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Abstract

Objective and design Leflunomide (LEF) is effective not

only in different animal models of autoimmune diseases

and the therapy of patients with rheumatoid arthritisbut

also in graft rejection. The effect of LEF on CD4?CD25?T

regulatory cells (Treg) was determined in a mouse model

of allogeneic bone marrow transplantation.

Material or subjects BALB/c and C57BL/6 mice were

used as donors and recipients, respectively.

Treatment C57BL/6 mice were given 2 Gy total-body

irradiation, followed by an intravenous injection of

2 9 107 BALB/c bone marrow cells (BMCs). Mice were

treated with LEF daily at a dose of 30 mg/kg/day for

2 weeks.

Results In naı̈ve mice, LEF significantly decreased the

percentage of CD4?CD25? Treg cells in spleens

(P \ 0.05), but not in lymph nodes, though LEF enhanced

the percentages of CD4?CD25? Treg cells in CD4 single

positive cells in the thymocytes and blood (P \ 0.05).

Furthermore, LEF significantly decreased the percentage of

CD4?CD25? Treg cells in the spleens of mice that

received allogeneic BMCs.

Conclusions LEF decreases peripheral CD4?CD25?

Treg cells in un-immunizing and immunizing recipients,

indicating that LEF might not be an ideal candidate for the

treatment of autoimmune diseases or graft rejection with

respect to induction of immune tolerance.

Keywords CD4?CD25?Foxp3? Treg cells � Foxp3 �
Leflunomide � Autoimmune diseases � Bone marrow

transplantation

Abbreviations

Treg Regulatory T cells

FCM Flow cytometry

FITC Fluorescein isothiocyanate

Foxp3 Forkhead box protein 3

LNs Lymph nodes

MFI Median fluorescence intensity

PBMCs Peripheral blood mononuclear cells

PE Phycoerythrin

PI Propidium iodide

Introduction

CD4?CD25? T regulatory (Treg) cells are crucial for the

maintenance of immunological tolerance to self and

transplant antigens. It has been shown that CD4?CD25?

Treg cells regulate effector T cells, natural killer (NK)

cells, B cells, macrophages and dendritic cells directly or

indirectly via cell-to-cell contact or in a cytokine-depen-

dent manner [1, 2]. Decreased ratios of CD4?CD25? Treg

cells to T effector cells (Teff) or impairment of their sup-

pressive capacity are closely related to the occurrence of

autoimmune diseases, such as insulin-dependent diabetes
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mellitus, autoimmune hemolytic anemia, systemic lupus

erythematosus, rheumatoid arthritis, multiple sclerosis and

experimental allergic encephalomyelitis [3–6]. Increasing

Treg cell numbers or enhancing their suppressive activity

may lead to the inhibition of autoimmunity and the

induction of tolerance. Foxp3 is a recently identified tran-

scription factor specifically expressed in CD4?CD25?

Treg cells [7–9]. Accumulating evidence has clearly

demonstrated that the expression of Foxp3 is essential and

sufficient for the development and immunosuppressive

function of murine CD4?CD25? Treg cells [10]. Alloge-

neic bone marrow transplantation (BMT) has been widely

used as a potentially curative therapy for patients with a

variety of diseases, including hematological disorders,

congenital immunodeficiencies, metabolic disorders, auto-

immune diseases and solid tumors, as well as for induction

of transplant tolerance [11, 12]. However, the critical

challenge to a successful allogeneic BMT is how to control

graft-versus-host disease (GVHD), a major cause of post-

transplantation morbidity and mortality. It has been

reported that CD4?CD25? Treg cells are able to suppress

the progression and severity of GVHD by infiltrating

GVHD target organs and inhibiting the function of Teff

cells and other immune cells in the recipient, which is

closely associated with the development of GVHD in

allogeneic stem cell transplantation [13].

Immunosuppressive drugs such as cyclosporine A

(CsA), tacrolimus (FK506) and rapamycin have been

widely used for many years to prevent organ rejection after

transplantation. Obviously, these immunosuppressive

drugs function through distinct pathways to impact T-cell-

related immunity. For example, rapamycin favors Treg

expansion and survival by differentially regulating signal-

ing, proliferation and sensitivity to apoptosis of human Teff

cells and CD4?CD25? Treg cells after TCR/IL-2 activa-

tion [14]. Leflunomide (LEF), a new disease-modifying

antirheumatic drug of the isoxazol family, is clinically used

in the treatment of rheumatoid arthritis, sarcoidosis, solid

organ transplantation, lupus nephritis and the course of

several autoimmune diseases [15–17]. Interestingly, LEF

also exerts its activity against ganciclovir-resistant cyto-

megalovirus (CMV) infection, which is an emerging

problem in transplant recipients [18–20]. LEF combined

with sirolimus may be an effective therapy for BK virus

reactivation, whose nephropathy is now the leading cause

of early renal graft loss [21]. It also reported that LEF

could be useful in prostate cancer chemoprevention and

effective in reducing immune activation in the setting of

chronic HIV-1 infection [22]. Molecular studies have

revealed that LEF inhibits the enzymatic activity of both

dihydro-orotate dehydrogenase [23, 24], an enzyme

involved in pyrimidine biosynthesis, and protein tyrosine

kinases, thus affecting multiple biological processes in

different cell types, including T and B lymphocytes as well

as non-lymphoid cells. LEF is also a potent inhibitor of NF-

jB activation and is considered to be a potential agent for

the treatment of acute pancreatitis [25]. In the present

study, we evaluated the effect of LEF on

CD4?CD25?Foxp3? Treg cells in mice with or without

allogeneic bone marrow transplantation, and found that

LEF treatment resulted in changes of CD4?CD25?Foxp3?

Treg cells in CD4? T cells, and significantly decreased the

ratios of CD4?CD25?Foxp3? Treg cells to CD4? T cells

in spleens but not in lymph nodes (LNs), regardless of

whether the recipients received BMT or not. Because of the

poor induction of CD4?CD25? Treg cells, LEF may not be

ideal for the induction of immune tolerance.

Materials and methods

Mice

Six- to eight-week-old female BALB/c and C57BL/6 mice

were obtained from the Institute of Genetics and Develop-

ment, Chinese Academy of Sciences (Beijing, China). All

mice were maintained in a specific pathogen-free facility and

housed in microisolator cages containing sterilized food,

autoclaved bedding and water. All experimental manipula-

tions were undertaken in accordance with the Institutional

Guidelines for the Care and Use of Laboratory Animals. For

the allogeneic bone marrow transplantation, C57BL/6 mice

were given 2 Gy total-body irradiation, followed by intra-

venous (i.v.) injection of 2 9 107 BALB/c bone marrow

cells (BMCs).

Reagents

Leflunomide was obtained from Chang Zheng Pharma-

ceutical Inc. A 2 mg/ml solution of LEF was prepared in

the vehicle containing 0.2% sodium CMC (C-5013 high

viscosity, Sigma-Aldrich) and 0.25% polysorbate 80

dimethyl sulfoxide, and stored as small aliquots at 4�C.

LEF was administered by gastric gavage each day at a dose

of 30 mg/kg/day for 2 weeks. The solution containing

0.2% CMC and 0.25% polysorbate 80 was used for the

control mice. At least three independent experiments were

performed for each assay.

Monoclonal antibodies and reagents

The following monoclonal antibodies (mAbs) were pur-

chased from BD Biosciences PharMingen (San Diego, CA,

USA): fluorescein isothiocyanate (FITC)-conjugated anti-

mouse CD4 mAb (RM4-5; rat IgG2a), FITC-labeled anti-

mouse CD8 mAb (53-6.7; rat IgG2a), FITC-labeled rat
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antimouse CD25 mAb (7D4; IgM), phycoerythrin (PE)-

labeled rat anti-mouse CD4 mAb, PE-labeled anti-mouse

CD8a mAb (53-6.7; rat IgG2a), Cy5-labeled anti-mouse

CD25 mAb, and Cy5-labeled anti-mouse CD4 mAb. In

addition, PE-labeled anti-mouse Foxp3 mAb (FJK-16 s)

and its staining kit, FITC-labeled antimouse H2Dd mAb

(mouse IgG2a), and PE-labeled anti-mouse H2Db mAb

(mouse IgG2a), were obtained from eBiosciences (San

Diego, CA, USA). Rat anti-mouse FcR mAb (2.4G2,

IgG2b) was produced by 2.4G2 hybridoma (ATCC,

Rockville, MD, USA) in our laboratory.

Cell preparation

Mouse peripheral blood mononuclear cells (PBMCs) were

isolated by Ficoll (Sigma, St. Louis, MO, USA) gradient

centrifugation as described previously [39]. After LEF

treatment for 2 weeks, the thymus, spleen and lymph nodes

(LNs including cervical, inguinal and axillary LNs) were

harvested. Single-cell suspensions were prepared by grind-

ing the tissues with the plunger of a 5-ml disposable syringe

in RPMI1640 medium. Splenocytes were treated with a

hemolysis buffer (17 mM Tris–HCl and 140 mM NH4Cl, pH

7.2) to remove red blood cells before staining [26].

Immunofluorescence staining and flow cytometry

PBMCs, lymphocytes from LNs, splenocytes and thymo-

cytes were incubated with the 2.4G2 mAb to block FcR-

mediated non-specific staining and then incubated with an

optimal concentration of fluorochrome-labeled mAbs for

30 min at 4�C in the dark. Cells were washed once and

resuspended in the FCM buffer (PBS with 0.1% BSA and

0.1% NaN3). At least 10,000 cells were assayed using a

FASCalibur flow cytometer (Becton–Dickinson, Mountain

View, CA, USA), and data were analyzed with CellQuest

software (Becton–Dickinson). In some experiments, non-

viable cells were excluded using the vital nucleic acid stain

propidium iodide (PI). The percentage of cells stained with

a particular reagent was determined by subtracting the

percentage of cells stained nonspecifically with the control

mAb from those stained in the same dot-plot region with

the anti-mouse mAbs. For intracellular Foxp3 staining,

cells were first incubated with Cy5-labeled anti-CD4 and

FITC-labeled anti-CD25 mAbs. After washing, these cells

were then fixed and stained with anti-mouse Foxp3 mAb,

according to the manufacturer’s instruction (eBioscience).

Statistical analysis

All data are presented as mean ± SD. Student’s unpaired

t test for comparison of means was used to compare groups.

P \ 0.05 was considered to be statistically significant.

Results

Impact of LEF on CD4? T cell subsets in the peripheral

blood of mice receiving BMT or not

C57BL/6 recipient mice were given 2 Gy irradiation, fol-

lowed by i.v. injection of BALB/c bone marrow cells. The

mice were then treated with LEF or vehicle solution by

gastric gavage for 2 weeks, and the population and per-

centage of CD4? Teff and CD4?CD25?Foxp3? Treg cells

in the peripheral blood were determined. There were

clearly no donor lymphoid cells detected in the recipient’s

peripheral blood, peripheral lymphoid tissues and thymus

by 2 weeks after BMT (data not shown). LEF treatment

significantly enhanced the percentage of CD4? T cells and

CD8? T cells in the peripheral blood of mice receiving

BMT or not (P \ 0.01 and P \ 0.001, respectively,

Fig. 1a). However, the ratio of CD4?CD25? T cells and

CD4?CD25?Foxp3? Treg cells to CD4? T cells was not

significantly changed in the presence or absence of LEF,

although it was slightly lower in the mice with BMT

(Fig. 1b–d). Thus, LEF has no significant effect on the

ratios of CD4?CD25? T cells and CD4?CD25?Foxp3?

Treg cells to CD4? T cells in the peripheral blood, sug-

gesting that LEF has similar effects on the CD4?CD25?

Treg and CD4?CD25- Teff cells in the peripheral blood

during the immune response.

Decreased percentages of CD4?CD25? Treg cells

in the spleens but not LNs of mice treated with LEF

There was no significant change in the size and mass of the

spleens from both non-BMT and BMT mice after treatment

with LEF (Fig. 2a and data not shown). The population of

CD4? T cells and CD8? T cells in the LEF-treated spleens was

significantly higher than controls (P \ 0.05 or P \ 0.001,

Fig. 2b). However, the ratio of CD4?CD25?Foxp3? Treg

cells or CD4?CD25?Foxp3? Treg cells to CD4? T cells was

slightly but significantly lower in the spleens of both non-BMT

and BMT mice after treatment with LEF (P \ 0.05, Fig. 2b–

e). Similar to the effect of LEF on the Teff cells and

CD4?CD25?Foxp3? Treg cells in the spleen, there was a

minor change in the population of CD4? T cells in the LNs

from BMT mice treated with LEF (P \ 0.05, Fig. 3a), but no

significant alteration in the percentage of CD4?CD25?Foxp3?

Treg cells in LNs of mice treated with LEF, regardless of

whether these mice received BMT or not (Fig. 3b, c).

On the other hand, the phenotype of CD4?CD25? Treg

cells, including GITR, CTLA-4 and Foxp3 expression, in

these mice was determined using multi-color FCM. As

shown in Fig. 4, the majorty of the gated CD4?CD25?

Treg cells express GITR, intracellular CTLA-4 and Foxp3

molecules, regardless of whether these cells were from
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control, LEF, BMT or LEF ? BMT treated mice, indi-

cating that CD4?CD25? Treg cells in LEF and/or BMT-

treated mice display a normal Treg cell phenotype.

LEF treatment significantly enhanced the percentage

of CD4?CD8-CD25? Treg cells in the thymus

We next evaluated the effect of LEF on CD4?CD25? Treg

cells in the thymus. Unlike the spleen and lymph nodes, LEF

treatment resulted in shrinking of the thymus masses in both

non-BMT and BMT mice. This observation was further

confirmed by the decreased total number of thymocytes

isolated from these mice (data not shown). Interestingly, the

percentage of CD4-CD8? T cells was significantly

increased from 2.6 to 5.4% in the thymus of LEF-treated

mice, particularly from non-BMT mice, whereas LEF only

slightly altered the population of CD4?CD8- T cells

(P \ 0.001, Fig. 5a–c). Furthermore, although the ratio of

CD4?CD25? Treg cells to CD4? T cells was significantly

increased in the thymus of non-BMT mice after LEF treat-

ment (from 2.96 to 5.45%, P \ 0.01, Fig. 6a), there was no

change observed in the thymus of BMT mice under the same

condition (Fig. 6a). A similar result was also obtained for the

ratio of CD4?CD25?Foxp3? Treg cells to CD4? T cells in

the thymus (from 2.66 to 5.21%, P \ 0.001, Fig. 6b).

However, the total numbers of CD4?CD25?Foxp3? Treg

cells were significantly reduced, due to the marked decrease

in total thymocyte number in LEF-treated mice without

BMT (P \ 0.05, Fig. 6c, d).

Discussion

CD4?CD25?Foxp3? Treg cells are pivotal for the main-

tenance of self-tolerance in hosts [27]. The balance

between Teff cells and CD4?CD25?Foxp3? Treg cells

principally controls the direction and quality of the host

immune responses. Recent studies have revealed that

CD4?CD25?Foxp3? Treg cells, especially expressing

CD62L, are involved in transplantation tolerance and play

an important role in preventing GVHD and graft rejection,

and that adoptive transfer of Treg cells prevents GVHD in

the absence of any post-transplant immunosuppressive

therapies [28–31]. Clinical applications require higher

numbers of CD4?CD25?Foxp3? Treg cells. Interestingly,

it has been reported that rapamycin could contribute to the

development of transplantation tolerance by promoting the

induction of functional CD4?CD25?Foxp3? Treg cells

[32]. In this study, we investigated the effects of LEF on

immune cells in a BMT animal model. Surprisingly, we

found that the impact of LEF on CD4? T subset cells was

different in the immune tissues we examined (PBL, spleens

and LNs). Firstly, LEF treatment increased the percentage

of CD4? T cells in the peripheral lymphocytes of LEF-

treated C57BL/6 mice. Secondly, the thymus masses in

both non-BMT and BMT mice were decreased after

treatment with LEF. As a result, the total number of thy-

mocytes in LEF-treated mice was dramatically reduced.

Interestingly, the percentages of CD4?CD25? Treg cells

and CD4?CD25?Foxp3? Treg cells were significantly

higher in the thymus of LEF-treated mice than in those of

control mice. Thirdly, the ratios of CD4?CD25?Foxp3?

Treg cells to CD4? T cells were significantly decreased in

the spleens but not in PBLs and LNs after LEF treatment.

In the transplant setting, alloreactive T cells are crucial

in the initiation of a rejection response. It has been known

that alloantigen-specific CD4?CD25?Foxp3? Treg cells

arising in vivo both from naturally occurring

CD4?CD25?Foxp3? Treg cells and from CD4? T cells

can suppress the acute and chronic rejection of donor
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Fig. 1 Effect of LEF treatment on peripheral T cells. C57BL/6 mice

were treated with LEF as described in ‘‘Materials and methods’’.

After treatment with LEF for 2 weeks, PBMCs were stained with PE-

labeled anti-CD4 mAb and FITC-labeled anti-CD25 mAb and

assayed by FCM. a The percentages of T cell subsets including

CD4? and CD8?T cells in the control and LEF-treated mice. The

percentages of CD4?CD25? T cells (b and c) and

CD4?CD25?Foxp3? T cells (d) in CD4? T cells in control and

LEF-treated mice. Data are shown as mean ± SD (N = 5).

*P \ 0.05, **P \ 0.01, ***P \ 0.001 compared with the indicated

groups. The data are one representative of three separate experiments
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allografts mediated by recipient CD4? or CD8? T cells

[33, 34]. It is reported that CD4?CD25?Foxp3? Treg cells

might also play a important role in the protection of allo-

grafts from ischemia/reperfusion injury (IRI) [35]. Thus,

the ideal immunosuppressive drug for the treatment of

autoimmune diseases or a graft reaction should have a

strong inhibiting ability towards Teff cells, but would also

be able to promote CD4?CD25?Foxp3? Treg cells [36].

Obviously, not all conventional immunosuppressive drugs

currently used in the clinic meet this standard. For exam-

ple, FK506 and CsA target calcineurin, which is involved

in a common step associated with T-cell activation and

IL-2 induction, which are also found to affect other

immune cells such as B cells and antigen-presenting cells

such as dendritic cells (DCs) [37–40]. CsA has different

effects on the percentage of CD4?CD25?Foxp3? Treg

cells in the central and peripheral immune tissues. CsA

markedly reduced the percentage and function of
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Fig. 2 Enhanced CD4?CD25?Foxp3? Treg cells in the spleen of

mice treated with or without LEF. The cells in the spleens of control

and LEF-treated mice were analyzed for the percentages of CD4? T

and CD4?CD25?Foxp3? Treg cells by FCM. a The total cell number

of spleen in mice treated with LEF and/or BMT. The proportion of

CD4? T cells (b), the ratio of CD4?CD25? T cells to CD4? T cells

(c), and the percentage of CD4?CD25?Foxp3? Treg cells in CD4? T

cells (d) in the spleen of control and LEF-treated mice were shown.

e One representative of staining for Foxp3 and CD25 in gated CD4?

cells. Data are presented as mean ± SD (N = 5). *P \ 0.05;

**P \ 0.01; ***P \ 0.001, compared with the indicated control

mice. The data are one representative of three separated experiments
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without LEF. The cells in the LNs of control or LEF-treated mice were

analyzed for the expression of CD4? and CD4?CD25?Foxp3? Treg

cells by FCM. The proportion of CD4? T cells (a), the ratio of

CD4?CD25? T cells to CD4? T cells (b), and the percentage of

CD4?CD25?Foxp3? Treg cells in CD4? T cells (c) in the LNs of control

and LEF-treated mice are shown. Data are shown as mean ± SD

(N = 5). *P \ 0.05; **P \ 0.01; ***P \ 0.001, compared with the
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thymus of LEF-treated mice. Thymocytes were stained with PE-Cy5-

labeled anti-CD4 mAb, PE-labeled anti-CD25 mAb, and FITC-

labeled anti-CD8 mAb, and analyzed by FCM after injection of LEF
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SD (N = 5), which is one representative of three independent
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CD4?CD25?Foxp3? Treg cells in peripheral tissues

while significantly enhancing the percentages of

CD4?CD28-Foxp3? Treg cells in the thymus in mice [41].

Rapamycin is a novel macrolide immunosuppressive drug

which has been widely used in preventing clinical allograft

rejection and in some autoimmune diseases [42, 43].

Rapamycin binds to FKBP12 and the complex formed

inhibits the function of the mammalian target of rapamy-

cin, which in turn reduces protein phosphorylation and cell

cycle progression [44]. In rapamycin-treated mice, the ratio

of CD4?CD25?Foxp3? Treg cells to CD4? T cells was

significantly enhanced after rapamycin treatment [45].

In our study, we observed that the effects of LEF on

CD4?CD25?Foxp3? Treg cells in different tissues were

somewhat distinct. The differential effects of LEF on

CD4?CD25?Foxp3? Treg cells in different tissues might

be due to different tissue and cellular responses to the

treatment of LEF. Our data collectively indicated that

CD4?CD25?Foxp3? Treg cells were resistant to LEF in

the thymus and were sensitive to LEF in the spleen,

compared to CD4?CD25- cells. It has been reported that

LEF promoted the differentiation of spleen lymphocytes

into CD4?CD25?Foxp3? Treg cells in collagen-induced

arthritis (CIA) rats [46]. Although LEF also could suppress

contact hypersensitivity (CHS) and adoptive transfer of

leukocytes from LEF-treated mice into naı̈ve mice resulted

in a loss of CHS responsiveness, Foxp3 expression in

CD4? T cells was not enhanced after LEF treatment [47]. It

was also reported that LEF was a powerful agent for pre-

venting GVHD in rats [48]. The reasons for the different

response of CD4?CD25?Foxp3? Treg cells in different

tissues or in different animal models are unclear at present,

but are possibly related to different doses and treatment

time courses of LEF, different tissues and different animal

models. The nonsignificant changes of Treg cells caused by

LEF indicate that LEF may not be ideal for tolerance

induction, althoug the anti-inflammatory effects of LEF

may still be helpful for tolerance induction directly.

In summary, differential changes of CD4?CD25?Foxp3?

Treg cells in different peripheral immune tissues or organs

were observed after LEF treatment in mice with and with-

out BMT. Although LEF enhanced the ratio of

CD4?CD25?Foxp3? Treg cells to CD4? T cells in the

thymus, it reduced the ratio in the spleen, and there was little

change in the ratio of CD4?CD25?Foxp3? Treg cells to

CD4? T cells in the peripheral blood and LNs. In any case,

LEF failed to induce CD4?CD25?Foxp3? Treg cells in

naı̈ve or BMT mice, indicating it may not be an ideal choice

for the purpose of immune tolerance induction.
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