blocking this protein by neutralization using antibody. Our
results showed that animals treated with anti-MIF antibody pre-
vented flattening or disappearance of epithelium, and reduced the
granulomatous obliterans in the transplanted trachea. Abe et al.”
also reported that downregulation and trafficking of anti-tumor T-
lymphocytes and neutralization of T-cell cytotoxicity by MIF might
enhance survival of transplants. Alho et al.* reported that blocking
TNF-a provided benefit in the clinical setting. TNF-a regulates the
gene expression of MIF through tyrosine kinase-dependent path-
way.” In the next step, we plan to clarify the association of CD8"
lymphocytes and macrophages in the allograft, and examine the ef-
fect of suppression of these inflammatory cells by using anti-MIF

Stimulants
'end;""?‘i“ — : stimulation
"exotoxin
- ultraviolet — : inhibition
*oxygen radicals o x  :block
glucocorticoids
*macrophage 1
-lung seerete M1 s¢— TNF- @ —p"inflammation
-liver x /111 B *immune response
+kidney * TL-8 ~metalloproteinases
*blood vessels - growth factor
"Tlymphoeyte " fiproblast cell line)

Figure 7. Schematic illustration of interactions between MIF and inflam-
matory responses.”

antibody. Based on the present results, we believe that anti-MIF
antibody is a potentially useful therapy for the prevention of allograft
rejection through MIF-mediated DTH reaction in patients who un-
dergo lung transplantation.

In conclusion, we have demonstrated in the present study that
anti-MIF antibody significantly suppressed the disappearance or flat-
tening of tracheal epithelium and intraluminal obliterans by fibrous
granulation, representing a block of the adverse immunological re-
sponses caused by MIF and associated with allograft rejection.
Clinical application of anti-MIF antibody could potentially prevent
bronchitis obliterans and promote allograft tolerance.
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