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Abstract

Glucocorticosteroids have an inhibitory effect on the expres-
sion of interleukin 2 (IL-2) and interleukin 2 receptor (IL-2R)
genes. To determine the mechanisms of this inhibition, human
T lymphocytes were stimulated with mitogens in the presence
of dexamethasone. Nuclear transcription run-off assays
showed that high doses of dexamethasone inhibited the tran-
scription of the IL-2 gene but not that of the IL-2R gene. Post-
transcriptionally, high doses of dexamethasone (lo-4 M) were
required to inhibit IL-2R mRNAlevels by 50%, whereas lower
doses (10-6 M) inhibited by > 70% the accumulation of IL-2
mRNA.IL-2 mRNAhalf-life decreased in the presence of dexa-
methasone (10-' M) by - 50%. At the protein product level,
dexamethasone inhibited both IL-2 production, as well as cell
surface and soluble forms of IL-2R. IL-2R gene expression was
inhibited for at least 72 h after exposure of cells to dexametha-
sone. In the presence of exogenous IL-2, dexamethasone failed
to exert a significant effect on the production of IL-2R protein.
These data indicate that dexamethasone has a greater effect on
the expression of the IL-2 gene than on the IL-2R gene. Dexa-
methasone both inhibits transcription of the IL-2 gene and de-
creases the stability of IL-2 mRNA.The effect of dexametha-
sone on the IL-2R gene is post-transcriptional and may result
indirectly from decreased IL-2 production. (J. Clin. Invest.
1991. 87:1739-1747.) Key words: corticosteroids * gene regula-
tion * glucocorticosteroids - messenger RNA* messenger RNA
stability

Introduction

Stimulation of T cells by antigens or mitogens leads to synthe-
sis of interleukin 2 (IL-2) and receptors for IL-2 (IL-2R)' (1).
After activation with phytohemagglutinin (PHA), the number
of IL-2R peaks within 48-72 h and then declines. This rise and
fall in IL-2R gene expression is paralleled by changes in T cell
proliferation. Thus, the regulation of both IL-2 and IL-2R gene
expression is critically involved in the control of T cell growth
and the normal immune response (1, 2).

High-affinity IL-2R have been found to consist of two dis-
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tinct polypeptide chains, each of which contains an IL-2 bind-
ing site (1, 3). The larger IL-2 binding protein (75 kD) is desig-
nated as the # chain, whereas the smaller protein (55 kD, Tac
antigen) is termed the a chain. Each chain reacts with IL-2 very
differently; IL-2 binds and dissociates from p75 ,3 chains
slowly, whereas it reacts very rapidly with p55 a chains. When
paired, these two lower-affinity ligand-binding proteins result
in a very high-affinity IL-2 receptor. Interestingly, only binding
of IL-2 through the p75 ,B chains stimulates T cell prolifera-
tion (1).

Synthesis of IL-2 and the IL-2R p55 chains is regulated at
least in part at the level of DNAtranscription (2, 4, 5). How-
ever, the regulation of IL-2R p55 differs from the regulation of
its ligand, IL-2: both an increase of cytoplasmic free calcium
[Ca2+]i and activation of protein kinase C are required to acti-
vate transcription of the IL-2 gene in resting T cells. Reagents
that activate protein kinase C are sufficient and more potent
than those that only increase [Ca2+]i in the induction of IL-2R
p55 gene expression (3, 6). IL-2 itself up-regulates the expres-
sion of IL-2R p55 via a transcriptional mechanism (7, 8). The
induction of IL-2R p55 expression by phorbol esters is not
inhibitable by cyclosporine A, a potent inhibitor of IL-2 tran-
scription (9). Taken together, these studies suggest that the regu-
lation of IL-2 is more stringent than is the regulation of its
receptor (10).

Dexamethasone, a synthetic glucocorticosteroid hormone,
is a potent inhibitor of T cell proliferation induced by antigens
and mitogens (1 1, 12). Dexamethasone inhibits the PHA-in-
duced mRNAaccumulation for IL-2 and IL-2R p55, as well as
the IL-2 protein product and the expression of both the high-af-
finity and the low-affinity forms of IL-2R (11-14). However,
previous investigations of the effect of dexamethasone on tran-
scription of IL-2 and IL-2R p55 genes have relied either on
unfractionated peripheral blood mononuclear cells (PBMC)
(14), or on indirect methods, such as mRNAblotting, which do
not distinguish between transcriptional and post-transcrip-
tional effects (11, 14).

To date, the effects of dexamethasone on the nuclear tran-
scription of IL-2 and IL-2R p55 genes have not been defined.
Wetherefore investigated the effect of dexamethasone on the
mitogen-induced expression of IL-2 and IL-2R p55 genes in
pure human peripheral blood T cells by nuclear run-off assays,
mRNAblotting, and determinations of the IL-2 and p55 chain
IL-2R gene products. Our data indicate that dexamethasone
inhibits the nuclear transcription of IL-2 but not of the IL-2R
gene. IL-2 gene expression is far more sensitive to the inhibi-
tory effect of dexamethasone than is its receptor gene. Dexa-
methasone also decreases IL-2 expression by decreasing the
stability of IL-2 mRNA. Finally, we present data suggesting
that the inhibitory effect of dexamethasone on IL-2R p55 ex-
pression may be indirect, resulting from inhibition of IL-2 pro-
duction.
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Methods

Mononuclear cells. PBMCwere obtained and purified by gradient cen-

trifugation over lymphocyte separation medium (Organon Teknica,
Durham, NC) from leukapheresis of normal volunteers by the Depart-
ment of Transfusion Medicine, Clinical Center, National Institutes of
Health (NIH). Cells were aspirated from the resulting interface and
washed three times in phosphate-buffered saline without Ca"2 or Mg"2.

Monocyte depletion. PBMCwere depleted of macrophages by frac-
tionation in Sepracell-MN (Sepratech, Oklahoma City, OK) according
to the instructions of the manufacturer.

Erythocyte rosetting. Monocyte-depleted cells were further frac-
tionated into sheep red blood cell (SRBC) rosette-forming (E+) cells
and non-SRBC rosette-forming (E-) cells, using 2-aminoethyliso-
thiouronium bromide-pretreated SRBC(Sigma Chemical Co., St.
Louis, MO). Equal volumes of SRBCand mononuclear cell suspen-
sions were incubated for 15 min at room temperature, spun down (200
g for 5 min), further incubated at 40C for at least 2 h, layered over

lymphocyte separation medium cushions, and centrifuged for 30 min
at 400 g. The pellet containing the E+ cells was collected and incubated
at room temperature for 5 min with 10 ml of red blood cell-lysing
buffer (NIH Media Unit, Bethesda, MD) and then washed with phos-
phate-buffered saline three times.

Cell cultures. E+ cells were resuspended at a density of 1-2 x 106 per
ml in complete medium (RPMI-1640 supplemented with 10%heat-in-
activated fetal calf serum, 2 mML-glutamine, and 25 Mg/ml gentami-
cin) and were cultured in 5% C0J95% air at 370C for various times
with 2 ,g/ml of PHA (Burroughs-Wellcome Co., Research Triangle
Park, NC), lOng/ml of phorbol myristate acetate (PMA; Sigma Chemi-
cal Co.), l0-4 to I0-9 M dexamethasone (Sigma Chemical Co.). In
some experiments, we used 100 ng/ml of cyclosporin A (Sandoz, Basel,
Switzerland), 10,ug/ml of actinomycin D (Sigma Chemical Co.), or 20
U/ml of purified recombinant human IL-2 (Genzyme Corp., Boston,
MA). Cells were preincubated with dexamethasone for 8 h and then
washed three times before the addition of other reagents.

Proliferation assay. In brief, quadruplicate samples of 0.2 ml of the
final cell suspension were transferred to flat-bottomed 96-well micro-
titer plates and incubated at 37°C in 5% C02/95% air for 72 h. Each
well was pulsed with 0.5 MCi of [3H]thymidine (specific activity 6.7
Ci/mmol; New England Nuclear, Boston, MA), 16 h before termina-
tion of cultures. Data below are reported as mean±standard deviation
of counts per minute (cpm) of cultures set in quadruplicate. A [3H]-
thymidine incorporation assay was performed with PBMCfrom each
donor. Typical values for cell proliferation were as follows: PBMC
alone, 210±17; PBMCwith PHA, 42,000±2,450; PBMCwith PHA
and PMA, 57,800±3,300; PBMCwith PHAand dexamethasone (10-4,
10-, 10-6 M), 600±58, 7,300±500, and 12,100±780, respectively;
PBMCwith PHAin combination with PMAand dexamethasone
(l0-4, 10-1, 10-6 M), 720±65, 8,100±730, and 17,600±1225, respec-
tively. PBMCfrom individual donors were not used if l0-4 Mdexa-
methasone failed to inhibit their [3H1thymidine incorporation by at
least 80%.

Immunofluorescence andflow cytometry. A direct immunofluores-
cence assay was performed by using the following fluorescein isothio-
cyanate (FITC)-conjugated monoclonal antibodies: anti-Bl (Coulter
Immunology, Hialeah, FL) detecting the B cell-specific surface marker
B1; anti-Leu-M3 (Becton, Dickinson & Co., Mountain View, CA) de-
tecting monocytes, and anti-Leu 1 la (Becton-Dickinson) detecting
macrophage and natural killer (NK) cells, respectively. Immunofluores-
cence staining, coupled with fluorescence-activated cell sorter analysis,
demonstrated that 95-98% of the E+cells bore the T cell-specific sur-

face marker, Leu-4. For IL-2R expression, the anti-IL-2R (anti-Tac)
monoclonal antibody (IgG,) was used (Becton-Dickinson) which recog-
nizes both the high- and low-affinity forms of the human receptor for
IL-2 (p55 chain). Cells were analyzed by flow cytometry (EPICS Pro-

file, Becton-Dickinson) by using log-scale amplification of the fluores-
cence signal. Nonspecific binding of IgG2a control antibody (Becton-
Dickinson) was subtracted from specific values. The percentage of cells

staining positively with anti-Tac or the change in the relative mean
fluorescence intensity of Tac antigen expression on E+ cells was deter-
mined.

IL-2 assay. The murine IL-2-dependent T cell line CTLL-2 was
maintained in continuous culture with recombinant (r)IL-2. The cells
were subcultured at a density of 10 cells/ml in complete medium
(RPMI-1640 with 10% [vol/vol] fetal calf serum) and rIL-2 (2 U/ml).
For the measurement of IL-2 activity in test supernatants, CTLL-2 cells
(104/100 gl) were cultured in quadruplicate in 96-well plates with com-
plete medium and various dilutions of the supernatants. After 20 h,
cells were pulsed with 1 gCi of [3H]thymidine for an additional 4 h and
harvested on glass fiber filters using an automatic cell harvester (LKB
Produkter, Wallac Oy, Finland). Individual filters were placed in sam-
ple bags with liquid scintillation fluid (Pharmacia, Inc., Piscataway,
NJ) and counted on a beta liquid scintillation counter (LKB Pro-
dakter).

Soluble IL-2R assay. Soluble IL-2R were determined by a "sand-
wich" enzyme-linked immunosorbent assay (ELISA) which employs
two monoclonal antibodies (anti-Tac and 7G7/B6) that recognize dis-
tinct epitopes on the human IL-2R as described (15). In brief, alternate
rows of the inner 60 wells of flat-bottomed 96-well microtiter plates
(Immulon- 1, Dynatech Laboratories, Inc., Alexandria, VA) were
coated overnight with 150 Ml of purified anti-Tac at 1 Mg/ml in carbon-
ate buffer, pH 9.6, or carbonate buffer alone as a background control.
After washing, 100 ,ul of various dilutions of samples was added to the
coated and control wells, incubated for 2 h, and washed; 100 ,l of a
1/4,000 dilution of FITC-conjugated 7G7/B6 in phosphate-buffered
saline containing 1%FCSwas added to all the wells. After an additional
2-h incubation, the plates were washed, and 100 Ml ofa 1/1,000 dilution
of alkaline phosphatase-conjugated rabbit anti-FITC was added. After
a 1-h incubation, the plates were washed, 100 ,ul ofp-nitrophenyl phos-
phate (1 mg/ml, Sigma Chemical Co.) was added, and the absorbance
of the wells was determined after 30 min at 405 nmby using a Titertek
ELISA reader (Flow Laboratories, Inc., Rockville, MD). A reference
reagent, consisting of the cell-free supernatant of a normal IL-2-depen-
dent human T cell line, 4 d after stimulation with 10% IL-2 (Cellular
Products, Buffalo, NY), was used in all of these studies. The undiluted
supernatant was assigned a value of 1,000 IL-2R U/ml, and the absor-
bance values as determined by ELISA of serial dilutions of this super-
natant were used to generate a reference curve. The absorbance of the
test wells were then compared with the standard curve and were con-
verted to a numerical value.

RNA isolation. Pelleted PBMCwere lysed with a denaturing solu-
tion containing 4 Mguanidinium thiocyanate (Fluka, Buchs, Switzer-
land), 25 mMsodium citrate, pH 7.0 (Mallinckrodt, Inc., Paris, KY),
0.5% sarcosyl, and 0.1 M2-mercaptoethanol (Sigma Chemical Co.),
and homogenized immediately, as described (16). Briefly, 80-100
X 106 E+ cells were lysed with 3 ml of the denaturing solution, homoge-
nized at room temperature, and transferred to a 12-ml polypropylene
tube. Subsequently, 0.3 ml of 2 Msodium acetate (pH 4.0), 3 ml of
phenol (water-saturated; Bethesda Research Laboratories, Gaithers-
burg, MD), and 0.6 ml of chloroform-isoamyl alcohol mixture (49:1)
were added to the homogenate. The final suspension was shaken vigor-
ously for 10 s, cooled on ice for 15 min, and centrifuged at 10,000 g for
20 min at 4°C.

The aqueous phase was collected in a new tube, mixed with 2 vol of
absolute ethanol, and placed on dry ice for at least 20 min to precipitate
RNA. This was followed by centrifugation at 10,000 g for 20 min. The
RNApellet was dissolved in 0.5 ml of the denaturing solution, trans-
ferred into a 1 .5-ml Eppendorf tube, precipitated with 2 vol of absolute
ethanol on dry ice for 20 min, and centrifuged in an Eppendorf centri-
fuge for 10 min at 4°C. The RNApellet was resuspended in 75% eth-
anol, sedimented, vacuum-dried, dissolved in 40 ,l of 0.5% sodium
dodecyl sulfate (SDS) at 65°C for 10 min, and quantitated by absor-
bance at 260 nm.

Northern blot analysis. Total RNAwas denatured at 100°C for 2
min in an electrophoresis buffer (0.4 M3-morpholino-propanesulfonic
acid [Fluka], 0.1 Msodium acetate, 2 mMEDTA, pH 6.0 [Sigma
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Chemical Co.] containing 6% formaldehyde [Mallinckrodt, Inc.] and
50%formamide [Mallinckrodt, Inc.]), and was size-fractionated by elec-
trophoresis (5 gg/lane) through 1%agarose gels containing 6% formal-
dehyde. The gels were then stained with ethidium bromide to assure
integrity of the loaded RNA. RNAwas transferred to nylon mem-
branes (Gene Screen Plus, New England Nuclear, Boston, MA) and
baked for 2 h at 80C in a vacuum oven. Membranes were prehybri-
dized and hybridized with the following 32P-labeled complementary
DNAprobes: (a) a 700-bp fragment of IL-2 containing the Stul and
XbaI sites of human IL-2 (Oncor, Gaithersburg, MD), (b) a 320-bp
PstI-AvaII fragment of the fourth exon of human IL-2R (p55 chain,
Oncor), and (c) 1.4-kb PstI fragment of a glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (17) and human fl-actin (Lofstrand Labora-
tories, Gaithersburg, MD) which served as control probes. They were
hybridized in a solution containing 1% SDS (Bio-Rad Laboratories,
Richmond, CA), 1 MNaCl, 10% dextran sulfate (Pharmacia, Inc.), 50
mMTris, pH 7.5 (Bethesda Research Laboratories), and 250 gg/ml
salmon sperm DNA(Pharmacia, Inc.), at 650C overnight. The filters
were then washed twice with 2x SSC (lx SSC = 0.015 Msodium
citrate, 0.15 MNaCl, pH 7) at 250C, twice with 2x SSCand 1%SDSat
650C, and twice with 0.1X SSCat 250C for 30 min. They were then
exposed to XAR-2 films (Eastman Kodak Co., Rochester, NY) at
-70'C in the presence of intensifying screens. After development, the
intensities of the bands on the films were quantitated by scanning densi-
tometry.

Nuclear run-off transcription assays. Nuclei were isolated by incu-
bating the cells on ice in lysing solution containing 10 mMTris (pH
8.0), 10 mMMgCI2, 1 mMdithiothreitol (DTT; Sigma Chemical Co.),
and 0.1% Nonidet P40 (Sigma Chemical Co.) (18). The nuclei were
then centrifuged, and the pellet was resuspended in lysis solution with-
out NP40 containing 10 gg/ml RNase A (Bethesda Research Laborato-
ries), incubated on ice for 20 min, and then layered onto 30%sucrose in
lysis solution and centrifuged at 400 g for 10 min. The nuclei were
counted, and 60-80 X 106 nuclei were incubated in 100 ul of a solution
containing 70 mMKCI, 5 nMMgC12,2 mMDTT, 0.1 mMEDTA, 0.5
mMMnC, 10 mMTris pH 8.0,10% glycerol (Bethesda Research Labo-
ratories), 0.4 mMATP, 0.4 mMCTP, 0.4 mMGTP(Pharmacia, Inc.),
0.2 mCi of 32P-labeled UTP(800 Ci/mmol; Amersham Corp., Arling-
ton Heights, IL), and 2 U/,ul RNasin (Promega Biotec, Madison, WI).
The incubation was carried out for 20 min at 30°C with mixing. The
reaction was terminated by adding 450 ,ug/ml of RNase-free DNase I
(Bethesda Research Laboratories) and incubating for 5 min at 30°C.
The samples were then adjusted to 1%SDS, containing 15 mMEDTA,
and incubated with 260 ,g/ml proteinase K (Bethesda Research Labo-
ratories) for 30 min at 40°C; they were extracted twice with phenol and
chloroform (1: 1) and once with chloroform (Mallinckrodt, Inc.).

Labeled RNAwas isolated in 0.25% SDS, 10 mMTris, and 2 mM
EDTA(pH 7.0) with a Centricon 30 microconcentrator (Amicon,
Danvers, MA). Equal counts per minute of 32P-labeled RNAs were
then heat-denatured and added to prehybridized nylon filters (Gene
Screen Plus) in a solution containing 1%SDS, 1 MNaCl, 10%dextran
sulfate (Pharmacia, Inc.), 50 mMTris (pH 7.5), 250 Ag/ml salmon
sperm DNA, and 100 jg/ml poly4A) RNA(Pharmacia, Inc.) and were
incubated at 65°C.

Denatured plasmid DNAs (pBR322 plasmid DNAas a negative
control, a 1.4-kb PstI fragment of GAPDHin pBR322, a 0.94-kb Eco
RI fragment of IL-2R p55 in pBR322 and the PstI fragment of human
IL-2 in pBR322 [American Type Culture Collection, Rockville, MD]),
equivalent to 0.5 ig of insert DNA, were immobilized on nylon filters
using a dot-blot apparatus (Bethesda Research Laboratories). After 2 d
of hybridization, the filters were washed twice with 2x SSCat 25°C,
twice with 2x SSCand 1% SDSat 65°C for 30 min, once with O.IX
SSCat 25°C for 15 min, and once with 2x SSCwith I ug/ml RNase A
at 40°C for 10 min. This was followed by one wash with 2X SSCwith
1% SDSat 65°C and two washes with 0.IX SSC for 30 min at 25°C.
The filters were air dried and exposed to XAR-2 films with intensifying
screens at -70'C for 1-3 d. Quantification of the data was performed
by scanning densitometry within the linear range of the densitometer

after substraction of background hybridization to pBR322. Values of
gene transcription were then expressed relative to the constitutively
transcribed control gene, GAPDH.

Results
IL-2 production. Previous reports have shown that dexametha-
sone inhibits the release of IL-2 into the supernatants of PHA-
stimulated human PBMC(1 1-13). As shown in Fig. 1 dexa-
methasone inhibits IL-2 production in a dose-dependent fash-
ion. At high concentrations of dexamethasone (10-4 M), IL-2
production was suppressed by 100%. At 10-6 Mthere was 80%
inhibition of IL-2 production. No inhibition was seen at 10'-
M (data not shown). This effect could not be explained by
carryover of dexamethasone into the IL-2 assay, since after
incubation of cells with dexamethasone, cells were washed
three times with medium; addition of exogenous IL-2 to super-
natants with low IL-2 activity reconstituted the response of the
assay.

IL-2R p55 chain expression. Fig. 2 is representative of sev-
eral experiments in which relative levels of expression of p55
chain of IL-2R (Tac antigen) were measured after 24-h cultures
of E+ cells in the presence of PHAand/or PMAand various
concentrations of dexamethasone (1o-4 to 10-6 M). At high
concentrations of dexamethasone (I0-4 M), IL-2R p55 expres-
sion was inhibited by - 50%; lower concentrations of dexa-
methasone (10-6 M) still had demonstrable effects on IL-2R
p55 expression. No inhibition was seen at 10-7 Mconcentra-
tions of dexamethasone when IL-2R p55 expression was as-
sessed at 24 h. However, longer incubation (2 72) demon-
strated significant inhibition at doses of dexamethasone as low
as 10-8 M. No inhibition was seen at 10' Meven with pro-
longed incubation (data not shown). In order to determine
whether the inhibition of IL-2R p55 expression indirectly re-
sulted from decreased IL-2 production, PBMCwere stimulated
with PHAand high doses of dexamethasone (10-4 M) in the
presence of IL-2 (20 U/ml). As shown in Fig. 3, in the presence
of exogenous IL-2, there was no demonstrable inhibition of
IL-2R p55 expression by dexamethasone.
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Figure 1. IL-2 activity in supernatants of E-rosette-positive human
PBMCstimulated with PHA. Cells were exposed to various concen-
trations of dexamethasone for 8 h and washed with RPMI-1640 three
times. Subsequently cells were stimulated with PHA(2 yg/ml) and
cultured in RPMI- 1640 with 10% fetal calf serum for 24 h. Superna-
tants were recovered and assayed for IL-2 in a mitogenic assay using
the murine IL-2-dependent T cell line, CTLL-2, as described in
Methods. Results represent the data from a representative experiment.
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The duration of the inhibitory effect of dexamethasone on
IL-2R p55 expression was assessed by the following experi-
ment. E+ cells were incubated for 8 h with dexamethasone 1 O
M, washed with medium three times in order to remove the
unbound dexamethasone, and incubated for 3 d at 370C. Cells
were subsequently stimulated with PHAand IL-2R p55 was
determined 24, 48, and 72 h later. As shown in Fig. 4, the
inhibitory effect of dexamethasone persisted for at least 72 h
after incubation. Longer incubation periods were not carried
out because of poor viability of unstimulated cells later in cul-
ture.

Soluble IL-2R. In addition to IL-2R expressed on the sur-
face of T cells, a soluble form of IL-2R is released, apparently
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Figure 3. Exogenous IL-2 reverses the inhibitory effect of dexameth-
asone on IL-2R gene transcription. Cells were stimulated with PHA
and rIL-2 (20 U/ml) in the presence or absence of dexamethasone
and cultured for 24 h in complete medium. Immunofluorescence as-
say was then performed by using the anti-IL-2R p55 antibody as de-
scribed in Fig. 2. Data shown are representative of three different ex-
periments.
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Figure 2. Dexamethasone in-
hibits IL-2R p55 chain ex-
pression in mitogen stimu-
lated cultures of
E-rosette-positive PBMC.
Cells were stimulated with
PHA(2 ,g/ml) alone or in
combination with PMA(10
ng/ml) for 24 h with or with-
out dexamethasone; direct
immunofluorescence assay
was performed by using to
fluorescein isothiocyanate-
conjugated monoclonal anti-
bodies IL-2R (anti-Tac) and
an IgG2a control antibody
(see Methods for more de-
tails). Data shown are repre-
sentative of five different ex-
periments.

corresponding to a truncated form of the p55 chain of the cell-
associated IL-2R. Soluble IL-2R has been shown to be present
in the culture supernatants of activated normal lymphocytes as
well as of tumor lines of T cell and B cell lineage (15). Superna-
tants of 24 h cultures of E+ cells stimulated with PHAand/or
PMAin the presence of various concentrations of dexametha-
sone (l0-4 to 10-6 M), were assayed for soluble IL-2R by the
"sandwich" ELISA, which employs two monoclonal antibod-
ies, anti-Tac and 7G7B6, that recognize distinct epitopes on
the human IL-2R (15). Dexamethasone inhibited the soluble
IL-2R in the supernatants of cell cultures stimulated with PHA
alone or with PMA. Fig. 5 shows the results from the quantita-
tion of soluble IL-2R in the supernatants of E+ cells cultured
with PHAfor 24 h in the presence of various concentrations of
dexamethasone. Medium alone or medium with dexametha-
sone resulted in < 32 U/ml in our assay. As shown in Fig. 5,
dexamethasone inhibited the release of soluble IL-2R in a dose-
dependent fashion.

IL-2 and IL-2R gene transcription. Having demonstrated
dexamethasone inhibition of IL-2 and IL-2R p55 chain produc-
tion, we then investigated the mechanism underlying this ef-
fect. Since glucocorticosteroid hormones regulate the expres-
sion of several genes directly at a transcriptional level ( 19), we
first examined the effects of dexamethasone on the transcrip-
tion of IL-2 and IL-2R p55 genes by nuclear run-off assays.
Previous investigations have shown maximum IL-2R gene in-
duction to occur within the first 8 h after mitogenic stimulation
of E+ cells, whereas maximum induction of IL-2 gene occurs
several hours later (20). Wetherefore examined the transcrip-
tional activity of these genes at 8 and 24 h after mitogenic
stimulation with PHA, or PHAand PMA. As shown in Fig. 6,
dexamethasone (l0-4 M) inhibited the transcription of the IL-2
gene at both 8 and 24 h. Its inhibitory effect was most pro-
nounced (> 80%) at 24 h. Dexamethasone at a dose of lO-' M
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Figure 4. Prolonged inhibitory effect of
dexamethasone on IL-2R p55 chain ex-

pression. Cells were preincubated with
10-4M dexamethasone for 8 h, washed three times,

and stimulated with PHAimmediately or
after 72 h in culture with RPMI-1640. (A)
IL-2R p55 expression 24 h after stimulation
with PHAwhich followed immediately
after washing away dexamethasone. (B) IL-
2R p55 chain expression after PHAstimu-
lation 72 h after incubation of cells with
dexamethasone. IL-2R p55 expression was
determined as described in Fig. 4. Data
shown are representative of three different
experiments.

resulted in - 60%inhibition, whereas a dose of 10-6 resulted in
- 25%inhibition of IL-2 gene transcription at 24 h. Inhibition

of IL-2 transcription was comparable in both PHA- and PHA/
PMA-stimulated T cells. No demonstrable effect was apparent
at 10' Mdose of dexamethasone (data not shown).

In contrast to IL-2, nuclear transcription of IL-2R p55 at 8
and 24 h was not affected by the presence of even high dose
dexamethasone (10-4 M), despite an > 80% inhibition of [3H]-
thymidine incorporation, suggesting that dexamethasone does
not exert inhibitory effects on IL-2Rf chain production at a

transcriptional level. However, after prolonged incubation of
cells (2 48 h) in the presence of dexamethasone, the transcrip-
tional activity of IL-2R p55 was significantly inhibited (40-
50%). This is probably an indirect effect resulting from inhibi-
tion of IL-2 production which is known to increase the tran-
scriptional activity of IL-2R p55 gene (8).

IL-2 and IL-2R mRNAaccumulation. Resting T cells do
not contain detectable IL-2 and IL-2R mRNA.IL-2 and IL-2R
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Figure 5. Dexamethasone inhibits the production of soluble(s) IL-2R
in PHA-stimulated, E-rosette-positive PBMC. Cells were preincu-
bated with dexamethasone for 8 h, washed three times, stimulated
with PHA(2 ,g/ml), and cultured for 24 h. Supernatants were col-
lected and the soluble form of the IL-2R p55 chain was determined
by an ELISA as described in Methods. Medium with or without
dexamethasone resulted in < 32 U/ml in our assay.

mRNAappear within 8 h after stimulation, reach peak levels
between 8 and 24 h and then decline (4, 11, 21). The effect of
dexamethasone on IL-2 and IL-2R mRNAaccumulation were

therefore studied at 9 h, when mRNAaccumulation was maxi-
mal. High doses of dexamethasone (10-4 M) resulted in - 50%
inhibition of IL-2R mRNAaccumulation in a dose-dependent
fashion (Fig. 7). No inhibition was seen at 1O-6 Mdexametha-
sone. In contrast to IL-2R, high doses of dexamethasone (l0-4
and 10-i) inhibited by 100% the IL-2 mRNAaccumulation;
dexamethasone at a dose of 1O-6 inhibited by > 70% the IL-2
mRNA.No inhibition of IL-2 mRNAwas seen at 10-9 M(data
not shown).

IL-2 mRNAstability. IL-2 gene expression is regulated at
either the transcriptional level or post-transcriptionally by
agents which affect the stability of IL-2 mRNA(22). The half-
life of IL-2 mRNAin human peripheral blood T cells stimu-
lated with anti-CD3 is short (t112 45 min) (22). In the pres-
ence of PMA, a known stabilizer of lymphokine mRNA(23,
24), IL-2 half-life is - 1-2 h (25). Since dexamethasone at 1O-6
Minhibited the nuclear transcription of IL-2 gene by - 30%,
whereas its effect on IL-2 mRNAwas more pronounced (70%
inhibition) suggesting the involvement of post-transcriptional
mechanisms, we next examined the half-life of IL-2 mRNAin
T cells stimulated with PHAand PMAin the presence or ab-
sence of dexamethasone (10-6 M). Transcription was in-
terrupted 8 h after stimulation by cyclosporin A (100 ng/ml) a

specific inhibitor of lymphokine gene transcription (9, 25). The
half-life of IL-2 mRNAwas found to be 2.1±0.25 h (in three
independent experiments) and decreased by - 50% (t112

1.2±0.13 h) in the presence of dexamethasone (Fig. 8). Actino-
mycin D (10 ,ug/ml), a nonspecific inhibitor of RNAtranscrip-
tion, failed to inhibit the transcription of IL-2 mRNAin pre-

stimulated cells, but not in unstimulated cells (four indepen-
dent experiments, data not shown). Similar experience has
been reported by other investigators who have used compara-
ble experimental conditions (25).

Discussion

IL-2 and its receptor play an essential role in T cell, B cell, and
NKeffector cell function and in thymocyte differentiation. In
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Figure 6. Effects of dexa-
methasone on the nuclear
transcription of IL-2 and IL-
2R p55 genes. E-rosette-pos-
itive human PBMCwere in-
cubated with dexamethasone
for 8 h, washed, and stimu-
lated with PHA(2 ug/ml)
alone or with PMA(10 ng/
ml). Nuclei were isolated 8
and 24 h later and transcrip-
tion was performed using
32P-labeled UTP. Labeled
RNAwas then isolated and
hybridized to nylon filters
onto which pBR322,
GAPDH, IL-2, and IL-2R
p55 plasmid cDNAs had
been immobilized using a
dot-blot apparatus. Compa-
rable GAPDHsignal ensures
similar loading of samples.
Results are representative of
four experiments.

addition to playing a major role in physiological immune re-

sponses against foreign antigens, IL-2 and IL-2R may also be
implicated in autoimmune phenomena (22). The present stud-
ies demonstrate the inhibitory effects of dexamethasone on

IL-2 and IL-2R gene expression and their mechanisms. Dexa-
methasone inhibits the nuclear transcription and the mRNA
accumulation of IL-2 whereas its effect on IL-2R is post-tran-
scriptional and requires the presence of suprapharmacologic
concentrations of dexamethasone. Addition of exogenous IL-2

IL-2R

neutralizes the inhibitory effect of dexamethasone on IL-2R
gene expression. This suggests that its inhibitory effect is proba-
bly indirect, resulting from decreased IL-2 production.

Steroid hormones are known to regulate directly the expres-
sion of many eukaryotic genes at the transcriptional level (19).
In addition to their transcriptional effects, steroid hormones
have been reported to exert nontranscriptional effects by in-
creasing the stability of mRNA(26), or the translational effi-
ciency and the stability of hormone-induced proteins (27, 28).
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Figure 7. Effects of dexamethasone on IL-2R and IL-2
mRNAaccumulation. Humanperipheral blood T cells
were exposed to various concentrations of dexametha-
sone and stimulated with PHA(2 ,gg/ml) alone or with
PMA(10 ng/ml) for 8 h. Total cellular RNAwas iso-
lated, and size fractionated through a 1% agarose gel
with formaldehyde and blotted onto a nylon membrane
as outlined in the Methods. Membranes were probed
with 32P-labeled cDNAprobes for IL-2R p55 chain, IL-
2, and GAPDH. Equal loading and transfer of RNA
onto membranes was ensured by identical UV-induced
ethidium bromide fluorescence of ribosomal 18S and
28S bands and equal amounts of GAPDHsignal. After
development the intensities of the bands on the films
were quantitated by scanning densitometry and ex-

pressed relative to the constitutively transcribed control
gene, GAPDH.Densitometry data are expressed as the
percentage of the PHA-induced response without dexa-
methasone. Results are representative of two different
experiments.
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Figure 8. Dexamethasone decreases the stability of IL-2 mRNA. T
cells were exposed to dexamethasone (10-6 M) and then stimulated
with PHA (2 g/ml) and PMA(10 ng/ml) for 8 h. Cyclosporine A
(100 ng/ml) was added and total cellular RNAwas isolated 0, 0.5, 1,
2, and 4 h later. Northern blots were prepared from the RNAsamples
and hybridized with 32P-labeled cDNAprobes for IL-2 and #l-actin
genes. After development, the intensities of the bands on the films
were quantitated by scanning densitometry and expressed relative to
the constitutively transcribed control gene, fl-actin. Individual values
for the zero points (IL-2/actin) were 1.60 without dexamethasone
and 0.53 in the presence of dexamethasone. The amount of mRNA
at the various times is expressed as a fraction of the mRNAlevel at
time zero. The data presented are representative of these independent
experiments.

According to the current paradigm, glucocorticoids exert their
cellular effects by binding to intracellular receptors which sub-
sequently bind to specific DNAregulatory elements (glucocor-
ticoid-responding elements, GRE). It is believed that differ-
ences in nucleotide sequences are important in determining
whether induction or repression of the gene will occur (29). In
other cases, glucocorticoid repression seems to be mediated by
a competition between the hormone receptor and other pro-

teins for binding to overlapping DNAregulatory sequences. In
these cases it is not the nucleotide sequence of a particular site
that determines its positive or negative effect on transcriptional
efficiency but rather the particular location of the binding site
in relation to the sequence regulator (30).

Detailed analysis of the regulation of the IL-2 gene has dem-
onstrated that a 276-bp segment upstream from the transcrip-
tion initiation site contains the sequences that regulate its tran-
scriptional activation (31, 32). This region is responsive to the
synergistic actions of stimuli which increase [Ca2-]i and induce
the activation of protein kinase C (28). These two events will in
turn stimulate the production of as yet unidentified gene prod-
ucts which may bind to the IL-2 regulatory region or influence
the binding of other regulatory proteins to this sequence (33,
34). In contrast to B cells, where glucocorticoids suppress the
anti-Ig antibody-induced calcium mobilization (35), glucocor-
ticoids do not inhibit the PHAinduced [Ca2+]i response in T
cells (H. Yamada and D. T. Boumpas, unpublished data). It is
conceivable therefore that the inhibitory effect of dexametha-
sone on PHA-induced IL-2 transcription could be attributed to
inhibition of the activation of protein kinase C or to more
distant sites of the [Ca2+]i pathway (e.g., calmodulin). Re-
mondo et al. (36) have suggested that inhibition of IL-2 in-
duced proliferation of cloned murine T cells by glucocorticoids
may in part be due to inhibitory protein(s) which suppress
DNAsynthesis and the IL-2-induced growth ofthese cells (36).
Similarly, glucocorticoid-induced new proteins could interfere
with the induction of IL-2 gene and its regulation. Alterna-
tively, glucocorticoid repression of IL-2 transcription could be
mediated by a competition between the hormone receptor and
other proteins for binding to overlapping DNAregulatory se-
quences (30).

Transcriptional induction of the gene encoding the a-sub-
unit of IL-2R has been shown to be mediated by a sequence
element that is homologous to the nuclear factor-KB binding
site of the immunoglobulin kappa gene enhancer (37). More
recently an additional sequence motif located 10 bp down-
stream of the previously identified site has been described. Pro-
teins binding at both sites act coordinately, leading to maximal
induction of the IL-2R p55 gene (37). IL-2R gene expression is
regulated at the level of transcription and agents that activate
protein kinase Conly are sufficient and more potent than those
that increase [Ca2+]i only to induce IL-2R p55 expression (6).
The observed difference in the sensitivity to the inhibitory ef-
fect of dexamethasone between the IL-2 and IL-2R confirms
previous reports for independent regulation of these genes.

RNAsynthesis of PHA-stimulated peripheral blood lym-
phocytes is regulated by IL-2 (12). IL-2 augments the transcrip-
tion of several genes including IL-2R, c-myc, and c-myb (8, 38,
39). Inhibition of IL-2 production by dexamethasone does not
interfere with the onset of RNAsynthesis and T lymphocyte
activation but rather inhibits subsequent events thereby arrest-
ing cells in the Gla phase. Addition of exogenous IL-2 in the
cultures reverses the inhibitory effect of dexamethasone by al-
lowing cells to synthesize more RNA(12). Our data on IL-2R
p55 expression, whereby in the presence of exogenous IL-2 the
expression of IL-2R p55 is not inhibited by dexamethasone,
echo these findings and suggest that the inhibitory effects of
dexamethasone on IL-2R expression is at least in part indirect,
resulting from decreased IL-2 production.

The inhibitory effect of dexamethasone on IL-2 and IL-2R
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mRNAaccumulation is in agreement with previous reports
(14). Reed et al. (14) first observed that, whereas dexametha-
sone (10-6 M) significantly reduced the levels of IL-2 mRNAin
PHA-stimulated peripheral blood mononuclear cells, it had no
effect on IL-2R mRNAaccumulation. Our data confirm their
observations and offer a possible explanation for this phenome-
non based on the lack of inhibition of IL-2R gene nuclear tran-
scription by dexamethasone. The observed decrease in mRNA
accumulation of IL-2R gene at higher doses of dexamethasone
(2 1-' M) probably is nonspecific and reflects a more general-
ized inhibition by dexamethasone of the completion of RNA
synthesis ( 12).

The finding that dexamethasone can alter the stability of
IL-2 mRNAis novel. In addition to transcriptional post-tran-
scriptional mechanisms have been implicated in the regulation
of IL-2 gene expression (22, 25). Addition of protein synthesis
inhibitors can stabilize the IL-2 mRNAwhich is normally de-
graded by a labile RNase and thereby lead to its superinduction
(4, 40). IL-2 mRNAhas at least three reiterated copies of the
sequence, AUUUA, which is known to confer instability to
mature mRNAs(22, 41). Dexamethasone could change the
stability of IL-2 mRNAeither by inducing the synthesis of
RNases or by increasing the number of AUUUAsequences in
the IL-2 mRNA.

A major objective in glucocorticosteroid management of
patients with immune mediated diseases is the reduction of
side effects associated with their use. Alternate day glucocorti-
costeroid therapy has been reported to decrease significantly
both the incidence and the severity of several of these compli-
cations, while at the same time being efficacious (42). The dura-
tion of the inhibitory effect of dexamethasone on T cells (at
least 72 h after the initial exposure of cells) suggests a basis for
previous observations on the effectiveness of alternate day ste-
roid therapy.

In conclusion, these studies have begun to elucidate some
of the mechanisms involved in inhibition of IL-2 and its recep-
tor by dexamethasone. By using dexamethasone as a research
tool useful information may be obtained regarding the regula-
tion of the expression of IL-2 and IL-2R genes with obvious
clinical implications. Further studies are warranted to delin-
eate the mechanism of action of corticosteroids on T cell gene
expression.
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