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Abstract It is assumed that the ratio between effector T cells (Teff) and regulatory T cells
(Tregs) controls the immune reactivity within the T-cell compartment. The purpose of this study
was to investigate if Dexamethasone (Dex) affects Teff and Tregs subsets. Dex induced on Tregs a
dose and time-dependent apoptosis which resulted in a relative increase of Teff. After TCR
activation, Dex induced a strong proliferative inhibition of Teff, but a weaker proliferative inhibition
on Tregs. These effects were modulated by IL-2, which not only restored the proliferative response,
but also prevented Dex-induced apoptosis. The highest dose of IL-2 prevented apoptosis on all

FOXP3 + CD4+ T cells. Meanwhile, the lowest dose only rescued activated Tregs (aTregs), probably
related to their CD25 higher expression. Because Dex did not affect the suppressor capacity of aTregs
either, our results support the notion that under Dex treatment, the regulatory T-cell compartment
maintains its homeostasis.
© 2013 Elsevier Inc. All rights reserved.
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1. Introduction

Regulatory T cells (Tregs) have been characterized as CD4+
T cells expressing CD25, FOXP3 and very low amounts of
CD127. This low expression of CD127 allows differentiation
of Tregs from naive and memory conventional T cells.

As recently reported, FOXP3 + CD4+ T cells include three
phenotypic and functionally distinct cellular subpopulations.
Two of them having in vitro suppressive activity, were
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characterized as FOXP3lowCD45RA + resting Treg cells (rTregs)
and FOXP3highCD45RA- activated Tregs (aTregs). A third subset
of FOXP3lowCD45RA- cells was found to be a cytokine-secreting
cell population without suppressor activity, and was identified
as FOXP3+ non-Tregs [1,2].

Under physiological conditions, the magnitude of the
immune reactivity within the T-cell compartment is largely
proportional to the ratio between effector T cells (Teff) and
Tregs. In this context, an impaired function and/or homeo-
stasis of Tregs have implications in the development of several
common autoimmune or inflammatory diseases.

However, Tregs not always operate under physiological
conditions, and the immune state might be altered by drugs
frequently used in the medical practice, some of them
having cytotoxic activity.

Glucocorticoids (GC) are potent anti-inflammatory and
immunosuppressive agents used in the treatment of numer-
ous autoimmune and inflammatory diseases. GC mediate
their biological effects through the binding to an intracel-
lular receptor that translocates to the nucleus and targets
specific DNA sequences resulting in the blockage of several
inflammatory pathways [3,4] and the induction of apoptosis
[5]. These events lead to the inhibition of T cells [6,7] and/
or altering the function of dendritic cells [8,9].

The sensitivity of Tregs to steroid drugs such as Prednisone
and Dexamethasone (Dex) has been the subject of conflicting
data. In the murine system, some studies reported that Dex
increased the proportion of Tregs, both in peripheral blood
and secondary lymphoid organs [10,11]. However, additional
studies inmicemodels of asthma [12] or multiple sclerosis [13]
indicated that GC induced a decrease in the number of Tregs.
In humans, a first report [14] claimed that the treatment of
patients with bronchial asthma with GC (either systemic or
inhaled) induced the increase of circulating Tregs. Later on,
several small in vivo studies also pointed out towards there
being a positive correlation between the administration of GC
and the frequency of Tregs in patients with different auto-
immune diseases [15–17]. By contrast, two recently larger
studies performed in patients with bronchial asthma or auto-
immune connective tissue diseases, arrived at the opposite
conclusion [18,19]. These contradictory results may have at
least two possible explanations. Firstly, there is a large het-
erogeneity in the characterization of Tregs. Several studies
only defined Tregs as being CD4+ CD25high, but it is well known
that many of these cells represent activated T cells instead of
Tregs [20–22]. Secondly, most of these studies were per-
formed in patients with an autoimmune background and it is
likely that these individuals already had an impairment of
Tregs frequency and/or function.

Tregs differ in many aspects from cytotoxic Teff. The
sensitivity of Tregs to apoptosis is of outmost impor-
tance to sustain the equilibrium between effector and
suppressor forces. Tregs have a variable sensitivity to
apoptosis which is influenced by factors such as the
cytokines secreted within the inflammatory environment,
the type of antigenic stimulation and the proliferation
rates [23].

Our study provides evidence that during the course of an
immune response, GC exert differential effects on both,
effector and regulatory T cells by inducing a strong inhibition
of the proliferation of Teff and a differential apoptosis of
Tregs. Finally GC effects can be modulated by IL-2, which
even in very low amounts could differentially impact on
Tregs survival and function.

2. Material and methods

2.1. Subjects

Buffy coat was obtained from 1 unit of blood collected from 15
male and 15 non-pregnant healthy female donors (average
34 years, range 27–42 years), and processed immediately after
volunteer's donations. Infectious and endocrine disorders were
cleared in all patients, who were not undergoing any kind of
treatment. This study has been approvedby the Investigation and
Ethics Committee at the Hospital de Clínicas “José de San
Martín” and informed consent was obtained from all donors.

2.2. Peripheral blood mononuclear cell
(PBMCs) isolation

PBMCs were obtained from buffy coats through a Ficoll–
Hypaque (GE Biosciences) density gradient centrifugation.

2.3. Cell sorting

CD4+ T cells were purified by negative selection by using CD4+
T cell MACS beads (Miltenyi Biotec), following manufacturer's
instructions. Different subsets of FOXP3 + CD4+ T cells and
Teff were isolated by staining purified CD4+ T cells with
anti-CD4 PerCP, anti-CD25 PE and anti-CD45RA FITC anti-
bodies (all from BD Biosciences) and sorting with a FACSAria
II Flow cytometer (Becton Dickinson), yielding four popula-
tions: CD25lowCD45RA + (rTregs), CD25highCD45RA− (aTregs),
CD25lowCD45RA− (FOXP3+ non-Tregs), CD25− (Teff). Cells
were collected into RPMI 1640 medium (Hyclone) plus 50%
heat-inactivated fetal calf serum and washed once for further
studies. The expression of FOXP3 in sorted cells determined by
Flow cytometry was detected in N90% of aTregs, N80% of
rTregs and FOXP3+ non-Tregs, and in less than 0.5% of Teff.

2.4. Cell lines

HeLa human cervix adenocarcinoma cells were maintained
in complete culture medium following the recommendations
from the American Type Culture Collection.

2.5. Flow cytometry

Freshly isolated or in vitro-cultured cells were stained with
anti-CD4 (PerCP or APC), anti-CD25 (PE or APC-Cy7),
anti-CD45RA (PE-Cy7, APC or FITC), and anti-CD127 (PE),
all from BD Biosciences. Intracellular detection of FOXP3
with anti-FOXP3 (PE or Alexa Fluor 488), Ki-67 antigen with
anti-Ki-67 (FITC) and BCL-2 with anti-BCL-2 (FITC) antibodies
was performed on fixed and permeabilized cells following
the manufacturer's instructions. Negative control samples
were incubated with an isotype-matched mAb. Data was
acquired using a FACSAria II (Becton Dickinson) and was
analyzed with FlowJo software. Statistical analyses are
based on at least 100,000 events gated on the population
of interest.
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2.6. Intracellular staining for detection of
Glucocorticoid receptor (GR)

1–2 × 106 PBMCs were fixed and permeabilized by using the
BD Pharmingen™ Human FOXP3 Buffer set (BD Biosciences).
Cells were incubated with a purified mouse anti-human GR α
isoform mAb (clone 41/GR, BD Biosciences) or its isotype
control during 1 h at RT. Then, cells were washed twice with
PBS and GR mAb binding was detected using PE-goat
anti-mouse-IgG (Dako) and washed once as described above.
Intracellular detection of FOXP3 and surface markers were
performed according to the manufacturer's instructions. Data
was analyzed using a FACSAria II cytometer.

2.7. Apoptosis assay

Preliminary experiments were performed to identify the
optimal concentration of Dex and the incubation time that
achieved the best compromise between minimizing sponta-
neous cell death and maximizing Dex-induced apoptosis. The
rate of spontaneous apoptosis varied between different
donors.

An incubation time of 24 h was considered optimal as this
time point was short enough for the untreated control cells to
remain sufficiently viable, yet long enough to observe signifi-
cant and discriminatory Dex-induced cell death.

The lowest concentration of Dex that induced close-
to-maximal killing at all time points was 1 × 10−7 M. This con-
centration was therefore adopted as the standard for most
experiments, unless otherwise indicated.

Briefly, 1 × 106 PBMCs were cultured in complete culture
medium at different time points (6, 12, 24, and 48 h) in a 48
multiwell plate (GBO), in the absence or presence of dif-
ferent concentrations of Dex (1 × 10−5 M, 1 × 10−7 M, and
1 × 10−9 M; Sigma-Aldrich). Because expression of CD127
correlates inversely with FOXP3 expression on Tregs [21,22],
we used this molecule as a surface marker to discriminate
between FOXP3 + CD4+ T cells and activated FOXP3-CD4+ T
cells in those experiments in which we needed to analyze
cell viability/death. In order to discriminate between live and
apoptotic cells, PBMCs were labeledwith anti-CD4, anti-CD127,
anti-CD25 and anti-CD45RA antibodies. CD4 + CD127+ cells
were gated as CD25− (Teff). CD4 + CD127−/low cells were gated
as CD25lowCD45RA + (rTregs), CD25highCD45RA− (aTregs), and
CD25lowCD45RA− (FOXP3+ non-Tregs). Percentage of apoptosis
was determined by using FITC-Annexin V and 7-AAD, respec-
tively (BD Biosciences) and analyzed with a FACSAria II
cytometer using FlowJo software. To investigate whether the
apoptotic effect of Dex could be antagonized by GR antagonist,
cells with Dex (1 × 10−7 M) were incubated in the presence or
absence of RU 486 (RU; Sigma-Aldrich) at 1 × 10−6 M for 24 h.
Results were analyzed as described above.

2.8. Cultures of PBMCs in the presence of IL-2

In some experiments cells were activated with anti-CD3
(1.2 ug/ml, Beckman Coulter) and CD28 (1 ug/ml; BD
Pharmingen), and Dex (1 × 10−7 M) was added at the beginning
of the culture or after 24 h, when levels of IL-2 secreted by
PBMCs could be detected. After 72 h, the proliferation of
different subsets was analyzed by using the Ki-67 staining.
In other experiments, PBMCs or sorted cells were incubated
with different concentrations of IL-2 (100, 10 or 0.1 ng/ml,
PeproTech) in presence or absence of Dex (1 × 10−7 M) for 12
or 24 h. Then cells were collected and analyzed by Flow
cytometry or RT-PCR.

2.9. Quantitative RT-PCR

Total RNA was extracted using Trizol Reagent (Invitrogen)
and subjected to reverse transcription using Improm-II
Reverse Transcriptase (Promega). PCR analysis was per-
formed with a real-time PCR detection system (Mx3000P,
Stratagene) using SYBR Green as fluorescent DNA binding
dye. The primer sets used for amplification were: BCL-2-F:
5′-ttgagttcggtggggtcatg-3′; BCL-2-R: 5′-acagttccacaaaggcat
cc-3′; BAX-F: 5′-gctctgagcagatcatgaag-3′; BAX-R: 5′-tgagaca
ctcgctcagcttc-3′; GCCR-F: 5′-ttcctctgagttacacaggc-3′; GCCR-R:
5′-gtcagttgataaaaccgctgc-3′; GAPDH-F: 5′-cgaccactttgtcaagctc
a-3′; GAPDH-R: 5′-ttactccttggaggccatgt-3′. All primer sets
yielded a single product of the correct size. Relative expression
levels were normalized against GAPDH.

2.10. Suppression assay

The suppressive capacity of cell sorting-isolated aTregs was
assayed as described [24]. In brief, fix numbers of purified
Teff (5 × 104) were cultured with autologous Antigen Present-
ing Cells (APCs, 3 × 104 cells, obtained from CD3-depleted
PBMCs) and decreasing numbers of sorted autologous aTregs
(2.5 × 104, 1.25 × 104 and 0.625 × 104). Cells were stimulated
with anti-CD3/CD28, and cultured in a 96-well U-bottom plate
for 5 days. Cell proliferation was measured by [3H] thymydine
uptake (Perkin ElmerLife).

To evaluate the effect of Dex on suppressor capacity, aTregs
were pre-incubated during 12 h or 24 h with Dex (1 × 10−7 M)
ormedium; afterwards cells were washed twice and used in the
suppression assay.

Effector T cells co-cultured with APCs and stimulated
with anti-CD3/CD28 were used as a control to measure
baseline proliferation before suppression by aTregs (maximum
response). Teff co-cultured with APCs only were included as
an autologous control.

2.11. Statistical analysis

Statistical analysis was performed using GraphPad Prism 5.0
software. Two groups were compared using the Wilcoxon
signed-rank test. Three or more groups were compared using
the Kruskall−Wallis test or Friedman test followed by Dunn
multiple comparison tests, for unpaired samples or paired
samples respectively. A p value b 0.05 was considered sta-
tistically significant.

3. Results

3.1. Dex modulates FOXP3 + CD4+ T cell frequency
in a dose- and time-dependent manner

To investigate the effect of Dex on Teff and Tregs, PBMCs
from 10 healthy donors were cultured in the presence or
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absence of Dex at 1 × 10−7 M. At different time points (24, 48
or 72 h), cells were collected and the different subsets of
FOXP3 + CD4+ T cells (rTregs, aTregs, and FOXP3+ non-Tregs)
and FOXP3-CD4+ T cells (Teff) were analyzed by Flow
cytometry after staining with a combination of anti-CD4,
anti-CD45RA and anti-FOXP3 antibodies as described in
[2].

Treatment with Dex during 72 h induced a significant
decreased frequency of all FOXP3 + CD4+ T cells (p b 0.01)
accompanied by a significant relative increase of Teff frequen-
cy (p b 0.01; Fig. 1A and B.) The analysis on each FOXP3 + CD4+
T cell subset revealed that a significant reduced frequency was
detected in all three subsets: rTregs (p b 0.05), aTregs and
FOXP3+ non-Tregs (p b 0.01, Fig. 1C).

Knowing that FOXP3 + CD4+ T cells and Teff differ in
functional and phenotypic features [25–27], we first
compared the proliferative status of each subpopulation
by measuring the expression of Ki-67. As previously reported
by us and others [1,2] at the steady state, Ki-67 is detected
in almost half of aTregs, but hardly detected in rTregs,
FOXP3+ non-Tregs or Teff. The proliferative capacity of
Teff or FOXP3 + CD4+ T cells was not affected by the
addition of Dex during 24 h to unstimulated PBMCs (data not
shown).

Trying to explain the decreased frequency of FOXP3 + CD4+
T cells, we next investigated how the dose and time of exposure
to Dex affect the viability of the different subsets of CD4+ T
cells. PBMCs were cultured in the presence of decreasing doses
of Dex (1 × 10−5 M, 1 × 10−7 M, and 1 × 10−9 M) or medium
Figure 1 Differential effect of Dex on the frequency of FOXP3 + C
72 h in the absence or presence of Dex (1 × 10−7M). Based on the exp
defined by Flow cytometry: FOXP3lowCD45RA + (rTregs), FOXP3high

FOXP3− (Teff). (1A) Shows the relative frequency of FOXP3 + CD4+
plots show the different subsets of FOXP3 + CD4+ T cells and Teff d
aTregs and FOXP3+ non-Tregs after 72 h of Dex treatment. Data is p
alone at several time points (6, 12, 24 and 48 h), and then
stained with 7-AAD/FITC-Annexin V. Because expression of
CD127 correlates inversely with FOXP3 expression on Tregs
[21,22], we used this surface marker to discriminate between
unfixed FOXP3 + CD4+ T cells and Teff and to perform the
apoptosis assay.

Apoptosis was almost exclusively observed on FOXP3+
CD4+ T cells, with negligible effect on Teff (p b 0.01, n =
10; Fig. 2A and B). Moreover, the analysis on each subset
of FOXP3 + CD4+ T cell showed that aTregs were the
subpopulation more susceptible to apoptosis induced by
Dex (p b 0.0001, Fig. 2C).

Six independent experiments showed a significant dose-
dependent increase of the cell death of all FOXP3 + CD4+ T
cell subsets exposed during 24 h to Dex (Fig. 2D). This effect
was also observed in Teff exposed to increasing doses of
Dex.

Additionally, Dex effect was time dependent. Apoptosis
was already detected as early as 12 h, reaching significant
levels of apoptosis on aTregs and FOXP3+ non-Tregs after 24 h
of exposure to Dex (p b 0.05). After 48 h, all FOXP3 + CD4+ T
cell subsets showed a high level of apoptosis (p b 0.01). At
48 h, a significant level of apoptosis was also detected in Teff,
but as expected, it was lower than the one observed in
FOXP3 + CD4+ T cells (Fig. 2E).

Hence, apoptotic mechanisms contribute to Dex-induced
decreased frequency of FOXP3 + CD4+ T cells. The higher
sensitivity to Dex-induced apoptosis detected on aTregs may
be related to their faster basal turnover rates.
D4+ T cells and Teff. PBMCs (n = 10) were cultured for 24, 48 or
ression of CD45RA and FOXP3, four subsets of CD4+ T cells were
CD45RA− (aTregs), FOXP3lowCD45RA− (FOXP3+ non-Tregs) and
T cells and Teff after 72 h of culture. (1B) Representative dot
uring the culture. (1C) Shows the relative frequency of rTregs,
resented as the mean ± SEM. * p b 0.05, ** p b 0.01.

image of Figure�1


Figure 2 FOXP3 + CD4+ T cells are more susceptible to Dex induced apoptosis. PBMCs (n = 10) were cultured in the absence or presence of Dex (1 x10−7M) during 24 h. The assay
discriminates between live and apoptotic cells labeled with anti-CD4, anti-CD127, anti-CD25 and anti-CD45RA antibodies. CD4 + CD127−/low cells were gated as
CD25lowCD45RA + (rTregs), CD25highCD45RA− (aTregs), and CD25lowCD45RA− (FOXP3+ non-Tregs); CD4 + CD127+ cells were gated as CD25− (Teff). (2A) Shows the % of apoptosis in
all FOXP3 + CD4+ T cells and Teff in the presence of Dex. (2B) Representative dot plots show the strategy of gating and the % of cell death detected on rTregs, aTregs, FOXP3+
non-Tregs and Teff after 24 h of incubation with Dex. (2C) Shows the % of cell death in the different subsets of FOXP3 + CD4+ T cells in the presence of Dex. (2D) Shows the apoptotic
dose dependent effect of Dex in each subset of FOXP3 + CD4+ T cells and Teff (n = 6). (2E) Shows the apoptotic time dependent effect of Dex in each subset of FOXP3 + CD4+ T cells and
Teff (n = 6). Data is presented as the mean ± SEM. * p b 0.05, ** p b 0.01, *** p b 0.0001.
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3.2. IL-2 induces FOXP3 + CD4+ T cell resistance to
steroids and prevents Dex-induced apoptosis

IL-2 has been shown to be able to rescue T cells from
apoptosis induced by a variety of stimuli, and has the
capacity to create a state of steroid resistance [28–30]. It is
known that Dex antagonizes TCR-induced IL-2 production
[31–33]. Hence, in the next set of experiments the impact of
IL-2 on Dex-mediated effects on CD4+ T cells was
investigated.

The proliferative response of PBMCs stimulated during
72 h with anti-CD3/CD28 was evaluated in the presence of
Dex (1 × 10−7 M) added at t = 0 or at t = 24 h post
activation, having assumed that IL-2 had already been
secreted [34]. The response was measured as Ki-67 expres-
sion and showed that Dex added at t = 0 h induced more
than 40% of inhibition of Teff proliferative capacity, which
differed from the 23% observed on rTregs, 11% on FOXP3+
non-Tregs, and non inhibition induced on aTregs (n = 6, Fig.
3A and B). In contrast, the addition of Dex at t = 24 h did not
affect the proliferative capacity of FOXP3 + CD4+ T cells,
and reduced but did not abrogate the inhibitory effect
induced on Teff proliferation.
Figure 3 Dex effects on FOXP3 + CD4+ T cells and Teff can be dif
donors were activated with anti-CD3/CD28 during 72 h and Dex (1 ×
24 h of cell activation (t = 24). The expression of the proliferation m
Figure shows the % of Ki-67 expressed in each FOXP3 + CD4+ T cell
performed as described in 3A. Figure shows Ki-67 expression in each
presence of Dex (continuous line represents Dex added at t = 24 and
were incubated with 100, 10 or 0.1 ng/ml of IL-2 and cultured in the p
was analyzed as described in Fig. 2 and shows the % of cell death in a
cell death in all FOXP3 + CD4 + T cells in the presence of Dex and 0
(cells cultured in medium only). Data is presented as the mean ± SE
IL-2 secreted during the next 24 h that follow T-cell
activation might represent the contribution exerted by this
cytokine to maintain the homeostasis altered by the use of
Dex during the course of an immune response.

In addition, this cytokine also prevented apoptosis induced
by Dex (1 × 10−7 M) in all FOXP3 + CD4+ T cells. This effect
was variable depending on the dose of IL-2 used. Fig. 3C,
shows that the highest dose of IL-2 (100 ng/ml) prevented
apoptosis induced by Dex on all FOXP3 + CD4+ T cells
(p b 0.01, n = 5). Moreover, a smaller dose (10 ng/ml) was
able to rescue aTregs and FOXP3+ non-Tregs (p b 0.05) and
the lowest one (0.1 ng/ml) was sufficient to rescue aTregs
(probably related to their higher expression of CD25; p b 0.05;
Fig. 3D). By contrast, any dose of IL-2 was able to rescue the
marginal apoptosis induced by Dex on Teff.
3.3. Altered balance between BAX and BCL-2
influences the intrinsic susceptibility to apoptosis
of aTregs

Because the cellular response to signals of death or prolifer-
ation is modulated by members of the BCL-2 protein family
ferentially modulated by IL-2. (3A) PBMCs from six independent
10−7M) was added at the beginning of the culture (t = 0) or after
arker Ki-67 for each cell subset was analyzed by flow cytometry.
subset and Teff. (3B) Representative histograms of experiments
CD4+ T subset in the absence of Dex (filled histogram) or in the
dotted line represents Dex added at t = 0). (3C) Resting PBMCs
resence of Dex (1 × 10−7M) during 24 h. Percentage of apoptosis
ll subsets of FOXP3 + CD4 + T cells and Teff. (3D) Shows the % of
.1 ng/ml of IL-2 after subtraction of the corresponding controls
M. * p b 0.05, ** p b 0.01, *** p b 0.0001.

image of Figure�3
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[35–37], a comparison has been drawn among the consti-
tutive expression of the anti-apoptotic protein BCL-2 in the
different subsets of CD4+ T cells. BCL-2 was expressed in
both FOXP3 + CD4+ T cells and Teff. However, the geo-
metric mean fluorescence intensity (geo MFI) was signif-
icantly lower in those cells expressing FOXP3 (p b 0.05;
Fig. 4A), with the lowest geo MFI detected on aTregs
(p b 0.01; Fig. 4B). These results suggested that BCL-2
might be one of the factors controlling the survival of
aTregs.

After T cell activation, the expression of BCL-2 is known
to be maintained by the secretion of IL-2 [38,39]. Addition-
ally, previous studies have demonstrated that IL-2 can
induce steroid resistance in T cells [30,40]. In the present
study, the addition of 10 ng/ml of IL-2 to PBMCs exposured
to Dex (1 × 10−7 M) restored BCL-2 geo MFI, both in aTregs
(p b 0.01) and FOXP3+ non-Tregs (p b 0.05, Fig. 4C). These
findings suggested that the increased expression of BCL-2
induced by IL-2 could be implicated in the inhibition of
Dex-induced apoptosis in these subsets.

We next compared the relative expression of mRNA of
two BCL-2 family members (BAX and BCL-2). Sorted cells
were cultured during 12 h in the presence of medium, Dex,
Dex plus IL-2 or IL-2 and the relative expression of BAX and
BCL-2 mRNA was quantified by RT-PCR. Samples of seven
Figure 4 The balance between BAX and BCL-2 influences the int
different donors were analyzed for the constitutive geo MFI expressi
constitutive geo MFI expression of Bcl-2 in rTregs, aTregs and FOXP
(1 × 10−7M), IL-2 (10 ng/ml), Dex plus IL-2 or medium during 24 h (n
CD4+ T cells. (4D) Shows the constitutive expression of BAX and BCL
BAX/BCL-2 ratio of sorted cells cultured during 12 h in the presence
levels of BAX and BCL-2 were normalized against GAPDH. Data is pre
different individuals were analyzed and BAX mRNA was
detectable in six of them showing marked variability
among subjects. As depicted in Fig. 4D, in comparison
with BCL-2, the basal expression of BAX in aTregs was
higher.

Because an appropriate balance between pro- (BAX) and
anti-(BCL-2) apoptotic proteins are required to sustain cell
survival, the BAX/BCL-2 ratio was analyzed in the different
culture conditions as mentioned above. As depicted in
Fig. 4E, the ratio of BAX/BCL-2 in cells maintained only in
medium showed a higher ratio in aTregs. Unexpectedly, Dex
treatment did not increase the ratio BAX/BCL-2 in all
samples analyzed. Moreover, the addition of Dex plus IL-2
or IL-2 alone induced a decreased ratio of BAX/BCL-2 on
aTregs and FOXP3 non-Tregs, as a consequence of the
increase in BCL-2 (not shown). This decreased ratio was not
detected on rTregs or Teff.

Collectively, these data suggest that the constitutive
higher BAX/BCL-2 ratio of aTregs may be responsible for
their cell death rate in the presence of a pro-apoptotic
stimulus such as Dex. Moreover, in the presence of low doses
of IL-2 aTregs are capable of maintaining an appropriate
balance between pro- (BAX) and anti-(BCL-2) apoptotic
proteins, and sustaining survival by a mechanism that is
independent of Dex.
rinsic susceptibility to apoptosis of aTregs. (4A) PBMCs from 6
on of BCL-2 in all FOXP3 + CD4+ T cells and Teff. (4B) Shows the
3+ non-Tregs. (4C) PBMCs were cultured in the presence of Dex
= 4). Geo MFI of BCL-2 was analyzed in the different subsets of
-2 mRNA in sorted cells from 6 different donors. (4E) Shows the
of Dex, IL-2, Dex plus IL-2 or medium. The relative expression
sented as mean ± SEM. * p b 0.05, ** p b 0.01.

image of Figure�4
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3.4. Mifepristone, an antagonist of GR overcomes
Dex-induced apoptosis

The effects of GC hormones are mediated by an intracellular
GR located in the cytoplasm, which upon ligand-induced
activation, translocates to the nucleus where it can initiate
transcription of specific target genes. To evaluate if Dex
induced-apoptosis was mediated by GR, the ability of a GR
antagonist (Mifepristone or RU 486; RU) to block the
hormone effect was studied. PBMCs were cultured for 24 h
in the presence of Dex (1 × 10−7 M), RU (1 × 10−6 M) or Dex
plus RU. As depicted in Fig. 5A, RU was able to inhibit
apoptosis induced by Dex on all FOXP3 + CD4+ T cells (Dex
vs. RU plus Dex, p b 0.001, n = 9). On the contrary, the
addition of RU did not affect cell viability in the absence of
Dex, as no difference between the apoptosis level was found
between RU and medium alone. This demonstrates that Dex
has a pro-apoptotic effect directly on cells mediated by
binding to GR.

The presence of GR was assessed by FACS and RT-PCR. As
a positive control the cervix cancer cell line HeLa was used,
as it expresses high GR levels. By Flow cytometry GR was
detected on most of the cervix cancer cell line (94.85% ±
0.85) and was also highly expressed (range 82 to 96 %) on
FOXP3 + CD4+ T cells and Teff from 6 different individuals
(Fig. 5B). We next performed RT-PCR on each purified cell
subset and confirmed that the α GR isoform was expressed at
similar levels in all CD4+ T cell subsets, (Fig. 5C) indicating
that differences in GR expression do not account for a higher
susceptibility to Dex-induced apoptosis.
Figure 5 FOXP3 + CD4+ T cells and Teff express similar levels of GR. (
or Dex plus RU during 24 h. Percentage of cell death in rTregs, aTregs, FO
(5B) Histograms showing the GR expression (open histogram) or an isotyp
amounts of mRNA of GR, from the different subsets of CD4+ T cells quan
normalized against GAPDH. Data is presented as the mean ± SEM. * p b
3.5. Dex does not affect the suppressor function of
aTreg cells

Human Tregs must be activated through their TCR to be
functionally suppressive [41–44]. Activated Tregs maintain
their suppressor activity after being fixed with parafor-
maldehyde [45], indicating that once activated, they do
not need to be viable to mediate suppression. This is in line
with the observation that aTregs remain highly suppressive
after becoming apoptotic following in vitro TCR stimula-
tion [1].

As described in [2], Dex pro-apoptotic effectwas confirmed
by Tripan Blue staining on purified aTregs by cell sorting and
exposed to Dex for 24hs (Fig. 6A, n = 5).

To study how this short time exposure to Dex could
impact on its suppressor ability, a classic three cell sup-
pression assay was performed as previously described in [2].
The assay included isolated aTregs exposed to 1 × 10−7 M
Dex (Dex-treated aTregs) for 12 h or 24 h. After being
extensively washed to remove any presence of Dex, cells
were co-cultured with purified Teff supplemented with
autologous APCs. Fixed numbers of Teff were co-cultured
with decreasing numbers of Dex-untreated aTregs or
Dex-treated aTregs to reach decreasing ratios of Teff:
aTregs (2:1, 4:1 and 8:1). Because Dex impacts on Teff
proliferative capacity, only isolated aTregs were exposed to
Dex treatment. After 12 or 24 h of exposition to Dex, and at
all ratios evaluated, no significant differences between the
suppressor ability of Dex-treated or untreated aTregs were
found. (Fig. 6B, n = 5).
5A) PBMCswere cultured inmedium, Dex (1 × 10−7M), RU (1 x10−6M)
XP3+ non-Tregs and Teff was analyzed as described in Fig. 2 (n = 9).
e control (filled histogram) in each CD4+ T cell subset. (5C) Relative
tified by RT-PCR (n = 3). The relative expression levels of GR were
0.05, *** p b 0.0001.
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Figure 6 Dex does not affect the suppressor activity of aTregs. CD4 + CD25highCD45RA− (aTregs) and CD4 + CD25− (Teff) cells were
isolated by cell sorting. Teff were co-cultured with autologous APCs. Purified aTregs were exposed to Dex (1 × 10−7 M-Dex-treated
aTregs) or medium (Dex-untreated aTregs) for 12 or 24 h, washed and added to the culture. (6A) Cell viability was evaluated by
Tripan blue staining after 24 h of culture. (6B) Five independent experiments compared the suppressor capacity between Dex-treated
and Dex-untreated aTregs on Teff proliferation. Data is presented as mean ± SEM. * p b 0.05.
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Our results clearly suggest that in the presence of an
inflammatory environment, the induction of apoptosis induced
by Dex does not alter aTregs suppressive capacity.
4. Discussion

The present study was designed to validate the immunoregu-
latory role of Dex during the course of a T-cell response.

Natural Tregs are a subset of thymus-derived CD4+ T cells
with imprinted genetic configuration [46,47], that show
many differences with Teff. To exert their functions, Teff
require TCR activation and clonal expansion. In contrast, the
suppressor function of Tregs is independent of their pro-
liferative status.

Several studies in mice and humans have suggested that
Tregs might be expanded by GC [9,11,14–17,48,49]. How-
ever, we should take into account that in most of those
previous studies, Dex was used in vaccinated individuals, or
in combination with potent T-cell inducers, but not as
monotherapy.

The present study shows that GC, in vitro, modulate the
course of the T-cell mediated response through at least two
mechanisms: 1 — inducing a greater inhibition of the
proliferation of Teff; 2 — inducing a greater rate of aTregs
apoptosis in a dose- and time-dependent manner.

Under steady state (unstimulated) conditions, FOXP3 +
CD4+ T cells are very sensitive to Dex-induced apoptosis with
mortality rates significantly higher than those detected on
Teff. This sensitivity to apoptosis varies between subsets of
FOXP3 + CD4+ T cells; with relative resistance on slow-cycling
cells (rTregs) and more sensibility on fast-cycling cells
(aTregs). Furthermore aTregs were found to express the
highest constitutive BAX/BCL-2 ratio among all the CD4+ T
cells.

In relationship with the use of Dex in autoimmune and/or
inflammatory diseases, it is a relevant finding that the apoptotic
effect on aTregs can be overcome by TCR-stimulation or by IL-2
supplementation. These results suggest that aTregs are intrin-
sically more capable of maintaining an appropriate balance
between pro- (BAX) and anti-(BCL-2) apoptotic proteins for
ensuring survival, even in the presence of very low doses of IL-2.
Furthermore, the constitutive expression of CD25 on Tregs
might represent an adaptive advantage over Teff, by which
minimal levels of IL-2 could inhibit the effect of Dex on Tregs
but not on Teff. In this context, it has recently been described
that FOXP3 is a pro-apoptotic and lethal transcription factor to
Tregs unless that a counterbalance by common γc-dependent
cytokine signals exists [50].

As previously reported [51], this study demonstrates that
GR is similarly expressed on all CD4+ T cells subsets, and as
expected Dex-induced apoptosis could be abrogated by the
addition of the GR antagonist RU. This demonstrates that
Dex has a pro-apoptotic effect directly on cells mediated by
binding to GR. Moreover, the differential Dex-induced cell
death on Tregs and Teff cannot be attributed to the ex-
pression of GR as its expression was found to be similar in all
CD4+ T cell subsets.

The present study demonstrates that GC modulates Teff
function in many ways. Dex induced very low levels of
apoptosis on Teff which contrasted with a strong inhibi-
tion of Teff proliferation. This issue is relevant because
the biological function of Teff is dependent on their clonal
expansion. In addition, many studies have demonstrated
an inhibitory effect of GC on IFN-γ and IL-17 production by
T cells [52,53]. These effects were observed after a short time
exposure to Dex demonstrating that GC could modulate the
immune system rapidly. By contrast, our finding that Dex
treatment diminishes the relative numbers of FOXP3 + CD4+ T
cells does not necessarily imply that functional properties of
Tregs are altered. In agreement with Sbiera et al. [54], we
found that a brief Dex-treatment of aTregs had no effect on
their suppressor capacity. Although, we cannot fully exclude
that Tregs function in vivo is affected by GC treatment, our in
vitro results strongly argue that under Dex environment and
in the presence of low doses of IL-2, the regulatory T-cell
compartment could maintain its homeostasis.

In summary, our results support the notion that GC effects
on the immune responsemediated by effector and regulatory T
cells are dynamically modulated by several factors in the
microenvironment. The functional cross-talk between GC,
cytokines and cell-activation could determine the biological
response to GC explaining individual variations in the develop-
ment of side effects at low doses. Finally, a study of the use of
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GC in patients with an autoimmune disease, will allow us to
confirm whether our in vitro results are also observed in an in
vivo model involving self-antigens activation.
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