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Aim: To determine the effectiveness of treatment with immunosuppressive drugs and monoclonal
antibodies (mAb) after penetrating keratoplasty in two different models of high risk mouse recipients.
Methods: Corneas were grafted orthotopically in mouse models of high risk recipients with either
neovascularisation of the graft bed or presensitisation to graft donor antigens. Recipients were treated with
mAb against CD4+ or CD8+ cells or against T cells, or were treated with cyclosporin A (CsA) or
mycophenolate mofetil (MMF), or a combination of both drugs.
Results: Control untreated recipients with neovascularised graft bed or presensitised to the graft donor
antigens rejected corneal allografts in 12.5 (SD 2.3) and 9.9 (1.6) days, respectively. Treatment of graft
recipients with a neovascularised graft bed with mAb anti-CD4 or anti-T cells, but not with mAb anti-CD8
or with immunosuppressive drugs, resulted in a significant prolongation of graft survival; 75% and 28.5%,
respectively, of grafts survived for more than 45 days after grafting. However, none of the treatments were
successful in presensitised recipients.
Conclusions: Treatment of high risk recipients with mAb anti-CD4 is more effective in preventing corneal
allograft rejection than the treatment with mAb anti-CD8 or the immunosuppressive drugs MMF and CsA.
However, the effectiveness of the treatment depends on the recipients’ pretransplantation risk type.

C
orneal transplantation is the most common form of
solid tissue transplantation in humans and is char-
acterised by an unusually high success in graft survival.

The first year graft survival rate under cover of only local
immunosuppression reaches 90%.1 Whereas graft survival in
low risk conditions (keratoconus, corneal dystrophies)
remains over 90% at 10 years after grafting, the 10 year
success rate in high risk recipients (with a history of anterior
segment inflammation, corneal neovascularisation, etc) is
much lower, achieving less than 35%.1 2 The most common
cause of the graft failure is immunological rejection. To
obtain the long term survival of corneal grafts, especially in
high risk recipients, it is necessary to search for new and
effective immunosuppressive approaches with minimal
undesirable side effects.
Immunohistochemical analysis of cells infiltrating rejected

corneal allografts in humans and in experimental animals
demonstrated large numbers of CD4+ T cells and macro-
phages.3–6 The role of macrophages as effector cells in corneal
allograft rejection was demonstrated in experiments which
showed indefinite graft survival in rats after the selective
depletion of macrophages with dichloromethylene diphos-
phonate.7 CD4+ T cells are important for the activation of
macrophages, which are consequently able to kill allogeneic
cells.8 The importance of CD4+ T cells during corneal allograft
rejection was demonstrated in experimental models by a long
term graft survival after systemic or topical treatment with
anti-CD4 antibody.9–12 Several other monoclonal antibodies
(mAb), such as anti-T cells administered intracamerally13 14

and anti-Campath-1H or anti-CD25 in a systemic treat-
ment,15–17 have already been tested for immunosuppression in
human corneal transplantation. Systemic treatment with
immunosuppressive drugs such as cyclosporine A (CsA) or
mycophenolate mofetil (MMF) has been used after penetrat-
ing keratoplasty in high risk patients.18–21

Despite the fact that various immunosuppressive treat-
ments have been used in high risk patients, there are no
published reports comparing the effectiveness of individual

immunosuppressive protocols in experimental models of high
risk recipients. In this study we therefore attempted to find a
method of preventing high risk rejection and compared the
effectiveness of treatment with immunosuppressive drugs or
mAb in preventing corneal allograft rejection in two different
experimental models of orthotopic high risk corneal trans-
plantation in mice.

MATERIALS AND METHODS
Animals
Mice of the inbred strain BALB/c (H-2d) were used as
recipients and mice of the strain C57BL/10Sn (B10) (H-2b) as
graft donors. Mice of both sexes were aged from 12 to
16 weeks. All animals were obtained from the breeding
colony of the Institute of Molecular Genetics, Prague. The
experiments were performed in accordance with the law
governing the protection of animals and were approved by
the local animal ethics committee.

Preparation of high risk recipients
Prevascularisation
Mice were anaesthetised by intramuscular injection with a
mixture of ketamine (Calypsol, Gedeon Richter Ltd,
Budapest, Hungary) and xylazine (Rometar, Spofa, Prague,
Czech Republic) diluted in balanced salt solution (BSS, Alcon
Laboratories Inc, Fort Worth, TX, USA). Four intrastromal
sutures in four quadrants of the recipient cornea were
inserted surgically 14 days before transplantation. These
sutures were removed with recipients’ button during the
transplantation.

Presensitisation
BALB/c recipients were presensitised to the graft donor
antigens by intraperitoneal injection of 26107 spleen cells
from B10 donors 14 days before the transplantation.

Abbreviations: CsA, cyclosporin A; mAb, monoclonal antibodies;
MMF, mycophenolate mofetil; MST, mean survival time
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Technique of orthotopic corneal transplantation
The procedure was adapted from the technique described
previously by She et al22 and modified by Plšková et al.23

The donor cornea (B10 mice) was marked with 2 mm
trephine, the anterior chamber was penetrated using a
sharp needle and the cornea was then cut out with Vannas
scissors. The donor endothelium was protected during
dissection by instilling a high molecular weight hyaluronic
acid (Provisc, Alcon Canada Inc, Mississauga, Ontario,
Canada) into the anterior chamber. The donor cornea was
placed in BSS. The recipient mouse was anaesthetised as
described previously. To dilate the pupil tropicamid drops
(Mydrum, Chauvin Ankepharm GmBh, Rudolstadt,
Germany) were used. The recipient right cornea was marked
with a 1.5 mm trephine and removed by the same method as
the donor cornea. The donor graft was sutured into the
recipient bed using a running suture (11-0 Ethilon, a 50 mm
diameter needle, Ethicon, St-Stevens-Woluve, Belgium).
After the transplantation the eye was covered with antibiotic
ointment, a combination of bacitracin and neomycin
(Ophthalmo-Framykoin, Léčiva, Prague, Czech Republic).
The sutures were not removed.

Clinical evaluation of rejection
The mice were examined every other day using the operating
microscope. The opacity grade (from 0 to 4) of the grafted
cornea was used as the indicator of graft rejection.24 Opacity
grade 2 or more was considered as graft rejection. Mice with
complications such as cataract, inflammation, or haemor-
rhage were excluded from the study.

Monoclonal antibodies
The first group of high risk recipients were treated with mAb
anti-Thy1.2 (clone F7D5),25 anti-CD4 (clone GK1.5),26 and
anti-CD8 (clone TIB 150).27 Antibodies were prepared in the
form of ascites in nu/nu mice and were injected intra-
peritoneally at a dose of 200 mg/mouse/day. The treatment
started the day after transplantation and continued every
other day until the rejection. FACS analysis performed
1 week after the beginning of the treatment revealed that
the number of cells of a particular cell subpopulation in
lymph nodes and spleens was already reduced to less than
1.5% of the value in normal animals and this selective T cell
lymphopenia was sustained for the duration of the treatment
(data not shown).

Immunosuppressive drugs
The second group of recipients were treated with MMF
(Cellcept, F Hoffmann-La Roche Ltd, Basel, Switzerland) at
a dose of 25 mg/kg/day diluted in a buffer solution or with
CsA (Ciclosporinum, Sandimmun Neoral, Novartis Pharma,
Pharma AG, Basel, Switzerland) at a dose of 25 mg/kg/day
diluted in a citrate solution or with the combination of MMF/
CsA, at a dose of 12.5 mg/kg/day of each compound. The
orally administered treatment started the day after trans-
plantation and continued daily until rejection occurred.

Statistical analysis
The statistical differences in graft rejection rate between
experimental and control groups were evaluated by Mann-
Whitney U test. The day of the onset of rejection was used
for this statistical analysis and to calculate the mean
survival time (MST) plus or minus SD. In the case of
some animals no rejection had occurred by the time the
experiment was terminated. In these cases for statistical
purposes we assigned the day after termination as the day of
rejection.

RESULTS
Survival of corneal allografts in low risk and high risk
control untreated recipients
Corneal allografts in low risk recipients were rejected at the
MST 30.2 (4.7) days (10 mice), and all allografts were
rejected by day 38. Corneal allografts in recipients with
prevascularised graft bed or presensitised to the graft donor
antigens were rejected with MST 12.5 (2.3) days (17 mice)
and 9.9 (1.6) days (14 mice); respectively. All syngeneic
grafts (eight mice) remained clear without sign of rejection
(fig 1).

Survival of corneal allografts in recipients with
prevascularised graft bed and treated with mAb or
immunosuppressive drugs
The recipients with prevascularised graft bed treated with
mAb anti-CD8 rejected their grafts in MST of 12.5 (2.7) days
(six mice) and there was no significant difference from the
untreated control group (p=0.44). On the other hand,
corneal graft survival was significantly prolonged by mAb
anti-T cells (MST 36.9 (8.5) days, seven mice, p,0.001) and
anti-CD4 cells (MST 42.3 (6.8) days, 12 mice, p,0.001). In
these two groups, 28.6% and 75% of grafts, respectively,
remained unrejected at 45 days, the point when the experi-
ment was terminated (fig 2).

Figure 1 Survival of syngeneic corneal grafts (eight mice) or corneal
allografts in control (unmodified) recipients (10 mice), recipients with
prevascularised graft bed (17 mice), or recipients presensitised to the
graft donor antigens (14 mice).

Figure 2 Survival of corneal allografts in recipients with
prevascularised graft bed and treated with mAb. The recipients were
untreated (11 mice) or were treated with mAb anti-CD4 (12 mice), anti-
CD8 (six mice), or anti-T cells (seven mice).
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Another group of recipients with prevascularised graft beds
were treated with immunosuppressive drugs. In comparison
to the control group, there was a short but statistically
insignificant prolongation of graft survival after treatment
with MMF (MST 16.9 (8.4) days, seven mice, p=0.47), CsA
(MST 16.1 (7.3) days, nine mice, p=0.39), and a combina-
tion of MMF/CsA (MST 17.0 (9.0) days, nine mice, p=0.48).
In these four groups all animals had undergone graft
rejection by day 37 (fig 3).

Survival of corneal allografts in recipients
presensitised to the graft donor antigens and treated
with mAb or immunosuppressive drugs
In comparison with the control group there was no
significant prolongation of corneal graft survival after
treatment with mAb anti-T cells (MST 9.0 (2.2) days, eight
mice, p=0.48), anti-CD4 cells (MST 9.4 (3.3) days, eight
mice, p=0.32), or anti-CD8 cells (MST 8.9 (2.0) days, nine
mice, p=0.26). In these four groups all animals rejected by
day 17 after grafting (fig 4).
Treatment with CsA significantly delayed corneal graft

rejection (MST 13.3 (2.0) days, seven mice, p,0.05) but the
graft survival times after treatment with MMF (MST 13.5
(3.4) days, eight mice, p=0.06) and with a combination of
MMF/CsA (MST 11.5 (2.7) days, eight mice, p=0.41) were
not significantly different from those in the control group. In
these three groups all animals rejected by day 18 after the
transplantation (fig 5)

DISCUSSION
Although various immunosuppressive treatments have been
used in high risk patients with keratoplasty for several years,
there have been no comparative studies on experimental
models of high risk recipients. In the present work, we used
two models of mouse high risk recipients. The first group had
their graft bed prevascularised by sutures (strong neovascu-
larisation in all four quadrants of the cornea). The second
group was presensitised to the alloantigens of the graft donor
genotype. Both groups of high risk mice had markedly
reduced corneal graft survival and they became a convenient
model for evaluating the efficacy of treatment. We used these
mice to compare the effect of immunosuppressive drugs and
mAb against T cell subpopulations on corneal allograft
survival. Significant and long term corneal allograft survival
was obtained after treatment with mAb against CD4+ cells or
against T cells in recipients with a prevascularised graft bed.
However, the same treatment failed in recipients presensi-
tised to alloantigens of the graft donor. There was no
statistically significant delay of a corneal graft rejection in
either model of high risk mice when we used systemic
treatment with MMF and with the MMF/CsA combination.
Treatment with CsA significantly prolonged corneal graft
survival only in presensitised mice but this effect was only
moderate and all treated mice rejected their grafts by day 18
after grafting.
The doses of CsA and MMF used for oral treatment in our

study were comparable to those used for systemic adminis-
tration in other experimental models. Reis et al tested MMF
and CsA in experimental corneal transplantation in rats but
they used naive recipients without risk.28 29 In their studies,
immunosuppressive drugs usually significantly prolonged
corneal graft survival time, but the immunosuppressive
effects were not too strong, especially in groups treated with
MMF when rejection had already started during the
treatment period, and most of the treated animals rejected
their grafts during the 2 week treatment period. Treatment
with CsA and with the combination of CsA/MMF signifi-
cantly prolonged corneal graft survival in low risk rats.28 Our
findings in high risk mice are different from the observations
of Reis et al28 in rats or from observations of other authors in
rabbits, where systemic treatment with CsA was effective in
the prevention of corneal allograft rejection in naive
recipients,30 31 in recipients with corneal neovascularisation
induced before keratoplasty,32 or even where the recipients
had heavily vascularised corneas following alkali burns.33

Although in the majority of the above studies CsA was
administered intramuscularly in a dose of 25 mg/kg/day, we
treated the animals orally to closely mimic the way of drug
administration in clinical treatment. Unfortunately, the oral

Figure 3 Survival of corneal allografts in recipients with
prevascularised graft bed and treated with immunosuppressive drugs.
The recipients were untreated (six mice) or were treated with MMF (seven
mice), or CsA (nine mice), or with a combination of MMF/CsA (nine
mice).

Figure 4 Survival of corneal allografts in presensitised recipients and
treated with mAb. The recipients were untreated (seven mice) or were
treated with mAb anti-CD4 (eight mice), anti-CD8 (nine mice), or anti-T
cells (eight mice).

Figure 5 Survival of corneal allografts in presensitised recipients and
treated with immunosuppressive drugs. The recipients were untreated
(seven mice) or were treated with MMF (eight mice), CsA (seven mice),
or with a combination of MMF/CsA (eight mice).
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treatment with immunosuppressive drugs in high risk mice
was less successful, though we used higher doses of the drugs
than those administered in the clinical treatment protocols,
where CsA is usually used at doses of about 5 mg/kg/day.
Although drug based immunosuppression is generally

effective in high risk vascularised grafts in humans and in
experimental models, the effectiveness of the treatment is
much lower in high risk corneal transplantation (see above)
and failed in both our models of high risk corneal
transplantation in mice. This failure occurred in spite of the
fact that we used the highest oral doses of CsA, which were
without detectable side effects, and that we used oral
administration mimicking clinical treatment. The reasons
for the failure to inhibit corneal graft rejection in mice are
unknown but they can involve a lower uptake of the drugs
from the gastrointestinal tract of the mouse or a high risk
corneal rejection may involve effector cell populations which
are not so sensitive to the drug treatment as those responsible
for rejection of vascularised grafts. The exact causes of the
failure of the treatment remain to be determined.
Next, we used the same models of high risk mice to

compare the effectiveness of treatment with mAb on corneal
graft survival. Treatment with mAb anti-CD4 induced the
long term survival of corneal allografts in a high proportion of
prevascularised recipients. This is in agreement with previous
reports that CD4+ T cells have an essential role in the rejection
of corneal grafts.10 34 35 Surprisingly, treatment with the same
mAb in presensitised mice failed. This suggests that different
cell populations and distinct mechanisms may be involved in
the rejection of corneal allografts in prevascularised and
presensitised recipients. These differences may explain
different effectiveness of anti-T cell therapy that we observed
in our models. The production of IFN-c by remaining CD8+ T
cells and activation of graft infiltrating macrophages by
IFN-c to produce nitric oxide may be a reason for observed
graft rejections in anti-CD4 treated recipients and especially
in the recipients presensitised to the graft donor alloantigens.
In accordance with the recent observations that CD8+ T

cells do not have a significant role in a corneal graft
rejection,36 37 mAb anti-CD8 had no effect on corneal graft
survival in our models either.
In conclusion, our results indicate that treatment of high

risk recipients with mAb anti-CD4 is more effective in
preventing corneal allograft rejection than treatment with
mAb anti-CD8 or with immunosuppressive drugs MMF and
CsA. However, the effectiveness of the treatment depends on
the type of recipient’s risk before the transplantation.
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