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Introduction

Current immunosuppressive drugs have dramatically

improved the management of acute graft rejection (AR)

but fail to control chronic rejection (CR). Indeed when

administered at high doses, some compounds promote

CR, for example cyclosporine A [1]. Therefore, the devel-

opment of improved immunosuppressive regimens was

needed. Improvements were made, and regimens are now

available that consist of immunosuppressive agents that

target different parts of the immune response to the allo-

graft and, therefore, work well in combination.

Triptolide (TPT), a major active component of the

Chinese herb Tripterygium wifordii Hook F (TWHF), is

a traditional Chinese medicine and has been used for

the treatment of autoimmune diseases such as rheuma-

toid arthritis and systemic lupus erythematosus for

many years [2,3]. In the past decade, the clinical appli-

cations of TWHF and TPT have been extended from

autoimmune diseases to organ transplantation [4,5].

Previous studies have shown that TPT possesses potent

immunosuppressive and anti-inflammatory properties

[5]. TPT also has inhibitory effects on the maturation

and allostimulation of human monocyte-derived den-

dritic cells (DCs) [6]. The immunosuppressive activity

of rapamycin (Rapa) in organ transplantation has been

studied in detail in vivo [7], and in vitro it has been

demonstrated to inhibit alloantigen-induced T-cell pro-

liferation, DC maturation and the secretion of inflam-

matory cytokines [8].
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Summary

Current immunosuppressive strategies for transplantation have failed to achieve

long-term graft survival. In this study, we investigate the effects of combined

treatment with triptolide (TPT) and rapamycin (Rapa) on graft survival as well

as changes in pathology and immunological responses. Heterotopic heart trans-

plantation was performed. TPT and Rapa were administered either alone or in

combination. The mean survival time (MST) for the cardiac allografts in ani-

mals receiving the combination of TPT and Rapa was 93.5 ± 6.7 days com-

pared to treatment with TPT (MST: 23.5 ± 5.3 days), Rapa (22 ± 1.3 days)

alone or no treatment (7.66 ± 0.8 days). Histopathological evaluation showed

that inflammatory cell infiltration was markedly reduced in grafts with com-

bined treatment groups. Down-regulation of CCL19, CCR5, CCR7, interferon

c and interleukin (IL)-12 in the combination treatment was accompanied by

increased expression of IL-4, IL-10 and CD4+CD25+Foxp3+ regulatory T (Tr)

cells in spleen. Finally, dendritic cell (DC) maturation was impaired by treat-

ment with TPT/Rapa. Our results demonstrate that combination therapy with

TPT and Rapa markedly prolongs cardiac allograft survival. This effect is

accompanied by inhibition of DCs maturation, conditioning DCs to adopt tol-

erogenic phenotype, and the expansion of Tr cells. These results add weight to

the application of combination therapy in transplantation.
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Previous studies have investigated the combined

effects of TPT together with FK506 [9] and cyclosporine

A [10] on graft survival. The mode of action of both of

FK506 and cyclosporine A is through inhibition of calci-

neurin-NFAT signal transduction in lymphocytes and

which results in the suppression of AR [11]. In this

study, we have examined the effects of TPT combined

with Rapa (TPT/Rapa) on cardiac graft rejection. Rapa

binds to FKBP12, as does FK506, but also inhibits the

function of the protein kinase mammalian target of

rapamycin (mTOR). Our results demonstrate that

TPT/Rapa can significantly prolong allograft survival in

a fully MHC-mismatched cardiac transplant model in

mice. In addition to reducing the inflammatory cell

infiltrate, TPT/Rapa treatment also results in the expan-

sion of a population of CD4+CD25+Foxp3+ regulatory T

(Tr) cells. Furthermore, the combination therapy modu-

lated chemokine and cytokine expression in favour of a

homeostatic phenotype. We also demonstrate the differ-

ent mechanisms of these two immunosuppressive drugs

on DC function. While both compounds can inhibit

DC maturation and reduce Toll-like receptor (TLR4)

expression, only TPT increased the expression of

DC-SIGN. These findings provide insight into the

potential clinical application of combination therapies

using immunosuppressive drugs in the management of

graft rejection.

Materials and methods

Mice and reagents

Inbred male C57Bl/6 (B6, H-2b), BALB/c (H-2d), and

129x1/SvJ (129, H2) mice (6–8 weeks old) were pur-

chased from the Animal Resources Centre, Australia. Ani-

mals were allowed free access to food and water in a 12-h

light, 12-h dark cycled room. The experimental protocols

were approved by the Committee on the Use of Live Ani-

mals in Teaching and Research, The University of Hong

Kong.

Triptolide [TPT, C20H24O6, molecular weight (MW)

360, Purity (HPLC) ‡ 98%] was purchased from Sigma

(Sigma-Aldrich, St. Louis, MO, USA) and was reconsti-

tuted in dimethyl sulfoxide (DMSO) at concentration of

10 mm and was stored in )20 �C. The working solution

of TPT was freshly prepared by dilution of TPT in cul-

ture medium. Rapa (1 mg/ml) was purchased from

Wyeth-Ayerst (Ayerst Laboratories, Pearl River, NY,

USA) and diluted in saline for doses of 0.1 mg/ml.

Cardiac transplantation model and treatment protocols

Heterotopic cardiac transplantation was performed as

previously described [12]. Cardiac allografts from B6 mice

were transplanted heterotopically into BALB/c mice. Vas-

cularized grafts were transplanted according to standard

microsurgical techniques. Briefly, donor ascending aorta

and the pulmonary trunk from the heart graft was anas-

tomosed end-to-side to the recipient’s abdominal aorta

and inferior vena cava, respectively. The cold ischaemia

period lasted <20 min. In this experimental model, AR

usually occurs between days 5 and 7 after transplantation

[8]. No other supportive measures were required during

the surgery. Acute cardiac rejection was defined by cessa-

tion of a palpable heart beat and was confirmed by histol-

ogy.

The doses of the TPT were chosen on the basis of the

results of our previous experiments, in which we

observed that administration of 3 mg/kg per day of TPT

caused significant prolongation of survival of cardiac

allografts in mice [13]. The dose of Rapa (1 mg/kg/day)

used was as previously published [14] and administered

orally. Both of these immunosuppressants were given at

days 0–7, 9, 11, 13 and 15 post-transplantation.

Histological and immunohistochemical analysis

The hearts (transplanted and native) were removed and

divided in half in long axis perpendicular to the intra-

ventricular septum. The formalin-fixed tissue was

embedded in paraffin, and 4-lm sections were cut and

stained with haematoxylin and eosin (H&E) for histol-

ogy examination. Immunohistochemical staining was

performed using the same sections as described above.

The endogenous peroxidase was quenched by treated-in

3% hydrogen peroxide/methanol for 10 min. For antigen

retrieval for T-cell staining, slides were treated with

Tris–EDTA Buffer (pH 9.0) at 95–100 �C for 20 min.

For macrophage and DC staining, the sections were trea-

ted with proteinase K solution in humidified chamber

for 20 min at 37 �C. The sections were further blocked

for nonspecific binding by normal goat serum (1/100)

and CD16/CD32 antibody (Ab) before the primary Ab

was added. CD3 Ab (Serotec MCA1477; Serotec,

Kidlington, Oxford, UK), F4/80 Ab (Serotec MCA497)

and 33D1 Ab (ebioscience 14-5884) were used with 1/

100 dilution and incubated overnight at 4 �C. As a con-

trol for background staining of the primary Ab an IgG

isotype was used. Sections were then rinsed in PBS and

incubated with HRP-conjugated goat anti-rat IgG sec-

ondary Ab (Santa Cruz Biotechnology, Santa Cruz Inc.,

CA, USA) for 1 h. The positive signals were developed

using DAB (3,3¢-diaminobenzide tetrahydrochloride) and

counterstained with haematoxylin. The degree of inflam-

matory cell infiltration was evaluated by counting and

averaging total nuclear number in 10 randomly selected

fields by microscopy (400·).
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Analysis of tissue expression of chemokine receptors/

ligands and cytokines

Tissue and cell lysates were prepared, subjected to 10%

SDS-polyacrylamide gel electrophoresis (PAGE) and

transferred to polyvinylidene fluoride (PVDF) membrane

(Schleicher and Schuell, Dassel, Germany). Membranes

were washed with tris-buffered saline (TBS) containing

0.1% Tween 20 (TBST), and then blocked for 1 h in

TBST containing 5% skimmed milk. After washing the

membranes with TBST, they were treated with appropri-

ate antibodies against chemokines/chemokine receptors,

(CCL19, CCL21, CCR5 and CCR7) and cytokines [inter-

leukin (IL)-2, IL-4, IL-10 and interferon (IFN)-c], diluted

with TBST (1:1000) and incubated overnight at 4 �C.

Membranes were washed and treated with HRP-conju-

gated goat anti-rat IgG (diluted to 1:3000–1:5000) (Santa

Cruz Biotech) in TBST for 60 min. The protein bands

were visualized using electrogenerated chemiluminescent

(ECL) solution (Amersham Biosciences UK Limited, little

Chalfont, Buckinghamshire, UK).

Analysis of cytokines production

To assess the amount of IL-4, IL-10, IL-12 and IFN-c in

serum from the different experimental groups on days 7,

20 and 30 after transplantation, the levels of these cyto-

kines were recorded using ELISA according to the manu-

facturer’s instructions (BD Bioscience, San Jose, CA, USA).

FACS analysis

The cell surface expression of proteins on DCs was analy-

sed by using flow cytometry at day 7 post-transplantation.

Single cell suspensions were prepared from spleens and

positively selected by using DC surface markers CD11c,

MHC class II (H-Ad). Co-stimulatory molecule including

CD40, CD80, CD86, CD83 and OX40L were analysed.

The levels of CD4+CD25+Foxp3+ Tr cells in different

groups after transplantation were analyzed by flow cytom-

etry. According manufacture’s protocol, cells were stained

for CD4 and CD25 for 30 min at 4 �C. After extracellular

staining cells were permeabilized and stained for Foxp3.

Appropriate isotype-matched IgGs were used as negative

controls.

T-cell proliferation assays

Single cell suspensions were prepared from the spleens of

the different groups (BALB/c) at day 7 post-transplanta-

tion and were co-cultured with mitomycin C treated

C57L/B6 spleen cells or 129 spleen cells as stimulator cells

for 48 h at 37 �C. For the final 18 h, individual wells were

pulse-labelled with 1 lCi of [3H] thymidine. The amount

of radioisotope incorporated was determined using liquid

scintillation counting.

Measurement of pathogen sensing receptors

cDNAs encoding mDC-SIGN and TLR4 were determined

by reverse transcription-PCR (RT-PCR) using RNA iso-

lated from bone marrow derived immature DCs treated

with TPT and/or Rapa as a template. The primers of

DC-SIGN are: F1-GCACTGAGAAGTGGCTGTGA and

R1-CTTGCTAGGGCAGGAAGTTG; the primers for

TLR4 are: F1-GCATGGCTTACACCACCTCT and

R1-CAGGCTGTTTGTTCCCAAAT. The protein levels of

these two receptors in DCs were analysed by Western

blotting and flow cytometry.

Statistical analysis

All analyses for statistically significant differences were

performed using the Student paired t-test. P < 0.05 was

considered significant. All cultures were performed in

triplicate, and error bars represent the standard deviation

(SD). Kaplan–Meier method and the log-rank test were

performed by spss software (SPSS Inc., Chicago, IL,

USA) for animal survival in different treatment groups.

Results

TPT/Rapa treatment prolongs cardiac allograft survival

To determine the influence of TPT and Rapa alone or in

their combination on allograft survival, heterotopic heart

transplantations were established and the recipients

received different immunosuppressant treatment and were

monitored for graft survival. Untreated heart grafts were

acutely rejected [mean survival time (MST):

7.66 ± 0.8 days, n = 6], whereas Rapa treatment alone

prolonged the graft survival (MST: 22 ± 1.3 days, n = 6,

P < 0.001 compared to untreated group). Similarly in

group receiving only TPT the MST: 23.5 ± 5.3 days,

n = 6 (P < 0.001). More significantly, in BALB/C recipi-

ents treated with the combination of TPT (3 mg/kg/day)

and Rapa (1 mg/kg/day) there was an additive prolonga-

tion of graft survival (MST: 93.5 ± 6.7 days, n = 6), com-

pared to the untreated recipients (P < 0.001) or those

animals treated with either TPT or Rapa alone (Fig. 1).

Histological assessment of cardiac allograft

The histopathological changes were assessed in H&E

stained sections at days 7 and 9 post-transplantation.

Tissue necrosis, inflammatory cell infiltration observed in

the untreated animals was reduced in recipients treated
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with TPT or Rapa alone. This reduction in pathology

marked more in the TPT/Rapa in group (Fig. 2a). The

cellular infiltration was further investigated by specific

staining specific for T cells (CD3), macrophages (F4/80)

and DCs (33D1). The number of each cell type was

significantly reduced (ca 30%) in the groups treated with

TPT and Rapa alone (P < 0.05) and even more so in

combined therapy group (>50%, P < 0.01) (Fig. 2a

and b).

CD4+CD25+ T cells are expanded in TPT/Rapa-treated

mice post-transplantation

In order to determine if TPT and Rapa treatment resulted

in the expansion of a population of Tr cells, the expres-

sion of CD25, Foxp3 and CD127 was examined 7 days

after transplantation in splenic CD4+ T cells. The results

revealed that a population of T cells expressing CD4,

CD25 and Foxp3 was significantly expanded (70.33% vs.

1.72%, P < 0.05) in spleen of recipients of TPT/Rapa

treatment as compared to untreated mice (Fig. 3a). As

regards CD127, which is not expressed on Tr cells [15]

levels of expression were lower in the TPT/Rapa treat-

ment group than in the controls (4.52% vs. 18.77%,

P < 0.01, Fig. 3b).

Furthermore, we observed that BALB/c splenocytes iso-

lated on day 7 after transplantation from the TPT/Rapa

group had a reduced proliferative response when stimu-

lated with mitomycin C treated C57Bl/6 spleen cells as

compared to the control groups (Fig. 3c). In order to

determine if these BALB/c splenocytes were tolerant to

specific antigen they were cultured with 129 mice spleen

cells as third-party stimulators. The results revealed that

the proliferative response of the BALB/c splenocytes from

TPT and/or Rapa groups was not affected when third-

party stimulator spleen cells were used (Fig. 3d).

TPT/Rapa treatment decreases the expression of the

chemokine receptors/ligands CCR7, CCR5, CCL19

and CCL21

Expression of lymph node-homing chemokine receptors

CCR5 and CCR7 and their ligands CCL19 and CCL21

on DCs determine their migration to lymphoid tissues

during priming [16,17], while effector T cells primarily

use CCR5 to traffic to allografts during rejection [18].

We noted that both CCR5 and CCR7 were expressed at

significantly lower levels in spleens isolated on day 7

after transplantation in the TPT/Rapa group compared

to the controls. Furthermore, CCL19 but not CCL21

Figure 1 TPT/Rapa combined therapy

prolongs allograft survival. BALB/c mice

were transplanted with C57Bl/6 cardiac

allograft and received different immuno-

suppressive treatments (days 0–7, 9, 11,

13, 15, n = 6 in each group) post-

transplantation. MST for each treatment

group was counted. The MST for TPT

group is 23.5 ± 5.3 days and for Rapa

group is 22 ± 1.3 days. The combination

treatment significantly prolong allograft

survival (MST: 93.5 ± 6.7 days). The

MST is 7.7 ± 0.8 days in untreated

group. **P < 0.001 when compared

TPT, Rapa and combination groups

versus untreated group.
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Figure 2 Histological assessment of cardiac allografts. (a) The histopathological changes were assessed in H&E and immunohistochemically

stained sections. For T cell, macrophage and DC infiltration antibodies for CD3, F4/80 and 33D1 respectively were used. The positive signals were

developed using DAB and counterstained with haematoxylin. (b) Quantitative analysis of cell infiltration with and without TPT and/or Rapa treat-

ment. The total inflammatory cell infiltrate (i) and that of macrophages (ii), and T cells (iii) in the allografts was analysed 7 days after transplanta-

tion. *P < 0.05, **P < 0.001 are compared with control group.
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Figure 3 Effect of TPT/Rapa in expansion of Tr cells population in recipient’s spleen after transplantation. (a) After CD4 and CD25 positive cells

were gated at R2, Foxp3 high expressed cells were counted. The population of T cells expressing of CD4, CD25 and Foxp3 was compared in con-

trol group (without treatment), TPT- and/or Rapa-treated group and naı̈ve group (syngenic transplantation group). *P < 0.05 when compared

between TPT + Rapa to control group. (b) After CD4 and CD25 positive cells were gated, CD127 expressed cells were counted and compared in

the different treated group. **P < 0.01 when compared between treatment groups (TPT and/or Rapa) to control group. (c) BALB/c spleen cells

from the different groups were isolated on day 7 post-transplantation and stimulated with mitomycin C treated donor C57Bl/6 spleen cells in

MLRs. For naı̈ve group, spleen cells were stimulated with donor BALB/c spleen cells. The results are representative of three independent experi-

ments. **P < 0.01 compared to control group. (d) BALB/c spleen cells from the different groups were isolated on day 7 post-transplantation and

stimulated with mitomycin C treated the 129 spleen cells in MLRs. The results are representative of three independent experiments.
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was also markedly down-regulated with the combination

treatment (Fig. 4a).

TPT/Rapa treatment promotes IL-4 and IL-10

production

Levels of Thl/Th2 cytokines were analyzed in spleens of

allograft recipients at day 7 by Western blotting and the

serum levels of these cytokines at days 7, 20 and 30 by

ELISA. TPT/Rapa treatment up-regulated the expression

of IL-4 and IL-10 and reduced the production of IL-12

and IFN-c in the spleen (Fig. 4b). Likewise in the serum,

TPT/Rapa also enhanced the levels of IL-4 and IL-10

which were maintained even at day 30 after transplanta-

tion. This was accompanied by a reduction in the levels

of IL-12 and IFN-c (Fig. 4c).

TPT/Rapa treatment inhibits DC maturation

Both Rapa and TPT can inhibit DC maturation, pro-

inflammatory cytokine production and their ability to stim-

ulate alloreactive T cells [19]. Here we analyze the effects of

TPT/Rapa treatment on the cell surface phenotype of DCs

isolated on day 7 after transplantation. DCs exposed in vivo

to TPT/Rapa expressed markedly lower levels of CD83

compared to cells from either untreated animals or the sin-

gle-treatment groups. Other co-stimulatory molecules,

including CD40, CD80 and CD86, were also decreased in

TPT/Rapa group (Fig. 5a). OX40L, which is expressed by

mature DCs and contributes to co-stimulatory activity, was

down-regulated in all treatment groups (Fig. 5b).

TPT/Rapa-treated modulates the expression of the

pathogen-sensing receptors DC-SIGN and TLR4

Using both Western blotting and RT-PCR, we investi-

gated the expression of TLR4 and DC-SIGN in splenic

DCs from the different treatment groups on day 7 after

transplantation (Fig. 6). The in vivo administration of

these two compounds either alone or in combination

down-regulated TLR4. As regards DC-SIGN, both protein

and specific transcript levels were increased in the

TPT- and TPT/Rapa-treated groups but not in those ani-

mals receiving Rapa alone.

Discussion

Immunosuppression is necessary to prevent rejection of

allografts and current strategies are directed towards com-

bination therapy using different immunosuppressive

agents in an attempt to reduce adverse side effects [20].

Both TPT and Rapa have been studied independently as

immunosuppressive drugs in experimental models of

transplantation [12], but their combined effects on graft

survival has not previously been investigated, which forms

the focus of this study. Here, we report that combination

treatment with TPT and Rapa increases the survival of

fully MHC-mismatched allografts in a mouse model of

cardiac transplantation by modulating key aspects of

immunity. Graft survival is prolonged greater than four-

fold than that which occurs when the recipients are trea-

ted with TPT or Rapa alone. Enhanced graft survival is

not simply a concentration effect since increasing dosage

Figure 3 continued

Liu et al. Triptolide and rapamycin combined treatment in cardiac graft survival

ª 2008 The Authors

Journal compilation ª 2008 European Society for Organ Transplantation 21 (2008) 483–494 489



of either drug did not prolong survival time longer (data

not shown). In agreement with others [7,21] we observe

that TPT or Rapa reduces the severity of tissue damage

and the inflammatory cell infiltrate but when adminis-

tered together again the reduction in the pathology is

more notable.

Figure 4 The expression of chemokine receptors/ligands (CCR7, CCR5, CCL19 and CCL21) and cytokines (Th1 and Th2 type cytokines). On day

7 post-transplantation spleen cell lysates were prepared from different experimental groups. CCL19, CCL21, CCR5 and CCR7 (a); and cytokines

IL-4, IL-10, IL-12 and IFN-c (b) were analysed by Western blotting. Levels of IL-4, IL-10, IL-12 and IFN-c in the serum of different groups were mea-

sured by ELISA on days 7, 20 and 30 after transplantation (c). The results are representative of three independent experiments.
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Figure 5 TPT/Rapa inhibits DC maturation. Expression of the co-stimulatory molecules (CD40, 80, 83 and 86) (a) and OX40L (b) were measured

on splenic DCs at day 7 by flow cytometry. The results are representative of three independent experiments.
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There is a large body of evidence that a population of

Tr cells (CD4+CD25+) are induced or expanded in many

experimental models of transplantation tolerance [22].

We too observe that this cell population is expanded and

is antigen-specific following treatment with either TPT or

Rapa alone but the combination therapy results in a

marked increase in the percentage of CD4+CD25+ T cells

expressing Foxp3. It is documented that Foxp3 is a tran-

scription factor that confers regulatory function in nTr

cells [23]. Expression of CD127 discriminates CD127low

Tr cells from CD127high conventional T cells [24] and

similarly the CD4+CD25+Foxp3+ T cells present in the

TPT/Rapa-treated graft recipients having low expression

of CD127.

Exposure to TPT in vitro can modulate the surface

expression of chemokine receptors and their ligands on

DCs [6] as well as their ability to synthesize cytokines

[13]. Splenic DCs from recipients treated in vivo with

TPT/Rapa had reduced expression of CCR5, CCR7 and

their ligand CCL19 was also down-regulated but no

changes in the level of CCL21 were detected. The chemo-

kines CCL19 and CCL21 are important in directing DCs

to lymphoid tissues during antigen priming [14,25]. The

low level of expression of these chemokine receptors and

CCL19 suggests that the initiation phase of adaptive

immunity induced by the allograft is less vigorous. As the

expression of CCL21 was not altered in any of the treat-

ment implies that CCL19 plays a more important role in

DC trafficking in this model. The ability of TPT and

Rapa, given as individual monotherapy to modulate syn-

thesis of Th1 and Th2 cytokine production has been

investigated [26,27]. Here, we extend those findings to

graft recipients treated with both compounds together

and compare cytokine levels in lymphoid tissues and the

serum. IL-4 and IL-10 expression was increased in

both the spleen and serum and was accompanied by a

reduction in the Th1 cytokines (IFN-c and IL-12).

Immune reactivity induced by the allografts is mostly of

the Th1-type mediated and reciprocal regulation of

Th1- and Th2 immunity [18]. There the ability of the

TPT/Rapa to shift the balance towards a Th2 phenotype

would reduce the pro-inflammatory nature of the allore-

sponse. IL-10 conditions the antigen presenting cells to

adopt a tolerogenic phenotype and promote the induction

of Tr cells [28], which in part would explain the increase

in CD4+CD25+Foxp3+ T cells that were detected in the

TPT/Rapa-treated recipients.

Combination treatment with TPT/Rapa modulates both

the cell surface and functional phenotype of DCs. Our

previous in vitro studies have revealed that TPT-treated

DCs have an immature phenotype and promotes the

expansion of CD4+CD25+Foxp3+ T cells [24]. It has

recently been reported that Rapa [29] has similar effects.

In addition to the down-regulation of CD40, CD80,

CD83 and CD86 on the cell surface of DCs ex vivo from

the TPT/Rapa-treated recipients; we also observed that

the expression of OX40L was reduced. OX40/OX40L

interactions are associated with T-cell activation and

migration [30] and interrupting their binding has been

reported to prolong graft survival [31]. The co-stimula-

tory activity of OX40 ligation blocks Foxp3+ Tr cells [32]

and therefore a lower expression of OX40L would reduce

this function and facilitate the expansion of Tr cells. DCs

from the TPT/Rapa-treated recipients have reduced T-cell

stimulatory capacity which has been noted by others [33].

Dendritic cells express a number of pathogen-sensing

receptors, which include TLR4 and DC-SIGN [34]. Liga-

tion of TLR4 induces pro-inflammatory activity in DCs

whereas DC-SIGN mediates immunosuppressive signals

and it appears that there is cross-talk between the two

families of receptors [34]. TPT and Rapa either alone or

in combination inhibit the expression induced following

graft transplantation. However, their effect on DC-SIGN

differed in that TPT but not Rapa-induced expression in

graft recipients and induction was observed in mice

treated with TPT and Rapa. Increased expression of

DC-SIGN would be expected to promote suppressive phe-

notype in the DCs, which would favour graft survival.

With the exception of this finding, it is also important

to note that the biological activity of TPT is additive or

Figure 6 Effect of TPT/Rapa treatment on the expression of TLR4 and

DC-SIGN. On day 7 post-transplantation spleen cells were isolated

from the different experimental groups. Specific mRNA transcripts for

DC-SIGN and TLR4 mRNA level were analyzed using RT-PCR (a).

DC-SIGN and TLR4 protein expression was determined by Western

blotting (b).
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synergistic with that of Rapa for the immunological

parameters that we have investigated here and there is no

evidence of antagonism.

Although the combination of TPT and Rapa signifi-

cantly prolongs the grafts survival, the number of grafts

viable at 120 days was still low (1/6). Histopathological

analysis indicated that there were arteriosclerotic changes

in the rejected grafts (data not shown), which suggests

the current treatment regiment is active principally in

preventing acute rejection and less effective in treating

CR. However, it may be possible that further modifica-

tions in the treatment protocols may increase the efficacy

of TPT in CR and increased knowledge of the mecha-

nisms of action of TPT, which at present are limited, will

aid in their design. Recent studies by Leuenroth et al.

[35] have provided some information on the molecular

mechanisms of TPT. Using an in vitro culture system of

mouse kidney epithelial cells, they demonstrated that TPT

binds to the calcium (Ca2+) channel polycystin-2 (PC2)

[35] and the TPT-binding activity was largely influenced

by extracellular calcium concentration [36]. Ongoing

studies in our group have revealed that TPT activity does

not target NFATc1, unlike FK506 (data not shown). Fur-

ther studies on the molecular pathways targeted by TPT

will guide its clinical application.

In present study, we demonstrate that TPT and Rapa

used in combination significantly prolongs allograft sur-

vival in a mouse model of cardiac transplantation. This

was accompanied by the improved histological appearance

and expansion of Tr cells in the recipients after transplan-

tation. Furthermore, these Tr cells are able to mediate

antigen-specific tolerance. These compounds, when

administered together, attenuated rejection by inhibiting

DC maturation and reducing T-cell reactivity. They also

reprogrammed the chemokine receptor/ligand expression

and the balance of Th1 and Th2 in graft-recipients

towards a homeostatic phenotype. Finally, our results sup-

port the increased interest in combined immunosuppres-

sive drug therapy in the management of graft rejection.
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