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Abstract • Background: The isox- 
al derivative, leflunomide (LF), is a 
new potent immunosuppressive 
which has been shown to be effec- 
tive in preventing autoimmune dis- 
orders and reactions leading to or- 
gan transplantation rejection. LF is 
thought to antagonise cytokine ac- 
tivity and thereby to interfere with 
T-helper-cell-dependent B- and T- 
lymphocyte proliferation. • Meth- 
ods: We used LF to treat corneal 
allograft rejection in the rat, com- 
paring its effect with that of cy- 
closporin A (CSA). Corneal but- 
tons were grafted from Lewis/ 
Brown Norway rats to Lewis recip- 
ients. Animals were randomly as- 
signed to the following treatment 
groups: I, untreated; II, CSA 
(10 mg/kg i.m.); III, LF (2.5 mg/kg 
p.o.); IV, LF (5 mg/kg p.o.); V, LF 
(10 mg/kg p.o.); VI, combined ther- 

apy (LF 10 mg/kg p.o. and CSA 
10 mg/kg i.m). Treatment began on 
the first postoperative day and was 
continued until rejection occurred. 
• Results: The mean graft rejection 
time in the untreated allogeneic 
group was 12 days. A significant 
delay in graft rejection was ob- 
served in all treatment groups 
compared with group I (P < 0.001). 
Further, the delay in graft rejection 
resulting from combined therapy 
(group VI) was statistically signifi- 
cant compared with all other 
groups (P<0.001). • Conclusion: 
These results suggest that (a) LF 
when used alone is as effective as 
CSA in treating corneal allograft 
rejection in the rat, and (b) when 
LF and CSA are combined they 
are more effective than either drug 
alone in the prolongation of allo- 
graft survival. 

Introduction 

Leflunomide [LF; N-(4-trifluro-methylphenyl)-5- 
methylisoxazol-4-carboxamide] formerly known as 
HWA-486, is an isoxal derivative which has proven ef- 
fective in the prevention and treatment of various au- 
toimmune diseases both experimentally [see review, 2] 
and in clinical trials [19]. Further, LF prevented skin, 
kidney and heart graft rejection following transplanta- 
tion in rats [13, 20, 24]. Previous studies suggest that LF 
and its active metabolite, A771726, interfere with T- 
helper-cell-dependent B- and T-lymphocyte prolifera- 
tion [2]. These immunosuppressive effects are thought to 
be mediated largely through the antagonistic activity of 

LF and A771726 on many cytokines, including those 
required for the formation of cytotoxic cells during the 
transplantation rejection process [2]. Although consid- 
ered as effective an immunosuppressant as cyclosporin 
A (CSA) following organ and tissue transplantation, 
LF's mode of action is considered to differ to that of 
CSA [1, 7]. In this study, we investigated the effect of LF, 
alone and in combination with CSA, in a rat orthotopic 
penetrating keratoplasty model. 

Methods 

Female Lewis rats (RTI') and Lewis-Brown Norway (RTl~Xn), ap- 
proximately 15 20 weeks old and weighing 200-300 g, were pur- 
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chased from the Mollegaard Breeding Centre, Denmark. The 
Lewis rats (RT11) were used as recipients in all cases; the Lewis- 
Brown Norway rats (RTI lXn) served as donors. These two rat 
strains differ completely at the major histocompatibility complex 
(MHC) antigens. 

Leflunomide was obtained from Hoechst (Kalle-Albert, Wies- 
baden, Germany) and was prepared in a sterile 1% carboxy- 
methylcellulose solution (CMC) each day prior to oral adminstra- 
tion using a gastric tube. CSA was obtained from Sandoz (Basel, 
Switzerland) and administered intramuscularly. 

The animals were treated according to the provisions estab- 
lished by the Association for Research in Vision and Ophthalmol- 
ogy Resolution on the Use of Animals in Research. 

Surgical procedure 

Anaesthesia of both the donor (Lewis-Brown Norway) and the 
recipient (Lewis) rat was achieved with xylazine hydrochloride 
(Rompun, Bayer) and ketamine hydrochloride (Ketanest, Parke- 
Davis). Twenty minutes prior to surgery, the Lewis rats also re- 
ceived 0.5mg/kg atropine (Eifelfango) subcutaneously and 
phenyl-ephrinehydrochloride (Neosynephrine-POS, 5%, 
Ursapharm) eyedrops to aid dilation of the iris. 

Under sterile conditions and using an operating microscope, 
two donor corneal buttons (3.5 mm) were harvested from the 
Lewis-Brown Norway rats using a trephine and curved 
Castroviejo scissors. The donor animals were then killed by ether 
inhalation. The left eyes of the recipient Lewis rat were prepared 
by removing a central 3.0-ram button using a trephine and 
Castroviejo scissors. A drop of sterile methylcellulose (1%) was 
placed over the 3.0-mm corneal opening before the donor cornea 
was fixed with ten interrupted sutures (114) nylon, Ethicon). The 
anterior chamber was not re-established following surgery. Prior 
to closure of the eyelids with three or four interrupted sutures (74) 
nylon, Ethicon), Polyspectran (Alcon Thilo) eyelid gel was placed 
over the operated eye. 

The animals were randomly sorted into groups as follows: I, 
untreated; II, CSA 10 mg/kg; III, LF 2.5 mg/kg; IV, LF 5 mg/kg; 
V, LF 10 mg/kg; VI, combined therapy, LF 10 mg/kg and CSA 
10 mg/kg. The postoperative treatment began 24 h following 
surgery and continued until the appearance of allograft rejection. 
A total of 75 penetrating keratoplasties were performed in the 
allogeneic group; a control group of 10 Lewis rats received syn- 
geneic grafts. The corneal sutures were not removed. 

Postoperative care 

Forty-eight hours following surgery, the eyelid suture was re- 
moved, allowing for the first assessment of the cornea on the 
slit-lamp microscope by a masked observer. Slit-lamp evaluations 
were performed every 2-3 days under intramuscular anaesthesia 
using ketamine hydrochloride, with assessment of the corneas by 
scoring of graft opacity, oedema and vascularisation [9]. Graft 
opacity was scored from 0 to 4:0 = clear cornea; 1 = slight haze; 
2=increased haze with view of anterior chamber; 3 =increased 
haze without view of anterior chamber; 4 = opaque cornea. Graft 
oedema was scored from 0 to 4 :0=no  corneal thickening; 
1 = slight corneal thickening; 2 = diffuse oedema; 3 = diffuse oede- 
ma with microcystic oedema of epithelium; 4=diffuse oedema 
with bullous keratopathy. Graft neovessels were scored 0 to 
4 :0=no  vascularisation; l=peripheral cornea; 2=neovessel 
growth to wound edge; 3 =vessels on graft; 4=total  vascularisa- 
tion. Photographs were also taken for documentation (Fig. 1). 

Upon occurrence of allograft rejection (cumulative rejection 
rating > 6), the animal was anaesthetised and whole blood was 
collected via cardiac puncture. In the leflunomide-treated animals, 

Fig. 1 Slit-lamp photograph of a graft from a rat in group III (LF 
10 mg/kg), day 10 ( x 40). This eye was scored as corneal clarity 1, 
corneal oedema 1, vascularisation 2, yielding a rejection score 
of 4 

the plasma levels of leflunomide's primary metabolite, A771726, 
were determined using HPLC. The cardiac puncture was per- 
formed on average 24 h after the last dose of leflunomide. 

Results 

Clinical eva lua t ion  

On  remova l  of  eyelid sutures in b o t h  the syngeneic  and  
al logeneic groups ,  the grafts were clear and  charac ter -  
ised by very mild pos topera t ive  o e d e m a  and  no vascu-  
larisation. Weekly sl i t- lamp examina t ion  of  the syngene-  
ic g r o u p  until  the 6th pos topera t ive  week revealed clear 
grafts with min imal  o e d e m a  and  vascular isa t ion  of  the 
per ipheral  co rnea  only. 

Wi th in  the allogeneic group,  two animals  were ex- 
c luded f rom the s tudy  due to p r ema tu re  dea th  and  
ca ta rac t  fo rmat ion ,  leaving a total  of  73 al logeneic rats 
in the study. The  al logeneic un t rea ted  g r o u p  (I, n = 15) 
had  a m e a n  ( ± S D )  rejection t ime of  1 2 + 1 . 4  days  
(Fig. 2). A significant delay in graft  reject ion was  ob-  
served in all t r ea tment  g roups  when c o m p a r e d  with 
g r o u p  I (P < 0.05, M a n n - W h i t n e y  U-test) (Table 1). The  
m e a n  rejection t ime in the CSA- t r ea t ed  rats (group II,  
n =  11) was 16_+ 1.9 days  (Table 1). This c o m p a r e d  with 
m e a n  reject ion times in the LF- t r ea t ed  rats of  15, 16 and  
17 days  in g roups  I I I ,  IV and  V respectively (Fig. 2). 
A l t h o u g h  the delay in the al lograft  reject ion between 
the LF- t r ea t ed  g roups  appea red  to be dose-dependent ,  
the m e a n  reject ion times in the lef lunomide- t rea ted  ani-  
mals  did no t  significantly differ f rom one ano the r  (Table 
2). Animals  t rea ted  with the highest  dose of  L F  (10 mg /  
kg, g r o u p  V) showed  a delay in the onset  of  an  al lograft  
reject ion similar to tha t  in those t rea ted  with C S A  
(group I I ;  Fig. 2). Further ,  the delay in the al lograft  re- 
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Mean rejection time (days) in treated and untreated rats. 
Number of rats per group is shown within the columns, un Un- 
treated, L F  10 LF (10 mg/kg), L F  5 LF (5 mg/kg), L F  2.5 LF 
(2.5 mg/kg), Combinat ion LF (10 mg/kg) and CSA (10 mg/kg). All 
treated groups showed a significant delay in corneal rejection 
compared with the controls (* P<0.001). The animals treated 
with both medications showed a further significant delay com- 
pared with all groups (t P<0.001) 

action in group VI, where the animals were treated with 
both CSA and LF (10 mg/kg), was significantly greater 
than in all other groups (P <0.001) (Table 2). 

When the individual rejection categories for each 
treatment group were evaluated, all medications de- 
layed the attainment of a score greater t h a n 2  in the 
categories of opacity and oedema compared with the 
control group (Mann-Whitney U-test, P < 0.05) (Table 
3). With respect to vascularisation, no significant delay 
in attainment of a score greater than 2 was achieved 
with any medication. Those animals treated with LF 
(10 mg/kg) and those with the combined regimen of LF 
(10 mg/kg) and CSA attained scores of > 2 in the cate- 
gories of opacity and oedema significantly later than 
the animals in groups II, III and IV (Mann-Whitney 

Table 2 Mean postoperative day when individual category scores 
first exceeded 

Category Group 

I II III IV V VI 

Opacity 11 15 15 15 17 19 
Oedema 12 16 15 16 18 19 
Neo- 12 16 15 16 17 19 
vascularization 

U-test, P < 0.05). However, comparison between groups 
V and VI did not reveal a statistically significant differ- 
ence the attainment of a rejection score > 2 for opacity 
and oedema. 

A771726 plasma levels 

All doses of LF were well tolerated by the Lewis rats, 
with very few side effects being observed. Further, no 
technical problems regarding the administration of the 
LF-CMC solution per os (e.g. regurgitation or inhala- 
tion) were encountered. Despite this, the 24-h plasma 
levels of A771726 of those animals treated with lefluno- 
mide alone were low in comparison to the 24-h levels in 
Sprague-Dawley rats following single oral doses of 5 
and 10 mg/kg leflunomide (Bartlett, personal communi- 
cation). Interestingly, however, in those rats treated with 
CSA and LF (10 mg/kg), the leflunomide levels tended 
to be higher and within the range of the above-men- 
tioned study (Fig. 3). 

D i s c u s s i o n  

Since immunologic rejection remains the leading cause 
of graft failure in human corneal transplants [11], vari- 
ous animal models have been used to study the mecha- 
nisms of the rejection process. The rabbit model, used 
by earlier investigators [3, 4, 10, 12, 14, 18], allowed the 

Table 1 Comparison of the 
corneal rejection times of the 
individual groups (Mann- 
Whitney U-test; error proba- 
bility P = 0.05). Group I, un- 
treated allogenic controls; 
group II, CSA (10 mg/kg); 
group III, LF (10 mg/kg); 
group IV, LF (5 mg/kg); 
group V, LF (2.5 mg/kg); 
group VI, combined therapy 
(LF 10 mg/kg and CSA 
10 mg/kg); n.s., not significant 

Groups I II III IV V VI 

I 

II 

lII  

IV 

V 

VI 

I < I I  
P < 0.001 

I < l l I  I < I V  I < V  I < V I  
P<0.001 P<0.001 P<0.001 P<0.001 
n.s. n.s. n.s. II < VI 

P<0.001 
n.s. n.s. III < VI 

P<0.01 
n.s. IV<VI  

P < 0.001 
V < V I  
P<0.001 
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examination of rejection in an orthotoplc graft. A disad- 
vantage of the rabbit model was the inability to control 
the histocompatibility differences between donor and 
recipient [25]. Although the well-defined immunogenics 
of inbred mice offered a solution to this problem, ortho- 
topic grafts were very difficult due to the relatively small 
mouse eye. Heterotopic corneal grafts to the thoracic 
cage were, therefore, used to study the immunobiology 
of corneal allografts in the mouse [22]. In 1985, Williams 
and Coster developed a rat model of penetrating ortho- 
topic keratoplasty which combined the advantages of 
the rabbit and mouse models [25]. The similarity of the 
distribution of class I and class II MHC antigens in the 
rat and human corneas [23] furthered the acceptance of 
this model in the study of anterior segment im- 
munopharmacology. Using two strains of rats which are 
MHC incompatible, we examined the efficacy of LF, 
alone and in combination with CSA, in the rat penetrat- 
ing keratoplasty model. 

Leflunomide, is a novel immunosuppressant thought 
to antagonise cytokine activity and thereby to disrupt 
T-helper-cell-dependent B- and T-lymphocyte coopera- 
tion and proliferation [2]. Initial studies showed that LF 
was as effective as conventional medications in the 
treatment of autoimmune diseases in animals [see re- 
view, 2]. Smith Lang and co-workers also found that the 
administration of LF (10 mg/kg) prevented the develop- 
ment of disease in an experimental model of autoim- 
mune uveitis [21]. Further, preliminary results from pa- 
tients suffering from severe rheumatoid arthritis suggest 
that both clinical and immunological parameters of the 
disease could be improved with LF [19]. 

Although earmarked, as a result of the above studies, 
as a strong inhibitor of B-cell activation, LF showed 

many characteristics in common with - and was consid- 
ered to be as proficient as - CSA in the treatment of 
autoimmune diseases [1, 2]. Consequently, it was not 
surprising when LF, like CSA, was observed to prevent 
skin, heart and kidney graft rejection in animal studies 
[13, 20, 24], suggesting that LF also inhibited disorders 
requiring T-cell - T-cell cooperation, necessary in trans- 
plantation rejection. Mode of action studies suggest that 
the immunosuppressive effects of LF and its active 
metabolite, A771726, could be mediated to a large ex- 
tent through its antagonistic activity on various cytoki- 
nes, e.g. interleukin-2 [7]. LF also inhibits tyrosine ki- 
nase, an important mediator in the proliferation of vari- 
ous cell types [2]. 

In the present study, LF was observed to be effective 
in delaying the onset of the allograft reaction in rats 
following penetrating keratoplasty. All doses of LF used 
were as effective as CSA in delaying the onset of the 
allograft reaction in the cornea. When the highest dose 
of LF (10 mg/kg) was combined with CSA, a further 
delay in the allograft reaction in comparison with all 
groups was apparent, suggesting a synergistic effect of 
LF and CSA. Such a synergistic effect has also been 
recently observed in skin and heart transplantation in 
the rat model [20, 24]. 

When the rejection categories were assessed individ- 
ually, LF appeared to have the greatest effect on reduc- 
tion of corneal opacity and oedema. Groups in which 
the highest dosage of LF was used (V and VI) displayed 
a significantly delayed increase in graft oedema and 
opacity compared with all other allogeneic transplant 
groups. Such a sustained reduction in oedema by LF 
was observed during the treatment of adjuvant-induced 
polyarthritis in Lewis rats [17]. The effect of LF on vas- 
cularisation was not significant when compared with 
CSA-treated and control animals (Table 3, Fig. 1). Ne- 
ovessel growth (probably stimulated by the retained su- 
tures) would not, however, be expected to be delayed by 
LF with its specific T- and B-cell immunosuppression. 

That LF promotes a significant prolongation of 
corneal allograft survival has also been observed recent- 
ly by Niederkorn et al., who compared LF (10 mg/kg) 
and its active metabolite, A771726, with oral CSA fol- 
lowing corneal transplantation in rats [15]. These au- 
thors achieved a mean rejection time of 29.7- and 32.4 
days in those rats treated with LF and A771726, respec- 
tively. Further, almost one third of LF-treated cases 
maintained clear grafts 3 weeks after discontinuation of 
the medication. This prolonged graft survival, com- 
pared with the current study, may be explained by: (a) 
the removal of corneal sutures in the early postoperative 
period, as described by Callanan and co-workers [6]; (b) 
the "pretreatment" of the animals for 2 days prior to the 
operation; and (c) the surprisingly low plasma levels of 
A771726 achieved in our Lewis rats (Fig. 3). In humans 
it is known that the late removal of keratoplasty sutures 
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is associated with corneal neovascularisation and an in- 
creased risk of graft failure [16]. Further, in the rat pene- 
trating keratoplasty model, removal of corneal sutures 
results in the regression of neovessels [6], which could 
promote host sensitisation to donor alloantigens. 

The efficacy of CSA is associated with a time lag and 
is consequentially reduced if therapeutic tissue levels are 
not achieved during the early stages of antigen recogni- 
tion [5, 8]. Surprisingly, (pre)treatment with CSA by 
Niederkorn and co-workers did not result in a prolon- 
gation of corneal allograft survival [15]. The effect of 
"pretreatment" with LF in transplantation studies has 
not been sufficiently investigated. In contrast, intention- 
al delay of LF and CSA treatment following skin and 
heart transplantation has been examined [20, 24]. In an- 
imals allowed to undergo acute rejection crisis, only LF 
was able to reverse the rejection reaction and produce 
significant delay in allograft survival. These results con- 
firm previous suggestions that LF and CSA have differ- 
ing mechanisms of immunosuppression [1, 7]. 

With respect to the plasma levels of A771726 

achieved in the present study, investigations are in pro- 
gress to determine whether Lewis rats may have phar- 
macokinetics differing from those in the Sprague-Daw- 
ley strain, in which previous LF studies have been con- 
ducted. 

In conclusion, LF when used alone is as effective as 
CSA in delaying corneal allograft rejection in the rat. 
Further, when LF and CSA are combined they are more 
effective than either drug alone in the prolongation of 
allograft survival. By virtue of its minimal side effects 
[19], LF is a promising new immunosuppressive which 
may prove of value in preventing graft failure in human 
corneal transplants. 
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