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A B S T R A C T

Thymus-derived T regulatory (tTregs) cells play a crucial role in the maintenance of tolerance and immune
homeostasis. Mechanisms and factors regulating tTreg development and function are widely investigated, but to
a large degree still remain unclear. Our previous findings demonstrated that, in physiological conditions, the
development and suppressive function of tTregs demonstrated day/night rhythmicity, which correlated with the
concentration of plasma corticosterone and the expression of glucocorticoid receptors. In this study we ask
whether synthetic glucocorticoids commonly used to inhibit excessive activity of the immune system, can
modulate the development and suppressive function of tTregs in vivo depending on the time of administration.
Young C57BL/6 male and female mice were injected intraperitoneally with a single dose of dexamethasone at
two time points of the day: 7.00–8.00 a.m. and 7.00–8.00 p.m. The experimental can be used to indicate on the
potentially expected positive or adverse side effects and can constitute also a good model for the assessment of
the effects of long-term therapy. The results of our studies demonstrated the increase of the percentage of tTregs
at both time points in male mice, but only in the evening in females. The suppressive activity of tTregs increased
independently on the day time of in female mice, but in the morning only in males. We concluded that in the
condition of dexamethasone supplementation, the elevated suppressive potential of tTregs is balanced by the
induction apoptosis in order to prevent excessive suppression.

1. Introduction

Regulatory T cells (Tregs) characterized by the CD4+CD25+Foxp3+

phenotype develop naturally in the thymus or in peripheral lymphoid
organs upon activation (Engel et al., 2013; Bin Dhuban et al., 2014).
Currently, they are classified according to their origin as thymus-de-
rived regulatory T cells Tregs (tTregs) and peripherally-derived Tregs
(pTregs) (Elkord, 2014). Tregs, regardless of their origin, suppress
various physiological and pathological immune responses and the ac-
tivity of these cells is dependent on a variety of agents constituting the
local microenvironment. Thymus-derived Tregs migrate to the periph-
eral lymphoid organs as mature T cells with suppressive activity. They
play a crucial role in the maintenance of self-tolerance, immune
homeostasis (Sakaguchi, 2005; Wing and Sakaguchi, 2010), and have a

therapeutic potential to suppress autoreactive and overactivated T cells
leading to the protection from autoimmune diseases and chronic in-
flammation. Mechanisms and factors regulating tTreg development and
function in vivo and in vitro are widely investigated but to a large degree
still remain unclear (Thornton et al., 2010; Sojka et al., 2008; Sakaguchi
et al., 2009). Thymus-derived regulatory T cells are not easily dis-
tinguished by the expression of a characteristic surface marker from
Tregs developed in peripheral lymphoid organs thus, the thymus re-
mains the best organ to follow changes in their development and re-
lative distribution. Commonly accepted molecular marker and cell
lineage specification factor for Treg, which is also required for their
suppressive function, is still the transcription factor Foxp3 (Fontenot
et al., 2003; Rudensky, 2011). It is also considered that the majority of
Tregs are generated in the thymus and exported to the periphery as
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Foxp3-expressing cells, where they cannot be unambiguously dis-
tinguished from pTregs by the expression of Neuropilin-1 or Helios
(Szurek et al., 2015).

Different factors are involved in the induction of Foxp3, which is
mandatory for the generation and activity of tTregs: interaction with
dendritic cells, anti-inflammatory cytokines, vitamins, pathogen-de-
rived molecules and hormones (Bettelli et al., 2006). Special attention is
focused on the role of glucocorticoids, which are indispensable and
widely used anti-inflammatory drugs in a variety of diseases related to
the overactive immune system. The bad side of GC therapy is related to
systemic side effects, mainly in chronic and high dose application. The
results of Bordag et al. demonstrated a severe metabolic deregulation
induced by single-dose, short-term application of synthetic glucocorti-
coid in humans (Bordag et al., 2015). The good side of GC activity
showed by Chen et al. is to increase the proportion of CD4+CD25+ of T
cells and the ratio of CD4+CD25+/CD4+CD25− cells especially in the
thymus (Chen et al., 2004). This correlated with higher level of GCR,
Bcl-2 and resistance to Dex-induced apoptosis of CD4+CD25+ thymo-
cytes compared to CD4+CD25- cells (Chen et al., 2004; Huang and
Cidlowski, 2002). This effect was induced by i.p. injection of single-
dose in BALB/c mice. Glucocorticoids may act indirectly and modulate
the tolerogenic activity of antigen-presenting cells or directly by indu-
cing Foxp3 and GITR expression (Karagiannidis, 2004; Ronchetti et al.,
2015; van Kooten et al., 2009). GCs are produced mainly in the adrenal
gland, but they are also produced in the thymus where they are in-
volved in thymocyte development (Ashwell et al., 2000). The recent
paper of Berki’s group confirm the role of these hormones as selecting
factor for CD4+CD25+Foxp3+ generation (Ugor et al., 2018).

The activity of the immune system shows day/night variation,
which is strongly coordinated with sleep regulation and circadian
system (Irwin, 2002; Besedovsky et al., 2012). The activity of the im-
mune system is higher at night in humans, and during the day in mice,
which are nocturnal animals. During sleep the activity of the immune
system is potentiated by hormones showing immunostimulatory prop-
erties (melatonin, prolactin). In contrast, during the active phase, the
immune system is suppressed. In our previous paper we demonstrated
that day/night rhythmicity of the activity of the immune system cor-
relates with the plasma concentration of corticosterone in C57BL/6
mice, and can be regulated by thymus-derived T regulatory cells, which
change their development and suppressive activity in day/night de-
pendent manner (Kiernozek et al., 2014). In addition, changes in the
suppressive activity of tTregs correlated with the expression of gluco-
corticoids receptors.

In this study we ask the question whether dexamethasone, a syn-
thetic glucocorticoid used in therapy of a variety of diseases can be
considered a factor modulating the rhythmic activity and distribution of
thymus-derived T regulatory cells. The experimental design of our
study is based on the assumption that a short-term single-dose gluco-
corticoid application may indicate on the potential expected positive or
adverse side effects and constitute a good model of the assessment of
the effects of long-term therapy. We compared the role of dex-
amethasone in male and female mice based on the sexual dimorphism
of the immune system and contribution of HPA hormones to gender
differences in health risk (Uhart et al., 2006).

2. Materials and methods

2.1. Mice

8-10 weeks old female and male mice of C57BL/6 strain were used.
Animals were maintained in standardized conditions for temperature
(22–24 °C) and light (12/12 h light/dark cycles). All experiments were
performed according to the permission of the Local Ethical Commission.

2.2. Dexamethasone treatment

The mice were injected intraperitoneally with a single dose of
dexamethasone at two time points in which the concentrations of en-
dogenous GC are the lowest and the highest: in the morning at
7.00–8.00 a.m. and in the evening at 7.00–8.00 p.m. corresponding to
ZT1–ZT2 ZT13–ZT14, respectively. The dose of dexamethasone used in
the experiments was chosen based on the results of preliminary study
and on the literature data (Chen et al., 2004; Karssen et al., 2009;
Gomez et al., 1998). In our preliminary experiments, we checked a
panel of doses from low (1.25 μg/kg of body weight) to high (5mg/kg
of body weight) doses of Dex. However, we have taken into con-
sideration that injected, infused, or orally administered systemic glu-
cocorticoids have been associated with immediate hypersensitivity re-
actions, including life-threatening anaphylaxis. The dose 5mg/kg
resulted in severe adverse life-threatening effects immediately post-in-
jection. For these study we have used single-dose 1.25mg/kg, the
highest which did not give noticeable adverse affects. Dexamethasone
was dissolved in DMSO and the final concentration of the solvent did
not exceeded 2.5%. Control mice were injected with the same volume
of 2.5% DMSO in PBS. Thymus and blood samples were taken for fur-
ther analysis 24 h after every single dose injection.

2.3. Isolation of thymocytes

Isolated thymus were homogenized in cold PBS and filtered through
100 μm cell restrainer.

2.4. Flow cytometric analysis of the main thymocyte subsets and tTregs

The main thymocyte subsets were distinguished on the basis of the
expression of CD4 and CD8 molecules: DN (CD4−CD8−), DP
(CD4+CD8+), SP CD4+ (CD4+CD8−) and SP CD8+ (CD8+CD4−).
Thymus-derived Tregs are recognized as CD4+CD25+Foxp3+ within
SP CD4+CD8− thymocytes.`

Thymocytes were stained with monoclonal antibodies anti-CD4/
FITC, CD8/PercP and CD25/APC (BD PharMingen). The selection of
concentrations of antibodies were made based on titration. PE anti-
mouse/rat/human Foxp3 Flow Kit (BioLegend) was used to detect the
transcription factor Foxp3 and to determine the level of its expression
by MFI value (mean fluorescence intensity). Four-colour analysis was
performed using CellQuest or FACSDiva software.

2.5. Measurement of the suppressive activity of tTregs

Thymic tTregs were isolated basing on the expression of CD25. The
suppressive activity of tTregs was examined by the inhibition of pro-
liferation of activated CD4+CD25− T from lymph nodes. CD4+CD25+

T cells and CD4+CD25−, respectively, from thymus and axillary lymph
nodes were sorted at two time points at 7.00–8.00 a.m. and 7.00–8.00
p.m. using FACSAria (Becton Dickinson). To check the level of viability,
sorted cells were examined by trypan blue exclusion. To evaluate the
proliferation of responding activated T cells, the CFSE staining was
performed (Lyons and Parish, 1994).

In brief: 25×103 CFSE stained CD4+CD25− T cells were activated
by 0.5 μg/ml anti-CD3 and 0.05 μg/ml anti-CD28 mAb (BD Biosciences)
and cultured with or without 5×103 tTreg cells in 96-well plates
(CD4+CD25− / tTreg cell ratio 5:1). Cells were incubated 72 h in RPMI
1640 + GlutaMAX medium (GIBCO) containing 20mM HEPES, 1mM
sodium pyruvate, 5× 10−5 M 2-ME and 10% heat-inactivated FCS in
standard conditions of 37 °C and 5% of CO2.

Non-activated T CD4+CD25− cells were used as negative control.
The proliferation of responding T cells was measured by flow cytometry
using FACSCalibur (Becton Dickinson) and the percentage of pro-
liferating cells was calculated using FACSDiva software. Suppressive
activity of tTregs was evaluated by the percentage of inhibition,
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according to the following formula (Bollinger et al., 2009):

= ×%inhibition 100 - %of proliferated cells in the tTreg assay 100
% of proliferated cells in the T cell assay

2.6. Measurement of glucocorticoids plasma level

Glucocorticoids concentration were determined in plasma samples
stored at −80 °C.

Corticosterone plasma level: total plasma corticosterone was ex-
tracted with ethyl ether for the measurement of corticosterone using a
commercial kit (Corticosterone ELISA Kit, Neogen Corporation) ac-
cording to the procedure recommended by the company.

Dexamethasone plasma level: plasma dexamethasone concentration
was determined using a commercial kit (Dexamethasone ELISA Kit,
Neogen Corporation) according to the recommended procedure.

Quantitative results were obtained by measuring the absorbance at
450 nm using the microplate reader (VICTOR 3, Multilabel Plate
Readers).

2.7. Glucocorticoid receptor expression

Flow cytometry was used for the identification of GCR based on the
binding of fluorescein-dexamethasone complex (Kowalik et al., 2013).

2.8. Apoptosis assay

Apoptotic thymocytes were detected by Annexin V/PE conjugated
staining and analyzed by flow cytometry. The percentage of apoptotic
cells was examined for all thymocyte subsets and tTregs.

2.9. Statistical analysis

Analysis of variance (ANOVA) was used to evaluate the significance
of differences in the percentage of DN, DP, SP thymocytes and thymic
Tregs between control and experimental groups (P < 0.05). The
Kolmogorov-Smirnov statistic was used to evaluate changes in the ex-
pression of Foxp3 and GC receptors. Statistically significant differences
are marked on the figures or representative histograms and density
plots.

3. Results

3.1. Corticosterone concentration in the plasma

In vertebrates, endogenous glucocorticoids concentration, usually
peaks shortly before the onset of activity. In mice, the lowest con-
centration of corticosterone is observed in the morning and the highest
in the evening. After the administration of dexamethasone, the plasma
concentration of corticosterone didn’t change significantly 24 h post
injection both in male and female mice (Fig. 1). Detectable level of
dexamethasone in the plasma of injected mice was found only 24 h after
evening injection (7.00–8.00 p.m.) regardless of the sex of animals
(data not shown).

3.2. Day/night changes of thymocyte number and thymocyte subset
distribution in dexamethasone-injected mice

Dexamethasone decreased the number of thymocytes at ZT1–ZT2
(7.00–8.00 a.m.) and ZT13–ZT14 (7.00–8.00 p.m.) regardless of the sex
of animals, however the number of thymocytes remained still higher in
females (Fig. 2A). The average percentage difference between control
and Dex-treated mice was greater in females in the morning, and in
males in the evening. We didn’t observe changes in the distribution of
thymocyte subsets (DN CD4−CD8−, DP CD4+CD8+, SP CD4+CD8−

and SP CD8+CD4−) in Dex-injected mice at 7.00–8.00 a.m. (Fig. 2B, C).

However, we observed statistically significant differences in Dex-in-
jected mice in DP CD4+CD8+, SP CD4+ and SP CD8+ thymocyte
subsets at 7.00–8.00 p.m.: the percentage of DP CD4+CD8+ was de-
creased and of SP CD8+ was increased in males, in contrast to increased
percentage of DP and decreased of SP CD4+ in females compared to the
physiological condition (Ctrl). These changes resulted in the statisti-
cally significant diminution of CD4:CD8 ratio at 7.00–8.00 p.m. which
is greater in males (Fig. 2D).

3.3. Changes of thymus-derived T regulatory cell development in Dex-
injected mice

The sequential stages of tTreg development were analyzed based on
the expression of CD25 and Foxp3: CD4+CD25+Foxp3− represent the
less mature stage, and the fully mature tTregs are characterized by the
CD4+CD25+Foxp3+ phenotype. The results of our studies have shown
that in Dex-injected male mice the percentage of CD4+CD25+ thy-
mocytes in SP CD4+CD8− subset significantly increased independently
of the day time. Dex-injection of females resulted in the increase of the
percentage of CD4+CD25+ thymocytes in the evening only (Fig. 3A).
Dexamethasone induced the expression of Foxp3+ cells within
CD4+CD25+ thymocytes independently of the day time in males, and
at 7.00–8.00 p.m. in females (Fig. 3B). In addition, the percentage of
mature tTregs after Dex injection was higher in the thymus of male than
female mice independently of the day time. The average percentage
difference between control and Dex-treated mice was greater in males
in the morning at 7.00–8.00 a.m.

Thymus-derived Treg development can be followed based on the
increase of CD25 expression and percentage of Foxp3+ thymocytes
within CD4+CD25low and CD4+CD25high populations pointing on the
kinetics of development. Dexamethasone treatment resulted in the in-
crease of the percentage of Foxp3+ cells in both CD4+CD25low and
CD25high population at 7.00–8.00 a.m. and CD25high population at
7.00–8.00 p.m. in the thymus of male mice, and in CD4+CD25high

population of the female thymus in the evening only (Fig. 4A) In ad-
dition, dexamethasone caused a higher increase in the percentage of
CD4+CD25high population in female thymus. The level of expression of
Foxp3 in tTregs increased significantly after Dex-injection in
CD4+CD25low and CD4+CD25high populations at 7.00–8.00 p.m., both
in males and females (Fig. 4B). Furthermore, the greater difference in
Foxp3 expression was demonstrated in female thymus at 7.00–8.00
p.m.

3.4. Dexamethasone-induced apoptosis

The immune cells, especially thymocytes and T cells are very sen-
sitive to glucocorticoids-induced apoptosis [30]. Therefore, we ex-
amined if the changes in the contribution of tTregs in the thymus of
Dex-injected mice might be due to changes in their development or
different sensitivity to apoptosis induction compared to other thymo-
cyte subsets. The percentage of apoptotic thymocytes in Dex-injected
male mice increased significantly in DP, CD4+CD25+ thymocytes at
7.00–8.00 a.m. and in SP CD4+, SP CD8+, DP thymocytes at 7.00–8.00
p.m. (Fig. 5). The percentage of apoptotic thymocytes in female thymus
significantly increased in DN, CD4+CD25+ at 7.00–8.00 a.m. and in all
thymocyte subsets at 7.00–8.00 p.m. The higher difference in the per-
centage of apoptotic thymocytes resulting from Dex treatment was
observed in DP at 7.00–8.00 p.m. in males and in CD4+CD25+ at
ZT1–ZT2 and in SP CD4+ at ZT13–ZT14 in females.

3.5. Dexamethasone influence on the expression of glucocorticoids receptors

Dex-injection resulted in the decrease of GCR expression in DP, SP
CD4+, SP CD8+ thymocytes at 7.00–8.00 a.m. and SP CD4+, SP CD8+,
CD4+CD25+ thymocytes at.700–8.00 p.m. in males. In females, in
contrary, dexamethasone increased GCR expression in DN, SP CD4+,
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CD4+CD25+ thymocytes at 7.00–8.00 p.m. The opposite effect of Dex
on the expression of glucocorticoid receptors of CD4+CD25+ thymo-
cytes in male and female mice, may at least in part, explain the sensi-
tivity of these cells to Dex-induced apoptosis. However, the same effect
did not affect changes in apoptosis of thymocytes of other subsets with
one exception of DN thymocytes in females in the evening (Fig. 6).

3.6. Suppressive activity of tTregs of dexamethasone-injected mice

The results of our study showed that the suppressive activity of
tTregs was potentiated by Dex treatment (Fig. 7). The percentage of
proliferating responder T cells (T CD4+CD25− T cells) was decreased in
males at 7.00–8.00 a.m. and in females in both time points after ad-
ministration of dexamethasone (Fig. 7A and B). The percentage of

Fig. 1. Concentration of corticosterone in the plasma.
Three independent experiments were performed. 2–3 mice were used for each time point in each experiment. p < 0.05.

Fig. 2. Thymocyte number and thymocyte subset distribution in Dex-injected mice.
(A) Thymocyte number; (B) Thymocyte subset distribution; (C) Thymocyte subsets on representative cytograms; (D) CD4:CD8 ratio.
Data represent the results of three independent experiments performed on 2–3 mice for each day time. p < 0.05.
△ Statistically significant differences after Dex treatment.
★ The average percentage difference between control and Dex-treated mice depending on animal’s sex.
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inhibition increased from 58% to 97% at 7.00–8.00 a.m. in males, and
from 18% to 28% and 67% to 89% at 7.00–8.00 a.m. and 7.00–8.00
p.m. respectively in female mice (Fig. 7C). The greater effect of Dex on
the tTreg suppressive activity was observed in males at 7.00–8.00 a.m.

4. Discussion

The results of our previous study demonstrated day/night rhythmic
variation of thymus-derived regulatory T cell development and sup-
pressor activity (Kiernozek et al., 2014). The main features of this
variation are the increase of the percentage of CD4+CD25+ in SP CD4+

thymocyte subset, the increase of the percentage of fully mature tTregs
CD4+CD25+Foxp3+ in CD4+CD25+ thymocyte population and ex-
pression of Foxp3, and finally, the potentiation of the suppressive ac-
tivity of tTregs at 7.00–8.00 p.m. These changes correlated with the
level of corticosterone in the plasma and the expression of glucocorti-
coid receptors in CD4+CD25+ thymocytes. Gender-dependent differ-
ences were also pointed: lower content of fully mature tTregs accom-
panied by less suppressive activity in females in the morning.
Considering all mentioned above, in this study we investigated the ef-
fect of single dose of dexamethasone on the development and sup-
pressive activity of tTregs dependently on the day time, and ad-
ditionally, to predict long-term application in therapy, and also took
into account the contribution of HPA-axis to gender differences in
health risk (Uhart et al., 2006). The total number of thymocytes de-
creased after Dex-injection, which is observed in almost all experiments
in vivo, and results from the induction of apoptosis mainly of DP thy-
mocytes (Ugor et al., 2018; Berki et al., 2002; Pálinkás et al., 2008).
However, the greater number of thymocytes was still observed in fe-
male thymus similarly to steady-state condition of control mice. The
results presented in this paper show that dexamethasone did not sub-
stantially changed the distribution of the main thymocyte subsets,
however small changes, occasionally significant in SP CD8+ or SP
CD4+ resulted in the decrease of CD4:CD8 ratio (Fig. 2). This could
result from the dose of dexamethasone, which in this study was chosen
based on the lack of visible adverse effects and distribution of thymo-
cyte subsets. Usually, doses of dexamethasone used to study its impact
on the development of Tregs change the distribution of the thymocyte
subsets by decreasing the precentage of DP thymocytes (Ugor et al.,

2018). Dexamethasone, support the survival of thymus-derived and
peripheral regulatory CD4+CD25+ T cells, while inducing apoptosis of
their CD4+CD25− counterparts (Chen et al., 2004). There are reports
on the upregulation of Foxp3 expression by glucocorticoids resulting in
an increase of regulatory CD4+CD25+ T cell number in asthmatic pa-
tients (Karagiannidis, 2004). Development of thymus-derived reg-
ulatory T cells is a two step process related to the transition of SP CD4+

CD25-Foxp3- thymocytes to CD25+Foxp3-, and next to CD25+Foxp3+

in response to IL-2 (Lio and Hsieh, 2008). We showed the increase of
the percentage of CD4+CD25+ and CD4+CD25+Foxp3+ thymocytes in
Dex-injected male mice at both time points of the experiment and at
7.00–8.00 p.m. in females (Fig. 3A and B). These results indicate that
dexamethasone at the dose of 1.25mg/kg, similarly to endogenous
glucocorticoids, affects the development of tTregs. Foxp3 expression is
required for the function of Tregs and is considered a marker for fully
differentiated Tregs in the thymus (Fontenot et al., 2003; Rudensky,
2011; Hori et al., 2003). The majority of Foxp3 T cells express CD25 at a
high or low level, even if it was shown that Foxp3-positive T cells in
peripheral tissues lacking CD25 exhibited suppressor function in mouse
model (Fontenot et al., 2005). Glucocorticoids treatment was shown to
increase the expression of mRNA for Foxp3 and to restore the number of
CD4+CD25+Foxp3+ cells (Karagiannidis, 2004). Here we suggest a
direct role of exogenous glucocorticoids on the development of tTregs
based on their potential to induce Foxp3. However the results of Kooten
et al. proved that dexamethasone induced tolerogenic dendritic cells
what can result in the development of T regulatory cells at least in the
periphery (van Kooten et al., 2009). We showed that dexamethasone
increased the percentage of Foxp3+ thymocytes in CD4+CD25low and
CD25high populations at both time points in males, but only in
CD4+CD25high in female mice (Fig. 4A). This point on the higher sen-
sitivity of male thymocytes to Dex-induced expression of Foxp3, and the
modulatory role of the hormone in the evening restricted to CD25high

thymocytes. These results suggest a different modulatory mechanism of
Foxp3 induction by Dex in females, which is highly dependent on the
level of CD25 expression. In addition, we showed that dexamethasone
increased the expression of Foxp3 both in CD25low and CD25high thy-
mocytes at 7.00–8.00 p.m., in a gender-independent fashion (Fig. 4B).
This may be an important observation if it will correlate with the
suppressive potential of tTregs. The results presented on Fig. 7C show

Fig. 3. tTreg development in dexamethasone-injected mice.
(A) CD4+CD25+ thymocytes in SP CD4+CD8- subset; (B) Foxp3+ thymocytes in CD4+CD25+ population.
Data represent the results of three independent experiments performed on 2–3 mice for each day time. p < 0.05.
△ Statistically significant differences after Dex treatment.
★ The average percentage difference between control and Dex-treated mice depending on animal’s sex.
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Fig. 4. CD25 and Foxp3 expression in dexamethasone-injected mice.
(A) Foxp3+ thymocyte content in CD4+CD25low and CD4+CD25high thymocytes; (B) Level of Foxp3 expression in CD4+CD25low and CD4+CD25high thy-
mocytes. Foxp3 expression was analyzed based on the fluorescence intensity value (FI), representative histograms of Foxp3 expression in control (thin line), and in
Dex-treated mice (thick line).
Data represent the results of three independent experiments performed on 2–3 mice for each day time. p < 0.05.
△ Statistically significant differences after Dex treatment.
★ The average percentage difference between control and Dex-treated mice depending on animal’s sex.
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that the increase of the expression of Foxp3 can be sufficient to increase
the suppressive activity of tTregs, which was evidenced in females
treated with Dex in the morning. In contrast, the increase of Foxp3
expression over some level can not correlate with the suppressive ac-
tivity of tTregs despite the increase of their percentage.

One of the most often investigated effects of glucocorticoids is their
activity to induce thymocyte apoptosis (Delfino et al., 2004; Bruscoli
et al., 2006). To answer the question whether the increase of tTregs
resulted from the induction of their development by dexamethasone, or
may be due to preferential apoptosis of other thymocyte subsets we
followed the level of apoptosis in different thymocyte subsets (Fig. 5).
According to Berki et al. the level of Dex-induced thymocyte apoptosis
increase with the dose of dexamethasone (Berki et al., 2002). The
percentage of apoptotic thymocytes increased after Dex-treatment
among all thymocyte subsets in females and DP, SP CD4+ and SP CD8+

in male mice at 7.00–8.00 p.m. The results of the study of Wiegers et al.
(2001) have shown that the most sensitive to corticosterone-induced
apoptosis in vitro are DP thymocytes. Paradoxically, at 7.00–8.00 p.m.,
we have demonstrated the greatest sensitivity to Dex-induced apoptosis
of DP thymocytes in males only, in contrast to female thymocytes re-
vealing the greatest sensitivity of SP CD4+ and CD4+CD25+ thymo-
cytes. These contrasting results requires further investigations on the
role of other agents influencing the effect of glucocorticoids on thy-
mocytes in vivo. It has been demonstrated that signals delivered by GC
and TCR ligands antagonize each other’s activity to induce apoptosis in
immature DP thymocytes (Ashwell et al., 2000). We can hypothesize
that the final effect of exogenous glucocorticoids administration in mice
on the distribution of thymocyte subsets and apoptosis induction may
depend on simultaneous interactions of TCRs and their ligands pre-
sented by thymic APC, which can change with the time of the day and

can differ in a gender-dependent manner. This hypothesis should be the
subject of separate research. The proapoptotic activity of Dex at
7.00–8.00 a.m. was directed mainly on CD4+CD25+ thymocytes both
in males and females. Independently of day time, we observed the
highest percentage of apoptotic thymocytes among CD4+CD25+ thy-
mocyte population, which increased after Dex treatment with one ex-
ception of males injected in the evening. This is opposite to the results
of Chen et al. demonstrating the low sensitivity of CD4+CD25+ thy-
mocytes to Dex-induced apoptosis (Chen et al., 2004). Our results led to
the conclusion that the increase of the percentage of tTregs in the
thymus of Dex-injected mice did not result directly from differential
level of apoptosis, but from the effect of dexamethasone on tTreg de-
velopment documented by the increase of the percentage of
CD4+CD25+Foxp3+ thymocytes and Foxp3 expression (Figs. 3 and 4).
We demonstrated that the level of apoptosis did not correlate with the
expression of GCR, which may suggest that Dex-induced apoptosis and
sensitivity of thymocytes to Dex is not directly dependent on the ex-
pression of glucocorticoids receptors, what was also demonstrated by
other authors (Wiegers et al., 2001; Gruver-Yates et al., 2014).

Finally, we asked a question whether dexamethasone, in addition to
increasing the percentage of tTregs and expression of Foxp3, increased
the suppressive activity of tTregs derived from male as well as female
thymus. Application of dexamethasone at 7.00–8.00 a.m. resulted in the
increase of the suppressive activity of tTregs. The sensitivity of tTregs to
Dex in this aspect was higher in male mice. Application of the same
dose of Dex at 7.00–8.00 p.m. resulted in the increase of the potential of
female tTregs to suppress the proliferation of activated CD4+T cells
while it did not affect the activity of male mice tTregs. Regulatory T
cells can act through a diversity of suppressive mechanisms, which are
still incompletely understood (Sojka et al., 2008; Sakaguchi et al.,

Fig. 5. Dexamethasone-induced apoptosis in thymocyte
subsets.
The percentage of apoptotic cells was determined in se-
parate thymocyte subsets: SP CD4+, SP CD8+, DP
CD4+CD8+, DN CD4-CD8- and CD4+CD25+ thymo-
cytes.
Data represent the results of three independent experi-
ments performed on 2–3 mice for each day time.
p < 0.05.
△ Statistically significant differences after Dex treatment.
★ The average percentage difference between control and
Dex-treated mice depending on animal’s sex.
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2009). Their suppressive activity in the in vitro co-culture with re-
sponding conventional CD4+CD25+ T cells can involve soluble factors
or cell-to-cell contact involving generation of adenosine or transfer of
cAMP to conventional T cells (Schmidt et al., 2012). Here we can
consider the mechanism of IL-2 dependent metabolic disruption based
on immediate binding of this cytokine by tTregs having constitutive
high expression of CD25. This mechanism remains controversial,
however still considered in terms of IL-2 deprivation-mediated inhibi-
tion of survival and proliferation. Recently, it was documented that the
effect of exogenous IL-2 is rather dose-dependent (Moon et al., 2015).
We can hypothesize that differences in the suppressive potential of
tTregs may result from the level of IL-2 produced in vitro by responding
activated CD4+ lymph node T cells depending on the gender of mice
and sorting time.

Table 1 contains summarized results of our studies, the analysis of
which led to state that dexamethasone can modulate the development
and suppressive activity of tTregs depending on the time of application
by the contribution of GCR expression.

We have demonstrated previously that the increase of the percen-
tage and suppressive activity of tTregs at 7.00–8.00 p.m. in physiolo-
gical condition correlates with the increase of the percentage of tTregs
and GCR expression (Kiernozek et al., 2014). The application of dex-
amethasone resulted in the following changes:

a increase of the percentage of CD4+CD25+Foxp3+ thymocytes ac-
companied by elevated suppressive activity and GCR expression in
females at 7.00–8.00 p.m. This is in accordance with the physiolo-
gical condition, but at the same time is related to higher sensitivity
of CD4+CD25+ thymocytes to Dex-induced apoptosis;

b no change of the percentage of tTregs nor GCR expression, moderate

increase of their suppressive activity in females at 7.00–8.00 a.m.,
and additionally, moderate increase of the sensitivity of
CD4+CD25+ thymocytes to Dex-induced apoptosis;

c increase of the percentage of CD4+CD25+Foxp3+ thymocytes, no
changes of their suppressive activity, decrease of the expression of
GCR, and unchanged sensitivity to Dex-induced apoptosis in male
mice at 7.00–8.00 p.m.;

d increase of the percentage of CD4+CD25+Foxp3+ thymocytes ac-
companied by the increase of their suppressive activity, no change
of the expression of GCR, and in addition, elevated level of apoptotic
CD4+CD25+ thymocytes in males at 7.00–8.00 a.m.

Based on these observations we can conclude that in the condition
of dexamethasone supplementation, the elevated suppressive potential
of tTregs is balanced by the induction of apoptosis in order to prevent
excessive suppression. We can hypothesize that apoptotic thymocytes
are phagocytozed by dendritic cells, which results in tolerance induc-
tion. When the level of apoptosis is to high, the clearance of apoptotic
bodies is not effective, which in turn, may result in the release of au-
toantigen, their presentation by DCs, and break of tolerance.

Summarizing gender-related results of our study, we can conclude
that single-dose of dexamethasone resulted in: a/ the increase of the
percentage of tTregs at both time points in male mice, while increasing
their percentage only in the evening in females, b/ elevation of the
percentage of Foxp3 thymocytes both in CD4+CD25low and CD25high

populations in male mice, while increasing their percentage only in
CD4+CD25high population in females, c/ increase of the suppressive
activity of tTregs at both time points in female mice, but at 7.00–8.00
a.m. only in males. This contrasting effect should be taken into account
in the therapeutical application of dexamethasone, or other synthetic

Fig. 6. Glucocorticoids receptor expression in thymocyte
subsets.
GCR expression was determined in separate thymocyte
subsets: DN CD4-CD8-, DP CD4+CD8+, SP CD4+, SP
CD8+ and CD4+CD25+ thymocytes. Receptor expres-
sion was calculated by mean fluorescence intensity value
(FI).
Data represent the results of three independent experi-
ments performed on 2–3 mice for each day time.
p < 0.05.
△ Statistically significant differences after Dex treatment.
★ The average percentage difference between control and
Dex-treated mice depending on animal’s sex.
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glucocorticoids, implying a different timing of dexamethasone appli-
cation in male and female mice, which can result also from the si-
multaneous effect of estrogens having a stimulatory activity toward
immune cells in physiological concentration (Olsen and Kovacs, 1996;
McMurray, 2000). Recent results of the study of Bordag et al. demon-
strated the impact of dexamethasone on the metabolome induced by
single dose or short-term glucocorticoid application, which may result

in the interruption of the rhythmicity of processes controlled by en-
dogenous hormones (Bordag et al., 2015), which additionally confirm
the usefulness of single-dose Dex application to broadly predict or
identify potential changes in long-term use.

Fig. 7. Proliferation suppressive activity of thymus-derived regulatory T cells.
(A) Proliferation suppression by male tTregs; (B) Proliferation suppression by female tTregs. Suppressive activity of tTregs was determined by the inhibition of
proliferation of responder CD4+CD25− lymph node T cells. The percentage of proliferating activated responder T cells cultured alone, with tTregs or with tTregs
after Dex, was compared. As the control (Ctrl) of activation responder T cells were cultured without anti-CD3 and anti-CD28 antibodies; (C) Percentage of inhibition
of responder T cell proliferation.
Data represent the results of three independent experiments performed on 2–3 mice for each day time. p < 0.05.
△ Statistically significant differences after Dex treatment.
★ The average percentage difference between control and Dex-treated mice depending on animal’s sex.

E. Kiernozek, et al. Immunobiology 224 (2019) 614–624

622



Declaration of Competing Interest

The authors declare no financial or commercial conflict of interest.

Acknowledgment

This work was supported by grant no. N N303 395836 and N N303
819940from the Polish Ministry of Science and Higher Education.

Flow cytometry measurement and sorting was performed by
Ewelina Kiernozek in the Laboratory of Flow Cytometry (Faculty of
Biology, University of Warsaw).

References

Ashwell, J.D., Lu, F.W.M., Vacchio, M.S., 2000. Glucocorticoids in T cell development and
function. Annu. Rev. Immunol. 2000 (18), 309–345.

Berki, T., Pálinkás, L., Boldizsár, F., Németh, P., 2002. Glucocorticoid (GC) sensitivity and
GC receptor expression differ in thymocyte subpopulations. Int. Immunol. 14,
463–469.

Besedovsky, L., Lange, L., Born, J., 2012. Sleep and immune function. Pflugers Arch. 463,
121–137.

Bettelli, E., Carrier, Y., Gao, W., Korn, T., Strom, T.B., Oukka, M., Weiner, H.L., Kuchroo,
V.K., 2006. Reciprocal developmental pathways for the generation of pathogenic
effector Th17 and regulatory T cells. Nature 441, 235–238.

Bin Dhuban, K., Kornete, M., Mason, S.E., Piccirillo, C.A., 2014. Functional dynamics of
Foxp3+ regulatory T cells in mice and humans. Immunol. Rev. 259, 140–158.

Bollinger, T., Bollinger, A., Skrum, L., Dimitrov, S., Lange, T., Solbach, W., 2009. Sleep-
dependent activity of T cells and regulatory T cells. Clin. Exp. Immunol. 155,
231–238.

Bordag, N., Klie, S., Jurchott, K., Vierheller, J., Schiew, H., Albrecht, V., Tonn, J.-C.,
Schwartz, C., Schichor, C., Selbig, J., 2015. Glucocorticoid (dexamethasone) induced
metabolome changes in healthy males suggest prediction of response and side effects.
Sci. Rep. 5, 15954.

Bruscoli, S., Di Virgilio, R., Donato, V., Velardi, E., Baldoni, M., Marchetti, C., Migliorati,
G., Riccardi, C., 2006. Genomic and non-genomic effects of different glucocorticoids
on mouse thymocyte apoptosis. Eur. J. Pharmacol. 529, 63–70.

Chen, X., Murakami, T., Oppenheim, J.J., Howard, O.M.Z., 2004. Differential response of
murine CD4+CD25+ and CD4+CD25− T cells to dexamethasone-induced cell death.
Eur. J. Immunol. 34, 859–869.

Delfino, D.V., Agostini, M., Spinicelli, S., Vito, P., Riccardi, C., 2004. Decrease of Bcl-xL
and augmentation of thymocyte apoptosis in GILZ overexpressing transgenic mice.
Blood 104, 4134–4141.

Elkord, E., 2014. Thymus-derived, peripherally-derived and in vitro-induced T regulatory

cells. Front. Immunol. 5, 17.
Engel, M., Sidwell, T., Vasanthakumar, A., Grigoriadis, G., Banerjee, A., 2013. Thymic

regulatory T cell development: role of signalling pathways and transcription factors.
Clin. Dev. Immunol. 2013, 1–8.

Fontenot, J.D., Gavin, M.A., Rudensky, A.Y., 2003. FOXP3 programs the development and
function of CD4+CD25+ regulatory T-cells. Nat. Immunol. 4, 330–336.

Fontenot, J.D., Rasmussen, J.P., Williams, L.M., Dooley, J.L., Farr, A.G., Rudensky, A.J.,
2005. Regulatory T cell lineage specification by the forkhead transcription factor
foxp3. Immunity 22, 329–341.

Gomez, F., De Kloet, E.R., Armario, A., 1998. Glucocorticoid negative feedback on the
HPA axis in five inbred rat strains. Am. J. Physiol. 274, R420–7.

Gruver-Yates, A.L., Quinn, M.A., Cidlowski, J.A., 2014. Analysis of glucocorticoids re-
ceptors and their apoptotic response to dexamethasone in male murine B cells during
development. Endocrinology 155, 463–474.

Hori, S., Nomura, T., Sakaguchi, S., 2003. Control of regulatory T cell development by the
transcription factor Foxp3. Science 299, 1057–1061.

Huang, S.T., Cidlowski, J.A., 2002. Phosphorylation status modulates Bcl-2 function
during glucocorticoid-induced apoptosis in T lymphocytes. FASEB J. 16, 825–832.

Irwin, M., 2002. Effects of sleep and sleep loss on immunity and cytokines. Brain Behav.
Immun. 16, 503–512.

Karagiannidis, C., 2004. Glucocorticoids upregulate Foxp3 expression and regulatory T
cells in asthma. J. Allergy Clin. Immunol. 114, 1425–1433.

Karssen, A.M., Meijer, O.C., Berry, A., Sanjuan Pin˜ ol, R., Kloet, E.R., 2009. Low doses of
dexamethasone can produce a hypocorticosteroid state in the brain. Endocrinology
146, 5587–5595.

Kiernozek, E., Kowalik, A., Markowska, M., Kozlowska, E., Drela, N., 2014. Day/night
changes of thymus-deriving natural regulatory T cell development and function. J.
Neuroimmunol. 274, 102–110.

van Kooten, C., Stax, A.S., Woltman, A.M., Gelderman, K.A., 2009. Handbook of ex-
perimental pharmacology "dendritic cells": the use of dexamethasone in the induction
of tolerogenic DCs. Handb. Exp. Pharmacol. 188, 233–249.

Kowalik, A., Kiernozek, E., Kulinczak, M., Brodaczewska, K., Kozlowska, E., Giczewska,
K., Riccardi, C., Drela, N., 2013. Dexamethasone-FITC staining application for mea-
surement of circadian rhythmicity of glucocorticoid receptor expression in mouse
living thymocyte subsets. J. Neuroimmunol. 261, 1–148.

Lio, C.W., Hsieh, C.S., 2008. A two-step process for thymic regulatory T cell development.
Immunity 28, 100–111.

Lyons, A.B., Parish, C.R., 1994. Determination of lymphocytes division by flow cytometry.
J. Immunol. Methods 171, 131–137.

McMurray, R.W., 2000. Progesterone inhibits glucocorticoid-induced murine thymocyte
apoptosis. Int. J. Immunopharmacol. 22, 955–965.

Moon, B.-I., Kim, T.H., Seoh, J.-Y., 2015. Functional modulation of regulatory T cells by
IL-2. PLoS One. https://doi.org/10.1371/journal.pone.0141864.

Olsen, N.J., Kovacs, W.J., 1996. Gonadal steroids and immunity. Endocr. Rev. 17,
369–384.

Pálinkás, L., Talabér, G., Boldizsár, F., Bartis, D., Németh, P., Berki, T., 2008.
Developmental shift in TcR-mediated rescue of thymocytes from glucocorticoid-

Table 1
Summarized changes induced by single-dose Dex injection.

Males Parameter analyzed Females

7.00–8.00 a.m. 7.00–8.00 p.m. 7.00–8.00 a.m. 7.00–8.00 p.m.

no change no change Corticosterone conc. no change no change
↓ ↓ Thymocyte number ↓ ↓
no change no change % DN no change no change
no change ↓ % DP no change ↑
no change no change % SP CD4+ no change ↓
no change ↑ % SP CD8+ no change no change
no change ↓ CD4:CD8 ratio no change ↓
↑ ↑ % CD4+CD25+

within SP CD4+
no change ↑

↑ ↑ % Foxp3 within SP CD4+CD25+ no change ↑
↑ no change % Foxp3 within SP CD4+CD25low no change no change
↑ ↑ % Foxp3 within SP CD4+CD25high no change ↑
no change ↑ Foxp3 expression no change ↑
no change no change DN apoptosis ↑ ↑
↑ ↑ DP apoptosis no change ↑
no change ↑ SP CD4+ apoptosis no change ↑
no change ↑ SP CD8+ apoptosis no change ↑
↑ no change SPCD4+CD25+ apoptosis ↑ ↑
no change no change GCR expression DN no change ↑
↓ no change GCR expression DP no change no change
↓ ↓ GCR expression

SP CD4+
no change ↑

↓ ↓ GCR expression
SP CD8+

no change no change

no change ↓ GCR expression
SP CD4+CD25+

no change ↑

↑ no change Suppressive activity of tTregs ↑ ↑
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