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low-dose immunosuppression in a rat 
hind-limb transplantation model 

Abstract Composite tissue allografts 
(CTAs) offer an alternative to con- 
ventional reconstructive methods. 
However, the toxicity of the drugs 
that are required to prevent rejection 
has prevented its widespread clinical 
application. The purpose of this 
study was to determine whether a 
low-dose, corticosteroid-free combi- 
nation regimen of tacrolimus and 
mycophenolate mofetil (MMF) 
would prevent rejection in a rat 
hind-limb model, with minimal toxic 
side effects. Three groups were used 
in this study. In group I, Wistar 
Furth (WF) rats received a syngeneic 
WF hind-limb. In groups I1 and 111, 
WF rats received an ACI hind-limb. 
The latter were treated with tacroli- 
mus-MMF. Assessment for rejec- 
tion, flow cytometry, and mixed 
lymphocyte reactions was per- 
formed. Biopsies were taken regu- 
larly and at the time of killing. 
Combination therapy with low-dose 
tacrolimus-MMF effectively pro- 
longed CTA survival indefinitely, 

with minimal side effects. Toxicity 
associated with immunosuppressive 
drugs can be avoided in a low-dose 
combination corticosteroid-free 
regimen. 
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Introduction 

Transplantation of composite tissue allografts (CTAs) 
from cadaveric donors offers an excellent alternative to 
conventional reconstructive methods for repairing large 
tissue defects that result from traumatic injury, tumor 
extirpation, and congenital birth defects. In spite of its 
promising potential, composite tissue allotransplanta- 
tion has not been applied widely in the clinical setting, 

primarily due to the toxicity associated with the immu- 
nosuppressive drugs that are needed to prevent graft 
rejection in these procedures. 

This toxicity is not necessarily due to the immuno- 
suppressive drugs per se but rather to the high doses that 
are required to prevent rejection and ensure long-term 
survival of the highly immunogenic skin component of 
CTAs. The risks associated with high-dose immuno- 
suppression, together with the fact that CTA procedures 
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would be used to treat non-life-threatening tissue de- 
fects, have raised the question “are the risks worth the 
benefits of these new procedures?” This risk-versus- 
benefit debate is, perhaps, the primary reason why this 
promising new reconstructive procedure has not gained 
widespread clinical application. 

The ultimate goal of transplantation research is to 
replace toxic immunosuppressive drugs with a method 
of inducing transplantation tolerance [33]. Until trans- 
plantation tolerance becomes a clinical reality, the 
reduction of the toxicity of current immunosuppressive 
regimens is an approach that is worth pursuing. One 
such approach is the use of combination immunosup- 
pression therapy, which allows lower doses of individual 
drugs to be used and, thus, causes less toxicity [18]. 

In animal composite tissue allotransplantation stud- 
ies, different combinations of immunosuppressive drugs 
have been used with varying success. Using a rat hind- 
limb transplant model, various investigators reported 
that combinations of tacrolimus and rapamycin [15] or 
tacrolimus and deoxyspergualin (DSG) [30] prolonged 
CTA survival. Benhaim et al. demonstrated indefinite 
limb survival in a fully mismatched rodent model using 
combination therapy with cyclosporin A (CsA; 1.5 mg/ 
kg per day) and mycophenolate mofetil (MMF; 15 mg/ 
kg per day) [7]. However, at these low doses the inves- 
tigators still reported episodes of rejection in 1 1 %  of 
their animals [7]. Based on the fact that tacrolimus has 
been demonstrated to have 100 times the immunosup- 
pressive effect of CsA at equivalent doses [4, 121, it could 
be expected that the substitution of tacrolimus for CsA 
in the above-mentioned study could provide improved 
survival of CTAs in a similar model. The purpose of the 
present study was to determine in a rat hind-limb CTA 
model whether low-dose tacrolimus that was adminis- 
tered in combination with MMF would prevent rejec- 
tion and minimize toxic side effects. 

Materials and methods 

Wistar Furth (WF) rats received hind-limbs transplanted from ACI 
donor rats and were allocated to one of three groups: group I 
(syngeneic), group I1 (allogeneic, not treated), and group I11 
(allogeneic, treated with tacrolimus and MMF combination 
immunotherapy). Rat limb rejection was assessed daily by visual 
inspection and by scheduled skin and muscle biopsies. At the end of 
the study, a histopathological examination was also performed on 
all tissues. Flow cytometry analysis was performed to detect the 
presence of donor chimerism and mixed lymphocyte reaction 
(MLR) for in vitro assessment of tolerance. 

Animal care 

Animals were kept in separate cages in temperature-controlled 
(24 “C), light-regulated (12 h/day), and air flow-regulated rooms. 
They were provided with a balanced rodent diet and water ad 
libitum. The animals were anesthetized with sodium pentobarbital 
(50 mg/kg, i.p.) for all surgical procedures, and sterile techniques 

were used for all surgery. Upon completion of the experiments, 
the rats were killed with an overdose of sodium pentobarbital. The 
study was performed in accordance with the guidelines of the 
Animal Care and Use Committee of the University of Louisville 
School of Medicine and the Guide for the Cure and Use of Labo- 
ratory Animals (Department of Health and Human Services, 
Publication No. [NIH] 8&23). 

Animal model 

Strong major histocompatibility complex (MHC) mismatch male 
rats (weighing 200-250 g) were used in this study. ACI rats 
(RTIAb) as donors and W F  (RTIAU) rats as recipients were pur- 
chased from Harlan Sprague Dawley (Indianapolis, IN., USA). 
Twenty rats were used in this study and were allocated to one of 
three groups: group I (n=4),  WF rats received syngeneic hind- 
limbs from na WF rats; group I1 (n=6),  WF rats received alloge- 
neic hind-limbs from na ACI rats without immunosuppression 
regimen; and group 111 (n = lo), WF rats received allogeneic hind- 
limbs from ACI rats and were treated with tacrolimus and MMF. 

Donor surgery 

A circumferential skin incision was made just proximal to the mid- 
thigh area. The femoral artery, vein, and nerve were dissected, and 
the individual muscle groups of the hind-limb were identified and 
divided as proximally as possible to their tendinous origins. Care 
was taken not to injure the profunda femoris vein. The sciatic nerve 
was identified and divided. The femur was exposed and divided 
transversely at mid-shaft by use of a handle saw. The donor rat was 
then given the anticoagulant, heparin (50 U), (Elkins-Sinn, Cherry 
Hill, NJ., USA), which was injected intravenously into the opposite 
femoral vein. After 10 min, the femoral artery was clamped as 
proximally as possible and cannulated with a 24-gauge catheter. 
The limb was flushed with a solution of heparinized Ringer’s lac- 
tate (1 U of heparin per ml of Ringer’s solution) through the 
cannulated artery. Vascular flushing was maintained for 10 min 
until the backflow through the vein was observed to be clear. The 
femoral vein was ligated and sectioned, as proximally as possible. 
The dissected limb was isolated and immediately placed in cold 
Ringer’s lactate, ready for transplantation. 

Recipient surgery 

The operating procedure to remove the native recipient limb was 
similar to that performed in the donor, except that the recipient was 
not given heparin, and all the neurovascular structures were cut as 
distally as possible to allow for maximum length during the anas- 
tomosis of the new limb. The bone was fixed with a 2-mm Kirs- 
chner wire (-1.5 cm in length) inserted intramedullary. The femoral 
vessels and the nerves were anastomosed by a microsurgical tech- 
nique (10-0 Nylon). The muscles and tendons were approximated 
by use of interrupted sutures (5-0 Nylon), and the skin was closed 
with interrupted absorbable sutures (5-0 Vicryl). The recipient rat 
was then returned to its cage where it was allowed to recover from 
anesthesia. For pain relief, ketoprofen (3-5 mg/kg i.m.) was 
administered twice a day over the first 3 days and thereafter as 
needed if animals displayed signs of distress. A solution (Butler 
bitter safe mist, Columbus, Ohio, USA) was sprayed daily (three 
times) onto the transplant area to prevent automutilation (chewing) 
of the insensitive, transplanted limb for the first 8 weeks. 

Visual assessment of rejection 

The transplanted limb was observed daily for signs of rejection 
(edema, change of color, and necrosis of the skin) and for patency 
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of vessels. Previously described visual scoring criteria were used for 
the assessment of graft rejection [39]. Time of rejection was defined 
as the day when either the softened surface of the skin could be 
wiped away with the gentlest touch or the entire surface was hard 
and scarified with hair loss. 

Histopathology 

Using a 2-mm biopsy punch, skin and muscle biopsies from the 
transplanted limbs were taken at 14 days (except in group I) and 
monthly after transplantation. Biopsies in group I were taken 
every 2 days until frank rejection was present. All animals were 
followed-up for 5 months or until the limb was rejected. Tissues 
from skin, muscle, spleen, lymph nodes, small bowel, lung, liver, 
tongue, thymus, bone, and bone marrow were harvested, fixed in 
10% neutral buffered formalin, sectioned, and stained with 
hematoxylin and eosin for microscopic examination. A pathol- 
ogist read all the slides in a blinded fashion and scored the 
histological sections based on an established rejection grading 
scale [lo]. 

Peripheral blood assays 

Five-hundred microliters of blood were collected in two separate 
vials (EDTA and heparin) for biochemical analysis of blood (CBC, 
electrolyte, and liver profiles) at the time of killing. The PRO-Trac 
I1 tacrolimus Elisa kit (DiaSorin) and Date EMIT assay kit were 
used for the measurement of peripheral blood levels of tacrolimus 
and MMF, respectively. 

Flow cytometry 

Fluorescence-activated cell sorter (FACS) analysis was performed 
after limb transplantation for detection of the levels of donor chi- 
merism. Briefly, peripheral blood from rats was collected in hepa- 
rin-containing plastic vials, and aliquots of 100 p1 were stained with 
purified anti-RTIAU (NR3/3 1, rat IgG2,, Serotec) and biotinylated 
anti-RTIAab (C3, LOU/Cn IgGZb, Pharmingen) monoclonal anti- 
body for 30 min. Under a similar procedure, the bone marrow cells 
(BMCs) from femurs and tibiae in non-transplanted limbs were 
flushed and analyzed for chimerism, by the use of flow cytometry at 
the time of killing. 

Immunosuppressive treatment 

The rats in group 111 were treated with a low-dose combination 
therapy that consisted of 1 mg/kg per day of tacrolimus diluted in 
5% dextrose administered i.p. for 14 consecutive days, followed by 
1 mg/kg twice a week thereafter, and MMF powder (15 mg/kg per 
day) that was reconstituted with saline solution and administered 
orally. During rejection episodes tacrolimus was administered daily 
for 7 consecutive days, and, thereafter, the treatment was returned 
to the bi-weekly regimen. 

Statistical analysis 

All values are expressed as mean * SEM. Analysis of variance 
(ANOVA) among groups was performed, and if statistical signifi- 
cance was found (P < 0.05) we performed a post-hoc unpaired t-test 
to compare differences between two groups. In all experiments, 
animal survival times between groups were calculated and com- 
pared according to the Kaplan-Meier method. 

Results 

Visual assessment of rejection 

In group I, none of the rats showed any rejection signs, 
and they were killed at the end of the study at 5 months 
(Fig. 1). In all animals the postoperative edema disap- 
peared after 7 days. In group 11, the CTA limbs showed 
increasing edema postoperatively, up until the point 
when irreversible acute rejection was established. Skin 
coloration gradually changed from pinkish to reddish- 
purple, and finally to purplish-blue (Fig. 2). The mean 
rejection time of limbs was 5.7 f 1.5 days. In group 111, 
postoperative edema of the transplanted limb disap- 
peared completely after 10 days post-transplantation 
(Fig. 3). Three of ten rats did not complete the study 
period. They either died or were killed prematurely at 
16, 29, and 97 days after transplantation. The cause of 
death in the first rat (16 days) was not apparent; how- 
ever, no rejection episodes were observed and no chan- 
ges in immunosuppressive therapy were made. 
Automutilation (chewing) of the transplanted limb was 
the reason why the second rat was killed at 29 days post- 
transplantation, but no clinical or histological signs of 
rejection were observed. Only in the third animal (found 
dead at day 97 post-transplantation) was a rejection 
episode observed, and the dose of immunosuppressive 
drugs had to be adjusted. Seven of ten rats survived for 
the length of the study and were killed at 5 months 
(Fig. 4). During the follow-up period, one rat had no 
rejection episodes, four rats had single rejection epi- 
sodes, and two rats had multiple rejection episodes. 

Fig. 1 Transplanted limb in a syngeneic WF animal 150 days after 
transplantation (group I). Note the healthy appearance of the 
transplanted limb with normal hair and nail growth. Limb function 
was normal except for toe contracture 
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Fig. 2 Transplanted allogeneic limb without any treatment (ACI to 
WF recipients) 10 days after transplantation (group 11). Rejection 
signs of severe edema with discoloration, formation of vesicles, and 
hardening of the skin are apparent 
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Fig. 3 Percentage of animal survival between groups according to 
the Kaplan-Meier life-table method. In the syngeneic group, all 
animals completed the study ( 5  months). In the allogeneic group 
without treatment all animals rejected their limbs and were killed 
within 10 days of transplantation. In the allogeneic group with 
immunosuppressive drugs, seven of ten animals completed the 
study ( 5  months) and were killed 

Histopathology 

In group I, none of the animals showed any signs of 
rejection during the study. Histological analysis showed 
normal tissue architecture in all solid organs, as well as 
in muscle and skin from the CTA limb. Two rats pre- 
sented marginal hyperplasia in the spleen, and in one of 
these rats a slight portal infiltration was also found. In 
group 11, the findings from biopsies of skin and muscle 

Fig. 4 Transplanted limb from the immunosuppressed group 
(tacrolimus and MMF) 150 days after transplantation (group 111). 
Note the healthy limb with normal black hair (from the donor ACI 
rat) and nail growth. Limb function was normal except for toe 
contracture 
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Fig. 5 Number of rejection episodes (black bars) in the immuno- 
suppressed group treated with tacrolimus and MMF (group 111). 
Seven of the ten animals completed the study ( 5  months) At the 
time they were killed, four animals showed no clinical or 
histological signs of rejection of the transplanted limb 

from CTA limbs were consistent in all animals. Normal 
tissue architecture was seen at 2 days after transplanta- 
tion, moderate rejection (increasing basal cell vacuola- 
tion and bulla formation in the epidermis) was observed 
at 4 and 6 days post-transplantation, and severe rejec- 
tion (edema, vasculitis, complete necrosis and epidermal 
degeneration, and inflammatory infiltration in the der- 
mis) was noted at 8 days post-transplantation. In 
group 111, three of the ten animals did not complete the 
follow-up period, and at the time of death the trans- 
planted limbs did not show any histological signs of 
rejection (Fig. 5). However, in three of the seven 
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remaining rats that did complete the study, their trans- 
planted limbs (at the time of killing) showed mononu- 
clear dermal infiltration compatible with mild rejection 
(Fig. 6). With the rest of the animals (four rats, 57%), 
histology was normal, with no signs of rejection. In all 
seven animals the spleen showed a marginal zone of 
hyperplasia. The lymph nodes also showed hyperplasia 
(two rats), atrophy (one rat), congestion (one rat), and 
normal architecture in the remaining three rats. The liver 
showed steatosis (two rats), abscess (one rat), abscess 
with ascending cholangitis (one rat), and cellular infil- 
tration (one rat); in the remaining two rats the livers 
were normal. The histopathology of small bowel, lung, 
and bone showed normal architecture in all seven long- 
term follow-up animals. 

FACS analysis 

Only in group I11 was FACS performed on peripheral 
blood lymphocytes (PBLs) (at 30, 60, 90, and 150 days 
after transplantation) and from BMCs in the opposite 
limbs (at the time of killing) to assess the presence of 
donor chimerism. The levels of donor chimerism in 
peripheral blood leukocytes (PBLs) ranged between 
0.5% and 25%. Similar levels were found in BMCs from 
the host’s non-transplanted limbs. 

Blood analysis 

Blood analysis was performed at the end of the study in 
two animals in the immunosuppressed group. The 

Fig. 6 Histological section of donor ACI skin from the trans- 
planted limb at the end of the study in an immunosuppressed 
animal (group 111). This animal did not have any rejection episodes 
during follow-up. At the time it was killed, skin sections showed 
mild lymphocyte infiltration (H&E, 400x) 

analysis showed 30% and 35% of hematocrit (values 
comparable with the syngeneic group). White blood cells 
were 4x103/pl and 6x103/p1. Platelet counts were 
32Ox1O3/pl and 54Ox1O3/p1, and glucose levels were 165 
and 200 mg/dl. Drug levels in these two animals were 8.9 
and 11.5 ng/ml (for tacrolimus) and 1.6 and 3.8 yg/ml 
(for MMF). 

Discussion 

Over the past decade, the concept of the administering of 
low doses of different immunosuppressive drugs, each 
acting via different mechanisms, to deliver potent 
immunosuppression with relatively low toxicity, has 
gained widespread acceptance in solid-organ transplan- 
tation. In spite of this knowledge, combination therapy 
was only recently introduced into clinical composite 
tissue allotransplantation with several cases of human 
hand transplantation [13, 16, 24, 321. In those cases 
tacrolimus, MMF, and corticosteroids were used and 
found to be effective. 

Corticosteroids are associated with several compli- 
cations, including poor wound and bone healing [2], and 
opportunistic infections [25], which are particularly rel- 
evant in CTAs. Accordingly, several new drug regimens 
that effectively prolong CTA survival without relying on 
chronic corticosteroid therapy have been or are being 
investigated. Drugs such as tacrolimus [3], MMF [6], 
rapamycin [15], or FTY-720 [31] have all been tested in 
CTA models, either as monotherapy or in a variety of 
combinations. However, the outcomes of studies that 
have tested monotherapies in CTA models have been 
disappointing. For example, rapamycin monotherapy 
prolonged hind-limb survival for only 9 days in a Brown 
Norway-to-Lewis rat model [15]. In contrast, when ra- 
pamycin has been combined with CsA or tacrolimus, 
limb survival has been significantly increased [ 151. These 
findings make the strong argument that the combination 
of calcineurin inhibitors such as CsA or tacrolimus with 
new drugs [27, 28, 291 that target signaling pathways 
such as rapamycin, or macrophage-dependent T-cell 
function such as DSG, or other mechanisms such as 
Janus kinase inhibitors [22], or FTY-720 Il l]  is an 
effective method of providing corticosteroid-free anti- 
rejection therapy in CTAs. 

Many studies that test the effectiveness of mono- 
therapy immunosuppression have been performed in the 
rat hind-limb CTA model. In early studies, limb recipi- 
ents that were treated with varying doses of azathioprine 
(AZA), 6-mercaptopurine (6-MP), and prednisone, died 
from drug-induced side effects before the onset of mac- 
roscopic signs of rejection [26]. Although, in some cases, 
investigators reported long-term limb survival using 
CsA monotherapy [8, 9, 17, 191, others have described 
early [34] and delayed [6, 201 skin rejection. 
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Another study reported long-term limb survival using 
a single large dose of tacrolimus, administered on the 
day of surgery (10 mg/kg) followed by weekly mainte- 
nance dosing (3 mg/kg). However, most of the animals 
developed Pneumocystis carinii pneumonia and died [3]. 
In another report, tacrolimus was given daily for 
2 weeks post-transplantation at doses of 0.32-0.64 mg/ 
kg per day i.m., and while the immunosuppressive effect 
that was observed was similar to that seen in the CsA 
studies, this regimen of tacrolimus resulted in early 
rejection of the skin component of the limb CTA in most 
of the animals. Using ten times higher doses of tacroli- 
mus administered orally, Fealy et al. found that tacrol- 
imus significantly prolonged allograft survival and 
prevented rejection [ 151. In another series of studies, 
MMF was shown to prevent [6] and reverse [19] estab- 
lished acute rejection, although in the former study 
animals suffered early weight loss and moderate bone 
marrow toxicity with long-term therapy. Finally, using 
the same rat hind-limb CTA model, Benhaim et al. [7] 
reported no significant difference between intermittent 
immunosuppression with CsA (25 mg/kg) or MMF 
(30 mg/kg), but found that tacrolimus (2 mg/kg) was 
significantly superior, in graft survival and lesser toxic- 
ity, to either CsA or MMF. The implication of this study 
was that, of the drugs studied, tacrolimus monotherapy 
was the only agent capable of preventing rejection of the 
skin component of a CTA. However, tacrolimus 
monotherapy did not achieve this without inevitable 
drug toxicity. Combined, these findings suggest that in 
the case of monotherapy, relatively high doses of drugs 
are necessary to prevent rejection across major histo- 
compatibility barriers. 

A few studies that tested the effectiveness of combi- 
nation immunosuppressive therapy have also been con- 
ducted in the rat hind-limb CTA model. Benhaim et al. 
reported long-term limb survival and low toxicity in 
89% of rats that received a combination of low-dose 
CsA (1.5 mg/kg) and low-dose MMF (1 5 mg/kg) [7]. In 
the present study we found that when combined, lower 
doses of tacrolimus (1 mg/kg per day) and MMF 
(1 5 mg/kg per day) provided long-term limb survival 
and minimal toxic side effects. Throughout the duration 
of this 5-month study, sporadic rejection episodes were 
observed in these seven immunosuppressed animals. 
These rejection episodes correlated with sporadic epi- 
sodes of self-limiting diarrhea, which could have caused 
erratic absorption of MMF and the resulting rejection 
episodes. All rejection episodes were effectively con- 
trolled by administration of tacrolimus for seven con- 
secutive days and the return to the bi-weekly regimen, 
without the dose of MMF being changed. Peripheral 
blood drug level measurements in two animals (in 
group 111) confirmed that both drugs remained within 
therapeutic ranges and well below the blood drug levels 
reported in other comparable studies [3, 71. 

In rodent models, MMF is commonly reported to 
cause dose-dependent aplastic anemia, due to bone 
marrow toxicity [l,  141, and a wasting syndrome asso- 
ciated with diarrhea, due to gastrointestinal toxicity [5]. 
In our study, the only side effect that we observed was 
episodic diarrhea, which we attributed to MMF. In spite 
of this, normal weight gain was observed in all animals 
post-operatively. In rodent models, tacrolimus has been 
reported to be nephrotoxic and hepatotoxic [18]. How- 
ever, in this study, at the low dose of tacrolimus we used, 
we did not observe either of these side effects. At 30, 60, 
90, and 150 days after transplantation we performed 
flow cytometry measurements to detect the presence of 
donor cells derived from the bone marrow within the 
CTA hind-limb and found them to be present at our first 
measurement 30 days post-transplantation. These data 
confirm previous findings that the bone marrow within a 
CTA has the capacity to induce chimerism [23, 351. We 
found that the mean level of chimerism (at the time of 
killing) in the animals that underwent rejection episodes 
during the length of the study was 8.6 * 5.6%, whereas 
the level of chimerism in the animal that experienced no 
rejection episodes was 2.0%. Previous studies have 
shown that levels as low as 1% donor cell chimerism 
resulting from donor stem cell engraftment can confer 
stable tolerance [21]. In our study, despite the presence 
of over 1% of donor chimerism in long-surviving ani- 
mals, we found no relation between presence of donor 
chimerism and allograft survival. Such a finding in a rat 
hind-limb model has been previously reported with the 
use of tacrolimus as monotherapy [37]. We hypothesized 
that the donor cells that we detected by flow typing in 
hosts of limb transplants could have been immuno- 
competent but not tolerized to the host, probably due to 
long-term immunosuppression [38]. In such an event, 
quantitative assessment of such circulating “non-toler- 
ant” donor cells, using flow typing to reflect “engraft- 
ment” of the donor stem cells, would be misleading. To 
determine whether flow typing reflected stem-cell 
engraftment or a mere expansion of donor cell pool 
derived from the transplanted limb in the presence of 
immunosuppressive drugs, we examined evidence ob- 
tained during our experiments. Flow cytometry of re- 
suspended bone marrow from flushed femurs and tibiae 
of opposite (non-transplanted) limbs of hosts (at killing) 
revealed levels of donor chimerism similar to those 
found in peripheral blood. This finding suggests that the 
donor stem cells do engraft in hosts that are not con- 
ditioned with radiation. To enable such allogeneic donor 
stem cell engraftment, one must first create “geographic 
niches” [36] in the host bone marrow. This led us to 
hypothesize that such “niches” could have been created 
by either of the immunosuppressive drugs (MMF) that 
were used. We also hypothesized that sustained toler- 
ance was not achieved, despite chimerism due to dysre- 
gulation of thymic deletion or peripheral suppression 
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mechanisms secondary to prolonged immunosuppres- 
sion. We are currently investigating these mechanisms. 

In conclusion, the ideal immunosuppressive strategy 
would be a combination of drugs that are selective and 
specific in function, synergistically active for maximum 
effectiveness, and free of toxic side effects. The present 
study has shown that a combination of tacrolimus and 
MMF provides effective long-term limb and skin sur- 
vival. The possibility of reducing the doses of each of 
these drugs afforded by administering them in combi- 
nation reduced the incidence of toxic side effects. The 
fact that we were able to achieve these results without 
the need for corticosteroids presents a promising thera- 
peutic alternative for the future of clinical CTAs. In 
future studies, we plan to use the same low-dose com- 
bination, corticosteroid-free regimen in a large animal 
model (swineiprimate) in an attempt to duplicate the 
same high level of effectiveness and low toxicity. 

Based on the findings from this study, we conclude 
that the toxicity that is normally associated with large 
doses of immunosuppressive drugs and corticosteroids 
can be avoided. Combination immunosuppression with 

low-dose tacrolimus and MMF prolonged CTA survival 
indefinitely, without the need for corticosteroids. Fur- 
ther studies using tacrolimus and MMF in combination 
with new compounds need to be conducted to further 
reduce immunosuppression toxicity. 

Toxic side effects of immunosuppressive drugs are the 
reason that prevents the widespread use of composite 
tissue allotransplantation as a reconstructive procedure. 
Lowering side effects of the drugs by combining them, 
and at the same time prolonged survival, is one of the 
goals in transplantation. Also, successfully eliminating 
the need for corticosteroids to prevent rejection will 
diminish important side effects such as impaired wound 
and bone healing and opportunistic infections. 
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