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Summary

Sirolimus (SRL) is a promising alternative to calcineurin inhibitors, such

as tacrolimus (TAC), in kidney transplant recipients (KTRs), but the

immunological benefits of conversion from calcineurin inhibitors to SRL

are not fully investigated. In the present study, we evaluated the effect of

conversion from TAC to SRL on the T helper type 17/regulatory T

(Th17/Treg) axis in three separate studies. First, the effect of SRL on the

Th17/Treg axis was evaluated in vitro using peripheral blood mononuclear

cells (PBMCs). Second, the effect of conversion from TAC to SRL on the

Th17/Treg axis was studied in KTRs. Finally, the effect of SRL on CD8+

Treg cells was evaluated. In vitro analysis of PBMCs isolated from KTRs

showed that SRL suppressed Th17 cell differentiation but TAC did not.

Conversion from TAC to SRL markedly decreased the number of effector

memory CD8+ T cells and significantly increased the proportion of CD4+

and CD8+ Treg cells compared with TAC in KTRs. SRL treatment

induced the CD8+ Treg cells, and these cells inhibited the proliferation of

allogeneic CD4+ T cells and Th17 cells. In conclusion, conversion from

TAC to SRL favourably regulates Th17 and Treg cell differentiation in

KTRs. These findings provide a rationale for conversion from TAC to

SRL in KTRs.
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Introduction

Recent advances in immunosuppression methods have led

to a marked improvement in allograft survival after kidney

transplantation.1,2 Calcineurin inhibitors (CNIs) such as

tacrolimus (TAC) are currently most widely used and have

significantly reduced the episodes of acute rejection com-

pared with previous regimens containing azathioprine2.

However, long-term treatment with CNIs is associated with

complications such as nephrotoxicity, diabetes mellitus and

secondary malignancies.3–5 Additionally, CNIs induce

undesirable changes in the immune response after kidney

transplantation, including a reduction in the proportion

and function of CD4+ regulatory T cells (CD4+ Treg cells)

within the peripheral blood mononuclear cell (PBMC)

population,6–8 and an up-regulation of T helper type 17

(Th17) cell-associated pathways, which are involved in allo-

graft rejection.9–17 Hence, CNI-based immunosuppression

may in fact contribute to the progression of chronic allo-

graft dysfunction in kidney transplant recipients (KTRs).

During the late 1990s, sirolimus (SRL), a mammalian tar-

get of rapamycin (mTOR) inhibitor, was introduced as an

immunosuppressive agent after kidney transplantation.18–20

mTOR is involved in modulating adaptive immune

response and regulating T-cell polarization towards CD4+

or CD8+ T cells.21–26 Hence, unlike CNIs, SRL may have

Abbreviations: SRL, Sirolimus; TAC, Tacrolimus; KTRs, kidney transplant recipients; Th0, T helper cells; Th1, Type 1 helper T
cells; Th2, Type 2 helper T cells; Th17, IL-17-producing helper T cells; Treg, regulatory T cells; CNIs, calcineurin inhibitors;
PBMC, peripheral blood mononuclear cell; mTOR, mammalian target of rapamycin; STAT3, Signal transducer and activator of
transcription 3; STAT5, Signal transducer and activator of transcription 5; RORc, RAR-related orphan receptor gamma

ª 2014 John Wiley & Sons Ltd, Immunology, 144, 68–7868

IMMUNOLOGY OR IG INAL ART ICLE



potential immunoregulatory effects. Clinical studies show

that, compared with CNIs, SRL reduces chronic allograft

nephropathy27 and chronic vascular changes, and improves

long-term renal function.28 However, the mechanisms

underlying the immunological benefits of SRL have not

been fully investigated. Therefore, the aim of the present

study was to investigate the immunosuppressive effects of

SRL on T-cell-mediated immune responses involving the

Treg/Th17 pathway, and compare them with those of TAC.

We also investigated the immunoregulatory effects of SRL

in KTRs by examining CD8+ Treg cells, which are known to

suppress Th17 cells.

Materials and methods

Patients and clinical information

Five KTRs (within 6 months after transplantation) who

received TAC as the main immunosuppressant and showed

stable allograft function were enrolled in the study. Eleven

healthy volunteers were also enrolled as controls. All the

subjects provided written informed consent in accordance

with the Declaration of Helsinki. An additional five KTRs

receiving TAC and showing stable allograft function with-

out acute rejection episode were enrolled for the in vivo

conversion study (Table 1). The conversion from TAC to

SRL was performed as previously described.29 Briefly, on

the day of conversion, SRL (2 mg/day) was introduced

along with a simultaneous 50% reduction in the TAC dose.

The target SRL trough level was 8–12 ng/ml. After achiev-

ing the target trough level, CNI was withdrawn on day 14.

The immune cell subsets within the PBMC population were

examined both before and 1 month after conversion. The

study was approved by the Institutional Review Board of

Seoul St Mary’s Hospita l (KC10SISI0235).

Isolation and purification of CD4+ and CD8+ T cells
from the PBMCs

Peripheral blood mononuclear cells were isolated from

heparinized blood samples by Ficoll–Hypaque (GE

Healthcare, Pittsburgh, PA) density-gradient centrifuga-

tion. The isolated cells were cultured as previously

described.30 All five KTRs and the healthy individuals

were Korean, aged 25–40 years, non-smokers, and

showed no evidence of recent infection. In addition, the

effects of SRL were examined ex vivo in five patients

who had previously undergone kidney transplantation at

Seoul St Mary’s Hospital and had consented to partici-

pate in a clinical study to examine the effects of conver-

sion from Tac (Prograf, Astellas Pharma, Tokyo, Japan)

to SRL (Rapamune, Wyeth Pharma, Madison, NJ).

Informed consent was obtained from all the patients,

and the current study to examine the effects of conver-

sion from TAC to SRL was approved by the Institu-

tional Review Board (KC11OISI0917) of Seoul St Mary’s

Hospital. All the clinical investigations were conducted

according to the principles set forth in the Declaration

of Helsinki. CD4+ T cells were isolated from the PBMCs

of healthy individuals using monoclonal anti-human

CD4 antibody conjugated to microbeads (MicroBeads;

Miltenyi Biotech, Bergisch Gladbach, Germany). To

induce CD8+ Treg cells, PBMCs (1 9 106/ml) were cul-

tured in 24-well plates in RPMI-1640 medium supple-

mented with penicillin/streptomycin/glutamine, 10% fetal

calf serum, 5 ng/ml recombinant interleukin-15 (IL-15)

0�1 ng/ml anti-CD3 and 50 ng/ml SRL. After 6 days,

CD8+ T cells were obtained by sorting CD8+ CCR7+ T

cells using phycoerythrin (PE) -conjugated CCR7 (BD

Biosciences, San Jose, CA), allophycocyanin (APC) -con-

jugated CD8 (BD Biosciences, San Jose, CA), and a

FACSAria III cell sorter (BD Biosciences). The purity of

the cell population was consistently > 90%.

Effects of TAC or SRL on Th0 and Th17 cells in vitro

Peripheral blood mononuclear cells (5 9 105) were iso-

lated from five KTRs and four healthy individuals and

incubated for 48 hr with anti-CD3 (1 µg/ml) and anti-

CD28 (1 lg/ml) monoclonal antibodies (mAbs) to induce

Th0 cells, or with anti-CD3 (1 lg/ml), anti-CD28 (1 lg/
ml), IL-1b (20 ng/ml), IL-6 (20 ng/ml), and IL-23

(20 ng/ml) to induce Th17 cells. To examine the immu-

nosuppressive effects of TAC and SRL, PBMCs isolated

from healthy individuals and KTRs were pre-incubated

for 1 hr with TAC or SRL, and then stimulated as

described above to induce Th0 or Th17 cells. Interferon-c
(IFN-c) -neutralizing antibody (2 lg/ml) (25723; R&D

Systems, Inc. Minneapolis, MN) and IL-4-neutralizing

antibody (2 lg/ml) (34019; R&D Systems, Inc.) were also

added to the appropriate samples.

Flow cytometry analysis

In all cases, flow cytometry analysis was performed within

a few hours after collection of peripheral blood. The cells

were surface-stained with different combinations of the

Table 1. Baseline clinical characteristics of patients (n = 5)

Parameter Value

Age (years) 39�0 � 6�6
Male gender, n (%) 5 (100)

Primary renal disease

Chronic glomerulonephritis, n (%) 3 (60)

Hypertension, n (%) 2 (40)

Duration from kidney transplant 4�9 � 2�3
Mean trough tacrolimus level

at conversion (ng/ml)

5�3 � 1�9

KT, kidney transplantation; Tac, tacrolimus.
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following mAbs: CD4-PE/Cy7 (RPA-T4, IgG1; BioLegend,

San Diego, CA), CD8-APC (RPA-T8, IgG1,j; Pharmin-

gen, San Diego, CA), CD45RA-FITC (HI100, IgG2b, j;
Pharmingen), and CD25-APC (M-A251, IgG1, j; Pharm-

ingen). An anti-CCR7 antibody was used to detect

chemokine receptors (3D12, IgG2a, j; Pharmingen). For

intracellular staining, the cells were washed, fixed, per-

meabilized and incubated with mAbs against IL-17

(PE, eBio64dec17, IgG1, j; eBioscience, San Diego, CA),

IFN-c (FITC, 4S.B3, IgG1, j; eBioscience; and PE, B27,

IgG1, j; Pharmingen), IL-4 (APC, MP4-25D2, IgG1, j;
eBioscience), IL-17 (FITC, eBio64DEC17, IgG1, j;
eBioscience), and Foxp3 (FITC, PCH101, IgG2a, j; eBio-
science). Appropriate isotype controls were used for gat-

ing purposes. Cells were analysed using a FACS Calibur

flow cytometer (BD Biosciences). The data were analysed

using the FLOWJO software (Tree Star, Ashland, OR).

Real-time RT-PCR

Messenger RNA was extracted in PBMCs from five KTRs

using the TRIzol Reagent (Molecular Research Center,

Inc., Cincinnati, OH), according to the manufacturer’s

instructions. Complemetary DNA was synthesized in a

PerkinElmer Cetus DNA thermal cycler (PerkinElmer,

Inc, Waltham, MA) using the SuperScript Reverse Tran-

scription system (Takara, Shiga, Japan).

Real-time PCR

A LightCycler 2.0 instrument (Roche Diagnostics; software

version 4.0, Indianapolis, IN) was used for PCR amplifica-

tion. All the PCRs were performed using LightCycler Fast-

Start DNA Master SYBR Green I (Takara), according to the

manufacturer’s instructions. The following primers were

used for each molecule: for IL-17, 50-CAA CCG ATC CAC

CTC ACC TT-30(sense) and 50-GGC ACT TTG CCT CCC

AGA T-30(antisense); for Foxp3, 50-CAC TGC CCC TAG

TCA TGG T-30(sense) and 50-GGA GGA GTG CCT GTA

AGT GG-30(antisense); and for b-actin, 50-GGA CTT CGA

GCA AGA GAT GG-30(sense) and 50-TGT GTT GGG GTA

CAG GTC TTTG-30(antisense). Housekeeping genes (b-
actin) were amplified for normalization. Heat-map images

were analysed using the template designated by the manu-

facturer.

ELISA

Levels of IL-17 and IL-22 in the culture supernatants

from five KTRs were measured using sandwich ELISA

(R&D Systems) according to the manufacturer’s instruc-

tions. Absorbance at 405 nm was measured using an

ELISA microplate reader (Molecular Devices, Sunnyvale,

CA).

Western blot analysis

CD4+ Tcells (1 9 107) were isolated from three healthy

individuals. To examine the immunosuppressive effects of

TAC and SRL, CD4+ T cells were pre-incubated for 1 hr

in the presence of TAC or SRL and then stimulated as

described above for another 1 hr. The membrane was then

incubated overnight at 4° with primary antibodies against

the following: phosphorylated mTOR, mTOR, phosphory-

lated signal transducer and activator of transcription 3

(STAT3; 705), STAT3, phosphorylated Akt, Akt (all anti-

bodies were from Cell Signaling Technology Inc., Danvers,

MA), and b-actin (Sigma, St Louis, MO). After washing in

TTBS (0.1% Tween 20, Tris-buffered saline), the reactive

bands were visualized using an enhanced chemilumines-

cence (ECL) detection kit and Hyperfilm-ECL reagents

(Amersham Pharmacia, Piscataway, NJ).

Suppression assay

Peripheral blood mononuclear cells were collected from

healthy donors (n = 4). The cells were then stimulated with

anti-CD3 (1 lg/ml) and T-cell-depleted, irradiated anti-

gen-presenting cells in the presence or absence of CD8+

Treg (CD8+ CCR7+) cells isolated using a cell sorter (Beck-

man MoFlo, Brea, CA) followed by differentiation in

response to a plate-bound anti-CD3 antibody (1 lg/ml)

and recombinant human (rh) IL-15 (50 ng/ml) in the pres-

ence of SRL. The purity of all T-cell subsets was > 95% as

determined by FACS analysis (data not shown). Isolated

effector cells were > 95% pure. We used effector T and

CD8+ Treg cells from the same donor. For the Treg sup-

pression assay, CD4+ effector T cells (1 9 105) were co-

cultured with T-cell-depleted, irradiated antigen-presenting

cells (1 9 105), an anti-CD3 antibody (1 lg/ml), and the

CD8+ CCR7+ Treg cells (5 9 104) for 3 days. The prolifer-

ation of CD4+ T cells was examined by adding [3H]thymi-

dine (1 lCi/well; GE Healthcare) to the culture incubated

for 8 hr. The level of [3H]thymidine incorporation was

measured using a liquid b-scintillation counter (Beckman).

Statistical analysis

Statistical analysis was performed using the SPSS software

(version 16.0; SPSS Inc., Chicago, IL). Data before trans-

plantation and at 1 and 3 months after transplantation

were compared using a paired t-test or one-way analysis of

variance. Chi-square frequency analysis was used to exam-

ine categorical variables. A non-parametric, Wilcoxon

signed-rank test was used for T-cell suppression, cytokine

production and gene expression comparisons between con-

trol and treatments. Analysis of pre-conversion versus

post-conversion measurements of immune assays and

clinical outcomes was performed using Wilcoxon’s signed-

rank test. Chi-squared/Fisher’s exact test was used for categori-
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cal measures. The results were expressed as mean � standard

deviation (SD). A P value of < 0�05 was considered significant.

Results

SRL, but not TAC, suppresses Th1, Th2 and Th17
cells isolated from the PBMCs of healthy donors and
cultured under Th0-polarizing conditions

Peripheral blood mononuclear cells were isolated from

healthy individuals and cultured in the presence or absence

of SRL under Th0-polarizing conditions. Pre-incubation

with SRL (10 ng/ml) resulted in a significant reduction in

the percentage of CD4+ IFN-c+ [8�1 � 0�9% (+SRL) ver-

sus 28�7 � 0�3% (Th0-polarizing conditions alone)],

CD4+ IL-4+ [0�06 � 0�01% (+SRL) versus 1�4 � 0�5%
(Th0-polarizing conditions alone)], and CD4+ IL-17+

[0�4 � 0�06% (+SRL) versus 1�1 � 0�1% (Th0-polarizing

conditions alone)] cells; however, SRL had no significant

effect on the proportion of CD4+ Treg cells [23�9 � 12�9%
(+SRL) versus 36�2 � 5�8% (Th0-polarizing conditions

alone)] (Fig. 1a). Under the same conditions, TAC (10 ng/

ml) caused a significant reduction in the percentage of

CD4+ IFN-c+ [2�5 � 2�8% (+TAC) versus 28�7 � 0�3%
(Th0-polarizing conditions alone)], CD4+ IL-4+ [0�01 �
0�004% (+TAC) versus 1�4 � 0�5% (Th0-polarizing condi-

tions alone)], and CD4+ Foxp3+ [15�2 � 10�0% (+TAC)
versus 36�2 � 5�8% (Th0-polarizing conditions alone)],

whereas the percentage of Th17 cells was unaffected

[1�3 � 0�05% (+TAC) versus 1�1 � 0�1% (Th0-polarizing

conditions alone)] (Fig. 1a). TAC did not suppress

CD4+ IL-17+ cells at any of the doses tested (Fig. 1a).

SRL reciprocally regulates Th17 and Treg cells that
were isolated from the PBMCs of KTRs and cultured
under Th17-polarizing conditions

Analysis of the IL-17+ and Foxp3+ CD4+ cell populations

isolated from KTRs showed that both TAC and SRL (10 ng/

ml each) had significant effects in vitro after only 48 hr.

Pre-incubation of PBMCs isolated from KTRs with SRL

(10 ng/ml) suppressed the production of IL-17-producing

Figure 1. Effects of tacrolimus (TAC) or siroli-

mus (SRL) on CD4+ T cells isolated from the

peripheral blood mononuclear cells (PBMCs)

of healthy donors and cultured under T helper

type 0 (Th0) -polarizing conditions. Human

PBMCs were isolated from healthy subjects

(n = 4) and pre-incubated with TAC (0�1, 1,
or 10 ng/ml) or SRL (0�1, 1, or 10 ng/ml) as

indicated. They were then cultured under Th0-

polarizing conditions (anti-CD3, 1 lg/ml and

anti-CD28, 1 lg/ml) for 48 hr. The percentage

of CD4+ T cells secreting interleukin-17

(IL-17), interferon-c (IFN-c), or IL-4 was mea-

sured by flow cytometry. (a) The percentages

of IFN-c+/CD4+ T cells, IL-4+/CD4+ T cells,

IL-17+/CD4+ T cells, and CD25+FOXP3+

T cells within the PBMC populations iso-

lated from healthy controls. #P < 0�05 and
##P < 0�01 versus culture under Th0-polarizing

conditions alone. (b) SRL- and TAC-mediated

suppression (%) of IFN-c+/CD4+ T cells, IL-

4+/CD4+ T cells, IL-17+/CD4+ T cells, and

CD25+FOXP3+ T cells in the PBMC popula-

tions isolated from healthy controls. #P < 0�05
and ##P < 0�01 versus culture under Th0-

polarizing conditions alone. Bars represent the

mean � SD.
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CD4+ cells by 70�1 � 4�7% (versus Th17-polarizing condi-

tions alone) (Fig. 2a). Pre-incubation with SRL suppressed

IL-17 mRNA levels below the 70% level under Th17-polariz-

ing conditions; however, SRL increased Foxp3 mRNA levels

up to the 50% level (Fig. 2b). SRL (10 ng/ml) suppressed IL-

17 protein levels to a greater extent than TAC did (10 ng/ml)

[756�3 � 185�4 (+SRL) and 985�6 � 398�0 (+TAC) versus

1575�3 � 858�9 pg/ml (Th17-polarizing conditions alone)].

The same was true for IL-22 levels [199�3 � 8�0 (+SRL)
and 1229�0 � 994�1 (+TAC) versus 578�6 � 124�8 pg/ml

(Th17-polarizing conditions alone) (Fig. 2c)].

SRL mediates its regulatory effects by inhibiting
mTOR and STAT3 under Th17-polarizing conditions

To identify the molecular mechanisms (including STAT3)

modulated by mTOR, we investigated whether SRL

interferes directly with mTOR and STAT3 signalling. SRL

(a specific inhibitor of mTOR) inhibited the phosphoryla-

tion of STAT3-705 in CD4+ T cells after 30 min of cul-

ture under Th17-polarizing conditions (P = 0�001)
(Fig. 3a). In contrast, the phosphorylation status of Akt

was not altered by SRL (Fig. 3b). Consistent with these

results, SRL abrogated the increase in IL-17 induced by

STAT3 inhibition (Fig. 3a, b).

Conversion from TAC to SRL increases the
immunomodulatory potential of PBMCs in KTRs

After conversion from TAC to SRL, no significant

change in clinical and laboratory parameters was

detected compared with before conversion and no rejec-

tion episode was detected (Table 2). The percentages of

different subsets of immune cells within the PBMC pop-

ulation isolated from KTRs were compared both before

and after conversion from TAC to SRL. There were no

significant differences in the percentages of Th1 cells

and CD4+ Treg cells before or after conversion

Figure 2. Effects of tacrolimus (TAC) or siroli-

mus (SRL) on CD4+ T helper type 17 (Th17)

cells and CD4+ regulatory T (Treg) cells iso-

lated from the peripheral blood mononuclear

cells (PBMCs) of kidney transplant recipients

(KTRs) and cultured under Th17-polarizing

conditions. PBMCs isolated from KTRs

(n = 5) were pre-incubated with TAC (10 ng/

ml) or SRL (10 ng/ml) as indicated, and then

cultured under Th17-polarizing conditions for

48 hr. The percentage of CD4+ T cells produc-

ing interleukin-17 (IL-17) or Foxp3 was

measured by flow cytometry. (a) SRL- and TAC-

mediated suppression (%) of IL-17+ CD4+ T

cells and CD25+ FOXP3+ CD4+ T cells in the

PBMC populations isolated from KTRs.
#P < 0�05 and ##P < 0�01. (b) The expression

of IL-17 and Foxp3 mRNA measured using

real-time PCR. ##P < 0�01. (c) Production of

IL-17 and IL-22 by Th17 cells and secreted

into the culture supernatant. ##P < 0�01. Bars
represent the mean � SD.
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(22�7 � 7�6 before conversion versus 20�5 � 13�1% after

conversion and 7�8 � 1�5 before conversion versus

8�1 � 2�0% after conversion, respectively) (Fig. 4a, d).

In contrast, the percentage of Th2 cells was significantly

reduced after conversion [1�5 � 0�3 (before) versus

0�9 � 0�2% (after); P < 0�01]. The same was true for

Th17 cells [1�1 � 0�5 (before) versus 0�7 � 0�4% (after);

P < 0�01] (Fig. 4b, c).

There was no significant difference in the percentage of

CD8+ T naive or CD8+ central memory T cells after con-

version from TAC to SRL (n = 5) (58�7 � 6�3 versus

57�9 � 3�9% and 19�9 � 4�7 versus 25�4 � 4�5%, respec-

tively) (Fig. 5a, b). By contrast, there was a statistically

significant reduction in the percentage of CD8+ effector

memory T cells after conversion (9�5 � 2�5 versus

6�2 � 1�1%; P < 0�01) (Fig. 5c).
Patients receiving SRL showed a significant increase in

the percentage of CD8+ Treg cells (CD8+ CCR7+) after

conversion to SRL (1�6 � 0�6 versus 3�6 � 0�7%;

P < 0�01) (Fig. 5d).

CD8+ CCR7+ T cells suppress the proliferation of
CD4+ T cells in KTRs

Finally, to ascertain the functional profile of CD8+ Treg

cells induced by a combination of suboptimal T-cell

receptor stimulation, IL-15-mediated STAT5 signalling

and SRL treatment, we examined CD8+ Treg cells cul-

tured for 6 days in the absence or presence of anti-

CD3+ IL-15+ SRL using an in vitro suppression assay

(Fig. 6). Co-culture of naive CD4+ T cells with CD8+

Treg cells showed that CD8+ Treg cells suppressed the

clonal expansion of conventional CD4+ T cells (Fig. 6a,

b). The regulatory function of CD8+ Treg cells ensured

the retention of a fraction of the CD4+ T cells. Inducible

CD8+ Treg cells inhibited allogeneic CD4+ T cells and

down-regulated IL-17 (CD8+ CCR7+, 305�1 � 88�2 ver-

sus anti-CD3, 4407�5 � 436�8 pg/ml) production by

allogeneic CD4+ T cells (Fig. 6c). Allogeneic CD4+ T cells

stimulated by anti-CD3 were susceptible to suppression

by CD8+ Treg cells.

Figure 3. Effects of tacrolimus (TAC) or sirolimus (SRL) on the expression of mammalian target of rapamycin (mTOR) and signal transducer

and activator of transcription (STAT3) proteins in CD4+ T cells isolated from the peripheral blood mononuclear cells (PBMCs) of healthy donors

(n = 3). (a) Immunoblotting of p-mTOR, mTOR, p-STAT3(705), STAT3, p-Akt and Akt in CD4+ T cells pre-treated with SRL (10 ng/ml) and

then cultured under T helper type 17 (Th17) -polarizing conditions for 1 hr. (b) Stimulation of CD4+ T cells under Th17-polarizing conditions

activated the phosphorylation of p-mTOR, mTOR, p-STAT3(705), STAT3, p-Akt and Akt as detected by Western blotting and shown by the

ratio of phosphorylated to total proteins. ##P < 0�01. Bars show the mean � SD results in three patients, in one of three independent experi-

ments.
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Discussion

The results of the present study clearly demonstrate that

SRL regulates the human Th17/Treg axis favourably in

KTRs. Unlike TAC, SRL suppressed Th17 cells in vitro,

and conversion from TAC to SRL not only suppressed

Th17 cells but also up-regulated Treg cells in vivo. These

findings provide the rationale for conversion from TAC

to SRL in KTRs.

Mammalian TOR is an important regulator of helper

T-cell differentiation.31–35 CD4+ T cells lacking or defi-

cient in mTOR fail to differentiate into effector cells or

into Foxp3+ regulatory cells under appropriate skewing

conditions.23 In addition, mTOR inhibition abrogates

the reprogramming of CD4+ Foxp3+ Treg cells into

pathogenic Th1/Th17 effector cells.36 Therefore, we

hypothesized that mTOR inhibition by SRL may

suppress Th17 cells in human KTRs. To test our

hypothesis, we isolated PBMCs from both healthy con-

trols and KTRs and compared the suppressive effects of

SRL and TAC on the Th17 pathway under both Th0-

and Th17-polarizing conditions. The results showed that

TAC did not suppress, while SRL effectively suppressed

all effector T-cell subsets, including Th17 cells at clini-

cally relevant concentrations.

The Th17 subset is an independent lineage of Th cells

in both humans and mice. These cells are unique in terms

of cytokine profile, transcriptional regulation and biologi-

cal function,37,38 but Th17 cells retain potential develop-

mental plasticity.39,40 Both Treg and Th17 cells produce

a distinct set of transcription factors related to their

differentiation.41,42 STAT3 and RORc are involved in

Th17 differentiation, whereas STAT5 and Foxp3 help in

the differentiation of Treg cells.43 STAT3 and STAT5 bind

Figure 4. Effect of converting from tacrolimus (TAC) to sirolimus (SRL) on CD4+ T-lymphocyte subpopulations within the peripheral blood

mononuclear cell (PBMC) population isolated from kidney transplant recipients (KTRs). Distribution of the T helper type 1 (Th1) [interferon

(IFN-c)], Th17 [interleukin-17 (IL-17)], Th2 (IL-4) and regulatory T (Treg) CD4+ subpopulations within the total PBMC population in KTRs

(n = 5) before and after conversion from TAC to SRL. PBMCs from KTRs before and after conversion from TAC to SRL were stimulated for

4 hr in vitro with PMA and ionomycin in the presence of GolgiStop. The percentage of CD4+ T cells producing IFN-c, IL-4, or IL-17 was mea-

sured by flow cytometry. (a) The percentage of IFN-c+ CD4+ T cells within the PBMC populations isolated KTRs before and after conversion

from TAC to SRL. (b) The percentage of IL-4+ CD4+ T cells within the PBMC populations isolated KTRs before and after conversion from TAC

to SRL. **P < 0�01 versus before conversion. (c) The percentage of IL-17+ CD4+ T cells within the PBMC populations isolated KTRs before and

after conversion from TAC to SRL. **P < 0�01 versus before conversion. (d) The percentage of CD25+ FOXP3+ T cells within the PBMC popula-

tions isolated KTRs before and after conversion from TAC to SRL. Bars represent the mean � SD.
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to the same DNA motif competitively. Therefore, activa-

tion of STAT3 or STAT5 determines whether the Th cells

differentiate into Th17 or Treg cells.17 The present study

shows that SRL inhibited the phosphorylation of STAT3-

705 in CD4+ T cells, suggesting an interaction between

STAT3 and mTOR; previous studies show that rapamycin

inhibits STAT3 activation in both DCs and cancer

cells.44,45 This suggests that the SRL-mediated reduction

in STAT3 activation is closely associated with differentia-

tion into Treg cells rather than into effector Th17 cells.

Interestingly, we found that SRL-mediated inhibition of

STAT3 also increased Foxp3 activity. Therefore, it is pos-

sible that reduction in STAT3 activation by SRL activated

STAT5, considering the opposing effects of STAT3 and

STAT5 observed in animal models.17 The results of our

study in KTRs confirm that such duality also exists in

humans, during conversion from TAC to SRL.

Based on in vitro study, we evaluated if conversion from

TAC to SRL suppressed the Th17 pathway in KTRs. We

examined the T-cell subsets within the PBMC population

before and after conversion. Similar to the in vitro data, the

proportion of Th17 cells decreased significantly after con-

version to SRL. At the molecular level, SRL treatment

decreased the expression of IL-17 and increased the expres-

sion of Foxp3. In addition, SRL treatment suppressed both

IL-17 and IL-22 production by Th17 cells. Hence, conver-

sion from TAC to SRL favourably regulated the Th17/Treg

pathway in KTRs. Similar results have been observed in

liver transplant recipients, where conversion from TAC to

SRL increased the systemic regulatory T and dendritic cell

populations as well as the immunoregulatory proteoge-

nomic signatures.46 Taken together, conversion from TAC

to SRL is beneficial for regulating the Th17 pathway in

patients with solid organ transplants.

Figure 5. Conversion from tacrolimus (TAC) to sirolimus (SRL) increases the immunomodulatory potential of CD8+ regulatory T (Treg) cells in

kidney transplant recipients (KTRs). Distribution of naive, central memory (Tcm), effector memory (Tem) and regulatory CD8+ T-cell subpopu-

lations within the total peripheral blood mononuclear cell (PBMC) population in KTRs (n = 5) before and after conversion from TAC to SRL.

PBMCs isolated from KTRs before and after conversion from TAC to SRL were stimulated for 4 hr in vitro with PMA and ionomycin in the

presence of GolgiStop. CD8+ lymphocytes were stained with monoclonal antibodies against CD45RA and CCR7, which resulted in the identifica-

tion of four subsets. (a) The percentage of CD45RA+ CCR7+ CD8+ T cells (Tnaive/CD8+ T) within the PBMC populations isolated KTRs before

and after conversion from TAC to SRL. (b) The percentage of CD45RA� CCR7+ CD8+ T cells (Tcm/CD8+ T) within the PBMC populations iso-

lated KTRs before and after conversion from TAC to SRL. (c) The percentage of CD45RA� CCR7� CD8+ Tcells (Tem/CD8+ T) within the

PBMC populations isolated KTRs before and after conversion from TAC to SRL. **P < 0�01 versus before conversion. (d) The percentage of

CD8+ Treg/CD8+ cells (CD8+ CCR7+ CD8+ T) within the PBMC populations isolated from KTRs before and after conversion from TAC to SRL.

*P < 0�05 versus before conversion. Bars represent the mean � SD.
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One of the interesting findings of the present study is

that SRL conversion significantly increased the proportion

of CD8+ CCR7+ T cells (CD8+ Treg cells).24 It is well

known that CD8+ Treg cells suppress CD4+ T-cell activa-

tion and proliferation in animal models of autoimmune

disease and transplantation.24,47,48 Therefore, we tested

Figure 6. Suppression of effector T-cell proliferation by CD8+ regulatory T (Treg) cells induced with sirolimus (SRL). (a) Peripheral blood

mononuclear cells (PBMCs) were collected from healthy donors (n = 4), plated at a density of 2 9 105 per well, and then stimulated with an

anti-CD3 antibody, interleukin-15 (IL-15; 50 ng/ml), and SRL. On Day 3, the cells were harvested, stained with antibodies specific for CD8,

CCR7 and Foxp3 or isotype, and then subjected to flow cytometry. (b) CD8+ Treg-mediated suppression of the proliferation of effector T cells

within the PBMC population isolated from healthy donors was measured using a [3H]thymidine incorporation assay. Briefly, CD4+ T cells were

stimulated with anti-CD3 (1 lg/ml) and T-cell-depleted irradiated antigen-presenting cells (APC) in the absence or presence of CD8+ Treg cells

(CD8+ CCR7+) that were differentiated by exposure to 1 lg/ml plate-bound anti-CD3, IL-15 and SRL. The cells were cultured for 3 days. [3H]

Thymidine was added for the final 8 hr before harvesting. The incorporation of [3H]thymidine into the CD4+ T cells was measured using a

liquid b-scintillation counter. CD8+ Treg cells were isolated as CD8+ CCR7+ cells. The purity of all the T-cell subsets was > 95% as determined

by FACS analysis. *P < 0�05 versus Nil; #P < 0�05 versus anti-CD3. (c) IL-17 levels in the supernatants of the cultures described in (b).

**P < 0�01 versus Nil; ##P < 0�01 versus anti-CD3. Bars represent the mean � SD.
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whether CD8+ Treg cells suppress CD4+ cell proliferation

in humans by co-culture of CD8+ Treg cells with effector

CD4+ T cells. We found that SRL induced the expansion

of CD8+ Treg cells in vitro as well as in vivo, which inhib-

ited the proliferation of effector CD4+ T cells. We further

examined the effects of SRL on the differentiation of

CD8+ Treg cells and its regulatory function in vitro. As

shown in Figure 6, SRL induced the differentiation of

CD8+ T cells into Foxp3+ CCR7+ CD8+ T cells, and iso-

lated CD8+ Treg cells had a significant suppressive effect

on effector CD4+ T cells. Taken together, SRL exerts its

suppressive effects on CD4+ effector T cells by inducing

CD8+ Treg cells in animals as well as in humans.

One may argue that the CD8+ CCR7+ Treg cells identi-

fied in the present study overlap with previously

described human Treg cells, wherein they express the clas-

sical regulatory marker, Foxp3.24,49 However, their naive

phenotype and mechanism of action suggest that they

represent a novel CD8 subset. They also suppress CD4+

T-cell activation and proliferation by interfering with the

very early steps of T-cell receptor activation.24 In addi-

tion, this cell type has an important characteristic, namely

it can be reliably induced by stimulation by very low

doses of T-cell receptor cross-linking anti-CD3 antibod-

ies.24 The regulation of CD4+ T cells (including Th17

cells) by CD8+ CCR7+ Treg cells has been reported in a

mouse model of autoimmune disease and organ trans-

plantation.47,48 Therefore, this is also the first report

stating that human CD8+ Treg cells are not different from

the CD8+ Treg cells previously described in mice.

The results of this study clearly show that SRL has a

beneficial effect on the Th17/Treg axis. However, we must

consider that SRL treatment did not up-regulate Foxp3

regulatory T cells, which are otherwise induced by SRL

treatment in KTRs. The reason for this may be related to

the concomitant use of mycophenolate mofetil.50,51 Addi-

tionally, there was marked variability between individuals

in the mRNA levels of IL-17 and Foxp3 cytokines. There-

fore, we calculated the relative changes in values rather

than absolute changes to minimize individual variation.

In conclusion, SRL suppressed Th17 cells in vitro, and

conversion from TAC to SRL not only suppressed Th17

cells but also up-regulated Treg cells in vivo. These find-

ings provide the rationale for conversion from TAC to

SRL in KTRs.
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