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Abstract: Glucocorticoids (GCS) profoundly inhibit

several aspects of T cell immunity largely through in-

hibition of cytokine expression at the transcriptional

and posttranscriptional levels. GCS were also reported

to act indirectly by inducing transforming growth factor-

13expression, which in turn blocks T cell immunity.
hi exerting their antiproliferative effects, GCS diffuse

into target cells where they bind their cytoplasmic re-

ceptor, which in turn translocates to the nucleus where
it inhibits transcription of cytokine genes through di-

rect binding to the glucocorticoid response elements

(GRE), which are located in the promoter region of

cytokine genes or, alternatively, through antagonism

of the action of transcription factors required for
optimal transcriptional activation. In contrast to their

inhibitory effects on cytokine expression, GCS up-

regulate cytokine receptor expression that correlates
with enhanced cytokine effects on target cells. In this

review, we summarize the current state of knowledge

of the mechanism of action of GCS, including the

phenomenon of steroid-induced rebound, which

ensues upon GCS withdrawal. J. Leukoc. Biol. 60:

563-572; 1996.
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INTRODUCTION

Glucocorticoids (GCS) have been successfully used in the

management of several disorders associated with height-

ened immunity, such as transplant rejection � auto-

immune diseases [2, 3J, and inflammatory disorders �4,

51. It remains unknown as to the precise locus of GCS ac-
tion because there is evidence of inhibition by GCS of T

cell immunity at several stages of T cell activation. The

mechanisms postulated for GCS suppression of T cell pro-

liferation include the following: (1) induction of the phos-

pholipid and calcium-binding proteins, lipocortins, which

in turn inhibit arachidonic acid release from membrane-

bound stores 161; (2) interference with transmembrane

ionic fluxes 171; (3) modulation of activation-induced cell

death 18, 91; and (4) inhibition of recruitment of neutro-

phils and monocytes-macrophages into inflammatory sites

[10, 11J, largely through inhibition of the expression of

leukocyte adhesion molecules induced by interferon-?

(IFN-y) 1121, tumor necrosis factor-a (TNF-a) 1131, lipo-

polysaccharide (LPS) 1141, and interleukin-1 (IL-i) [11J;

and (5) suppression ofcytokine production 115-181 and ac-

tion 119, 20J. However, it is likely that GCS may exert their

effects by a multitude of mechanisms depending on the

cell type and activation state.

Over the past few years our understanding of the mode

of action of GCS and the divergent pathways of T cell ac-

tivation, including a molecular and cellular investigation

into the biology of T cell-derived cytokines, has provided

an opportunity for assessment of the mode of action of the

GCS at the molecular level. In this review we present an

overview of the current state of knowledge at the cellular

and molecular levels pertaining to the mechanism of action

of the GCS as immunosuppressive agents. In addition, we

shall provide an immunological basis for the GCS-induced

rebound phenomenon, which ensues upon acute/short-

term GCS withdrawal.

T CELL ACTIVATION

T cell activation is a tightly regulated process that involves

interaction of the multimeric T cell receptor (TcR)/CD3

complex with antigenic fragments expressed on the surface

of professional antigen-presenting cells (APC) and other

cells [21, 221. Optimal T cell activation also requires the

participation of accessory signals imparted by APC, includ-

ing interaction of T cell-associated CD2 123-251 and/or

CD28/CTLA-4 126, 271 with APC-expressed LFA-3/CD58

and/or B7/BB1, respectively. In addition, co-stimulatory sig-

nals imparted in part by APC-derived cytokines, namely

IL-i [28-301 and IL-6 131, 321 augment T cell activation,
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leading to the induction of the IL-2 autocrine pathway, and

the expression of several T cell-derived cytokines [26, 30,

31, 33J. In the absence of appropriate costimulatory sig-

nals the T cell is driven into clonal anergy [341.
Although the TcR/CD3 complex lacks the endogenous

protein tyrosine kinase (PTK) moiety, T cell activation via

TcR/CD3 involves rapid phosphorylation of several cellular

proteins on tyrosine residues, including IcR itself [351.
This phosphorylation ensues upon physical association of

TcR/CD3 with src PTK p59fY’� and ZAP7O, and CD4 inter-

action with the nonreceptor PTK p56� [36, 37]. TcR/

CD3-associated kinase activity leads to the phosphorylation

of downstream target molecules, including phospholipase C

(PLC) [38, 39]. Phosphorylated PLC in turn induces the

hydrolysis of phosphatidyl inositol 4,5-bisphosphate and

the generation of inositol 1,4,5-trisphosphate (1P3) and di-

acylglycerol (DAG) [40-421.

1P3 in turn mobilizes calcium from intracellular stores,

resulting in the activation of calmodulin-regulated kinases,

including the serine/threonine phosphatase calcineurin

[43, 441. On the other hand, DAG in the presence of high
intracellular calcium concentrations, binds to and translo-

cates protein kinase C (PKC) from cytosolic to membrane-

bound compartments where it expresses its enzymatically

active conformation. In addition, elevation in intracellular

calcium, coupled with sustained PKC activation, induces

the expression of nuclear factors such as NF-AT, NF-KB,

and AP-1 required for efficient transcription of cytokine

genes [45, 461.

Targeting of any of the T cell activation events results in

inhibition ofT cell activation. In these regards, immunosup-

pressive agents such as GCS, cyclosporin A, FK506, rapa-

mycin, RS-61443, and brequinar sodium exert their immu-

nosuppressive effects largely through blockade of proximal

or distal events of T cell activation (Thble 1) [47-491. Be-

cause of the limited scope of this review, we shall limit our

discussion to the effect of GCS in inhibiting T cell prolif-

eration through blockade of cytokine expression. For dis-

cussion about the mechanism of action of other immuno-

suppressive/antiproliferative agents the reader is referred

to excellent reviews published previously [47, 48, 50].

TABLE 1. Principal Immunosuppressive Drugs

1 . Immunophilin-binding drugs:

a. CsA & FK506: inhibit Ca2�-dependent T cell activation by

antagonizing calcineurin.

b. Rapamycin: binds FKBP and blocks IL-2-driven proliferation.

2. Anti-metabolites:

a. General (nonselective) inhibitors: azathioprine

b. Selective inhibitors:

i. Purine synthesis inhibitors: RS-61443 & mizorbine.

ii. Pyrimidine synthesis inhibitors: brequinar sodium.

3. Anti-mitotic agents: cyclophosphamide.

4. Glucocorticoids:

a. Anti-inflammatory: reduce production of pro-inflammatory

mediators, cellular infiltration, and expression of cell adhesion

molecules.

b. Immunosuppressive: inhibit cytokine gene expression.

TABLE 2. Inhibition of Cytokine Expression by GCS

Cytokine Cell type Mechanism of suppression

IL-la Peritoneal macrophages,
monocyte-like cell lines

GRE binding

IL-1�3 Human monocytes,

promonocytic cell line

mRNA destabilization

GRE binding

IL.2 I cells Antagonism of transcription factors

GRE binding
Signaling via IL-2R complex

IL.3 Helper T cell lines ND#{176}

IL-4 I cells Earlier inhibition of IL.2”

Direct DNA bindingc

IL-5 PBMC, T cells ND

IL.6 T cells, macrophages,

monocyte-like cell lines,

fibroblasts

Antagonism of transcription factors

GRE binding

IL-8 Fibroblasts, epitheial

cells, fibrosarcoma cell

lines

GRE binding

IL-12 T cells, monocytes,

moncytic cell lines

ND

IFN.’y T cells, fibroblasts GRE binding

TNF-a Monocyte-like cell lines,

macrophages,

fibroblasts

GRE binding

Antagonism of transcription factors

a ND not determined. b Proposed mechanism of action.

lished whether this involves a GRE-like binding.

C Not estab-

SCOPE AND CONSEQUENCES OF BLOCKADE
OF CYTOKINE EXPRESSION BY GCS

T cell activation by mitogens, alloantigens, and receptor

cross-linking antibodies (as surrogates for antigenic stimu-

lation) is a preprogrammed process that results in the

orderly expression of several cytoidne genes and induction

of T cell proliferation [21, 32, 35]. GCS-mediated antipro-

liferative effect is largely attributed to inhibition of cytokine

gene expression (Thble 2). In these regards, GCS were

shown to inhibit mRNA expression of IL-i [16, 51-53J, IL-

2 [15, 54-56J, IL-3 [57, 581, IL-4 [59-61J, IL-S [17, 62,

63J, IL-6 [51, 64], IL-8 [18, 65, 66], IL-12 [67], IFN-’y

[59, 681, TNF-a [69, 70], and the colony-stimulating fac-

tom (CSF) macrophage (M)-CSF [71], granulocyte (G)-CSF

[72], CSF-1 [73], and granulocyte-macrophage (GM)-CSF

[66, 741.

Target of GCS-suppressive effects

The primary target of GCS effects appeared to be acces-

sory cells; GCS-mediated inhibition of cytokine expression

was attributed to their suppression of IL-i and IL-6 expres-

sion. In light of reports demonstrating the central role of

both IL-i and IL-6 as accessory signals in the induction

of the IL-2 autocrine pathway [32, 75, 76], it was postu-

lated that inhibition of IL-2, IL-3, IL-8, and IFN-’y and

other cytokine gene expression is secondary to earlier in-

hibition ofIL-i and IL-6 expression. This concept was chal-

lenged by several reports demonstrating direct suppression
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by GCS of IL-2 [54, 56, 77], IL-8 [65, 78], c-Jun [79],

and other cytokine gene expression via a mechanism involv-

ing direct binding of the activated GCS receptor (GR) to se-

lect sites on DNA and, in turn, repression of transcription

via steric hindrance (see below). Discussed in a physiolog-

ical context, it remains to be established whether and to

which extent earlier inhibition of IL-i and IL-6 gene ex-

pression by GCS contributes to downstream inhibition of

cytokine gene expression.

Transcriptional repression by GCS

Inhibition of cytokine expression by GCS occurred at the

transcriptional level, resulting in a concentration-dependent

inhibition of cytokine mRNA expression and a parallel de-

crease in cytokine secretion [18, 51, S�1#{149}Repression of

cytokine expression and inhibition of cellular activation

was demonstrated to be specific for the GCS because: (1)

non-GCS steroids failed to affect cytokine expression [54]

and T cell proliferation [61 and (2) RU-486, a GR antag-

onist, abrogated GCS-mediated repression of cytokine ex-
pression and cellular activation [16, 5i, 55, 691. It should

be noted here that RU-486 has a mixed agonist/antagonist

property. Although it clearly antagonizes dexamethasone

(DEX)-induced inhibition of cytokine release by mitogen-

stimulated human PBMC, RU-486 inhibited cytokine (IL-i,

IL-6, IL-8, TNF-a) release when tested in the absence of

GCS [80].

That GCS exert their antiproliferative/immunosuppres-

sive effects by targeting cytokine expression was verified

along several lines of evidence. First, antiproliferative con-

centrations of GCS parallel those required for inhibition of

cytokine mRNA accumulation and protein secretion [15,

52, 8i]. Second, GCS-mediated antiproliferative effects

could be abrogated by the combination of rIL-i, rIL-6,

and rIFN-’y, although not by each cytokine tested individu-

ally [151.

Posttranscriptional effects of GCS

GCS were also described to inhibit cytokine expression at

a posttranscriptional level through reduction in cytokine

mRNA stability. In these regards, GCS were shown to de-

crease mRNA half-life of c-myc [761, IL-i [16, 51, �31,
IL-2 [541, IL-6 [661, IL-8 [66], MCAF [831, TNF-a [84],

and GM-CSF [66]. GCS-induced decrease in cytokine

mRNA half-life is a rapid event, with 50% of the mRNA

degraded 1-2 h post-GCS treatment [54]. It also requires

de novo synthesis of an mRNA destabilizer protein, as re-

vealed by the capacity of cycloheximide [Si, 66] and acti-

nomycin D [66, 82] to abrogate GCS effects, resulting in

significant increase in cytokine mRNA half-life.

GCS were also described to exert their antiproliferative

effects by attenuating cytokine effects on target cells such

as cytokine-driven cellular proliferation. In these regards,

GCS were shown to inhibit the IL-2-driven proliferation of

human T cells [20, 851 and IL-2-dependent CTLL-2 cells

[86], and of PMA-preactivated T cell blasts [87], as well as

IL-i a/IL-i �3-driven proliferation of the murine Th2 cells,

DiO.G4.i [88]. GCS inhibition of cytokine-driven prolifera-

tion was suggested to involve induction of an inhibitory pro-

tein [such as transforming growth factor-�3 (TGF-�3), see

belowl, as GCS anti-proliferative effects were blocked by

cycloheximide [85, 86].

Furthermore, GCS were described to repress cytokine-

induced cytokine release. For example, GCS inhibited IL-6

and IL-8 expression by IL-i- and TNF-a-stimulated human

fibroblasts [70J, IL-S production by IL-2-stimulated hu-

man peripheral blood mononuclear cells (PBMC) [i7J,

and M-CSF production by IL-i-stimulated cartilage fibro-

blasts [7i]. Together with their reported effects on cytokine-

stimulated cellular proliferation, this suggests that GCS

inhibit cytokine production at two stages. First, GCS act

proximally by reducing cytokine availability through block-

ade of cytokine mRNA expression either via transcrip-

tional repression and/or through destabilization of cytokine

mRNA. Second, GCS may exert their antiproliferative

effects distally by inhibiting cytokine-mediated signaling

events, hence attenuating further cytokine expression and

induction of T cell proliferation.

Other reports have suggested that GCS do not alter cyto-

kine mRNA stability or affect cytokine-mediated cellular ac-

tivation (cytokine-stimulated proliferation and/or cytokine

release) [18, 89, 90], thus raising concerns about the uni-

versality of such conclusions. In light of the multiplicity of

GCS effects, coupled with the differential requirements for

induction of cytokine genes, and the diverse experimental

settings employed in assessing GCS effects, one cannot ne-

gate any of the conclusions reached. Accordingly, results

regarding posttranscriptional effects of GCS must be

viewed in the context of the cell type investigated, stimulus

used, and experimental conditions/readout system ultilized.

Mediation of GCS effects through
TGF-� induction

Of interest was the recent demonstration of a novel mecha-

nism by which GCS inhibit cytokine expression and T cell

proliferation: induction of TGF-(� expression [91-93]. In

light of the similarities in scope and nature between GCS-

and TGF43-induced antiproliferative effects, as both GCS

and TGF-�3 are potent inhibitors of the activation of T cells

E91], macrophages [96], and several tumor cell lines [92,

93], it was of interest to test whether GCS-mediated anti-

proliferative effect is, at least in part, TGF-(3-dependent.

This hypothesis was verified by the following findings.

First, GCS enhance accumulation of TGF-(3 steady-state

mRNA in unstimulated and mitogen-stimulated T cell cul-

tures [911, fibroblasts [941, osteoblasts [95], and several

other cell lines [92, 93]. Second, blockade of TGF-�3 activ-

ity by neutralizing anti-TGF-�3 monoclonal antibody (mAb)

abrogated GCS-mediated antiproliferative effects [9i, 93,

97].

TGF-�3 expression is constitutive and is up-regulated

upon stimulation with mitogens, growth factors, and GCS

[91]. GCS induction of TGF-� expression was described in

some reports to be at the transcriptional [93, 941 and at

the posttranscriptional [92, 95] levels involving stabiliza-

tion of TGF-�3 mRNA. Furthermore, GCS induction of
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TGF43 was described to be an indirect event, being pre-

ceded by the induction of select lysosomal proteases,

which in turn results in enhanced TGF43 secretion [951.
Other reports provided evidence arguing against involve-

ment of TGF-� in GCS-mediated antiproliferative effects.

For example, GCS were described to: (1) be ineffective in

altering TGF43 mRNA expression 1981; (2) inhibit TGF-�

secretion by fibroblast.s and lung carcinomas [99]; (3) an-

tagonize TGF43-stimulated effects (stimulation of prosta-

glandin synthesis) [1001; (4) differentially regulate induced

nitric oxide synthase (iNOS) activity [TGF-�3, but not GCS

(DEX), inhibited IL-i-stimulated iNOS mRNA expressioni

[1011; (5) block EGF-induced c-fos mRNA accumulation

in contrast to TGF-(3, which was described to be ineffective

[102J; and (6) inhibit procollagen synthesis in contrast to

TGF43, which was shown to stimulate procollagen synthesis

[1031. Accordingly, mediation of GCS effects by TGF43 ap-

pear to be cell type- and stimulus-specific, and warrants

further scrutiny in assigning a future role for TGF-� in

mediating GCS-associated antiproliferative effects.

MECHANISM OF REPRESSION OF CYTOKINE
GENE EXPRESSION BY GCS

One of the distinct features of the GR is its unusual capac-

ity as a transcription factor to both up-regulate and down-

regulate gene expression, depending on the target gene

and experimental conditions tested. GCS gain access to

their target cells by diffusing through the lipid bilayer and

bind their cytoplasmic receptor. The receptor, in turn, binds

DNA and hence modulates transcriptional activation of

target genes. Loss or mutation as well as antagonism of GR

(for example by RU-486) severely curtails the transcription-

modulating capacity of the GR.

The GCS receptor

Similar to other steroids, GCS exert their immunoregula-

tory effects by binding their intracellular receptor, which

directly regulates transcriptional rate. Owing to their hydro-

phobic nature, GCS diffuse into the cytoplasm and bind the

GR, which, in the absence of GCS, is tightly bound to

the 90-kDa heat-shock protein (HSP9O) and thus is pre-

vented from translocating to the nuclear compartment

[104, 105]. Upon binding its ligand (GCS), activated GR
complex dissociates from HSP9O and undergoes structural

modifications that enable it to bind DNA [106, 107J. The

GR contains a single DNA binding domain of the following

form: Cys-X2-Cys-X i3CysX2CysX �s 17-Cys-X5-Cys-X9-

Cys-X2-Cys-X4-Cys, where X denotes a variable amino

acid [1081. Each four cysteine residues, arranged tetra-

hedrally, bind one Zn2� 11061 leading to the formation of

two zinc fingers that interact directly with DNA 11071. Such

an interaction initiates 1109, 110] or blocks 1107, 111J gene

expression depending on cell type and experimental con-

ditions used.

GCS response elements (GRE)

The DNA binding sites for GCS, the GRE, have a con-

served palindromic sequence, GGTACAnnnTGTTCT; each

half-GRE palindrome binds one subunit ofGR [106, 112].

GRE elements have been localized in the 5’ flanking re-

gions of GCS-responsive genes, including cytokine genes

161, 113]. Depending on the physiological context, binding

of the activated GR complex to GRE alters transcriptional

activation both in cis-acting [61, 111] and trans-acting [55,

7�1 fashions. Furthermore, activated GR may directly inter-
act with GRE DNA elements [65, 111] or alternatively, may

require the cooperation of other transcription factors for ac-

quisition of full transcriptional activity [114, 1151.

Models of transcriptional repression by GCS

Several models have been proposed for GCS-mediated in-

hibition of cytokine gene expression. According to the

GR-GRE model, activated GR translocates to the nucleus

where it binds GRE on the promoter ofcytokine genes lead-

ing to blockade of access of transcription-enhancing factors

to their putative DNA binding sites. On the other hand, the

GR-transcription factor(s) model proposes that GR first
binds to basal and/or induced transcription factors, hence

abolishing their capacity to interact with DNA and thus mi-
tiating transcription. Both models are not mutually exclu-

sive; whether GCS inhibit transcription through interaction

with DNA or with transcription factor(s) depends on the

gene studied, stimulus utilized, and experimental model

used [79, 87J.

Transcriptional repression through
GR-GRE interaction

In addition to basal transcriptional machinery, activation

of cytokine gene requires binding of class-specific and

gene-specific transcription factors to select sites in their 5’

flanking region 1116-1181. Due to their close proximity of

transcription factors DNA binding sites to GRE sites, GCS

were postulated to inhibit cytokine gene expression in a cis-

acting fashion through binding to GRE and, accordingly,

blocking access of transcription factors to their putative

DNA sites. This was best exemplified by the findings of

Mukaida and co-workers [61J who, using deletion con-

structs of the IL-8 promoter ligated to a CAT expression

vector, demonstrated that deletion of a GRE-like element

located at - 325 (relative to the start site) from the IL-8 pro-

moter region abolishes DEX-mediated repression of the

IL-8 gene. DEX did not alter CAT activity in constructs lack-

ing the putative GRE elements but retaining KB and AP-1

binding sites, thereby supporting the notion that DEX-

mediated inhibition of IL-8 gene expression: (1) required

the presence of a GRE copy in the promoter region and,

(2) does not interfere with the DNA binding of NF-KB and

AP-1. Although multiple copies of GRE are present in the

promoter region of cytokine genes 11131, one copy is suf-

ficient to transduce GCS-mediated effects [1141.

That GCS alter transcription by binding of activated GR
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to GRE was supported by several findings. First, resistance

to GCS was associated with significant reduction in the ca-

pacity of GR to bind GRE, largely stemming from a reduc-

tion in GR numbers [119]. Second, transcriptional repres-

sion by GCS was blocked by the GR antagonist RU-486

[120]. Third, deletion or mutation of either half of the GRE

palindromic sequence failed to bind GR [112) and abol-
ished DEX-mediated inhibition of (insulin) gene expres-

sion [121]. Fourth, insertion of a GRE-like DNA element

in the promoter region of an otherwise GCS-nonresponsive

gene confers GCS sensitivity [108, 122]. Fifth, mutation in

the DNA binding domain of the GR blocks its capacity to

bind DNA, thus rendering the receptor transcriptionally in-

active [77, 123, 1241.

Accordingly, inhibition of transcription induced by GR-

GRE binding was postulated to be due to a masking effect

involving binding of the GR to functional DNA-binding

sites overlapping the binding sites of basal [111, 1251 and

other [126, 127] transcription factors, resulting in block-

ade of access of transcription factors to their putative DNA

binding sites. Here, the DNA binding site of the GR must

be intact because deletion or mutation of that site abolishes

GCS effects [120, 126, 127]. Accordingly, the inhibitory

effects of GCS may result from stenc interference with bind-

ing of enhancing transcription factors (e.g., NF-KB and

NF-AT) to their putative DNA sites by direct binding of GR

to target DNA.

ALTERNATE MECHANISMS FOR GCS EFFECTS

Antagonism of transcription factor(s)

A number of reports have suggested alternate mechanisms

for GCS inhibition of cytokine gene expression: functional

antagonism between GR and transcription factors respon-

sible for mediating cytokine expression such as AP-1 [128-

132], NF-KB [133], and NF-AT [77, 87, 134], without rul-

ing out the requirement for direct DNA binding (via

GRE?). This was viewed as a direct protein-protein inter-

action between the GR and the transcription factor, which

in turn prevents binding of the transcription factor to its

DNA-binding site [120, 129, 1351. Evidence supporting di-

rect GR-transcription factor interactions include: (1) phys-

ical association of GR with AP-1 (c-Fos and c-Jun) [114,

135], (2) swapping of the DNA binding domain of the GR

with those of related receptors (RAR, TR) did not affect

GCS effects [130], (3) disruption of GR-GRE interaction by

excess c-Jun [130], and (4) antagonism of GR effect by both

c-Jun and c-Fos [129, 1351.

Cooperation of GR with other transcription factors

Insofar as GCS do not block the appearance of the tran-

scription factors NF-KB, AP-1, AP-3, Oct-i, and NF-AT

levels [77, 133, 136], a protein-protein interaction model

involving a complex oftranscription factors and GR was pro-

posed as the mechanism by which GCS repress cytokine

gene expression. According to this protein-protein inter-

action model, a functional CR may not necessarily contain

an intact hormone-binding domain 177� 134J hut must re-

tam an intact DNA binding domain because deletion of

that domain abolishes GCS effects (zinc finger motif) (134,

1371. The DNA-binding domain of the CR need not be

GCS-specific and can be swapped with the DNA-binding

domain ofreceptors ofthe same (steroid) family without sig-

nificantly affecting its overall transcriptional activity [1301.

The association of the CR with transcription factors

leads to inhibition of IL-2 [77, 1341 and IL-6 [137J pro-

moter activity, as well as stimulation of other GCS-sensitive

gene promoters (al-acid glycoprotein) [138]. Transcrip-

tion factors must then cooperate to impart functional capac-

ity on the CR. This was demonstrated to be a true assump-

tion as c-Jun and c-Fos (but not the c-Jun homodimer)

[114, 115], NF-AT and AP-l [77, 87], and ANF-l and

ANF-2 [1151 were all described to be required for efficient

transcriptional repression by CR.

The molecular mechanism by which transcription

factors enhance CR effects remains to be elucidated, a!-

though it does not appear to be likely due to altered ex-

pression of trans-activating factors as was initially sug-

gested [120, 129J, and later ruled out [77, 133]. The

association of transcription factors with GR may, in prin-

ciple, stabilize GR binding to DNA, which in turn results

in steric inhibition of the assembly of the transcriptional

machinery needed to initiate proper transcription. In ad-

dition, the spatial arrangement of the DNA binding sites

of transcription factors (AP-l and NF-AT) was shown to be

crucial for transcriptional repression by GCS, since intro-

duction of tandem repeats of either factor abolished GCS

effects 11341.

Whether GCS-mediated antiproliferative effect is the re-

sult of a direct protein-DNA (GR-GRE) or alternatively,

protein-protein (CR-transcription factor) interactions re-

mains the subject of intense research. The multitude of bio-

logical effects mediated by the GCS, coupled with the di-

verse target cells and experimental conditions employed in

assessing GCS effects (primary cultures vs. cell lines, trans-

fectants, etc.) warrants careful scrutiny in assigning a

mechanism by which GCS inhibits cytokine transcription.

And, although the protein-DNA model is favored by most

over the protein-protein model, prior modification of the

CR involving protein-protein interaction (for example

through complexing with other factors) cannot be dis-

missed at present.

MODULATION OF CYTOKINE RECEPTOR
EXPRESSION BY GCS

GCS up-regulate cytokine receptor expression

Although GCS have been described to inhibit cytokine

gene expression at the transcriptional and/or posttranscrip-

tional levels, several reports have described a paradoxical

effect of GCS in inducing/enhancing cytokine receptor ex-

pression. In this regard, GCS were shown to up-regulate
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TABLE 3. Up-regulation of Cytokine Receptor Expression by GCS

Receptor Cell type Stimulus

IL-1R PMNL

Bone marrow cells

B cells

Monocytes

Glioblastoma cells

DEX

DEX + GM-CSF

DEX

DEX + PMA

DEX, corticosterone

IL-2R T cells DEX

IL-6R Epithelial cells

B cells

1-lepatoma cell lines

DEX, PRED

DEX + TPA

DEX + TPA, DEX + TGF-�

IFN-’yR T cells

Monocytes

DEX

DEX

CSF-1R HL-60 (monocytic) TPA + DEX

GM-CSFR Monocytes DEX

the expression of IL-1R [139-143], IL-6R 1144, 1451,

IFN-’yR 1146, 1471, GM-CSFR [148], and CSF-1R [73].

GCS-mediated up-regulation of cytokine receptor expres-

sion was described to be either a direct effect of GCS on

target cells [140, 145, 1461 or an indirect effect requiring

the participation of growth factors [139, 148, 149] or other

stimuli [141, 144J (Table 3). Although GCS clearly up-

regulate receptor density on target cells, they apparently do

not affect receptors’ affinity for their respective ligands

[145, 146].

Whereas GCS clearly up-regulated pro-inflammatory

cytokine receptor (lIAR, IL-6R, IFN-’yR) expression (see

above), their effects on IL-2R are controversial. For ex-

ample, GCS were shown to up-regulate high-affinity IL-2R

expression directly [1491, or indirectly in association with

IL-2 [1501. GCS were also shown to inhibit the expression

of IL-2Ra, but not IL-2R�3, by mitogen-stimulated human

PBMC [54, 851. In the quoted studies, transcription of the
IL-2Ra was not affected by high concentrations of DEX,

thus raising the possibility that the reduction in IL-2Ra ex-

pression seen is merely due to blockade of IL-2 secretion,

described to be required for induction of the high-affinity

IL-2R complex [151, 152]. This was supported by the

finding that IL-2 abrogated DEX-induced reduction in

IL-2Ra expression [54, 85], although not DEX-mediated

antiproliferative effect (15J, suggesting that GCS-mediated

antiproliferative effect is not merely due to blockade of the

IL-2 autocrine pathway, but rather a complex one involving

inhibition of T cell activation at several stages of the acti-

vation pathway.

Mechanism and specificity of GCS-induced
up-regulation of cytokine receptor expression

GCS-mediated up-regulation of cytokine receptor was

specific for GCS as non-GCS failed to alter IL-6R [145)1,

IL-lR [140, 1421, and GM-CSFR [1481 expression on

target cells. GCS-mediated up-regulation of cytokine recep-

tor expression was receptor-mediated as it was completely

abolished by the GR antagonist RU-486 [142, 153]. In ad-

dition, it required de novo receptor synthesis because: (1)

GCS enhance the accumulation of cytokine receptor

mRNA transcripts [140, 144, 145, 154], and (2) GCS-

mediated enhancement in cytokine receptor expression

was blocked by the anti-metabolites actinomycin D [140,

143] and cycloheximide [140, 143, 146, 155].

Furthermore, GCS-mediated up-regulation of cytokine

expression was associated with enhanced cytokine effect

on target cells [140, 147, 148, 156, 1571. This was sup-

ported by an earlier report from our group indicating that

GCS-mediated antiproliferative effects could be abrogated,

in a concentration-dependent fashion, by a combination of

rIL-1, rIL-6, and rIFN-’y, but not by each cytokine tested

individually [15], further demonstrating that GCS exert

their antiproliferative effects by inhibiting cytokine expres-

sion. It was of interest to note that neither rIL-2 nor rIL-4,

even if individually tested at concentrations as high as

1000 U/mL, failed to abrogate GCS-mediated antiprolifera-

tive effects [15], thereby indicating that cytokine-mediated

abrogation of GCS effects is not exacted at the level of the

IL-2 autocrine pathway as previously suggested [30, 75,

76], but may involve other as yet unknown mechanisms.

CONSEQUENCES OF GCS WITHDRAWAL

GCS are potent immunosuppressive and anti-inflammatory

agents and exert their effects by targeting several aspects

of cellular activation. Whereas short-term high-dose GCS

may be administered without precipitating any unwanted

effects, prolonged GCS is frequently associated with numer-

ous side effects that can involve virtually any organ system

I158, 159], and that can be reversed upon cessation of

treatment. Complete withdrawal was investigated as an a!-

ternative to avoiding toxicity in long-termkhronic GCS-

treated patients. While early results were encouraging, re-

bound episodes, characterized by increased morbidity

and requirement for brief pulses of high-dose GCS, were

frequent in all reported cases [1, 160]. An alternate ap-

proach consisted of a later and gradual (tapering off) GCS

withdrawal. Here, the incidence of increased morbidity

was significantly less [161] than early/abrupt withdrawal

[162], and it would appear that the duration of GCS with-

drawal (abrupt vs. gradual) is more important than the tim-

ing (early vs. late) post-GCS initiation.

The reason for the high incidence of rebound episodes

associated with acute/abrupt GCS withdrawal is not corn-

pletely understood. Using the proliferation of human T

cells stimulated with mitogens, alloantigens, and receptor

cross-linking antibodies as biological readout, we demon-

strated that abrupt GCS withdrawal is associated with en-

hanced accumulation of IL-2, IL-7, IL-12, and IFN-’y’

steady-state mRNA, parallel increase in IL-1R, IL-2R

(CD25), and IFN-’yR expression, and vigorous T cell

proliferation [163]. Other investigators have reported on

similar effects of GCS pretreatment on subsequent T cell-

proliferative responses and cytokine expression. For ex-

ample, pretreatment with hydrocortisone was found to sig-

nificantly augment LPS-stimulated IL-6 and TNF-a expres-

sion [1641. In addition, pretreatment with GCS was also

associated with enhanced T cell effector function (increase
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in DTH responses) upon subsequent antigenic stimulation

I1651. It remains to be determined as to the sequence of
events associated with GCS pretreatment on cytokine ex-

pression and T cell function upon subsequent stimulation.

It is possible that it may involve eradication of a GCS-

sensitive suppressor cell population [165] or alternatively,

frank transcriptional up-regulation.

GCS withdrawal has been associated with premature

and sustained activation of the rat a2aglObUlin gene

(RUG), normally repressed by GCS [122, 166]. An elegant

model postulated by Hess and co-workers suggests that CR

in conjunction with an ancillary factor (AP-l?) binds two

classes of GRE: negative GRE (nGRE) and secondary

GRE (sGRE). Binding of CR to nGRE represses RUG tran-

scription in a manner analogous to repression of the mu-

rime proliferin gene [114] or to the human IL-2 gene [��1#{149}
Binding of CR to sCRE, in turn, stimulates induction of an

auxiliary factor, which, upon accumulation to a threshold,

binds CR and induces its dissociation from nGRE sites.

Withdrawal of GCS results in the dissociation of the auxil-

iary factor from CR leading to direct DNA binding and

stimulation of transcription and resulting in an exaggerated

and sustained gene activation.

This, coupled with earlier reports documenting that: (1)

CCS-mediated inhibition of cytokine expression is a revers-

ible event requiring the continued presence of the CCS and

(2) CCS up-regulate the expression of several cytokine re-

ceptors offers an explanation for the accelerated allograft

rejection rates seen upon sudden CCS withdrawal and ex-

plains the beneficial effects of high-dose CCS pulse or rapa-

mycin (which inhibits signaling through cytokine receptors)

in controlling CCS-induced rebound.

CONCLUSIONS

During the last two decades, substantial advances toward

understanding the precise mode of action of the CCS have

been made, especially with regard to their paradoxical

regulation of cytokine and cytokine receptor expression.

Several questions need to be addressed including, a!-

though not restricted to, molecular events associated with

CCS-induced up-regulation of cytokine expression, target

of GCS in inhibiting cytokine-stimulated cellular activation,

and the mode of action of recombinant cytokines in abro-

gating CCS-rnediated antiproliferative effects. A thorough

understanding of the mode of action of the CCS is of para-

mount importance in better management of CCS toxicity,

and in development offuture immunosuppressive regimens.

REFERENCES

1 . Hricik, D. E., Almawi, W. Y., Strom, T. II (1994) Trends in the use of

glucocorticoids in renal transplantation. Traasplaruazion 57, 979-989.
2. Boumpas, D. T., Chrousos, G. P., Wilder, R. L., Cupps, T. R., Balow, J. E.

(1993) Glucocorticoid therapy for immune-mediated diseases: basic and

clinical correlates. Ann. Intern. Med. 119, 1198-1208.
3. Jevnikar, A. M., Singer, G. G., Brennan, D. C., Xu, H.-W., Rubin.Kelley,

V. (1992) Dexamethasone prevents autoimmune nephritis and reduces

renal expression of Ia but not costimulatory signals. Am. J. Pathol. 141,#{149}
743-751.

4. Rudd, R. (1984) Corticosteroids in chronic bronchitis. Br� Med. .1 288,
1553- 1554.

5. Harding, S. M., Freedman, S. A. (1978) A comparison oforal and inhaled

steroids in patients with chronic airway obstruction: features determining

response. Thorax 33, 214-218.

6. Almawi, W. Y., Saouda, M. S., Stevens, A. C., Lipman, M. L., Barth,

C. M., Strom, 1’. 11 (1996) Partial mediation of glucocorticoid-mediated

anti.proliferative effects by lipocortins. .1 Immunol. , in press.
7. Collado-Escobar, D., Cunhea-Melo, J. R., Beaven, M. A. (1990) Treat-

ment with dexamethasone down-regulates IgE-receptor-mediated signals
and up-regulates adenosine-receptor-mediated signals in a rat mast cell

(RBL-2H3) line. j Immunol. 144, 244-250.
8. Schwartzman, R. A., Cidlowski, J. A. (1993) Mechanism of tissue-specific

induction of internucleosomal deoxyribonucleic acid cleavage activity and
apoptosis by glucocorticoids. EndocrinoL 133, 591-599.

9. Zacharchuk, C. M., Mercep� M., Chakraborti, P. K., Simons, S. S., Ash-

well, J. D. (1990) Programmed T lymphocyte death. Cell activation- and

steroid-induced pathways are mutually antagonistic. J. Immwzol. 145,
4037-4045.

10. McCall, T. B., Palmer, R. M. J., Moncada, S. (1991) Induction of nitric

oxide synthase in rat pentoneal neutrophil and its inhibition by dexametha-

sone. Eur� J. Immunol. 21, 2523-2527.
1 1 . Perretti, M., Flower, R. J. (1993) Modulation of IL-i-induced neutrophil

migration by dexamethasone and lipocortin 1. J. ImmunoL 150, 992-999.
12. Eguchi. K., Kawakami, A., Nakashima, M., Ida, H., Sakito, S., Matsuoka,

N., Terada. K., Sakai, M., Kawabe� Y., Fukuda, T., Ishimaru, T., Kurouji,
K., Fujita, N., Aoyagi, 1., Maeda, K., Nagaiaki, S. (1992) Interferon-alpha

and dexamethasone inhibit adhesion of I cells to endothelial cells and

synovial cells. Clin. Exp� ImmunoL 88, 448-454.
13. Tessier, P., Audette, M., Cattaruzzi, P., McColl, S. R. (1993) Up-regulation

by tumor necrosis factor a of intracellular adhesion molecule 1 expression

and function in synovial fibroblasts and its inhibition by glucocorticoids.

Art/zr. Rheumo.tol. 11, 1528-1539.
14. Cronstein, B. N., Kimmel, S. C., Levin, R. I., Martiniuk, F., Weissmann,

G. (1992) A mechanism for the anti-inflammatory effects of corticoste-
roids: The glucocorticoid receptor regulates leukocyte adhesion to enclo-
theial cells and expression of endothelial-leukocyte adhesion molecule 1

and intracellular adhesion molecule 1. Proc. NaiL Acad. Sci. USA 89,
9991-9995.

15. Almawi, W. Y., Lipman, M. L., Stevens, A. C., Zanker, R, Hadro, E. T.,

Strom, T. B. (1991) Abrogation of glucocorticosteroid-mediated inhibition

of T cell proliferation by the synergistic action of IL-i, IL-6, and IFN-
gamma. I ImmunoL 146, 3523-3527.

16. Knudsen, P. J., Dinarello, C. A., Strom, T. B. (1987) Glucocorticoids in-
hibit transcription and post-transcriptional expression of interleukin-1. J.
ImmunoL 139, 4129-4134.

17. Rolfe. F. G., Hughes, J. M., Armour, C. L., Sewell, W. A. (1992) Inhibition
of interleukin-5 gene expression by dexamethasone. ImmunoL 77,
494-499.

18. Kwon, 0. J., Au, B. T., Collins. P. D., Baraniuk, J. N., Adcock, I. M.,

Chung, K. F., Barnes, P. J. (1994) Inhibition of interleukin-8 expression

by dexamethasone in human cultured airway epithelial cells. Immunol.
81, 389-394.

19. Zitnik, 8. J., Whiting, N. L., Elias, J. A. (1994) Glucocorticoid inhibition
of interleukin-1-induced interleukin-6 production by human lung fibre-

blasts: evidence for transcriptional and post-transcriptional regulatory
mechanisms. Am. J. Resp. Mol. BiOL 10, 643-650.

20. Paliogianni, F., Ahuja, S. S., Balow, J. P., Balow, J. E., Boumpas, D. T.
(1993) Novel mechanism for inhibition of human T cells by glucocorti-
coids. Glucocorticoids inhibit signal transduction through the IL-2 recep-

tor. J. Immunol. 151, 4081-4089.
21. Germain, 8. N. (1994) MHC-dependent antigen processing and peptide

presentation: Providing ligands for T lymphocyte activation. Cell 76,
287-299.

22. Madden, D. R. (1995) The three dimensional structure of peptide-MHC
complexes. Annu. Rev. ImmunoL 13, 587-622.

23. Beyers, A. D., Spruyt, L. L., Williams, A. F. (1992) Molecular associations

between the T-lymphocyte antigen receptor complex and the surface anti-
gens CD2, CD4, or CD8 and CD5. Proc. Nazi. AcoA Sci. USA 89,
2945-2949.

24. Suthanthiran, M. (1990) A novel model for antigen-dependent activation

of normal human T cells. Transmembrane signalling by cross-linkage of

the CD3IT cell receptor-a/a complex with the cluster determinant 2 anti-

gen. J. Exp. Med. 171, 1965-1979.
25. Ohno, H., Ushiyama, C., Taniguchi, M., Germain, R. N., Saito. T. (1991)

CD2 can mediate TcR/CD3-independent T cell activation. I. ImmunoL
146, 3742-3746.

26. June. C. H., Ledbetter, J. A., Linsley, P 5., Thompson, C. B. (1990) Role

ofthe CD28 receptor in T cell activation. ImmunoL Today 11, 211-216.



570 Journal of Leukocyte Biology Volume 60, November 1996

27. Linsley, P. S., Brady, W., Urnes, M., Grosmaire, L. S., Damle, N. K., Led-

better, J. A. (1991) CTLA-4 is a second receptor for the B cell activation

antigen B7. J. Exp� Med. 174, 561-569.
28. Lichtman, A. H., Chin, J., Schmidt, J. A., Abbas, A. K. (1988) Role of

interleukin 1 in the activation ofT lymphocytes. Proc. Nail. Aco4. Sci. USA
85, 9699-9703.

29. Verwilghen, J., Baroja, M. L., Van Vaeck, F., Van Damme, J., Ceuppens,

J. L. (1991) Differences in the stimulating capacity of immobilized anti-
CD3 monoclonal antibodies: variable dependence on interleukin-1 as a
helper signal for T-cell activation. Immunol. 72, 269-276.

30. Mizutani, H., May, L. T., Sehgal, P. R, Kupper, T. S. (1989) Synergistic
interactions of IL-i and IL-6 in T cell activation. J. ImmunoL 143,
896-901.

3 1 . McKenzie. D. (1988) Alloantigen presentation by B cells. Requirement for

IL-i and IL-6. J. ImmunoL 141, 2907-2911.
32. Pankewycz, 0., Kelley, V. E., Strom, T. R (1990) The cascading effects

of IL-i, IL-6, and IL-2 in T cell proliferation. Clin. Immunol. Immuno-

pathoL 55, 67-85.
33. Thompson, C. B., Lindsten, T., Ledbetter, J. A., Kunkel, S. L., Young,

H. A., Emerson, S., Leiden, J., June, C. H. (1989) CD28 activation path-

way regulates the production of multiple T cell derived lymphokines/

cytokines. Proc. Nasi. Acad. Sci. USA 86, 1333-1337.
34. Jenkins, M. K., Schwartz, R. H. (1987) Antigen presentation by chemi-

cally modified splenocytes induces antigen-specific T cell unresponsive-

ness in vitro and in vivo. J. Exp� Med� 165, 302-319.
35. Klausner, R. D., Samelson, L. E. (1991) T cell antigen receptor activation

pathways: the tyrosine kinase connection. Cell 64, 875-878.
36. Weiss, A. (1993) T cell antigen receptor signal transduction: a tale of tails

and cytoplasmic protein tyosine kinases. Cell 73, 209-214.
37. Samelson, L. E., Phillips, A. F., Luong, E. T., Klausner, R. D. (1990) Asso-

ciation of the fyn protein tyrosine kinase with the T cell antigen receptor.

Proc. Nat!. Acad. Sci. USA 87. 4358-4362.
38. Liscovitch, M. (1992) Crosstalk among multiple signal-activated phospho-

lipases. Trends Biochem. Sci. 17, 393-399.
39. Sancho, J., Silverman, L. B., Castigli, E., Ahern, D., Laudano, A. P., Ter-

horst, C., Geha, R. S., Chatila, T. A. (1992) Developmental regulation of

transmembrane signaling via the T cell antigen receptor/CD3 complex in

human T lymphocytes. J. Immunol. 148, 1315-1321.
40. Majerus, P. W., Ross, T. S., Cunningham, T. W., Caldwell, K. K., Bennett,

Jefferson, A., Bansal, V. S. (1990) Recent insights into phosphatidylino-

sitol signaling. Cell 63, 459-465.
41 . Desai, D. M., Newton, M. E., Kadlecek, T., Weiss, A. (1990) Stimulation

of the phosphatidyl.inositol pathway can induce T-cell activation. Nature
348, 66-69.

42. Manger, B., Weiss, A., Imboden, J., Laing, T., Stobo, J. D. (1987) The

role of protein kinase C in transmembrane signaling by the T cell antigen

receptor complex. Effect of stimulation with soluble or immobilized CD3

antibodies. J. ImmunoL 139, 2755-2760.
43. Clipstone, N. A., Crabtree, G. R. (1992) Identification of calcineurin as

a key signaling enzyme in T lymphocyte activation. Nature 357, 695-697.
44. Fruman, D. A., Klee, C. R, Bierer, B E., Burakoff, S. J. (1992) Calcineu-

rin phosphatase activity in T lymphocytes is inhibited by FK506 and cyclo-

sporin A. Proc. Nail. Acad. Sci. USA 89, 3686-3690.
45. Blank, V., Kowilsky, P., Israel, A. (1992) NF.KB and related proteins:

Rd/dorsal homologies meet ankyrin.like repeats. Trends Biochem. Sci.

17, 135-139.
46. Angel, P., Karin, M. (1991) The role of Jun. Fos, and the AP-1 complex

in cell proliferation and transformation. Biochem. Biophys. Acta 1072,
129-134.

47. Suthanthiran, M., Strom, T. B. (1995) Immunobiology and immuno-

pharmacology oforgan allograft rejection. J. Clin. ImmunoL 15, 161-171.
48. Almawi, W. Y., Stevens, A. C., Lipman, M. L. (1993) ClinicalApplicaiiora.s

of Cytokines, Role in Pathogenesi.s, Diagnosis, and Therapy, New York,

Oxford University Press, 269-273.
49. Woo, J., Lemster, R, Tamura, K., Starzl, ‘F. E., Thompson, A. W. (1993)

The antilymphocytic activity of brequinar sodium and its potentiation by
cytidine. Effects on lymphocyte proliferation and cytokine production.
Transplantation 56, 374-381.

50. Tilney, N. L., Strom, 1’. B� (1988) Organ Tran.splantaiion and Replace.
meat, Philadelphia, Lippincot, 118-136.

51. Amano, Y., Lee. S. W., Allison, A. C. (1993) Inhibition by glucocorticoids

of the formation of interleukin-1 a, interleukin-1 �3, and interleukin-6:

mediation by decreased mRNA stability. MoL PharmacoL 43, 176-182.
52. Kern, J. A.. Lamb, R., Reed, J., Daniele. R., Nowell, P. C. (1988) Dexa-

methasone inhibition of interleukin 1 beta production by human mono-

cytes: post-transcriptional mechanisms. J. Clin. Invest. 81 , 237-244.
53. Lee, S. W., Tsuo, A-P., Chan, H., Thomas, J., Petrie, K., Eugui, E. M.,

Allison, A. C. (1988) Glucocorticoids selectively inhibit the transcription

of the interleukin 1 � gene and decrease the stability of interleukin 1 �
mRNA. Proc. Nail. Acad. Sci. USA 85, 1204-1208.

54. Boumpas. D. T., Anastassiou, E. D., Older, S. A., Tsokos, G. C., Nelson,

D. L., Balow, J. E. (1991) Dexamethasone inhibits human interleukin 2
but not interleukin 2 receptor gene expression in vitro at the level of nu-
clear transcription. J. Clin. Invest. 87, 1739-1747.

55. Paliogianni, E, Boumpas, D. T. (1995) Glucocorticoids regulate

calcineurin.dependent trans-activating pathways for interleukin-2 gene

transcription in human T lymphocytes. Transplantation 59, 1333-1339.
56. Vacca. A., Martinotti, S., Screpanti, I., Maroder, M., Felli, M. R, Farina,

A. R., Gismondi, A., Santoni, A., Frati, L., Gulino, A. (1990) Transcrip-
tional regulation of the interleukin 2 gene by glucocorticoid hormones.

Role of steroid receptor and antigen-responsive 5’-flanking sequences. J.

BiOL Chem. 265, 8075-8080.
57. Culpepper, J. A., Lee, F. (1985) Regulation of IL-3 expression by gluco-

corticoids in cloned murine Tlymphocytes. J. linmunoL 135, 3191-3195.
58. Culpepper, J., Lee, F. (1987) Glucocorticoid regulation oflymphokine pro-

duction by murine T lymphocytes. Lymphokine 13, 275-280.
59. Kunicka, J. E., Talk, M. A., Denhardt, G. H., Brown, M., Prince, L. A.,

Goldstein, G. (1993) Immunosuppression by glucocorticoids: inhibition
of production of multiple lymphokines by in vivo administration of dots-

methasone CelL ImmunoL 149, 39-49.
60. Byron, K. A., Varigos, G., Wooton, A. (1992) Hydrocortisone inhibition

of human interleukin-4. ImmunoL 77, 624-626.
61 . Schmidt, J., Fleissner, S., Heimann-Weitschat, I., Lindstaedt, R., Porn-

berg, R, Werner, U., Szelenyi, I. (1994) Effect of corticosteroids, cyclo-
sporin A, and methotrexate on cytokine release from monocytes and I cell
subsets. ImmunopharmacoL 27, 173-179.

62. Okayama, H., Fushimi, T., Shimura, S., Sasaki, H., Shirato, K. (1994)
Glucocorticoids suppressed production and gene expression of interleukin-

5 by peripheral blood mononuclear cells in atopic patients and normal
subjects. J. Allergy Clin. ImmunoL 93, 1006-1012.

63. Wang, Y., Campbell, H. D., Young, I. G. (1993) Sex hormones and dots-
methasone modulate interleukin-5 gene expression in T lymphocytes. .1

Steroid Biochem. MoL BiOL 44, 203-210.
64. Zanker, R, WaFt, G., Wieder, K. J., Strom, T. B. (1990) Evidence that

glucocorticosteroids block expression of the human interleukin-6 gene by

accessory cells. Transplantation 49, 198-201.
65. Mukaida, N., Gussella, G. L., Kasahara, T., Ku, Y., Zachariae� C. 0. C.,

Kawai, T. (1992) Molecular analysis of the inhibition of interleukin-8 pro-

duction by dexamethasone in a human fibrosarcoma cell line. ImmunoL

75, 674-679.
66. Tobler, A., Meier, R., Seitz, M., Dewald, B., Baggiolini, M., Fey, M. F.

(1992) Glucocorticoids downregulate gene expression of GM-�SF, NAP-
1/IL-8, and IL-6, but not M-CSF, in human fibroblasts. Blood 79, 45-51.

67. Kubin, M., Chow, J. M., Trinchieri, G. (1994) Differential regulation of

interleukin-12 (IL-12), tumor necrosis factor alpha, and IL-i beta produc-

tion in human myeloid leukemia cell lines and peripheral blood mono-.

nuclear cells. Blood 83, 1847-1855.
68. Gessani, S., McCandless, S., Baglioni, C. (1988) The glucocorticoid dots-

methasone inhibits synthesis of interferon by decreasing the level of its
mRNA. J. BiOL Chem. 263, 7454-7457.

69. Kutteh, W. H., Rainey, W. E., Carr, B. R. (1991) Gluccorticoids inhibit

Iipopolysaccharide-induced production of tumor necrosis factor-a by
human fetal Kupffer cells. J. Clin. EndocrinoL Metab. 73, 296-301.

70. Monick, M. M., Aksamit, T. R., Geist, L. J., Hunninghake, G. W. (1994)

Dexamethasone inhibits IL-i and TNF activity in human lung fibroblasts

without affecting IL-l or TNF receptors. Am. J. Phy�ioL 267, L33-
L38.

71. Campbell, I. K., lanches, G., Hamilton, J. A. (1993) Production of macro-

phage colony-stimulating factor (M-CSF) by human articular cartilage and
chondrocytes. Modulation by interleukin-1 and tumor necrosis factor. Bio-

c/tim. Biophys. Acta 1182, 57-63.
72. Hamilton, J. A., Whiny, G. A., Royston, A. K., Cebon, J., Layton, J. E.

(1992) Interleukin-4 suppresses granulocyte colony-stimulating factor and

granulocyte-macrophage colony-stimulating factor levels in stimulated hu-
man monocytes. immunoL 76, 566-571.

73. Chambers, S. K., Gilmore-Hebert, M., Wang, Y., Rodov, S., Benz, E. J.,

Jr., Kacinski, B. M. (1993) Posttranscriptional regulation of colony-
stimulatory factor-i (CSF-i) and CSF-i receptor gene expression during
inhibition of phorbol ester-induced monocytic differentiation by dots-

methasone and cyclosporin A: potential involvement of a destabilizing pro-

tein. Exp� HematoL 21, 1328-1334.
74. Churchill, L., Freidman, B,, Schleimer, R. P., Proud, D. (1992) Produc-

tion of granulocyte-macrophage colony-stimulating factor by cultured hu-
man tracheal epithelial cells. ImmunoL 75, 189-195.

75. Houssiau, F. A., Coulie, P. G., Van Snick, J. (1989) Distinct roles for IL-i
and IL-6 in human I cell activation. j ImmunoL 143, 2520-2524.

76. Tosato, G., Miller, J., Marti, G., Pike, S. (1990) Accessory function of

interleukin-i and interleukin-6: preferential co-stimulation of 14 positive
lymphocytes. Blood 75, 922-930.

77. Northrop� J. P., Crabtree� G. R., Maftila, P. S. (1992) Negative regulation

of interleukin 2 transcription by the glucocorticoid receptor. I. Exp� Med.
175, 1235-1245.



Almawi et al. Regulation of cytokine expression by glucocorticoids 571

78. Mukaida, N., Okamoto, S., Ishikawa, Y., Matsushima, K. (1994) Molec-

ular mechanism of interleukin-8 gene expression. J. Leukoc. BiOL 56,
554-558.

79. Lee, H., Shaw, Y.-T., Chiou, S.-T., Chang, W.-C., Lai, M.D. (1991) The

effects of glucocorticoid hormone on the expression of c-jun. FEBS Len.

280, 134-136.
80. Reed, J. C., Abidi, A. H., Alpers, J. D., Hoover, R. G., Robb, R. J., Nowell,

P. C. (1986) Effect of cyclosporin A and dexamethasone on interleukin
2 receptor expression. J. ImmunoL 137, 150-154.

81 . Antonakis, N., Georgoulias, V., Margioris, A. N., Stournaras, C., Gravanis,

A. (1994) In vitro differential effects of the antiglucocorticoid RU486 on
the release oflymphokines from mitogen-activated normal human lympho-

cytes. J. Steroid Biochem. Mol. Biol. 51, 67-72.
82. Maroder, M., Martinotti, S., Vacca, A., Screpanti, I., Petrangeli, E., Frati,

L., Gulino, A. (1990) Post-transcriptional control of c-myc proto-oncogene

expression by glucocorticoid hormones in human T lymphoblastic leu-

kemic cells. Nucleic Acids Res. 18, 1153-1157.
83. Mukaida, N., Zachariae, C. C., Gusella, G. L., Matsushima, K. (1991)

Dexamethasone inhibits the induction of monocyte chernotactic-activating

factor production by IL-i or tumor necrosis factor. J. Immunol. 146,
1212-1215.

84. Mehindate, K., al-Daccak, R., Rink, L., Mecheri, S., Hebert, J., Mourad,

W. (1994) Modulation of mycoplasma arthritidis-derived superantigen-
induced cytokine gene expression by dexamethasone and interleukin-4.

Infect. Immun. 62, 4716-4721.
85. Batuman, 0. A., Ferrero, A. P., Diaz, A., Berger, B, Pomerantz, R. J.

(1994) Glucocorticoid-mediated inhibition of interleukin-2 receptor alpha

and beta subunit expression by human T cells. ImmunopharmacoL 27,
43-55.

86. Redondo, J. M., Fresno, M., Lopez-Rivas, A. (1988) Inhibition of interleu-

kin 2-induced proliferation of cloned murine T cells by glucocorticoids.

Possible involvement of an inhibitory protein. Fur J. Immunol. 18,
1555-1559.

87. Paliogianni, F, Raptis, A., Ahuja, S. S., Najjar, S. M., Boumpas, D. T.

(1993) Negative regulation of human interleukin 2 (IL-2) gene by gluco-

corticoids through interference with nuclear transcription factors AP-1

and NF-AT. J. Clin. Invest. 91, 1481-1489.
88. Sierra.Honigmann, M. R., Murphy, P. A. (1992) T cell receptor-

independent immunosuppression induced by dexamethasone in murine

T helper cells. J. Clin. Invest. 89, 556-560.
89. Kwon, 0. J., Au, B T., Collins, P. D., Adcock, I. M., Mak, J. C., Robbins,

R. R., Chung, K. F. Barnes, P. J. (1994) Tumor necrosis factor-induced
interleukin-8 expression in cultured human airway epitheial cells. Am.
J. Physiol. 267, L398-L405.

90. Villafuerte, B C., Koop, B L., Pao, C. I., Phillips, L. S. (1995) Glucocorti-
coid regulation of insulin-like growth factor-binding protein-3. Endocrinol.

136, 1928-1933.
91. Ayanlar-Batuman, 0., Ferrero, A. P., Diaz, A., Jimenez, S. A. (1991) Regu-

lation of transforming growth factor-beta 1 gene expression by glucocorti-

coids in normal human T lymphocytes. J. Clin. Invest. 88, 1574-1580.
92. Boulanger, J., Reyes-Moreno, C., Koutsilieris, M. (1995) Mediation of

glucocorticoid receptor function by the activation of latent transforming

growth factor beta 1 in MG-63 human osteosarcoma cells. mt. ..i Cancer
61, 692-697.

93. Reyes-Moreno, C., Frenette, G., Boulanger, J., Lavergne, E., Govindan,
M. V., Koutsiliens, M. (1995) Mediation of glucocorticoid receptor func-
tion by transforming growth factor beta 1 expression in human PC-3 pros-

tate cancer cells. Prostate 26, 260-269.
94. Wang, J., Kuliszewski, M., Yee, W., Sedlackova, L., Xu, J., Tseu, I., Post,

M. (1995) Cloning and expression of glucocorticoid-induced genes in fetal
rat lung fibroblasts. Transforming growth factor-beta 3. J. Biol. Chem.

270, 2722-2728.

95. Oursler, M. J., Riggs, B L., Spelsberg, T. C. (1993) Glucocorticoid-

induced activation of latent transforming growth factor-beta by normal hu-

man osteoblast-like cells. Endocrinology 133, 2187-2196.
96. Dunham, D. M., Arkins, S., Edwards, C. K., Dantzer, R., Kelley, K. W.

(1990) Role of interferon-gamma in counteracting the suppressive effects
of transforming growth factor-beta 2 and glucocorticoids on the produc-

tion of tumor necrosis factor-alpha. I. Leukoc. Biol. 48, 473-481.
97. Johnson, B. H., Gomi, M., Jakowlew, S. B, Moriwaki, K., Thompson,

E. B. (1993) Actions and interactions of glucocorticoids and transforming

growth factor beta on two related human myeloma cell lines. Cell. Growth
D�fl 4, 25-30.

98. Haynes, A. R., Shaw, R. J. (1992) Dexamethasone-induced increase in
platelet-derived growth factor (B) mRNA in human alveolar macrophages

and myelomonocytic HL6O macrophage-like cells. Am. J. Resp. Cell. Mol.

BioL 7, 198-206.

99. Danielpour, D., Kim, K. Y., Winokur, ‘F. S., Sporn, M. B. (1991) Differen-

tial regulation of the expression of transforming growth factor-beta 1 and 2

by retinoic acid, epidermal growth factor, and dexamethasone in NRK-49F

and A549 cells. J. Cell Physiol. 148, 235-244.

100. Gilbert, R. S., Reddy, S. T., Kujubu, D., Xie, W., Luner, S., Herschman,

H. (1994) Transforming growth factor beta 1 augments mitogen-induced

prostaglandin synthesis and expression of the TIS1O/prostaglandin syn-

thase 2 gene both in Swiss 3T3 and in embryo fibroblasts. J. Cell. Physiol.
159, 67-75.

101. Perrella, M. A., Yoshizumi, M., Fen, Z., Tsai, J. C., Hsieh, C. M., Kourem-
banas, S., Lee, M. E. (1994) Transforming growth factor-beta 1, but not

dexamethasone, down-regulates nitric oxide synthase mRNA after its in-

duction by interleukin-1 beta in rat smooth muscle cells. J. Biol. Chem.

269, 14595-14600.
102. Moffatt, P., Plaa, G. L., Denizeau, F. (1995) Induction of metallothionein

gene expression by epidermal growth factor and its inhibition by transform-

ing growth factor-beta and dexamethasone in rat hepatocytes. Hepatolog-y
21, 1038-1044.

103. Slavin, J., Unemori, E., Hunt, T. K., Amento, E. (1994) Transforming
growth factor beta (TGF-beta) and dexamethasone have direct opposing

effects on collagen metabolism in low passage human dermal fibroblasts

in vitro. Growth Factors 11, 205-213.
104. Munick, A., Mendel, D. B., Smith, L. I., Orti, E. (1990) Glucocorticoid

receptors and actions. Am. Rev. Resp. Dis. 141, 52-510.
105. Baulieu, E.-E. (1991) Connection between immunosuppressants and

steroids via HSP9O. Ann. NY Acad. Sci. 636, 50-55.
106. Berg, J. M. (1989) DNA binding specificity of steroid receptors. Cell 57,

1065-1068.
107. Miesfield, R. L. (1990) Molecular genetics of corticosteroid action. Am.

Rev. Resp. Dis. 141, 511-517.
108. Beato, M. (1989) Gene regulation by steroid hormones. Cel156, 335-344.

109. Ogata, Y., Yamauchi, M., Kim, R. H., Li, J. J., Freedman, L. P., Sodek,

J. (1995) Glucocorticoid regulation of bone sialoprotein (BSP) gene ex-

pression. Identification of a glucocorticoid response element in the bone

sialoprotein gene promoter. Eur. J Biochem. 230, 183-192.
1 10. Soury, B., Hentzen, D., Vignal, M., Christeff, N., Doly, J. (1995) Induction

of interferon-beta gene expression by dexamethasone in murine L929

cells. Mol. Endocrinol. 9, 199-207.
1 1 1 . Ray, A., LaForge, K. S., Sehgal, P. B. (1990) On the mechanism for

efficient repression of the interleukin-6 promoter by glucocorticoids: en-

hancer, TATA box, and RNA start site (Inr motif) occlusion. Mol. Cell.
Biol. 10, 5736-5746.

112. Drouin, J., Sun, Y. L., Tremblay, S., Lavender, P., Schmidt, T. J., de Lean,

A., Nemer, M. (1992) Homodimer formation is rate-limiting for high-
affinity DNA binding by glucocorticoid receptor. Mol. Endocrinol. 6,
1299-1309.

113. Almawi, W. Y., Sewell, K. L., Hadro, E. T., Zanker, B, Strom, T. B (1990)

Mode of action of the glucocorticosteroids as immunosuppressive agents.

Prog. Leukoc. BiOL bA, 321-326.
1 14. Diamond, M. I., Miner, J. N., Yoshinaga, S. K., Yamamoto, K. R. (1990)

Transcription factor interactions: selectors of positive or negative regula-

tion from a single DNA element. Science 249, 1266-1272.
1 15. Di Lorenzo, D., Williams, P., Ringold, G. (1991) Identification of two dis-

tinct nuclear factors with DNA binding activity within the glucocorticoid

regulatory region of the rat alpha-i-acid glycoprotein promoter. Biochem.

Biophys. Ret. Commun. 176, 1326-1332.
116. Northrop, J. P., Ho, S. N., Chen, L., Thomas, D. J., Timmerman, L. A.,

Nolan, G. P., Admon, A., Crabtree. G. R. (1994) NF-AT components define

a family of transcription factors targeted in T-cell activation. Nature 369,
497-502.

1 1 7. Verweij, C. L., Geerts, M., Aarden, L. A. (1991) Activation of interleukin-2

gene transcription via the T-cell surface molecule CD28 is mediated
through an NF-KB-like response element. J. Biol. Chem. 266,
14179-14182.

1 18. Jamieson, C., McCaffrey, P. C., Rao, A., Sen. R. (1991) Physiologic acti-

vation of T cells via the T cell receptor induces NF-KB. J. Immunol. 147,
416-420.

1 19. Adcock, I. M., Lane, S. J., Brown, C. R., Peters, M. J., Lee, T. H., Barnes,

P. J. (1995) Differences in binding of glucocorticoid receptor to DNA in
steroid-resistant asthma. J. Immunol. 154, 3500-3505.

120. Jonat, C., Rahmsdorf, H. J., Park, K-K., Cato, A. C. B, Gebel, S., Ponta,

H., Herrlich, P. (1990) Antitumor promotion and antiinflammation: down-

modulation of AP-1 (Fos/Jun) activity by glucocorticoid hormone. Cell 62,
1189-1204.

121. Goswami, R., Lacson, R., Yang, E., Sam, R.. Unterman, T. (1994) Func-

tional analysis of glucocorticoid and insulin response sequences in the rat

insulin-like growth factor-binding protein-i promoter. Endocrinol. 134,

736-743.
122. Chan, G. C-K., Hess, P., Meenakshi, T.. Carlstedt-Duke. J., Gustafsson,

i-A., Payvar, F. (1991) Delayed secondary glucocorticoid response ele-

ments. Unusual nucleotide motifs specify glucocorticoid receptor binding

to transcribed regions of a2a-globulin DNA. J. Biol. Chem. 266,
22634-22644.

123. Garlatti, M., Daheshia, M., Slater, E., Bouguet, J., Hanoune, J., Beato,

M., Barouki, R. (1994) A functional glucocorticoid-responsive unit corn-



572 Journal of Leukocyte Biology Volume 60, November 1996

posed of two overlapping inactive receptor-binding sites: evidence for for-

mation of a receptor tetramer. Mol. Cell. BiOL 14, 8007-8017.
124. Suh, D. S., Ooi, G. T., Rechler, M. M. (1994) Identification of cis-elernents

mediating the stimulation of rat insulin-like growth factor-binding protein-

1 promoter activity by dexamethasone, cyclic adenosine 3’,S’-monophos-
phate, and phorbol esters, and inhibition by insulin. MoL Endocrinol. 8,
794-805.

125. Ray, A., Sehgal, P. B. (1992) Cytokines and their receptors: molecular

mechanism of intreleukin-6 gene repression by glucocorticoids. J. Am.
Soc. Nephml. 2, 5214-5221.

126. Mordacq, J. C., Linzer, D. I. H. (1989) Co-localization of elements re-
quired for phorbol ester stimulation and glucocorticoici repression of pro-

liferin gene expression. Genes Dev. 3, 760-769.

127. Akerblom, I. E., Slater, E. P. Beato, M.. Baxter, J. D., Mellon, P. L. (1988)

Negative regulation by glucocorticoids through interference with a cAMP

responsive enhancer. Science 241, 350-353.
128. Sassone-Corsi, P., Ransone, L. J., Lamph, W. W., Verma, I. M. (1988)

Direct interaction between fos and jun nuclear oncoproteins: role of the

“leucine zipper” domain. Nature 336, 692-695.

129. Yang-Yen, H-F, Chambrand, J.-C., Sun, Y.-L., Smeal, T., Schmidt, 1’. J.,
Drouin, J., Karin, M. (1990) Transcriptional interference between c-Jun

and the glucocortiocid receptor: mutual inhibition of DNA binding due

to direct protein-protein interaction. Cell 62, 1205-1215.

130. Schule, R., Rangarajan, P., Kilewer, S., Ransone, L. J., Bolado. J., Yang,
N., Verma, I. M., Evans, R. M. (1990) Functional antagonism between
oncoprotein c-Jun and the glucocorticoid receptor. Cell 62, 1217-1226.

131 . Zhang, F., zur Hausen, A., Hoffmann, R., Grewe, M., Decker, K. (1994)

Rat liver macrophages express the 55 kDa tumor necrosis factor receptor:
modulation by interferon-y, lipopolysaccharide and tumor necrosis factor-

a. Hoppe-Seyler’s BIOL Chem. 375, 249-254.
132. Kouzarides, T., Ziff, E. (1988) The role ofthe leucine zipper in the fos.jun

interaction. Nature 336, 646-651.
133. Garnelli-Piperno, A., Nolan, P. Inaba, K., Steinman, R. M. (1990) The

effect of immunosuppressive agents on the induction of nuclear factors

that bind to sites on the interleukin 2 promoter. J. Exp. Med. 172,
1869-1872.

134. Vacca, A., Felli, M. P. Farina, A. R., Martinotti, S., Maroder, M., Scre-
panti, I., Meco, D., Petrangei, E., Frati, L., Gulino, A. (1992) Glucocorti-
coid receptor-mediated suppression of the interleukin 2 gene expression

through impairment of the cooperativity between nuclear factor of acti-

vated T cells and AP-1 enhancer elements. J. Exp. Med. 175, 637-646.
135. Lucibello, F. C., Sister, E. P. Joos, K. U., Beato, M., Muller, R. (1990)

Mutual transrepression of Fos and the glucocorticoid receptor: involve-
ment ofa functional domain in Fos which is absent in FosB. Eur Mol. Biol.

Org. J. 9, 2827-2836.
136. Jungmann, R. A., Wang. X.-S., Milkowaki, D. M., Short, M. L. (1992)

Glucocorticoid induction ofCRE-binding protein isoform mRNA in rat C6

glioma cells. Nucleic Acids Res. 20, 825-829.
I 37. Ray, A., LaForge� K. S., Sehgal, P B. (1991) Repressor to activator switch

by mutations in the first Zn finger of the glucocorticoid receptor: is direct
DNA binding necessary? Proc. Nail. Acad. Sci. USA 88, 7086-7090.

138. Nishio, Y., Isshiki, H., Kishimoto, T., Akira. S. (1993) A nuclear factor
for interleukin-6 expression (NF-1L6) and the glucocorticoid receptor syn-
ergistically activate transcription of the rat a 1-acid glycoprotein gene via

direct protein-protein interaction. Mol. Cell. Biol. 13, 1854-1862.
139. Dubois, C. M., Neta, R., Keller, J. R., Jacobsen, S. E. W., Oppenheim,

J. J., Ruscetti, F. (1993) Hernatopoietic growth factors and glucocorticoids

synergize to mimic the effects of IL-i on granulocyte differentiation and

IL-i receptor induction on bone marrow cells in vivo. Exp. Hematol. 21,

303-310.
140. Gottschall, P. E.. Koves, K., Mizuno, K., Tatsuno, I., Arimura, A. (1991)

Glucocorticoid upregulation of interleukin 1 receptor expression in a glio-

blastoma cell line. Am. J. Phy�iol. 261, E362-E368.
141. Spriggs, M. K., Lioubin, P J., Slack, J., Dower, S. K., Jonas, U., Cosman,

D., Sims, J. E., Bauer. J. (1990) Induction of an interleukin-1 receptor
(IL-1R) on monocytic cells. Evidence that the receptor is not encoded by

a T cell-type IL-1R mRNA. J. Biol. Chem. 265, 22499-22505.
142. Re, F., Muzio, M., Dc Rossi, M., Polentarutti, N., Girl. J. G.. Mantovani,

A., Colotta, F. (1994) The type II “Receptor” as a decoy target for inter-
leukin 1 in polymorphonuclear leukocytes: characterization of induction

by dexamethasone and ligand binding properties of the released decoy

receptor. J. Exp. Med. 179, 739-743.

143. Shieh, i--H.. Peterson, R. H. F., Moore, M. A. S. (1994) Bacterial endo-

toxin regulation of cytokine receptors on murine bone marrow cells: In

vivo and in vitro study. j Immunol. 152. 859-866.

144. Pietzko, D., Zohlhofer,D., Graeve, L., Fleischer, D., Stoyan, T., Schooltink,

H., Rose-John, S., Heinrich, P. C. (1993) The hepatic interleukin-6 recep-
tor. Studies on its structure and regulation by phorbol 12-myristate

13-acetate-dexamethasone. J. Biol. Chem. 268, 4250-4258.
145. Snyers. L., Dc Wit, L., Content, J. (1990) Glucocorticoid up-regulation

of high-affinity interleukin 6 receptors on human epitheial cells. Proc.

NatL Acad. Sci USA 87, 2838-2842.
146. Strickland, R. W., Wahi, L. M., Finbloom, D. S. (1986) Corticosteroids

enhance the binding of recombinant interferon-y to cultured human mono-
cytes. J. ImmunoL 137, 1577-1580.

147. Novelli, E, Di Pierre, F., di Celle� P. F., Bertini, S., Affaticati, P., Garona,

G., Forni, G. (1994) Environmental signals influencing expression of the

IFN-y receptor on human T cells control whether IFN-y promotes prohf-

eration or apoptosis. J. IrnmunoL 152, 496-504.
148. Hawrylowicz, C. M., Guida, L., Paleolog, E. (1994) Dexamethasone up-

regulates granulocyte-macrophage colony-stimulating factor receptor cx-

pression on human monocytes. ImmunoL 83, 274-280.
149. Lemas, M., Sanz, E., Martin-Parras, L., Espel, E., Sperisen, P., Collins,

M., Silva, A. C. (1993) Glucocorticoid hormones upregulate interleukin-2

receptor alpha gene expression. CelL ImmunoL 151, 437-450.
150. Fernandez-Ruiz, E., Rehollo, A., Nieto, M. A., Sanz, E., Somoza, C.,

Ramirez, F, Lopez-Rivas, A., Silva, A. (1989) IL-2 protects T cell hybrids

from the cytolytic effect of glucocorticoids: synergistic effect of IL-2 and

dexamethasone in the induction of the high affinity IL-2 receptors. J.
ImmunoL 143, 4146-4151.

151 . Minami, Y., Kono, T., Miyazaki, T., Taniguchi, T. (1993) The IL-2 receptor

complex: its structure, function, and target genes. Annu. Rev. immunoL

11, 245-268.
152. Waldmann, T. A. (1991) The interleukin-2 receptor. J. BiOL Chem. 266,

2681-2684.

153. Sapi, E., Flick, M. B, Gilmore-Hebert, M., Rodov, S., Kacinski, B M.

(1995) Transcriptional regulation of the c-fms (CSF-1R) proto-oncogene

in human breast carcinoma cells by glucocorticoids. Oncogene 10,

529-542.
154. Symons, I. A., Duff, G. W. (1990) A soluble form of the interleukin-1 re-

ceptor produced by a human B cell line. FEBS Len. 272, 133-136.

155. Falus, A., Taga, T., Hibi, M., Murakami, M., Kishimoto, T. (1992) Regu-

lation of IL-6 receptor and gpl3O expression on human cell lines of lym-

phoid and myeloid origin. Cytokine 4, 495-499.
156. Schooltink, H., Schmitz Van de Leur, H., Heinrich, P. C., Rose-John, S.

(1992) Up-regulation of the interleukin-6 signal transducing protein
(gpl3O) by interleukin-6 and dexamethasone in HepG2 cells. FEBS Len.

297, 263-265.
157. Campos. S. P., Wang, Y., Koj, A., Baurnann, H. (1993) Divergent trans-

forming growth factor-beta effects on IL-6 regulation of acute phase

plasma proteins in rat hepatoma cells. J. ImmunoL 151, 7128-7137.

158. Mm, D. I., Monaco, A. P (1991) Complications associated with immuno-

suppressive therapy. Phannacother� 11, 1195-1255.
159. Talar-Williams, C., Sneller, M. C. (1994) Complications of corticosteroid

therapy. Eur� Arch. Otorhinolaryngol. 251. 131-136.
160. Gulanikar. A. C., Belitsky, P., MacDonald, A. S., Cohen, A., Bitter-

Suermann, H. (1991) Randomized controlled trial of steroids versus no

steroids in stable cyclosporine-treated renal graft recipients. Tran.splant.
Proc. 23, 990-993.

161. Hricik, D. E., Whalen, C. C., Lautman, .1.. Bartucci, M. R., Moir, E. J.,
Mayes. i. T.. Schulak, J. A. (1992) Withdrawal ofsteroids after renal trans-

plantation - clinical predictors of outcome. Transplantation 53. 41-45.

162. Schulak, J. A., Mayes, J. T.. Moritz, C. E., Hricik, D. E. (1990) A pro-

spective randomized trial of prednisone versus no prednisone mainte-

nance therapy in cyclosporin-treated and azathioprine-treated renal trans-

plant patients. Transplantation 49, 327-332.
163. Almawi, W. Y.. Assi, J. W., Yu, Q., Chudzik, D. M. (1992) Dual effect of

dexamethasone on the CD28 pathway of T cell activation. J. Am. Soc.
Nephml. 3. 840 (abstract).

164. Barber, A., Coyle. S., Marano, M., Fischer, E., Calvano, S., Fong, Y.,

Moldawer, L. L., Lowry. S. F. (1993) Glucocorticoid therapy alters hor-
monal and cytokine responses to endotoxin in man. J. ImmunoL 150.
1999-2006.

165. Grabbe. S., Steinbnnk, K., steinert, M., Luger, T. A., Schwarz, T. (1995)

removal of the majority of epidermal Langerhans cells by topical or sys-

temic steroid application enhances the effector phase of murine contact

hypersensitivity. J. Immunol. 155, 4207-4217.
166. Hess, P., Payvar, F. (1992) Hormone withdrawal triggers a premature and

sustained gene activation from delayed secondary glucocorticoid response

elements. j Biol. Chem. 267, 3490-3497.




