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Summary

Rabbit anti-thymocyte globulins (rATG) induce CD4+CD25+forkhead box
P3 (FoxP3+) regulatory T cells that control alloreactivity. In the present
study, we investigated whether rATG convert T cells into functional
CD4+CD25+FoxP3+CD127-/low regulatory T cells in the presence of drugs that
may hamper their induction and function, i.e. calcineurin inhibitors. CD25neg

T cells were stimulated with rATG or control rabbit immunoglobulin G (rIgG)
in the absence and presence of tacrolimus for 24 h. Flow cytometry was per-
formed for CD4, CD25, FoxP3 and CD127 and the function of CD25+ T cells
was examined in suppression assays. MRNA expression profiles were com-
posed to study the underlying mechanisms. After stimulation, the percentage
CD4+CD25+FoxP3+CD127-/low increased (from 2% to 30%, mean, P < 0·01)
and was higher in the rATG samples than in control rIgG samples (2%,
P < 0·01). Interestingly, FoxP3+T cells were also induced when tacrolimus was
present in the rATG cultures. Blockade of the interleukin (IL)-2 pathway did
not affect the frequency of rATG-induced FoxP3+ T cells. The rATG
tacrolimus-induced CD25+ T cells inhibited proliferative responses of
alloantigen-stimulated effector T cells as vigorously as rATG-induced and
natural CD4+CD25+FoxP3+CD127-/low T cells (67% � 18% versus 69% � 16%
versus 45% � 20%, mean � standard error of the mean, respectively). At the
mRNA-expression level, rATG-induced CD25+ T cells abundantly expressed
IL-10, IL-27, interferon (IFN)-g, perforin and granzyme B in contrast to
natural CD25+ T cells (all P = 0·03), while FoxP3 was expressed at a lower level
(P = 0·03). These mRNA data were confirmed in regulatory T cells from
kidney transplant patients. Our findings demonstrate that tacrolimus does
not negatively affect the induction, phenotype and function of CD4+CD25+ T
cells, suggesting that rATG may induce regulatory T cells in patients who
receive tacrolimus maintenance therapy.
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Introduction

The major goal of transplantation immunobiology is to
prevent alloreactivity by inducing a state of donor-specific
hyporesponsiveness in order to acquire graft acceptance.
There are several protocols to establish this. First, a straight-
forward way of inhibiting alloreactivity can be accomplished
by immunosuppressive therapy. However, a major limitation
of the most common immunosuppressive regimens is that
they lack specificity, as they not only dampen the immune
responses against the allograft. Secondly, apart from mecha-
nisms such as clonal deletion, anergy or activation-induced

cell death (AICD), the in vivo skewing of the immune system
towards the regulatory T cells (Tregs) that control alloreac-
tivity seems to be promising in obtaining donor-specific
hyporesponsiveness as demonstrated in experimental trans-
plantation models [1,2].

It is tempting to speculate that immunosuppressive drugs
may also contribute to the development of donor-specific
hyporesponsiveness via the active induction of Tregs. Indeed,
experimental studies analysing the effects of various immu-
nosuppressive agents suggest that these drugs contribute
beneficially to immunoregulatory mechanisms [3–5]. For
instance, rabbit anti-thymocyte globulin (rATG), which is
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given as induction therapy after transplantation, convert
human CD25neg T cells into functional suppressive
CD4+CD25+forkhead box P3 (FoxP3+) T cells in vitro [5,6].
Previously, we have reported that the number of
CD4+CD25bright regulatory T cells recovered slowly and
incompletely in kidney transplant recipients within 6
months after rATG-induction therapy when given in combi-
nation with a calcineurin inhibitor (CNI) and mycopheno-
late mofetil (MMF) [7]. Nevertheless, the donor-specific
suppressive properties of these peripheral CD4+CD25bright T
cells were equivalent to that of the CD4+CD25bright T cells
before transplantation. In line with these results, it has been
shown that steroids do not hamper the recovery of
CD4+CD25+ regulatory T cells after treatment of kidney
transplant patients with a non-depletive rATG-solution [8].
Moreover, the patient group that received rATG-treatment
without steroids did not show enhanced levels of Tregs after
treatment. Our study and the latter imply that CNIs might be
responsible for the lack of enhanced Treg numbers after rATG
therapy compared to pretreatment.

As CD4+CD25+ regulatory T cells require interleukin
(IL)-2 and other members of the IL-2 cytokine family for
their development, homeostasis and function [9–12], their
frequency or function might be affected by CNIs that inhibit
the transcription nuclear factor of activated T cells (NFAT)
required for IL-2 transcription [13–15] or by anti-IL-2
receptor antibodies (daclizumab/basiliximab) that block
IL-2 signalling [15]. This may imply that in patients, these
agents may influence negatively the beneficial effects of rATG
on the induction of Tregs.

To understand the factors that enhance or harm the devel-
opment of functional rATG-induced Tregs, we investigated the
induction of rATG-induced Tregs in the presence and absence
of a CNI (tacrolimus), antibodies that abolish IL-2 (anti-
IL-2) and block IL-2R signalling (daclizumab) on human
peripheral blood cells. Furthermore, the rATG-treated cells
were analysed functionally and characterized according to
their gene-expression patterns to reveal their underlying
mechanisms. The gene-expression profiles obtained in vitro
were verified in kidney transplant patients who received
rATG induction therapy and CNI maintenance therapy and
were compared to a non-rATG group. These findings may
have important implications for understanding one of the
mechanisms of action of rATG in transplanted patients after
rATG induction therapy which is followed by concomitant
immunosuppression.

Materials and methods

Induction of Tregs

Peripheral blood mononuclear cells (PBMC) were isolated
by density gradient centrifugation over Ficoll-Paque (Amer-
sham Pharmacia Biotech, Uppsala, Sweden) from buffy
coats of five blood bank donors (Sanquin Blood Bank,

Rotterdam, the Netherlands). PBMC were washed twice and
resuspended in 10% human cell medium (HCM), which
consisted of RPMI-1640 medium with L-glutamine (Bio-
Whittaker, Verviers, Belgium) supplemented with 10%
pooled human serum and 100 IU/ml penicillin and
100 mg/ml streptomycin (GIBCO, BRL, Scotland, UK). The
CD25+ T cells were depleted of the PBMC by incubation
with anti-CD25 microbeads (Miltenyi Biotech, Bergisch
Gladbach, Germany) followed by negative selection on the
autoMACS (Miltenyi Biotech; deplete-s program). The
untouched residual fraction consisted of CD25neg cells
(>95% Fig. 1a). To induce Tregs with rATG, the residual
(CD25neg) fraction was washed and resuspended in HCM to
a final concentration of 5·105/ml. RATG (10 mg/ml, thymo-
globulin; Genzyme Corporation, Cambridge, MA, USA), a
control polyclonal rabbit IgG antibody (rIgG, 10 mg/ml,
Sigma-Aldrich, St Louis, MO, USA), was added for 24 and
72 h. Tacrolimus (10 ng/ml; Astellas, Tokyo, Japan), mono-
clonal anti-human IL-2 Ra antibody (1 mg/ml; R&D
Systems, Minneapolis, MN, USA) or anti-human IL-2 anti-
body (1 mg/ml; R&D Systems) was added to the rATG-
treated cultures for 24 h.

Flow cytometry

Flow cytometry was performed using antibodies conjugated
directly to fluorescein isothiocyanate (FITC), phycoerythrin
(PE), allophycocyanin (APC) or peridinin chlorophyll
protein (PerCP) and Amcyan. After incubation with rATG
or rIgG, PBMC were harvested and FoxP3-intracellular
staining was performed according to the manufacturer’s
instructions (FoxP3-APC, clone PCH101; eBioscience, San
Diego, CA, USA). Extracellular staining was conducted
prior to intracellular staining with FITC-conjugated CD127
(eBioscience), IgG1, PerCP-conjugated CD4, PE-conjugated
CD25 epitope B (clone M-A251; BD Biosciences, San Jose,
CA, USA), PE-conjugated CD25 and Amcyan-conjugated
CD3 at 4°C for 30 min (BD Biosciences). In a separate plate,
PE-conjugated granzyme B (Pelicluster, clone CLB-GB11;
CLB, Amsterdam, the Netherlands) was added simulta-
neously during incubation with the FoxP3-antibody. Prior
to this intracellular staining, extracellular staining with
PE-Cy7-conjugated CD25 epitope B (clone M-A251; BD
Biosciences) and PerCP-conjugated CD4 was performed.
Flow cytometry was performed on an eight-colour fluores-
cence activated cell sorter (FACS) Canto II supplemented
with diva software (BD Biosciences). Isotype controls
IgG1-FITC and IgG1-PE for CD25 and granzyme B and
CD127 and IgG2a-APC were included at each staining as
controls as well as the fluorescence minus one (FMO) con-
trols [16].

Phosphospecific flow cytometry was performed according
to the manufacturer’s specifications (BD Biosciences) on
CD25neg cells (blood bank donor buffy coats n = 3; Sanquin)
before (unstimulated) and after 24 h of rATG (10 mg/ml)
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and rATG–tacrolimus (10 ng/ml) stimulation. PBMC and
CD25neg cells (1·106) that were stimulated with PMA–
ionomycin for 10 min at 37°C served as positive controls.
Phosphorylation of P38 in CD3+CD4+, CD4+CD25+ and
CD4+CD25neg gated cells was determined by five-colour flow
cytometry using the following antibodies: mitogen-activated
protein kinase (MAPK)-P38-PE (clone 36/p38 pT180/

pY182; BD Biosciences), CD3-PerCP, CD4-PB and CD25-
PE-Cy7 epitope B (clone M-A251; BD Biosciences). Cells
were analysed on a FACSCanto II flow cytometer (BD Bio-
sciences) for data analysis. Twenty thousand gated lympho-
cyte events were acquired from each tube. Median
fluorescent intensity values (MFI) were generated by analys-
ing the data with diva version 6·0 software (BD Biosciences).
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Fig. 1. Induction of regulatory T cells. (a)

Depletion of CD25+ T cells from peripheral

blood mononuclear cells (PBMC). (b)

Incubation of CD25neg T cells with rabbit

immunoglobulin G (rIgG), tacrolimus, rabbit

anti-thymocyte globulins (rATG), rATG +
tacrolimus, rATG + interleukin (IL)-2 receptor

(R)-a and rATG + anti-IL-2. Gate shows the

percentage of CD25+ of CD4+ T cells. (c)

Percentage of CD25+ T cells of CD4+, n = 3.

Differences were tested statistically by analysis

of variance (anova), P < 0·0001. (d)

Representative example of percentage of

forkhead box P3 (FoxP3+)CD127-/lowI within

the induced CD25+ T cells of all cultures in the

presence of rATG. CD25neg cells from PBMC

(top panels) were stimulated for 24 h with

rATG, rATG + tacrolimus, rATG + anti-IL-2Ra
and rATG + anti-IL-2. After 24 h, induced

CD25+ T cells were gated and analysed for their

FoxP3+CD127-/low expression (middle panels).

Gates for positivity were set on

FoxP3+CD127-/low cells within natural (nCD25+)

T cells after 24 h of incubation with rATG.

FoxP3+CD127-/low cells were absent within

CD25neg cells incubated with control rIgG

(lower panels). (e) Percentage of

FoxP3+CD127-/low of induced CD25+ T cells,

three healthy individuals. Error bars represent

mean � standard error of the mean. Differences

were tested statistically by anova. P < 0·0001;

*P < 0·05; ***P < 0·001.
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FMO controls and unstained control tubes were also
included.

Isolation of human natural and induced Tregs and suppression
assays. To test their function, natural and induced CD25+ T
cells were isolated from the PBMC after incubation
with anti-CD25 microbeads; Miltenyi Biotech) followed
by a positive selection (posseld program) on the
autoMACS (Miltenyi Biotech), as described previously [17].
The isolated and residual fractions were washed and resus-
pended in HCM for functional analysis. The untouched
residual fraction consisted for �98% of CD25-/dim effector
cells. The purity of the CD25+ isolated fraction was �90%
[17].

The function of CD25+ T cells was determined by mixed
lymphocyte reactions in which their suppressive capacities
were measured by their ability to inhibit the proliferative
response of autologous CD25neg effector T cells (CD25neg

Teff). CD25neg Teff were co-cultured in triplicate with natural
CD25+ T cells or with induced CD25+ T cells. Irradiated
(40 Gy) 2-2-2 HLA mismatched allogeneic PBMC were used
as stimulator cells (105 cells/100 ml) and co-cultured with
5·104 cells/100 ml of a CD25+ : CD25neg mixture at 1:10 in
triplicate wells in round-bottomed 96-well plates (Nunc,
Roskilde, Denmark). Moreover, the natural and rATG-
induced CD25+ T cells were co-cultured with irradiated
CD25-/dim Teff in the presence of alloantigens to confirm
their anergic state.
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After 7 days of incubation at 37°C in a humidified
atmosphere of 5% CO2, proliferation was measured
after [3H]-thymidine (0·5 mCi/well; Amersham Pharmacia
Biotech, Buckinghamshire, UK) incubation for the last 16 h
before harvesting. [3H]-thymidine incorporation into DNA
was assessed using a Betaplate counter (LKB-Wallac, Turku,
Finland).

Patient samples

Six kidney transplant patients were enrolled in this study and
were part of a feasibility study. Three patients were given one
infusion of 1·5 mg/kg anti-thymocyte globulin (rabbit) (Thy-
moglobulin®, Genzyme Corporation, Cambridge, MA, USA)
each day at days 1, 2 and 3 after transplantation followed by a
triple therapy maintenance regimen consisting of tacrolimus,
MMF and prednisone. MMF and prednisone were given from
day 1 and tacrolimus was given from day 2 after transplanta-
tion. A control non-rATG group (three patients) was treated
with tacrolimus, MMF and prednisone. Heparinized blood
was drawn at 12 weeks (median) post-transplant, when
median T cell numbers were 400 T cells/ml (three rATG
patients). PBMC were isolated as described above by density
gradient centrifugation over Ficoll-Paque. Subsequently,
CD4+CD25+CD127-/low and CD4+CD25negCD127+ T cells
were sorted with the FACSAria II (BD Biosciences) on
PerCP-conjugated 7AAD, Pacific Blue-conjugated CD4,
PE-Cy7-conjugated CD25 and PE-conjugated CD127 (BD
Biosciences). The purity of CD25+ within sorted cells was
�98%. After isolation, T cell subsets were snap-frozen for
polymerase chain reaction (PCR) analyses.

Quantitative (Q) PCR

To analyse the gene expression patterns of the samples
obtained from healthy individuals and patients, the CD25neg

T cells on day 0, rATG-induced and rATG–tacrolimus-
induced CD25+ and CD25neg T cells after 24 h, and natural
CD25+ T cells were harvested and total RNA was isolated
using the High Pure RNA isolation kit (Roche Applied
Science, Penzberg, Germany), according to the manufactur-
er’s instructions. RNA isolation from the patient samples
was performed by extraction with phenol. In brief, cDNA
was synthesized from total RNA with random primers as
described previously [15]. Q-PCR was applied to quantify
the mRNA expression levels of IL-4, retinoic acid-related
orphan receptor (ROR)gt, perforin and granzyme B using
the primer express software (Applied Biosystems, Foster
City, CA, USA). Assay-on-demand products for the
detection and quantification of 18S (Hs99999901_s1),
CD25 (Hs00166229.m1), FoxP3 (Hs00203958_m1), IL-2
(Hs00174114.m1), IL-10 (Hs00174086.m1), Epstein–Barr
virus-induced gene 3 (EBI3) (Hs01057148.m1), IL27p28
(Hs00377366.m1) and interferon (IFN)-g (Hs00174143.m1)
mRNA was designed by Applied Biosystems. The PCR reac-
tions were performed using a StepOnePlus real-time PCR

system (Applied Biosystems). The amount of each target
molecule was quantified by measuring the cycle threshold
(Ct) values, which were transformed to the number of cDNA
copies [2(40-Ct)] [18]. Each run contained several negative
controls (no template) and two positive reference samples to
check intra- and interassay variations. The same reference
samples were used in all experiments. There were no signifi-
cant differences in Ct values of reference samples within and
between the experiments (all <0·25 Ct). The relative concen-
trations of the analysed markers were normalized to the
relative concentration of the housekeeping gene 18S that was
present in each sample and multiplied by 106 due to the
lower concentration of the target gene compared with the
concentration of 18S [18].

Cytotoxic T lymphocyte-mediated lysis (CML) assay

Activated CD25-/dim T cells (six blood bank donors) that
served as target cells were isolated by autoMACS as described
above and were stimulated with 200 IU/ml recombinant IL-2
(proleukin; Chiron BV, Amsterdam, the Netherlands),
2 mg/ml of the mitogen phytohaemaagglutinin (PHA) and
100 ng/ml IFN-g [to up-regulate human leucocyte antigen
(HLA) class II, U-Cytech, the Netherlands, Fig. 5d] in
24-well plates (Greiner) for 7 days at 37°C. On day 7, these
autologous or allogeneic target blasts (target; T) were
labelled with Europium-DTPA. HLA-class II expression by
the target cells was analysed after staining with HLA
D-regulated (HLA-DR) FITC and CD4-PerCP by flow
cytometry (BD Biosciences).

For effector cells we used PBMC that were stimulated with
allogeneic irradiated PBMC and 200 IU/ml IL-2 for 7 days at
37°C. At day 7, these activated cells (effector; E) were
co-cultured in 96-well plates for 4 h with autologous or allo-
geneic target blasts and served as the negative and positive
control for cytotoxicity, respectively. Natural CD25+ T cells,
rATG-induced and rATG–tacrolimus-induced CD25+ T cells
were also used as effector cells and co-cultured with autolo-
gous and allogeneic target blasts at different effector : target
(E : T) ratios (40:1, 20:1, 10:1, 5:1). After 4 h of incubation,
the plates were centrifuged and 20 ml of the supernatant was
harvested. Enhancement solution (100 ml; PerkinElmer,
Groningen, the Netherlands) was added to the wells. Fluo-
rescence of the released Europium was measured and
expressed in counts per second (cps). The percentage lysis
was calculated by [measured E:T Europium release –
background Europium release (0:1)/(maximum Europium

release – background Europium release) (¥100%)]. Maxi-
mum Europium release was measured by incubation of
target cells with 1% Triton (Sigma-Aldrich, Zwijndrecht, the
Netherlands).

Calculations and statistical analyses

Statistical analysis of flow cytometry was performed using
Graphpad Prism (version 5). To test if the values have
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normal distribution, the Kolmogorov–Smirnov test was
used. For the determination of statistically significant levels,
two-sided probability values were used according to the
Mann–Whitney U-test. One-way analysis of variance
(anova) was performed for multiple testing and post hoc
analyses were performed using Bonferroni’s test for multiple
comparisons. P-values �0·05 were considered statistically
significant.

Results

Induction of human CD4+CD25+FoxP3+CD127–/low

Tregs with rATG

We performed induction experiments with rATG by the
incubation of human CD25neg T cells that were depleted
from PBMC (Fig. 1a). A typical example of induced CD25
expression after stimulation with rATG is shown in Fig. 1b.
CD25+ T cells were induced in the rATG-treated samples
[27% � 1·7%, mean � standard error of the mean (s.e.m.),
n = 5, Fig. 1c] and the percentage CD25+ was significantly
higher than in the rIgG-treated samples (2·6% � 0·5%,
Fig. 1c). Also, when incubated with rATG in the presence of
tacrolimus, the proportion of CD25+ T cells was significantly
higher compared to the rIgG-treated samples (41% � 1·6%,
Fig. 1c), while tacrolimus alone had no effect on the percent-
age of CD25+ T cells compared to the rIgG-treated samples.

To evaluate the effect of IL-2, we subsequently inhibited
the IL-2 pathway. Incubation of CD25neg T cell cultures in the
presence of an IL-2Ra inhibitor and rATG for 24 h also
resulted in a significantly higher percentage of CD25-
expressing CD4+ T cells than in the rIgG-treated samples
(IL-2Ra: 21% � 3·9% and anti-IL-2: 34% � 8·1%, Fig. 1c).
Next, the percentage of FoxP3+CD127-/low T cells was assessed
within the CD4+CD25+ T cells. FoxP3+CD127-/low T cells
were induced within the CD25+ T cells in all cultures with
rATG (Fig. 1d). The percentages of FoxP3+CD127-/low of
CD4+CD25+ T cells for the rIgG, rATG, rATG–tacrolimus,
IL-2Ra and anti-IL-2 antibody were 2% � 0·6%, 30% �

3·9%, 19% � 4·4%, 27% � 2·2% and 30% � 3·5%, respec-
tively (Fig. 1e).

It has been reported that phosphorylation P38, an impor-
tant component of the MAPK pathway that is linked to
NFAT, can be inhibited by CNI [19–21]. Interestingly, P38
phosphorylation is required for transforming growth factor
(TGF)-b-induced conversion of CD4+CD25neg cells into
CD4+CD25+FoxP3+ Tregs [22]. Therefore, we questioned
whether P38 phosphorylation was also induced after stimu-
lation of CD25neg cells with rATG to induce FoxP3
expression. We found that phosphorylation was present at
low levels in unstimulated CD25neg cells (Fig. 2a) and
increased after 10 min of stimulation with PMA–ionomycin.
Subsequently, the phosphorylation level of P38 was mea-
sured in the total CD4+ population after 24 h of incubation
of CD25neg cells with rATG and rATG–tacrolimus. Phospho-

rylation of P38 was increased in the rATG-treated samples
and the rATG–tacrolimus incubated samples. We did not
find a difference in P38 phosphorylation level between
rATG- and rATG–tacrolimus-treated samples (Fig. 2b).
When gated on the rATG-induced CD25+ T cells, the level of
phosphorylated P38 was comparable with that in natural
CD25+ (Fig. 2b). Moreover, the level of phosphorylated P38
was higher in natural and rATG-induced CD25+ than in
CD25neg.

Functional analysis of Tregs

Subsequently, we studied the suppressive capacity of rATG-
and rATG–tacrolimus-induced CD4+CD25+ T cells. There-
fore, these induced CD4+CD25+ T cells were isolated from
the total PBMC population after 24 h and co-cultured in a
suppression assay with autologous CD25neg T cells during
stimulation with alloantigen.

After co-culture with natural CD25+, rATG-induced
CD25+ or rATG–tacrolimus-induced CD25+ T cells, the pro-
liferative responses by CD25neg T cells were lower (Fig. 3a).
The rATG-induced CD25+ T cells that were induced in the
presence or absence of tacrolimus inhibited the response at a
comparable level to natural CD25+ T cells (mean � s.e.m.) at
a 1:10 ratio (rATG-induced CD25+ 69% � 16%, rATG–
tacrolimus-induced CD25+ 67% � 18% versus natural
CD25+ 45% � 20%, Fig. 3b). The analogous suppressive
capacities of the rATG-induced and the rATG–tacrolimus-
induced CD25+ T cells suggest that rATG promotes bona fide
regulatory T cells even in the presence of tacrolimus.

A key characteristic of natural CD25+ suppressor T cells is
that they do not proliferate upon stimulation with
alloantigen. We found that the rATG-induced and rATG–
tacrolimus-induced CD25+ T cells also did not show a pro-
liferative response upon stimulation with alloantigen for 7
days, suggesting that the cells are anergic (rATG; 487 � 153,
rATG–tacrolimus; 369 � 186, mean � s.e.m.).

Gene expression profile of rATG-induced Tregs in the
absence and presence of tacrolimus

To reveal the key molecules involved in the mechanism of
action of rATG–tacrolimus-induced CD25+ T cells, we inves-
tigated their gene expression profiles on these T cells and
compared them with rATG-induced and natural CD25+ T
cells. The purity of CD25+ within sorted cells was �98%.

The mRNA expression of FoxP3 was significantly lower in
the rATG-induced and rATG–tacrolimus-induced CD25+ T
cells compared with natural CD25+ T cells (Fig. 4). IL-10,
IL-27p28 and EBI3, IFN-g, perforin and granzyme B were all
expressed abundantly in the rATG- and rATG–tacrolimus-
induced CD25+ T cells compared to natural CD25+ T cells
(Fig. 4).

Next, we compared the profiles of the rATG-induced
CD25+ T cells in the presence and absence of tacrolimus and
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it appeared that the mRNA expression of all tested genes,
with the exclusion of FoxP3 and IL-27p28, were significantly
higher in the rATG-(I) CD25+ T cells in the presence of
tacrolimus (Fig. 4). Overall, the gene expression profile of
the rATG–tacrolimus-induced CD25+ T cells was compa-
rable to the rATG-induced CD25+ T cells while distinct from
that of natural CD25+ T cells (Fig. 4). IL-2, IL-4 and the
transcription factor for T helper type 17 (Th17) cells RORgT
were undetectable.

Flow cytometric analyses of granzyme B and cytotoxic
activities by induced Tregs

The finding that granzyme B mRNA levels were up-regulated
in the rATG-induced and more than 80-fold in rATG–
tacrolimus-induced CD25+ T cells compared to natural
CD25+ T cells prompted us to link the results on the transcrip-
tional level with the translational level. Therefore, we also

investigated the expression of this protein in these T cells. The
percentages and fluorescence intensities of granzyme B+ T
cells within the CD4+CD25+FoxP3+ T cells were measured
to determine co-expression of granzyme B and FoxP3.
A representative example of granzyme B+ T cells within
CD4+CD25+FoxP3+ T cells is shown in Fig. 5a. A considerably
higher percentage was granzyme B+ of the rATG–tacrolimus-
induced CD4+CD25+FoxP3+ T cells, compared with natural
CD25+FoxP3+ T cells (Fig. 5a,b). The fluorescence intensities
of granzyme B were also higher in the rATG–tacrolimus- and
rATG-induced CD25+FoxP3+ T cells compared to the natural
CD25+FoxP3+ T cells, suggesting a higher per-cell expression
(Fig. 5a). The percentage of granzyme B+ T cells was the same
between rATG and rATG–tacrolimus-induced CD25+ T cell
populations, whether defined as CD4+CD25+FoxP3+ (Fig. 5b)
or CD4+CD25+ T cells (Fig. 5c).

To check whether the rATG-induced and rATG–
tacrolimus-induced CD25+ T cells have cytotoxic activities,

Fig. 2. P38 phospho-specific flow cytometry.

(a) Representative example of P38

phosphorylation levels in unstimulated, phorbol

myristate acetate (PMA)–ionomycin-stimulated,

rabbit anti-thymocyte globulins

(rATG)-stimulated CD4+CD25neg cells. Median

fluorescence intensities are depicted of

phosphorylated P38 in CD4+ T cells after 24 h

of culture. (b) P38 phosphorylation in

unstimulated CD4+CD25neg cells,

PMA–ionomycin-stimulated CD4+CD25neg cells,

rATG-stimulated CD4+CD25neg cells and

rATG–tacrolimus-stimulated CD4+CD25neg cells,

n = 3. (c) phosphorylation of P38 in

unstimulated and PMA–ionomycin-stimulated

natural CD4+CD25+ (nCD4+CD25+) and

CD4+CD25neg cells from PBMC and

rATG-induced CD4+CD25+ and CD25neg cells.
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we performed a CML assay. Natural, rATG-induced and
rATG–tacrolimus-induced CD25+ T cells were used as effec-
tor cells and target blasts were generated in the presence of
IL-2 and IFN-g from autologous and allogeneic PBMC and
labelled with Europium. First, we checked the HLA-class II
expression on T cell blasts. In the presence of IFN-g, T cell
blasts abundantly up-regulated HLA-class II (Fig. 5d).
Allogeneic-stimulated PBMC were able to lyse allogeneic but
not autologous target blasts. The percentage lysis of alloge-
neic target blasts by natural, rATG and rATG–tacrolimus-
induced CD25+ was comparable to that of the autologous

control, showing that they do not lyse allogeneic target blasts
(Fig. 5e).

Gene expression profile of Tregs in kidney transplant
patients after rATG induction therapy

To confirm expression levels found in vitro in cells from
healthy individuals, the mRNA expression patterns of the
same set of genes on CD25+ T cells from kidney transplant
patients who received rATG induction therapy were followed
by maintenance therapy consisting of tacrolimus. A non-
rATG group who received maintenance therapy alone served
as control, because their PBMC are composed of only natural
Tregs and are not heterogeneous, as expected for the rATG-
treated patients. The FACS-sorted CD4+CD25+CD127-/low T
cells of patients within the rATG group showed significantly
higher expression of CD25 and FoxP3 than the same T cell
subset from patients in the non-rATG group (Fig. 6). More-
over, the mRNA-expression levels of IL-10, IL-2, IFN-g, per-
forin and granzyme B were also expressed highly in the
CD4+CD25+CD127-/low from rATG-treated patients com-
pared with the CD4+CD25+CD127-/low T cells from the control
group (Fig. 6). The mRNA levels of IL-27p28 and EBI3 were
not detectable in the patient samples.

Discussion

The main mechanism of action of most immunosuppressive
drugs is to down-regulate immune responses against alloan-
tigen by effector T cells. However, it became apparent that
immunoglobulins can serve as the trigger for cytokines as,
for example, IL-10 or TGF-b in the microenvironment of T
cells to induce or expand Tregs.

In the present study, we explored the effect of immuno-
suppressants that hamper the IL-2 pathway on inducible
regulatory T cells by rATG. We show that rATG induce CD25
and FoxP3 expression both in the presence and absence of
tacrolimus and Daclizumab (Fig. 1). These rATG–tacrolimus
CD25+ T cells have the same phenotype (Fig. 1) and P38-
phosphorylation levels (Fig. 2), exhibit equal suppressive
activities (Fig. 3) and have similar gene expression patterns
(Fig. 4) compared to rATG-induced CD25+ T cells, showing
that tacrolimus does not affect Treg induction negatively by
rATG. The gene expression levels of rATG-induced CD25+ T
cells in the presence of tacrolimus even seem to be enhanced.
When the gene expression levels were verified in kidney
transplant patients who received rATG-induction therapy,
the in vitro data were confirmed (Fig. 6).

As it is well known that IL-2 expands
CD4+CD25brightFoxP3+ T cells in vitro [23–25], the role of
IL-2 in the development and homeostasis of FoxP3+ T cells
with suppressive function is inconclusive. Incubation of
human CD4+CD25neg T cells with IL-2 does not necessarily
result in induction of CD25 or FoxP3 [26,27]. After activa-
tion with anti-CD3/CD28 and IL-2, the FoxP3neg T cells
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Fig. 3. Suppression assays with natural (n) and rATG-induced (I) and

rATG-tacrolimus-induced CD25+ T cells. (a) Proliferative responses

after [3H]-thymidine incorporation are shown in counts per minute

(cpm) of CD25neg T cells in response to alloantigen (black bar) and

of CD25neg T cells in the presence of (n) CD25+ T cells (grey bar),

rATG (I) (dotted bar) and rATG–tacrolimus-induced (striped bar)

CD25+ T cells. (b) Percentage inhibition of the proliferation of

CD25neg T cells by (n) (grey bar), rATG-(I) (dotted bar) and

rATG–tacrolimus-induced (striped bar) CD25+ T cells.

Mean � standard error of the mean are shown for five healthy

individuals.
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express FoxP3 only transiently but do not exhibit suppressive
properties, showing that FoxP3 has to be expressed consti-
tutively to induce regulatory activity [26,28,29]. In contrast
to these results, it has been reported that FoxP3 is present in
IL-2-/-, IL-2Ra-/- and IL-2Rb-/- Tregs that have a regulatory
function, while T cells from IL-2Rg-/- mice do not express
FoxP3 [9]. Thus, in line with our results using human cells,
the direct (anti-IL-2) or indirect blockade of IL-2 (cal-
cineurin inhibitor) still permits T cell signalling by other
cytokines of the common g-chain (CD132) that may com-
pensate for the absence of IL-2 and may provide signals
involved in the development, homeostasis and function of
Tregs [10]. As it has been reported that blockade of the IL-2
pathway or the expression of Th17-inducing cytokines (IL-6
and IL-23) [30] may lead to the induction of Th17 cells and
not of regulatory T cells, we now show that FoxP3+ regula-

tory T cells are induced even in the presence of IL-2 pathway
inhibitors.

Antigenic stimulation alone is sufficient to induce conver-
sion of conventional T cells into Tregs. This conversion takes
place at an even higher rate when IL-2 is blocked, resulting in
reduced proliferation of naive T cells that will differentiate
into FoxP3+ Tregs [31]. Tregs that can be induced in the periph-
ery upon encounter with antigen have been reported previ-
ously; for example, the FoxP3+TGF-b-producing Th3 cells
and the FoxP3neg IL-10-producing Tr1 cells that up-regulate
FoxP3 after antigen stimulation [4]. In our rATG–tacrolimus
model, foreign rabbit antigens may serve as TCR trigger.
However, although this resulted in an increased proportion
of CD25, this was not associated with a higher proportion of
FoxP3 positivity when the IL-2 pathway was blocked. Thus,
for the induction and development of FoxP3 expression,

Fig. 4. Relative mRNA expression patterns of

(n) (grey bar), rabbit anti-thymocyte globulins

(rATG) (I) (dotted bar) and rATG–tacrolimus

(I) (striped bar) CD25+ T cells for forkhead box

P3 (FoxP3), interleukin (IL)-10, Epstein–Barr

virus-induced gene 3 (EBI3), IL-27p28,

interferon (IFN)-g, perforin and granzyme B

for four healthy individuals. Error bars

represent mean � standard error of the mean.

Significance was tested by analysis of variance

(anova); FoxP3; P < 0·0001, IL-10; P = 0·0007,

EBI3; P < 0·0001, IL-27p28; P = 0·01, IFN-g.

P = 0·0008, perforin; P < 0·0001, granzyme B;

P = 0·0014, *P < 0·05.
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both gc-cytokines and T cell receptor (TCR) stimulation are
required.

Interestingly, the protein levels of other cytokines of the
IL-2 family, IL-7 and IL-15, are increased in the serum of
renal allografts recipients during the early post-transplant
period, as demonstrated by Simon et al. [32]. These other
cytokines of the IL-2 family may thus bypass the function of
IL-2 itself to facilitate a certain FoxP3 expression and may
allow the induction of Tregs in the presence of a calcineurin
inhibitor in vitro and in vivo, as shown by our findings. IFN-g
is highly expressed by rATG-induced Tregs. It has been
described previously that this cytokine may also play a
crucial role in the function of induced Tregs in vivo [33,34].
Furthermore, a convincing role has been attributed to per-
forin and granzyme B in Tregs to mediate suppression and
induce tolerance [35,36]. However, the rATG- and rATG–
tacrolimus-induced Tregs do not operate by cytotoxicity, as
shown in Fig. 5e. There could be two explanations for the
absence of cytotoxic activity by the rATG-induced T cells.
First, the frequency of granzyme B-expressing cells is lower

in the rATG-induced CD4+CD25+ T cells (11% mean,
Fig. 5c) than in cytotoxic CD8+ T cells or natural killer (NK)
cells (40% of CD8+ T cells and 50% of NK cells after stimu-
lation [37]). Thus, to accomplish lysis of target blasts, the
frequency of granzyme B-expressing cells should be higher.
Secondly, granzyme B expression in the induced Tregs is
merely a phenotypic marker of T cell activation and is not
linked to cytotoxic activities (cell granule exocytosis). The
lack of correlation between granzyme B expressing PBMC in
enzyme-linked immunospot (ELISPOT) and cytotoxic
activities has also been found previously by our group [38],
and has been shown in other human non-cytotoxic
granzyme B-expressing cells types [39]. In these cells and the
rATG-induced Tregs, granzyme B may have other non-
apoptotic functions [39].

RATG-induced CD4+ and CD4+CD25+ T cells are charac-
terized by high NFAT1-expression, as has been described by
Feng et al. [6]. This observation clarifies the induction of
FoxP3 in these cells, thereby confirming FoxP3 expression
and regulatory activity. Disruption of the interaction
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Fig. 5. Flow cytometric analyses of granzyme B

expression (a) within natural (green curve),

rabbit anti-thymocyte globulins (rATG) (I)

(dark blue curve) and rATG–tacrolimus (I) (red

curve) CD25+FoxP3+CD127low T cells. The

marker represents the percentage of granzyme

B-positive cells. The table shows the median

fluorescence of granzyme B. (b) Percentage of

granzyme B-positive cells for three healthy

individuals and (c) percentage of granzyme

B-positive cells within CD4+CD25+ T cells of

three healthy individuals. Mean � standard

error of the mean (s.e.m.) is shown. (d) One

example of up-regulation of human leucocyte

antigen (HLA) class II on CD4+ T cell blasts

(gated on CD3+CD4+ T cells) in the presence of

interferon (IFN)-g. (e) Cytotoxicity assay with

natural, rATG and rATG–tacrolimus-induced

regulatory T cells (Treg) as effector cells (E) and

Europium-labelled target blasts (T). Natural

and induced Tregs are co-cultured with

allogeneic target blasts. Means � s.e.m. are

shown for six healthy controls.
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between FoxP3 with NFAT resulted in a graded manner, with
the ability of FoxP3 to repress the expression of IL-2 and to
up-regulate CTLA-4 and CD25 [40,41]. Thus, it may be
speculated that by the addition of a calcineurin inhibitor,
NFAT cannot be phosphorylated and is not able to form a
complex with FoxP3 [41], resulting in down-regulation of
FoxP3. Phosphorylation of MAPK-P38, which regulates the

transcription and activation NFAT [19,20], has been shown
to be necessary for the in vitro induction of FoxP3+ regula-
tory T cells with TGF-b [22]. Our results show that the
phosphorylation of P38 was induced in rATG-incubated
cells and reached almost the same level as after PMA–
ionomycin stimulation. Considering that the NFAT and
MAPK pathways interact with each other, and both pathways
can be inhibited by a calcineurin inhibitor [21], it would be
expected that rATG-induced P38 phosphorylation is inhib-
ited in the rATG–tacrolimus-induced Tregs. Our findings
show that rATG-induced P38 phosphorylation was not
inhibited in the presence of tacrolimus and FoxP3 expression
was also not impaired (Fig. 2b). Apparently, rATG is a potent
stimulus of this pathway and dominates the inhibitory effect
of tacrolimus. Interestingly, the P38 phosphorylation level
was higher within the rATG-induced CD25+ cells than within
CD25neg cells and comparable to the natural CD25+ level,
showing that they are bona fide Tregs (Fig. 2c). Moreover, the
suppressive capacities of rATG–tacrolimus-induced CD25+ T
cells were the same as rATG and natural CD25+ T cells. There
are three possible explanations for this phenomenon. First, it
could be that there is Ca2+-independent transcription of
IL-2, as a calcineurin inhibitor inhibits IL-2 production for
only 70–80% and thus is not the only pathway leading to
proliferation [42,43], providing enough IL-2 for Treg homeo-
stasis and function. Secondly, it has been demonstrated that
therapeutic levels of cyclosporin A do not inhibit all cal-
cineurin that is present in the cell (only about 50%), thereby
allowing strong signals to trigger cytokine expression
[44–46]. Thirdly, in a study with atopic dermatitis patients,
the authors reasoned that partial T cell activation to induce
activation-induced cell death makes Teff more sensitive to
cyclosporin A than Treg [47]. This notion is supported by our
findings, as tacrolimus apparently affects the signalling of
effector T cells only by inhibiting their activation and their
IL-2 production. In addition, an important function of cal-
cineurin is to prevent deletion of activated T cells through
the inhibition of activation-induced cell death. CNI allevi-
ates this inhibition by transducing a ‘stress’ activation signal
into the cell that subsequently triggers apoptosis. The stress
activation signal may account for the ‘activated’ T cell gene
expression pattern of rATG-induced Treg in the presence of
tacrolimus.

In kidney transplant patients with rATG induction
therapy and CNI maintenance therapy, Tregs with the
memory phenotype recover slowly after rATG induction
therapy, as reported previously [7]. This recovery can be
attributed to homeostatic proliferation in the presence of
low-dose (rabbit) antigen that triggers the output of naive T
cells by the thymus and conversion into memory (regula-
tory) T cells in the periphery. The naive and memory (regu-
latory) T cells will proliferate to refill the empty space. The
latter phenomenon results not only in recovery of Tregs but
may also lead to higher Treg numbers or FoxP3 expression
compared to baseline. Indeed, in our patients the gene
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expression of FoxP3 was higher than in the non-rATG
control group (Fig. 6).

It should be taken into account that the FoxP3-induced
expression in our model may represent a marker not only for
Tregs, but also for T cell activation. Our rATG-induced CD25+

cells expressed FoxP3+ at a lower level (19–31%) than natural
Tregs (85%). Furthermore, according to their mRNA-pattern
they show a somewhat ‘activated T cell’ phenotype. These
data emphasize that their phenotype does not fully resemble
natural Tregs. However, the suppression assays show that
rATG-induced CD25+ cells and natural Tregs have comparable
regulatory activities. It is therefore essential to address
whether the induced FoxP3+CD25+ T cells within the hetero-
geneous CD25+ T cell population or CD25+FoxP3neg cells
exhibit suppressive activities. To date, it has not been possible
to study the function of human FoxP3+ T cells because it is an
intracellular marker. Thus, phenotypical analysis or mRNA
expression analysis alone is not sufficient to classify cells into
a particular T cell subset. It is essential to examine the func-
tion of T cells and combine these data with the phenotype
analysis, as we have shown in the present study.

Taken together, in the present report we show that in the
presence of immunosuppressants that inhibit IL-2 (tacroli-
mus) or IL-2 pathway inhibitors (anti-IL-2, anti IL-2Ra)
indirectly it is still possible to induce Tregs by rATG that are
identical phenotypically, functionally and at the gene expres-
sion level as Tregs that are induced by rATG in the absence of
these immunosuppressants. Furthermore, it remains unclear

whether natural or induced Tregs are more important in their
contribution to donor-specific hyporesponsiveness after
transplantation. More research needs to be conducted to
characterize these rATG-induced T cells and to utilize fully
their immunosuppressive properties to promote graft
acceptance.
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Fig. 6. Relative mRNA expression patterns of

CD25, forkhead box P3 (FoxP3), interleukin

(IL)-10, IL-2, interferon (IFN)-g, perforin and

granzyme B within CD25+ T cells that were
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