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Abstract Glucocorticoids (GCs) act via the intracellular

glucocorticoid receptor (GR), which can regulate the

expression of target genes. With regard to the immune

system, GCs may affect both innate and adaptive immu-

nity. Our study analyzed the immunoregulatory effects of

dexamethasone (Dex) treatment on splenic T, Treg, NK

and NKT cells by treating C57Bl6 mice with various doses

of Dex. We observed that treatment with Dex decreased the

number of NK cells in the spleen and suppressed their

activity. In particular, the expression of both Ly49G and

NKG2D receptors was decreased by Dex. However, Dex

did not affect the population of NKT cells. With regard to

splenic T cells, our results show a dose-dependent reduc-

tion in CD3?, CD4?, CD8?, CD44? and CD8?CD122? T

cells, but a stimulatory effect on CD4?CD25? regulatory T

cells by Dex treatment. In addition, treatment with Dex

suppressed anti-tumor immune response in a mouse EG7

tumor model. We conclude that Dex may suppress both T-

and NK-mediated immunity.

Keywords Glucocorticoids � Dexamethasone � NK cells �
T cells � Regulatory T cells

Introduction

Glucocorticoids (GC) affect the immune system by both

inhibiting and activating pro-inflammatory and anti-in-

flammatory cytokines and chemokines. Multiple studies

have shown that GCs have potent anti-inflammatory and

immunosuppressive properties (Ayroldi et al. 2012; Bor-

ghetti et al. 2009; Coutinho and Chapman 2011; Dhabhar

2008, 2009) and are therefore widely used in clinical

medicine (Strehl and Buttgereit 2013). To mediate these

effects, GCs form a complex with the intracellular gluco-

corticoid receptor (GR), which can regulate the expression

of number of target genes and also acts through other

molecular mechanisms (Lu and Cidlowski 2006; Meijsing

2015; Petta et al. 2016; Vandevyver et al. 2014). In addi-

tion to genomic mechanisms, GCs also elicit rapid effects

mediated via the cell membrane, including regulation of

signaling pathways (Croxtall et al. 2000). Many studies

have shown that GCs may regulate the functions of various

immune cell types affecting both innate and adaptive

immunity (Oppong and Cato 2015).

With regard to the innate immune system, GCs were

shown to suppress bovine neutrophil phagocytic function

(Alabdullah et al. 2015; Diez-Fraile et al. 2000) and inhibit

activation of mouse macrophages (Chinenov et al. 2012;

Tuckermann et al. 2007). However, the effects of GCs on

NK cells of both human and animal origin were not

extensively studied. Previous studies of the effects of GCs

on NK cells showed controversial results. In particular,

GCs were shown to suppress activities of NK cells (Kie-

colt-Glaser et al. 1987). In contrast, other studies did not

observe any significant effect on survival of NK cells by

dexamethasone (Dex) treatment (Kumai et al. 2016).

Moreover, GCs were recently shown to epigenetically

suppress NK cell lytic activity (Eddy et al. 2014).
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In contrast to NK cells, the effects of GCs in T cells

included induction of apoptosis and suppression of cyto-

kine production (Ashwell et al. 2000; Herold et al. 2006).

With regard to T cell subsets, GCs were shown to partic-

ipate in the differentiation of T helper (Th) cells (Daynes

and Araneo 1989). Moreover, GCs may also affect the

pattern of cytokines regulating the differentiation of T cell

subsets (Elenkov 2004; Flammer and Rogatsky 2011).

Furthermore, several studies demonstrated that GCs sup-

press the secretion of Th type 2 (Th2) cytokines by human

T cells (Rolfe et al. 1992; Wu et al. 1991). Furthermore,

recent studies demonstrate that the subsets of T cells show

different GC sensitivity (Banuelos and Lu 2016). In addi-

tion, our previous study demonstrated that lck-GR mice,

overexpressing a transgenic GR in both T cells, have

decreased CD4? and CD8? T cell subpopulations

(Yakimchuk et al. 2015).

To investigate the effects of GCs on the immune system,

we selected Dex, a synthetic GC with high immunosup-

pressive activity (Mager et al. 2003; Rhen and Cidlowski

2005). Our study analyzed the effects of Dex treatment on

both NK and T cell immunity. Our study showed that Dex

suppresses both NK and T cells in a dose-dependent

manner. In addition, we demonstrated stimulatory effect of

Dex on CD4?CD25? regulatory T cells (Tregs) and sup-

pressive effect on CD8?CD122? Tregs.

Materials and methods

Mice and cell lines

Wild-type male C57Bl6 (B6) and the TCR-transgenic OT-

1 Rag-/- (OT-1 for short) mice were bred and kept in the

animal facility at the Department of Microbiology, Tumor

and Cell Biology of Karolinska Institutet, Solna. All mice

were 8–10 weeks old and age-matched. Animal experi-

ments were evaluated and approved by the local Ethical

Committee for Research on Animals (ethical permit num-

ber 382/09).

The study used EG7 cells derived from chicken oval-

bumin (OVA)-transfected EL4 cells (a DMBA-induced

thymoma cell line) (Zhou et al. 1992). EG7 cells express an

OVA peptide (SIINFEKL) epitope on H-2 Kb, recognized

by the TCR-transgenic OT-1 mice. EG7 were grown in

RPMI 1640 medium, supplemented with 10% heat-inacti-

vated fetal bovine serum, 2 nM L-glutamine, 100 U/ml of

penicillin and 100 lg/ml streptomycin.

Reagents

Dexamethasone (Dex) was obtained from Sigma-Aldrich

(Sigma-Aldrich, St. Louis, MO, USA). Fluorochrome-

labeled antibodies against CD3, CD4, CD8, CD25, CD44,

NK1.1, CD11b, CD27, Ly49D, Ly49G2, Ly49C, NKG2D

and NKp46 were purchased from eBioscience (eBioscience

Inc., San Diego, CA, USA).

Treatments and flow cytometry

The mice were treated with 0.1, 1, 10 or 100 lg of Dex in a

final concentration of 5% dimethyl sulfoxide (DMSO) in

phosphate-buffered saline (PBS)/animal or vehicle by

intraperitoneal injections for 3 consecutive days. Spleens

were taken 48 h after treatment with Dex. For flow

cytometry, the isolated splenocytes were washed with cold

PBS in FACS falcon tubes and PBS-diluted antibodies

were added directly in the cell pellets. Cells were kept on

ice for at least 30 min followed by washing. After staining,

cells will be maintained in 1% formaldehyde before the

analysis of the samples by flow cytometry. For the intra-

cellular staining, cell pellets were first incubated fixation/

permeabilization buffer (BD Pharmingen, Franklin Lakes,

NJ, USA) on ice for 30 min. Antibodies were diluted using

the permeabilization buffer. Data were processed by the

software CellQuest Pro and Summit in the Department of

Microbiology, Tumor and Cell Biology Core Facility of

Karolinska Institutet.

The EG7 tumor model

The OT-1 Rag-/- mice were treated with Dex

(10 lg/mouse/day) ip for 3 days prior to the engraftment of

tumor EG7 cells (Fig. 6a). After 1 week, growing-phase

EG7 tumor cells were resuspended in cold PBS and

engrafted subcutaneously in the right flank of the age-

matched male OT-1 Rag-/- mice. Tumors were measured

three times per week using a caliper. The tumor volume

was calculated according to formula: width2 9 -

length 9 0.5. The treatment experiments were terminated

when EG7 tumors reached the upper size limit allowed by

the ethical permit (1.5 cm3).

Results

Treatment with Dex modulates NK cells

For analysis, splenocytes were isolated from the mice

treated with 0.1, 1, 10 or 100 lg of Dex or vehicle.

Absolute splenocyte numbers were significantly reduced by

Dex treatment (Fig. 1a). We observed no effects of Dex on

NKT cells (Fig. 1b). A moderate suppression of NK cells

was observed in mice treated with 100 lg Dex/mouse

(Fig. 1c).
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To analyze whether Dex may affect the NK cell sub-

populations belonging to the different developmental

stages of NK cells, the co-expression of CD11b and CD27

markers was evaluated (Fig. 2a–c). Our results showed that

the treatment with Dex significantly increased the per-

centage of CD11b-CD27? but decreased the percentage of

CD11b?CD27? NK cells (Fig. 2a, b).

To analyze the effects of different doses of Dex on the

functional activity of NK cells, we have studied the

expression of Ly49 receptors (Fig. 3a–c). We observed the

suppressive effects of Dex at doses 1, 10 and 100 lg on the

expression of Ly49G (Fig. 3c). In addition, we found

moderate suppression of NKG2D and NKp46 at Dex doses

of 1 and 100 lg, respectively (Fig. 3e, f).

Treatment with Dex affects both CD41 and CD81 T

cells

To test whether GCs affect cell-mediated adaptive immu-

nity, we have analyzed the effects of Dex on different T

cell subsets. Treatment with Dex caused dose-dependent

reduction in CD3?, CD4? and CD8? cells after Dex

treatment (Fig. 4a–c). In addition, CD44? T cells, which

were shown to belong to central memory T cells, were

significantly inhibited by Dex (Fig. 4d).

To evaluate whether Dex may affect subpopulations of

Tregs, splenocytes were analyzed by flow cytometry using

markers specific for CD4? and CD8? Treg subsets. We

observed a significant dose-dependent increase in

Fig. 1 Effects of Dex treatment on NKT and NK cellsSplenocytes

were isolated from the mice treated with 100, 10, 1 and 0.1 lg of Dex

or vehicle (a). Splenic NK1.1?CD3? NKT and NK1.1?CD3- NK

cells were isolated at 48 h after treatment with Dex and analyzed by

flow cytometry. The results are presented in percentages of NK1.1?-

CD3? NKT (b) and NK1.1?CD3- NK (c) cells. Error bars

indicate ± SEM, ***P\ 0.001. NS not significant. Data are repre-

sentative of two independent experiments

Fig. 2 Effects of Dex treatment on NK cell subpopulationsNK cell

subpopulations in spleen: CD11b-CD27?, CD11b?CD27?, CD11b?-

CD27- were analyzed by flow cytometry. The results are presented in

percentages of CD11b-CD27? (a), CD11b?CD27? (b),

CD11b?CD27- (c) cells. Error bars indicate ± SEM, *P\ 0.05,

**P\ 0.01. NS not significant. Data are representative of two

independent experiments
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CD4?CD25? Tregs by the treatment with Dex (Fig. 5a). In

contrast, treatment with Dex decreased the number of

CD8?CD122? Tregs (Fig. 5b).

To study the effects of GCs on anti-tumor immunity in

EG7 tumor model, mice treated with either Dex or vehicle

were subcutaneously engrafted with EG7 cells (Fig. 6a).

We observed an earlier and faster tumor growth, indicating

that EG7 tumors also generated an innate NK response

in vivo (Fig. 6b). These results suggest that EG7 tumor

induces both an early NK-mediated anti-tumor effect and a

late Ag-specific T cell response in vivo.

Discussion and conclusions

Our study evaluated possible effects of Dex treatment on

splenic NKT, NK and T cell subsets. The doses of Dex in

our study correspond to the doses used in clinical practice

(Czock et al. 2005). With regard to NKT cells, we did not

observe any significant effects of different doses of Dex on

NK1.1? CD3? cells. This result is in line with previous

observations, stating that NKT cells are resistant to Dex

(Milner et al. 1999). We detected the moderate inhibitory

effects of Dex on NK cells, demonstrated by the decrease

in NK1.1?CD3- cells. Previously, GCs were demonstrated

to prevent IL-15-mediated suppression of NK cells

(Moustaki et al. 2011). Also, GCs were shown to have

moderate stimulatory effects on the expression of NKG2D

and NKp30 in most treated patients (Kumai et al. 2016). In

addition, our results indicate that Dex increases the per-

centage of CD11b-CD27? but decreases the percentage of

CD11b?CD27? NK cells. CD11blowCD27low are consid-

ered to be the immature stage, while CD11bhighCD27high

belong to the mature stage of NK cell development

(Chiossone et al. 2009). These results show that Dex

treatment may shift NK cell subpopulations toward an

immature stage.

To evaluate the effects of GCs on the activity of NK

cells, we have analyzed the expression of both Ly49

inhibitory and triggering receptors on NK cells from the

mice treated with different doses of Dex. In particular,

Ly49G? NK cells were demonstrated to regulate early NK

cell-mediated responses (Barao et al. 2011). We found

moderate suppressive effects of Dex by both low and high

doses on Ly49G? NK cell subpopulation. In addition to

Ly49 receptors, we have studied the expression of the main

NK receptors which were previously shown to trigger NK

cytotoxicity mediated via interaction between NK and

Fig. 3 Effects of Dex treatment on the expression of NK cell

triggering receptorsExpression of NK cell receptors: Ly49C/I? (a),
Ly49D? (b), Ly49G? (c), NKG2A? (d), NKG2D? (e), NKp46NK?

(f) were analyzed by flow cytometry. The results are presented in

percentages of Ly49C/I? (a), Ly49D? (b), Ly49G? (c), NKG2A?

(d), NKG2D? (e), NKp46NK? (f) cells. Error bars indicate ± SEM,

*P\ 0.05, **P\ 0.01, ***P\ 0.001. NS not significant. Data are

representative of two independent experiments
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Fig. 4 Effects of Dex treatment

on CD4? and CD8? T cellsT

cell subpopulations: CD3? (a),
CD4? (b), CD8? (c) and
CD44? (d) were isolated from

spleen at 48 h after treatment

with 100, 10, 1 and 0.1 lg of

Dex or vehicle and analyzed by

flow cytometry. The results are

presented in percentages of

CD3? (a), CD4? (b), CD8?

(c) and CD44? (d) cells. Error
bars indicate ± SEM,

*P\ 0.05, **P\ 0.01,

***P\ 0.001. NS not

significant. Data are

representative of two

independent experiments

Fig. 5 Effects of Dex treatment

on regulatory T cellsT cell

subpopulations: CD4?CD25?

(a) and CD8?CD122? (b) were
analyzed by flow cytometry in

splenic T cells. The results are

presented in percentages of

CD4?CD25? (a) and
CD8?CD122? (b) cells. Error
bars indicate ± SEM,

*P\ 0.05, **P\ 0.01,

***P\ 0.001. NS not

significant. Data are

representative of two

independent experiments
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target cells (Bauer et al. 1999). With regard to the trig-

gering receptors, we observed no effect on the expression

of NKG2A, but a moderate decrease in the expression of

both NKG2D and NKp46 by treatment with 10 lg of Dex.

The observed inhibitory effect of Dex on NKp46 is in line

with a previous report, demonstrating reduction in NKp46

by methylprednisolone (Vitale et al. 2004).

In addition to the effects on NK cells, our study

demonstrates a dose-dependent reduction in both CD4?

and CD8? T cells by Dex treatment. Furthermore, the

expression of CD44 protein was also significantly reduced

in a dose-dependent manner. Previous studies suggested

CD44 to be a marker of memory T cells and to be involved

in activation and differentiation of T cells (Baaten et al.

2010a, b).

With regard to Tregs, we observed stimulatory effects of

GCs on CD4?CD25? T cells. This finding is in line with

previous studies, demonstrating that GC treatment stimu-

lates regulatory functions of CD4? T cells (Brinkmann and

Kristofic 1995). Also, earlier studies have shown that GCs

induce the expression of FoxP3 and IL-10 by CD4?CD25?

T cells (Karagiannidis et al. 2004). Moreover, Dex was

demonstrated to elevate the number of CD4?CD25? Tregs

in peripheral blood and lymphoid organs (Chen et al.

2004, 2006). In addition, several clinical studies reported a

positive correlation between treatment with GCs and

increase in Tregs in patients with autoimmune diseases

(Azab et al. 2008; Braitch et al. 2009; Ling et al. 2007;

Suarez et al. 2006).

In addition to the effects on CD4?CD25? T cells, we

have analyzed the potential influence of Dex on CD8?-

CD122? Tregs. Studies using animal models demonstrated

that CD8?CD122? Tregs could suppress other autoim-

mune diseases in animal models. Our results showed that

CD8?CD122? T cells were suppressed by Dex treatment.

Moreover, CD44? T cells, which were shown to belong to

memory T cells (Rosenblum et al. 2016), were significantly

inhibited by Dex.

Moreover, treatment with Dex significantly inhibited

anti-tumor immune response. In our study, faster tumor

growth was observed in the mice treated with Dex in

comparison with the control mice. This observation may be

explained by our present findings showing the suppressive

effects of Dex on both T and NK cells. Moreover, it is in

line with our previously published study showing faster

tumor growth in transgenic mice with overexpression of

GR in both T and NK cells (Yakimchuk et al. 2015). In

addition, stimulatory effects of GCs on Tregs may affect

tumor growth, since Tregs were demonstrated to inhibit

anti-tumor response and depletion of Tregs potentiates

anti-tumor immune reactions (Dannull et al. 2005; Litzin-

ger et al. 2007).

In conclusion, our study shows that treatment with Dex

negatively affects the numbers of both NK and T cells.

These results suggest that GCs may suppress both innate

and adaptive immunity. Also, we demonstrate that Dex

elicits opposite effects on different subpopulations of Tregs

by stimulating CD4?CD25? T cells but inhibiting CD8?-

CD122? T cells. These findings will help further

understanding of the complexity of GC actions on the

immune responses and optimizing new therapies involving

GCs.

Funding This work was supported by grants from the Swedish

Cancer Society and the European Union FP7 Project TOLERAGE

(HEALTH-F4-2008-202156).

Compliance with ethical standards

Conflict of interest The authors declare no conflict of interest.

Open Access This article is distributed under the terms of the

Creative Commons Attribution 4.0 International License (http://

creativecommons.org/licenses/by/4.0/), which permits unrestricted

use, distribution, and reproduction in any medium, provided you give

appropriate credit to the original author(s) and the source, provide a

link to the Creative Commons license, and indicate if changes were

made.

Fig. 6 Suppressive effects of Dex on EG7 tumor growthThe TCR-

transgenic OT-1 Rag-/- were treated with Dex (10 lg/mouse) or

vehicle intraperitoneally three times and then subcutaneously injected

with EG7 lymphoma cells (a). The growth of EG7 tumors in Dex-

treated and vehicle-treated mice was analyzed and compared (b).
Each group consisted of five mice. Error bars indicate ± SEM,

*P\ 0.05. Data are representative of three independent experiments
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