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Abstract Glucocorticoids are small lipophilic compounds that mediate their
many biological effects by binding an intracellular receptor (GR) that, in turn, trans-
locates to the nucleus and directly or indirectly regulates gene transcription. Perhaps
the most recognized biologic effect of glucocorticoids on peripheral T cells is immu-
nosuppression, which is due to inhibition of expression of a wide variety of activation-
induced gene products. Glucocorticoids have also been implicated in Th lineage
development (favoring the generation of Th2 cells) and, by virtue of their down-
regulation of fasL expression, the inhibition of activation-induced T cell apoptosis.
Glucocorticoids are also potent inducers of apoptosis, and even glucocorticoid con-
centrations achieved during a stress response can cause the death of CD4`CD8`

thymocytes. Perhaps surprisingly, thymic epithelial cells produce glucocorticoids, and
based upon in vitro and in vivo studies of T cell development it has been proposed
that these locally produced glucocorticoids participate in antigen-specific thymocyte
development by inhibiting activation-induced gene transcription and thus increasing
the TCR signaling thresholds required to promote positive and negative selection. It
is anticipated that studies in animals with tissue-specific GR-deficiency will further
elucide how glucocorticoids affect T cell development and function.

INTRODUCTION

The development and function of cells that comprise the immune system are
subject to regulation by many intrinsic and extrinsic factors. Immunologists are
extremely familiar with many of the ligands and receptors that induce cells to
become activated, to migrate, adhere, and express effector functions. Cytokines,
typically glycoproteins synthesized and/or secreted de novo in response to an
immune or inflammatory stimulus, are the paradigm for soluble molecules that
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can act at a distance and modulate the nature and intensity of the immune
response. Another class of molecules that can affect immune cells belongs to the
neuroendocrine system. Despite a vast literature on the effects of these soluble
products on lymphocytes, the characterization of the molecular mechanisms by
which they work, and an appreciation of their fundamental importance in the
immune response, lags far behind that for cytokines. Nevertheless, countless
observations in humans and animal models and in vitro strongly suggest that
neuroendocrine influences can and do participate in shaping the immune response.
Perhaps the best-studied mediators in this category are steroids, small lipophilic
molecules that participate in an enormous number of normal and pathologic pro-
cesses. Steroids bind intracellular DNA-binding factors that, in turn, regulate gene
transcription in virtually all cell types. This review concentrates on one particular
type of steroid: glucocorticoids. The case that this hormone has substantial and
important physiologic and pharmacologic effects on the immune response is solid,
and accumulating evidence has suggested an unexpected role for glucocorticoids
in regulating thymocyte development and selection.

OVERVIEW OF GLUCOCORTICOIDS AND
GLUCOCORTICOID RECEPTORS

Steroid Hormones

The term steroids refers to a group of small lipophilic compounds derived from
a common precursor, cholesterol. The four major types of steroids: progestins,
androgens, estrogens, and corticoids, differ in the number of carbon atoms they
contain, the receptors they bind, and the biological activities they possess. One
can further divide the corticoids into two groups: mineralocorticoids, which reg-
ulate ion transport and thus fluid and electrolyte balance, and glucocorticoids,
which have many activities, including resistance to stress, regulation of inter-
mediary metabolism, and immunosuppressive and anti-inflammatory effects. The
conversion of cholesterol to the various steroids is performed by an array of
dehydrogenases and cytochrome P450 enzymes, membrane-bound and heme-
containing monooxygenases that catalyze dehydroxylation-oxidation reactions
(Figure 1). The first and rate-limiting step in steroid biosynthesis is the cleavage
of the side chain of cholesterol by P450scc to generate the first steroid, pregnen-
olone. P450scc expression seems to be limited to steroidogenic tissues such as
the adrenals, placenta, gonads, brain, and thymus (1–5). Pregnenolone is hydrox-
ylated at position 17 by P450c17, resulting in two possible parallel pathways of
corticoid synthesis. Although rodents express P450c17 in the gonads, in adult
animals it is not detectable in the adrenal cortex (6), so the major circulating
glucocorticoid in mice (corticosterone) differs slightly from the preponderant cir-
culating glucocorticoid in most species, including human (cortisol). Progesterone
(or its 17-OH form) is hydroxylated in the endoplasmic reticulum by P450c21 to



Figure 1 Simplified scheme detailing some of the major steps in steroid biosynthesis. The major enzymes shown are P450scc (CYP11A,
‘‘scc’’ denotes ‘‘side chain cleavage’’), P450c11 (CYP11B1, or 11b-hydroxylase), P450c17 (CYP17, or 17 a-hydroxylase/lyase), P450c21
(CYP21, 21-hydroxylase), P450aromatase (CYP19, or aromatase). The structures of cholesterol, corticosterone, and cortisol are shown.
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yield 11-deoxycorticosterone (or 11-deoxycortisol), which has little glucocorti-
coid activity, and is then converted in mitochondria to the active glucocorticoid
corticosterone (or cortisol) by P450c11. A small amount of corticosterone under-
goes a series of intermediate steps that result in conversion to the mineralocor-
ticoid aldosterone.

Because steroids are lipophilic they are transported in the blood in a reversible
complex with protein. The major high-capacity low-affinity carrier is albumin;
the major low-capacity high-affinity protein is transcortin, also known as
corticosteroid-binding globulin (CBG). Only a small fraction (on the order of 1–
10%) of glucocorticoids is free and available to mediate biological functions, so
the effective glucocorticoid concentration in plasma is considerably lower than
the total that is typically measured. The synthetic glucocorticoid dexamethasone
(Dex) is particularly potent in vivo because of its high affinity for the GR and
relatively low level of binding to plasma proteins (7, 8). Secretion of glucocor-
ticoids by the adrenals is under control of the hypothalamo-pituitary axis. Adre-
nocorticotrophic hormone (ACTH) produced by the anterior pituitary causes an
immediate increase in the secretion of glucocorticoids as well as an increase in
the production of steroid biosynthetic enzymes (9). Glucocorticoid levels are
maintained, in part, by a feedback loop with the hypothalamus and anterior pitu-
itary in which low systemic glucocorticoid levels increase, and high levels sup-
press, ACTH secretion (8). Under normal conditions, secretion of ACTH occurs
with a circadian pattern, in humans peaking prior to waking and reaching a nadir
in the evening. Perhaps of special note to immunologists, in nocturnal animals
such as rodents this pattern is reversed, with the peak in ACTH secretion occur-
ring in the late afternoon (8). The resulting changes in glucocorticoid secretion
typically yield fluctuations in plasma concentration, with a range of threefold to
as much as tenfold over the course of the day (10). The major stimulus to
increased ACTH, and thus glucocorticoid, secretion is ‘‘stress,’’ a term that covers
a wide range of physiologic (e.g. exercise, emotional disturbance, etc) and path-
ologic (e.g. trauma, hemorrhage, fever, etc) situations (11).

Glucocorticoid Receptors

Nonprotein-bound corticosteroids passively diffuse across the plasma membrane
into the cell where they encounter the glucocorticoid receptor (GR). The GR is a
member of a large superfamily that includes receptors for other steroid hormones,
thyroid hormone, vitamin D3, retinoic acid, and a number of orphan receptors,
including Nur77. Receptors of this superfamily have many conserved structural
elements, including a COOH-terminal ligand-binding domain (which also con-
tains residues required for dimerization and hormone-dependent gene transacti-
vation), a nearby hinge region containing nuclear localization signals, a central
zinc-finger-containing DNA-binding domain, and an NH2-terminal variable
region important for ligand-independent gene transactivation (12). Although
many of these receptors are nuclear-resident, the GR exists in the cytosol in a
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complex with heat shock proteins such as hsp90, hsp70, and the immunophilins
hsp56 and CyP-40 (13), and it translocates to the nucleus when it is occupied by
ligand (14). Once in the nucleus, the GR binds as a homodimer to specific DNA
sequences (glucocorticoid responsive elements, or GREs), where it acts to
enhance or inhibit transcription of corresponding genes. The classic consensus
GRE consists of two conserved 6-nucleotide halves separated by three noncon-
served bases, and it typically acts as an enhancer element (15). However, ‘‘neg-
ative’’ GREs that suppress gene transcription have also been described (15, 16),
and some GREs contain sites for other transcription factors embedded in the GR-
binding region, yielding a ‘‘composite’’ response element that may have enhanc-
ing or repressing activity (17). Thus, the GR is a ligand-regulated transcription
factor. The members of this receptor superfamily interact with a cohort of mol-
ecules to mediate their function as transcriptional regulators, and the GR is no
exception. For example, GRs are thought to stabilize the formation of a pre-
initiation complex that contains components of the basal transcriptional machin-
ery (18). Furthermore, the ligand-binding domain contains a region (AF-2) that
binds a number of proteins important for GR (and other members of this receptor
superfamily) function. One group of co-activators includes steroid receptor co-
activator-1 (SRC-1), activator of thyroid hormone and retinoid receptors (ACTR),
and transcriptional intermediary factor 2 (TIF2)/glucocorticoid receptor interact-
ing protein 1 (GRIP1) gene products (18). A second co-activator group includes
proteins such as CREB binding protein (CBP) and its homolog p300, and p300/
CBP-associated factor (P/CAF). One of the more exciting developments in this
area in recent years is the realization that SRC-1, ACTR, p300/CBP, and P/CAF
all have intrinsic histone acetytransferase (HAT) activity (19–23). Acetylation of
core histones alters nucleosomal packing to allow increased access of transacting
factors and components of the basal transcriptional machinery to the local DNA
(24). Thus, chromatin remodeling in response to recruitment of HATs by the
liganded GR is at least one mechanism by which glucocorticoids enhance gene
transcription.

The GR is constitutively phosphorylated on serines and threonines. All of the
potential phosphorylation sites (eight in the mouse) are N-terminal of the DNA-
binding domain (25, 26). Many of these sites are ‘‘proline-directed’’ consensus
sequences, favored by cyclin-dependent kinases (CDKs) and MAP kinases, and
in fact in vitro cyclin/CDK complexes and ERK2 have been found to phosphor-
ylate different serine/threonine residues in the GR (27). Baseline GR phosphor-
ylation is cell-cycle-dependent, being highest in G2/M and lowest in S phase. GR
phosphorylation is enhanced after ligation with hormone in as short a time as 5–
10 min, the degree of increase correlating inversely with the basal phosphorylation
level (i.e. greatest in S phase) (reviewed in 26, 28). The biologic consequences
of GR phosphorylation are controversial. Initial studies with GRs with mutated
phosphorylation sites found little effect on nuclear localization or transactivation
(29–31). A more recent study, however, reported that while transiently expressed
GR phosphorylation-defective mutants transactivated a reporter driven by the
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MMTV promoter, they were less good (by two- to fourfold) at transactivating a
simple GRE-containing reporter (32). Moreover, receptors containing multiple
mutated phosphorylation sites were, unlike wild-type GRs, incapable of down-
regulating transcription of their own gene, and the half-life of GR protein was
substantially increased. Thus, although at this time it seems that the phosphor-
ylation status of the GR does not have an obvious major impact on function, this
posttranslational modification may have subtle but perhaps biologically signifi-
cant effects on receptor expression and transactivation of some target genes.

Humans have two GR isoforms: a (the classic GR) and b (33). These receptors
share the first 727 amino acids (encoded by the first 8 exons of the GR gene and
containing the transactivating and DNA-binding domains), but due to alternate
mRNA splicing the receptors contain carboxy-terminal residues encoded by either
exon 9a or 9b, respectively. Thus, in GRb the last 50 amino acids of GRa are
replaced with a unique 15 amino acid sequence that renders the molecule inca-
pable of binding glucocorticoids and therefore transcriptionally inactive. Unlike
GRa, GRb constitutively resides in the nucleus (34). Indeed, GRb can bind a
GRE consensus sequence, and overexpression of GRb can inhibit gene transac-
tivation mediated by GRa in a dominant negative fashion. Screens for mRNA
expression found that GRa and GRb are widely expressed in the same tissues
(33, 34), leading to the speculation that these GR isoforms might interact, perhaps
via heterodimerization, to regulate the transcriptional effects of glucocorticoids.
This possibility was supported by the finding that peripheral blood mononuclear
cells from patients with glucocorticoid-resistant asthma had decreased binding of
the GR to DNA, accompanied by elevated numbers of cells in which GRb was
detected by immunohistochemistry (35). Binding analyses indicated that the
decrease in GR-DNA binding was due to lowered GR affinity for the GRE. More-
over, overexpression of GRb in HepG2 cells (hepatocytes) had the same effect
on binding of the endogenous GRa to DNA. GR DNA binding activity increased
in peripheral blood mononuclear cells cultured in medium but not those cultured
in IL-2 and IL-4, and culture of cells from normal donors with IL-2 and IL-4
resulted in increased GRb expression. Together, these data suggest that GRb
expression can be regulated by cytokines and that there may in fact be situations
in vivo in which the interplay between GRa and GRb has significant biological
consequences.

Glucocorticoid Signaling

Although the activity of the GR is often thought of simply in terms of direct gene
transactivation, considerable cross-talk also occurs between the GR and other
transcription factors that can modify each of their biologic activities. The first
such interaction described was between the GR and AP-1 (17, 36–38). Typically,
these factors antagonize each other’s transcription enhancing activity, although
AP-1 consisting of c-Jun dimers can also enhance GRE-mediated transactivation
(reviewed in 39, 40). Most, although not all, studies that examined the issue
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detected a direct physical interaction between the GR and AP-1, suggesting at
least one direct molecular basis for cross-talk, although simple sequestration of
these factors into inactive complexes does not seem to be likely to explain the
phenomenon. Other nuclear factors that have been found to bind the GR and
modify its activity are NF-jB (41–44), the cAMP response element binding pro-
tein CREB (45), and the signaling and transcription factors STAT3 and STAT5
(46, 47). Another potential mechanism is competition for co-activators (‘‘squelch-
ing’’). Both AP-1 and the GR are co-activated by CBP/p300, and in fact over-
expression of CBP or p300 reverses the antagonism between AP-1 and the GR
(46). Similarly, overexpression of CPB or SRC-1 reverses the transcriptional
antagonism between the GR and NF-jB (47). These results support the notion
that in some circumstances cross-talk between the GR and other transcription
factors is due to competition for limiting co-activators of transcription. In the case
of NF-jB, yet another mechanism for cross-talk with the GR has been proposed:
Glucocorticoids increase the transcription and synthesis of IjB and thus may
inhibit NF-jB by promoting its retention in the cytosol (48, 49). Although the
possibility that glucocorticoids inhibit NF-jB by upregulating IjB is attractive,
its biological relevance is uncertain at best, as there is a steadily increasing number
of examples in which inhibition of NF-jB occurs in the absence of IjB upre-
gulation (50–53). Regardless of the particular mechanism involved, the extensive
degree of cross-talk between the GR and other transcription factors provides a
rich framework for mutual regulation (positive or negative) between glucocorti-
coids and other signaling pathways.

GLUCOCORTICOIDS AND APOPTOSIS

At least since the end of the nineteenth century it has been known that adrenal
insufficiency in humans (54) and adrenalectomy of animals result in thymic
hypertrophy that cannot be reversed by the adrenal medullary product epinephrine
(55–58), and that stress and drug-induced involution of the thymus is prevented
by adrenalectomy (58). These observations were followed by the findings that
administration of ACTH to mice caused a marked reduction in thymus and lymph
node mass (59), and that a purified corticosteroid caused the regression of a
lymphosarcoma (60)1. It is now appreciated that lymphoid cells, especially

1In an oddly touching footnote to this article, the editor explains that although the manu-
script was received in June, 1942, it was withheld from publication, at the authors’ request,
until April, 1944. Among the reasons the authors gave for this voluntary delay are two
that would now be considered remarkable: 1) ‘‘Publication of the results would necessarily
create hopes for a prompt enlargement of the scope of the investigation to certain forms
of malignancy in clinical medicine for which answers could not be given’’, and 2) ‘‘The
amount of 11-dehydro-17-hydroxycorticosterone available was so limited that extension
of the investigation even to larger experimental animals was impossible. Also confirmation
of the work by other laboratories could not be undertaken until a satisfactory source of
the material became available.’’
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CD4`CD8` (double positive, or DP) thymocytes, are among the few cell types
that undergo apoptosis in response to corticosteroids [among the rare reports of
other cells that have been observed to undergo glucocorticoid-induced apoptosis
are osteoclasts and osteocytes (61, 62), dendritic cells (63), and some neuronal
subsets (61)].

Despite the enormous strides made in our understanding of regulated cell
death, the mechanism(s) by which glucocorticoids cause apoptosis is still largely
unknown. What is known is that glucocorticoid-induced thymocyte apoptosis is
mediated via the ‘‘mitochondrial’’ pathway: inhibitable by Bcl-2 and Bcl-xL and
requiring Apaf-1 and caspase-9 (64–69). Since the GR is a transcriptional regu-
lator, the simplest model is that glucocorticoids induce the expression of one or
more gene products that directly or indirectly cause cell death. Data with thy-
mocytes support this, since glucocorticoid-induced apoptosis requires ATP (70)
and is prevented by inhibitors of protein synthesis (71, 72), although reportedly
the latter is not true of splenic T cells (73). An alternative possibility is that the
lethal activity of glucocorticoids could be indirect, due to interference with other
transcription factors required for cell survival (transcriptional repression). Such a
possibility was suggested by the finding that expression of a transcriptionally
inactive form of the GR that can still interact with transcription factors such as
AP-1 was capable of signaling for apoptosis when expressed in GR-negative
Jurkat T cells (74). This observation was countered, however, by a perhaps more
physiological study using mice in which the wild-type GR was replaced with a
point mutant that cannot dimerize and, therefore, cannot directly transactivate
gene transcription, although it can interact with other transcription factors (75).
Although grossly normal, thymocytes from these animals were refractory to
corticosteroid-induced apoptosis. Therefore, while receptor cross-talk may
account for some biological responses to corticosteroids, at this time it seems
likely that glucocorticoid-induced thymocyte apoptosis requires GR-mediated
gene transactivation.

Many attempts have been made to isolate steroid-induced genes that mediate
cell death (76–80). Unfortunately, to date there are no convincing data that any
of the candidates play such a role. However, a growing number of gene products
have been implicated in blocking glucocorticoid-induced apoptosis. Among these
are the now classic inhibitors of mitochondrial-dependent cell death such as Bcl-
2 and Bcl-xL (64, 66, 81) as well as IAPs (inhibitors of apoptosis), which are
thought to work at least in part by directly binding and inhibiting some caspases,
including caspase-3, -7, and -9 (82–85). In addition to these, a number of gene
products are not ‘‘pure’’ apoptosis inhibitors but nonetheless prevent glucocor-
ticoid-induced apoptosis. One example is Notch, a transmembrane receptor that
has been implicated in regulating the CD4` vs. CD8` and perhaps the TCR ab
vs. cd differentiation decisions in the thymus (86, 87), and which has a devel-
opmental pattern of expression reminiscent of Bcl-2: highly expressed in early
thymocyte progenitors (CD41CD81), absent in DP thymocytes, and expressed
at intermediate levels in single positive thymocytes (88). Overexpression of a
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constitutively active intracellular portion of Notch in DP thymocytes rendered
them relatively resistant to, and in T cell hybridomas completely prevented, glu-
cocorticoid-induced apoptosis (89). Another example is RAP46 (the murine hom-
olog is BAG-1), which binds the GR and inhibits its function (90). Inhibitors of
the proteasome, a complex intracytoplasmic protease complex that degrades ubi-
quitinated substrates, prevent thymocyte apoptosis induced by p53-dependent and
-independent stimuli such as corticosteroids (91). Also, as discussed in detail
below, activation via the TCR (or other transmembrane molecules that can trans-
duce activating signals) potently inhibits glucocorticoid-induced cell death (5, 92,
93). Reportedly the interaction of B7 with CD28 and/or CTLA-4 can rescue
thymocytes even in the absence of TCR occupancy (94). Although these disparate
molecules and signaling pathways do not at this time move us appreciably closer
to the goal of defining the molecular mechanisms by which glucocorticoids kill,
they do emphasize the multiple levels at which this process can be controlled.

CD4`CD8` thymocytes are exquisitely sensitive to glucocorticoid-mediated
cell death, and even the physiologic concentrations achieved during a stress
response can be sufficient to cause their apoptosis (95–97). Resting peripheral T
cells, however, are comparatively resistant to glucocorticoid-induced death (72).
The reason for the difference appears to be the expression of Bcl-2, which is
present in CD4`CD81 and CD41CD8` thymocytes and peripheral T cells but
not in CD4`CD8` thymocytes (98). Although normally relatively resistant to
glucocorticoid-induced apoptosis, TCRhi thymocytes and mature T cells derived
from Bcl-2-deficient ES cells are just as sensitive as CD4`CD8` thymocytes
(99). It is noteworthy in this regard that, after initially developing normally, the
lymphoid organs of Bcl-2-deficient animals undergo massive apoptotic involution
at approximately 4 weeks of age (99, 100), the same time at which circulating
corticosteroids achieve adult levels (101, 102). It should be possible to determine
if there is a cause-and-effect relationship between these two events by character-
izing lymphoid development in adrenalectomized Bcl-2-deficient mice. Activa-
tion of peripheral T cells (which does not cause a decrease in Bcl-2) makes them
more sensitive to glucocorticoids (103, 104), perhaps at least in part due to upre-
gulation of GR levels (105). Glucocorticoid-induced apoptosis, unlike that
induced by irradiation or genotoxic reagents, does not require p53 (106, 107).

GLUCOCORTICOIDS AND PERIPHERAL T CELLS

Immunosuppression

Immunosuppression is arguably the most widely appreciated effect of exoge-
nously administered corticosteroids. Cortisone was first administered to patients
suffering from rheumatoid arthritis in 1948, and soon thereafter glucocorticoids
became a staple in the treatment of a myriad of autoimmune and inflammatory
conditions (108, 109). Early evidence that glucocorticoids interfere with the
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immune response was provided by the observation that cortisone or ACTH pro-
longs the survival of allogeneic skin grafts (transplantation immunity) (110, 111).
Once it became possible to study lymphocytes in vitro, it was found that corti-
costeroids inhibit proliferative responses to a variety of mitogenic stimuli, largely
by inhibiting the secretion of T-cell growth factor (i.e., the growth-promoting
activity of T cell–derived lymphokines) (112).

Corticosteroids are now known to inhibit the production of a large number of
cytokines, including IL-1, IL-2, IL-3, IL-4, IL-5, IL-6, IL-8, IL-10, IL-13, GM-
CSF, TNFa, and c-interferon (113–116). In those instances in which the mech-
anism has been studied, inhibition was found to be largely due to interference
with gene expression. In the case of IL-2, for example, it was initially reported
that glucocorticoids inhibited a reporter construct containing the entire IL-2
enhancer but not a reporter construct containing a triplicated NF-AT binding site;
this effect was mapped to two proximal regions in the IL-2 promoter that bind
AP-1-like proteins (117). At the same time an AP-1 site in the IL-2 enhancer was
reported to confer sensitivity to glucocorticoid inhibition, but only when present
in conjunction with an NF-AT binding site (118). Another study found that Dex
prevented binding of AP-1 and NF-AT to their corresponding binding sites in the
IL-2 gene promoter and blocked activation of an AP-1 but not an NF-AT reporter
(119). A direct effect of glucocorticoids on the generation of these and other
important transcription factors seems unlikely. Initial studies using electrophoretic
DNA mobility shift assays (gel shifts) to quantitate transcription factors reported
that the levels of activation-induced transcription factors that bind the IL-2
enhancer, including NF-AT, AP-1, AP-3, Oct-1, and NF-jB, were not decreased
by glucocorticoids (117, 120). The consensus from these studies seems to be that
glucocorticoids generally do not prevent activation-induced generation of tran-
scription factors; even in cases in which AP-1 binding to DNA was inhibited,
there was no decrease in the actual amount of c-Fos and c-Jun protein in the
nucleus (121). Rather, glucocorticoids appear to interfere with the binding and/
or function of critical transcription factors (notably AP-1 in the case of the IL-2
gene), probably by direct protein-protein interactions between these factors and
the liganded GR. The differences between reports on the effect (or lack thereof)
of glucocorticoids on gel shift assays may be accounted for at least in part by the
methods used to prepare nuclear extracts, some of which do not recover the GR
(117). Direct inhibition of gene transcription by the GR is another possible mech-
anism of interference, and in fact a functional ‘‘negative’’ GRE has been identified
in the promoter region of the IL-1b gene (16).

The literature is replete with reports of the effects of glucocorticoids on a host
of transcription-dependent and -independent events that might be expected to
affect the immune response. Glucocorticoids decrease the stability and half-life
of mRNA encoding IL-1, IL-2, IL-6, IL-8, TNFa, and GM-CSF (122). Para-
doxically, glucocorticoids also upregulate the expression of receptors for some of
these same cytokines, including IL-1, IL-6, and GM-CSF, as well as IFN-c
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(reviewed in 113). The effect on IL-1 receptors is not straightforward: Dex aug-
ments mRNA levels in human peripheral mononuclear cells for both type I and
type II IL-1 receptors and causes the shedding of the latter as a soluble protein
(123). The IL-1 type II receptor binds IL-1 but does not signal, and thus it is
thought to act as an inactive ‘‘decoy’’ for IL-1. In the same vein, glucocorticoids
were found to increase expression of intracellular IL-1 receptor antagonist (IL-
1ra) (124). Therefore, upregulation of IL-1 signaling antagonists may be yet
another mechanism by which glucocorticoids mediate their anti-inflammatory
effects. The effect of corticosteroids on IL-2 receptors is also not clear-cut. In
fact, for T cells glucocorticoids have been reported to (a) increase IL-2Ra mRNA
and protein, perhaps in synergy with IL-2 (125–127), and (b) decrease IL-2Ra
and IL-2Rb mRNA and protein levels (128, 129). In those cases in which IL-
2Ra was decreased, it was likely a secondary effect due to inhibition of IL-2
production, since exogenous IL-2 prevented the downregulation. Whatever their
effect on IL-2R expression, corticosteroids appear to directly decrease IL-2-
dependent, but not IL-4- or IL-9-dependent, T cell proliferation, perhaps by inhib-
iting proximal signaling via the IL-2R (130, 131). Among the other reported
effects of glucocorticoids are downregulation of cell surface adhesion molecules
like ICAM-1 and E-selection (43, 132), inhibition of CD40 ligand upregulation
on activated CD4` T cells (133), interference with transcription of the CTL serine
protease granzyme B (134), and even the direct inhibition of early TCR signaling
events (135). While the literature is confusing and inconclusive in many respects,
what these studies make clear is that the immunosuppressive activity of gluco-
corticoids is a reflection of its activity on multiple molecular targets. While the
inhibition of cytokine production is widely accepted to be biologically significant,
the degree to which the other reported events (inhibition/induction of receptors
and receptor antagonists, inhibition of receptor signaling, downregulation of adhe-
sion molecules, etc) contribute to immunosuppression in vivo is not well
established.

Th Lineage Commitment

Mature helper T cells can be divided into subsets that differ in the spectrum of
cytokines they secrete (136). Th1 cells produce IL-2, IFN-c, and TNFb and con-
tribute largely to T cell–mediated responses such as delayed-type hypersensitivity.
Th2 cells produce IL-4, IL-5, IL-6, IL-10, and IL-13 and participate in humoral
and allergic responses. The means by which helper T cells are induced to differ-
entiate down either of these pathways has been an area of intense interest, and
clearly the cytokines the subsets secrete, and perhaps the nature of the antigen-
presenting cell they interact with during differentiation (137), have an enormous
influence. There is also a body of data indicating that glucocorticoids participate
in guiding the differentiation of helper T cells. For example, in early studies mice
were implanted with sustained-release pellets containing Dex and then immunized
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with OVA (138). Upon antigen restimulation in vitro, OVA-specific T cells from
animals that had received Dex produced substantially lower amounts of IL-2 but
higher amounts of IL-4. A similar skewing of lymphokine production away from
IL-2 and toward IL-4 was observed when T cells from OVA-primed mice were
rechallenged in vitro with OVA in the presence of low concentrations of gluco-
corticoids. It was deduced that the effect of Dex was directly on the T cells,
because glucocorticoid treatment of a cloned T cell line and a T cell hybridoma
also favored the production of IL-4. Consistent with this, Dex either had no effect
(139) or it enhanced anti-TCR-induced proliferation of the murine D10 Th2 cell
line, presumably by increasing its secretion of IL-4 (140). Other studies have
shown that the cytokine profile of CD4` rat T cells that had initially been acti-
vated in the presence of Dex was skewed toward Th2 cytokines when subse-
quently activated in the absence of glucocorticoids (141). Interestingly, it has also
been possible to generate antigen-specific Th2 cells from unprimed mice by
repeated simulation in vitro with antigen in the presence of IL-2 and anti-IL-10
antibodies in serum-free medium, but only in the presence of glucocorticoids
(142).

In humans, acute glucocorticoid treatment of patients with nonsteroid-
dependent asthma results in depressed levels of IgG and IgA and increased levels
of IgE (143). This activity may or may not reflect a direct effect on the Th subsets,
however, because glucocorticoids can synergize with IL-4 to increase IgE syn-
thesis by enhancing isotype switching, even in the absence of T cells (144–146).
In fact, and in contrast to the observations with murine cells mentioned above,
many reports indicate that glucocorticoids inhibit the production of Th2 cytokines
by human T cells, leading to the suggestion that murine and human T cells may
be fundamentally different in their susceptibility to glucocorticoids (116, 147,
148). This seems unlikely, however, and although glucocorticoids do inhibit both
Th1 and Th2 cytokines by activated human T cells, the effect on Th1 cytokines
may be more pronounced (149). Furthermore, IL-12 production (which favors
Th1 development) by LPS-stimulated PBL was inhibited by glucocorticoids,
while IL-10 production (favoring Th2 development) was relatively resistant (150).
Therefore, if Th differentiation is regulated by the balance between Th1 and Th2
cytokines rather than the absolute amount produced, glucocorticoids might be
expected to support the generation of Th2 cells in humans. Furthermore, although
activation of rat T cells in the presence of glucocorticoids resulted in the gener-
ation of Th2 cells, addition of Dex during the subsequent activation of these Th2
cells inhibited production of IL-4, just as it inhibits IL-4 production by human T
cells (151). Collectively, the data are consistent with the hypothesis that while
glucocorticoids inhibit the acute production of both Th1 and Th2 cytokines, their
presence during initial activation may nevertheless promote the differentiation to
the Th2 phenotype. The finding that Dex inhibits IL-4 production but that exog-
enous IL-4 potentiates the ability of Dex to enhance the generation of Th2 cells
(141, 151) suggests that IL-4 and glucocorticoids may promote differentiation of
Th2 cells by different mechanisms.
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Antagonism of Activation-Induced Apoptosis

Activation-induced T cell apoptosis was first described with T cell hybridomas
(152–154) and subsequently with pre-activated mature T cells and T cell clones
(155–157). In the course of studies aimed at comparing activation- and gluco-
corticoid-induced apoptosis of T cell hybridomas, it was unexpectedly found that
these lethal stimuli, when administered simultaneously, no longer caused cell
death (92). This phenomenon was termed ‘‘mutual antagonism,’’ and was pre-
sumed to result from transcriptional interference between the GR and activation-
induced transcription factors such as AP-1, although the relevant genes were not
known (39). It is now clear that activation-induced apoptosis in these cells is
caused by the upregulation of Fas ligand (FasL) expression and its subsequent
interaction with Fas (158–161). Further studies found that glucocorticoids prevent
activation-induced FasL upregulation but do not prevent signaling via Fas itself,
demonstrating that interference with FasL expression by the GR is responsible
for one arm of the mutual antagonism (161). One candidate for mediating this
effect is the product of a newly described glucocorticoid-induced gene, GILZ
(glucocorticoid-induced leucine zipper) (162). Stable expression of GILZ in T
cell hybridomas was found to block activation-induced FasL upregulation and
subsequent apoptosis. Our increasing appreciation that many instances of apop-
tosis rely on the expression of FasL has fueled interest in understanding the
molecular regulation of this molecule. At least three transcription factors have
been directly implicated in its upregulation by activation: NF-AT (163, 164), Egr-
2 and Egr-3 (165, 166), and NF-jB (167, 168). Of these, only the Egr family
members are synthesized de novo, and the finding that inhibition of protein syn-
thesis prevents activation-induced upregulation of fasL mRNA is consistent with
the notion that these are critical mediators of activation-induced FasL upregula-
tion (166). Furthermore, Egr-2 and -3 are themselves upregulated by NF-AT (165,
169, 170), and thus the contribution of NF-AT to FasL expression may be
accounted for, at least in part, by indirect effects via the Egr transcription factors.
In preliminary experiments, we have found that glucocorticoids inhibit fasL
mRNA upregulation when cDNA encoding Egr-3 is introduced into HeLa cells
(P Mittelstadt and JD Ashwell, unpublished data). It appears, then, that the inter-
play between the GR, perhaps its induced genes, and other transcriptional regu-
lators may affect fasL transcription in an interesting but complex fashion.

Another molecule that may participate in the antagonism of activation-induced
apoptosis is GITR (glucocorticoid-induced TNFR family related), a transmem-
brane molecule homologous to the TNF/NFGR family members 4–1BB, CD27,
and OX-40 that is expressed in thymocytes and peripheral T cells (171–173).
GITR was initially identified as a murine glucocorticoid-induced gene that was
also upregulated relatively late after activation, and its overexpression in T cell
hybridomas inhibited CD3-mediated but not anti-Fas- or dexamethasone-induced
apoptosis (171). However, although co-expression of the human homolog (hGITR
or AITR) and its ligand, hGITRL/TL6, in Jurkat T cells also prevented anti-CD3-
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induced cell death (presumably by interacting with TRAF2 to upregulate NF-jB
activity), hGITR/AITR is upregulated by activation but not by glucocorticoids
(172, 173). Thus, the possibility that GITR family members are glucocorticoid-
induced genes that prevent activation-mediated apoptosis is uncertain. Finally,
Nur77 is a nuclear orphan receptor whose induction is required for activation-
induced death of T cell hybridomas and whose overexpression in thymocytes has
been implicated in FasL upregulation, although as yet no Nur77 regulatory ele-
ments have been identified in the fasL promoter (174–176). Glucocorticoids
inhibit the Nur77-dependent transcription of reporter constructs driven by either
of the two known Nur77 DNA-binding response elements, one of which (NurRE)
binds Nur77 homodimers and exhibits increased activity in T cells upon activation
(177). Moreover, titration of Nur77 and the GR in transient transfection studies
revealed that they each antagonize the transcriptional activity of each other (178).
These results raise the possibility that antagonism between the GR and Nur77
may account, at least in part, for the observed antagonism between TCR- and
glucocorticoid signaling in the induction of apoptosis.

Inhibition of activation-induced T cell death is not confined to transformed T
cell hybridomas. Encephalitogenic myelin basic protein–specific T cell lines
undergo apoptosis when restimulated with antigen and IL-2 in vitro; cell death is
prevented by simultaneous exposure to glucocorticoids (179). Glucocorticoids
also prevent activation-induced death of human CD4` T cells acutely infected
with HIV and then restimulated with anti-TCR antibodies, and prevent the accel-
erated apoptosis of cultured CD4` and CD8` T cells from people infected with
HIV (180). Since the susceptibility of T cells from HIV` individuals to sponta-
neous and activation-induced apoptosis is largely conferred by increased Fas
expression and sensitivity to FasL-mediated apoptosis (181, 182), it is likely that
the protective effect of glucocorticoids is due to their suppression of FasL
expression.

GLUCOCORTICOIDS IN THYMOCYTE DEVELOPMENT

Thymocytes undergo an ordered series of phenotypic transitions as they differ-
entiate from early precursors to mature T cells. Immature CD41CD81 (double
negative) thymocytes that successfully rearrange the TCR b gene locus express
a pre-TCR that consists of CD3-c,-d, and -e, a f homodimer, and TCR b heter-
odimerized with the nonpolymorphic pre-TCR a chain (183). Subsequent to pre-
TCR expression, thymocytes begin to divide rapidly, acquire CD4 and CD8, and
undergo TCR a gene rearrangement. For those cells that generate a functional a
chain, the pre-TCR is replaced with low levels of the mature ab TCR (184). Due
to the mostly random nature of the process by which TCR a and b chains are
generated, each thymocyte will produce a unique ab TCR, and from this point
forward thymocyte development is tightly linked to the specificity of the TCR
for self-peptides bound to MHC-encoded molecules. The prevailing view at this
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time is that TCRloCD4`CD8` thymocytes having TCRs with subthreshold avid-
ity for self-antigen/MHC survive for approximately 3.5 days (185) and then
undergo a default death pathway that has been called ‘‘death by neglect.’’ Thy-
mocytes bearing TCRs that recognize self-antigen/MHC with high avidity
undergo activation-induced apoptosis (negative selection), a major mechanism
for promoting self-tolerance. The molecular mechanisms underlying this form of
apoptosis are poorly defined, but antigen-specific negative selection appears to
be largely independent of the Fas and TNF receptor signaling pathways (186–
188). Finally, thymocytes bearing TCRs with intermediate avidity for self antigen/
MHC are rescued from the default death pathway, differentiate into
TCRhiCD4`CD81 or TCRhiCD41CD8`cells, and migrate to the periphery (posi-
tive selection). The outcome of these selection processes largely determines the
mature T cell antigen-specific repertoire.

The molecular means by which signaling via the TCR causes both rescue from
default cell death and induction of cell death is an area of great interest. Presum-
ably, low levels of TCR occupancy result in a change in expression or function
of molecules involved in enhancing survival, while higher levels of occupancy
alter the levels or activities of molecules that regulate apoptosis. Although the
signaling pathways that lead to positive selection (which involves calcineurin and
the Ras/MAP kinase signaling pathways) (189–191) and negative selection
(which does not) may differ, the effector molecules regulated by these pathways
have not been identified, making it difficult to determine how thymocytes make
the critical decision of whether to live or die. However, considerable evidence
suggests that glucocorticoids participate in this process and in doing so shape the
peripheral T cell antigen-specific repertoire of adult animals. The initial obser-
vation that activation rescues T cell hybridomas from glucocorticoid-induced
apoptosis (and vice versa) led to the speculation that similar interactions occurring
in vivo could account for the relationship between TCR avidity for self-antigen/
MHC and cell fate (92, 93, 192). In this ‘‘mutual antagonism’’ model, DP thy-
mocytes with subthreshold avidity for self-antigen/MHC undergo death (by
neglect) at least in part because of glucocorticoids. Encounter of self-antigen/
MHC by thymocytes with intermediate avidity TCRs results in signaling that
would otherwise lead to apoptosis, but due to antagonism by glucocorticoids the
cells survive (positive selection). Finally, signals leading to apoptosis in thymo-
cytes bearing TCRs with high avidity for self-antigen/MHC are too strong to be
overcome by ambient corticosteroids, and these cells are deleted (negative
selection).

There are a few inferences from this model that are not necessarily obvious.
First, in this scenario TCR occupancy at any level does not in itself deliver a
‘‘positive’’ signal. That is, low-to-moderate levels of TCR-mediated activation do
not initiate signaling pathways that intrinsically promote survival while higher
levels of activation initiate apoptotic signals. Rather, biologically relevant levels
of TCR signaling result in apoptosis. Intermediate levels of TCR signaling can
be viewed as positive only in that they counter apoptotic signals delivered via the
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GR (and vice versa)—in the absence of glucocorticoids, it would be expected that
these same intermediate levels of TCR signals would result in activation-induced
apoptosis. This is in many ways analogous to TCR-mediated activation of mature
T cells. TCR occupancy alone causes anergy and apoptosis; only in the presence
of costimulation, typically via CD28, does TCR occupancy result in proliferation
and survival (193). Second, in addition to apoptotic signals, intermediate levels
of TCR occupancy must result in signals that lead to differentiation, as evidenced
by increases in expression of molecules such as the TCR, CD5, and CD69, and
extinguishing of expression of CD4 or CD8. Differentiation is of course thwarted
in cells also induced to die but will proceed if death is prevented by
glucocorticoids.

If glucocorticoids play a significant role in thymocyte differentiation, they must
necessarily be present in late fetal and neonatal life, a time during which a tre-
mendous amount of thymocyte development occurs. However, the availability of
circulating glucocorticoids is not uniform throughout development. In utero the
placenta forms a partial barrier to transfer of maternal glucocorticoids (194), and
in humans placental enzymes convert biologically active cortisol to the less active
cortisone (195). Moreover, the expression of some steroidogenic enzymes is
developmentally regulated, and as a result the levels of circulating glucocorticoids
are low in fetal and neonatal life, not reaching adult levels in rodents until approx-
imately 4 weeks of age (101, 102). These considerations prompted us to ask if
the thymus itself produces glucocorticoids, and if so whether it does so during
neonatal life. It was found that thymic epithelium, but not thymocytes, macro-
phages, or dendritic cells, produces pregnenolone and deoxycorticosterone (see
Figure 1) when cultured in vitro, and that steroid production increased approxi-
mately twofold in response to ACTH (5). Immunohistochemical studies revealed
that P450scc and P450c11 (Figure 1) are expressed mainly in cortical epithelium
and that there is a subpopulation of large and intensely staining cells in a sub-
capsular and cortical periphery similar to that of thymic nurse cells. Subsequent
studies have confirmed that thymic epithelial cells express steroidogenic enzymes
and produce all of the steroids from pregnolone to corticosterone (196, 197). The
ontogeny of thymic steroid production also appears to differ from that of the
adrenal; cultured thymic epithelium from fetal and neonatal mice produced
approximately twice as much as pregnenolone epithelium from four-week-old
animals (5). A thymic epithelial cell line has been also reported to produce glu-
cocorticoids, as evidenced by its ability induce apoptosis of a CD3`CD4`CD8`

radiation leukemia virus–transformed thymocyte clone (197). This activity was
inhibited by drugs that block either steroid production (aminoglutethimide) or GR
occupancy (RU-38486). As with T cell hybridomas and normal thymocytes, death
of the thymocyte clone was antagonized by activation via the TCR. Interestingly,
the epithelial cell line appeared to produce glucocorticoids only when in contact
with the CD3` thymocyte cell line, an activity that was not induced by contact
with a CD31CD41CD81 thymocyte clone. Irradiated normal thymus cells were
also reported to produce progesterone (3bHSD activity) but not corticosterone
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(P450c11 activity) (196). These data raise the intriguing possibility that thymo-
cyte-epithelial cell interactions may be required for the latter to produce
glucocorticoids.

In Vitro Models

The mutual antagonism model of thymocyte selection predicts that diminishing
glucocorticoid levels or responsiveness should affect antigen-specific thymocyte
selection by causing the activation-induced death of cells that would ordinarily
be positively selected. That is, levels of TCR-mediated signaling that normally
result in positive selection should now result in negative selection. This prediction
has been tested in a number of different experimental model systems. Since the
thymus produces its own steroids, it is possible to ask how thymocyte develop-
ment proceeds in fetal thymic organ culture (FTOC) in which glucocorticoid
production is prevented. Blockade of corticosteroid production with metyrapone,
or responsiveness with RU-486, did in fact make thymocytes much more sensitive
to apoptosis induced by anti-TCR antibodies or a low avidity ligand (5). Impor-
tantly, the effect of metyrapone was largely reversed by exogenous corticosterone,
ruling out a pharmacologic effect or toxicity independent of the blockade of
glucocorticoid production. The most direct test of the prediction was performed
with mice expressing a transgenic ab TCR specific for the male H-Y antigen
presented by the H-2Db class I molecule. Thymocytes from H-2bmale, but not
female, mice bearing this TCR are negatively selected (198). Importantly, thy-
mocytes from female mice undergo positive selection and mature into clonotype-
bearing CD41CD8` cells when expressed in an H-2b, but not an H-2d, animal,
indicating that this transgenic TCR recognizes some unknown antigen plus an H-
2b-encoded molecule with low avidity (199). To determine if inhibition of glu-
cocorticoid production could ‘‘turn positive into negative selection,’’ FTOC was
performed with thymuses from RAG-2-deficient (to prevent expression of endog-
enous TCRs) H-2b female mice that expressed the anti-H-Y/Db TCR (200). Inhi-
bition of corticosteroid production with metyrapone resulted in a substantial
increase in DP apoptosis at 24 hr and a marked decrease in thymocyte recovery
at 3 days that was largely prevented by the addition of physiologic levels of
corticosterone. Notably, metyrapone did not induce apoptosis or affect thymocyte
recovery when TCR ab transgenic littermates of the H-2d haplotype were ana-
lyzed, demonstrating that TCR occupancy was required for thymocyte death to
occur.

In Vivo Models

A number of different methods have been used to ask how glucocorticoids affect
thymocyte development in vivo. One approach was to adrenalectomize pregnant
rat dams, which resulted in early maturation of thymic stroma in the fetuses (201).
Although this was interpreted as the direct result of glucocorticoid insufficiency,
the possibility that this effect might be due to increased ACTH secretion by the
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adrenalectomized dams and secondary upregulation of corticosteroid production
by the thymic epithelium of the fetuses was not addressed. Another approach has
been to generate transgenic mice that express antisense transcripts to the 3’
untranslated region of the GR. One set of animals (termed TKO mice) was created
in which expression of the antisense transcripts is driven by the lck proximal
promoter—a T lineage–specific promoter that is most active in immature thy-
mocytes and relatively inactive in peripheral T cells (202). As expected, the trans-
gene was expressed only in the thymus, and DP thymocytes homozygous for the
antisense transgene had approximately a twofold reduction in GR mRNA and
protein, with a corresponding reduction in sensitivity to corticosteroid-induced
upregulation of a GRE-luciferase reporter construct and apoptosis (203). Thy-
muses from mice homozygous for the antisense transgene were as much as 90%
smaller than controls due to a decrease in the number of DP thymocytes and a
secondary decrease in CD4`CD81 and CD41CD8` thymocytes; heterozygous
mice had an intermediate phenotype. A substantial increase occurred in the
amount of spontaneous apoptosis of TKO DP thymocytes, and analysis of thy-
mocyte ontogeny revealed that differences in thymocyte cellularity between wild-
type and TKO mice were first apparent between d15 and d16 of gestation. As ab
TCRs are not yet expressed at this stage of fetal development, it was speculated
that glucocorticoids may be required to antagonize apoptotic signals delivered via
the pre-TCR as well as the mature ab TCR. Furthermore, the DP cells that did
develop in TKO mice were deleted by anti-TCR antibodies at approximately 100-
fold lower concentration than was required for wild-type cells, indicating that,
like deprivation of glucocorticoids in FTOC, glucocorticoid hyporesponsiveness
in vivo rendered DP thymocytes exquisitely sensitive to activation-induced apop-
tosis. A different antisense GR mouse, using a similar construct driven by a
neurofilament promoter, has been analyzed as well (204, 205). Despite the pre-
sumably tissue-specific promoter, GR levels were found to be reduced two- to
threefold in all tissues analyzed, including the anterior pituitary gland, hippocam-
pus, liver, thymus, and spleen, with resultant increases in circulating ACTH and
corticosterone, and hyporesponsiveness of the lymphoid cells to glucocorticoid-
mediated inhibition of mitogenesis. Unlike the TKO mice, there was no reduction
in CD4`CD8` thymocytes, and if anything a small increase in total thymocyte
number, with a failure of the thymus to regress after puberty. An increase in the
ratio of CD4` to CD8` cells in the spleen was also noted. There are several
possible resolutions for the substantial differences between the two GR antisense
animal models. First, the antisense GR was restricted to thymocytes in the TKO
mice but was expressed widely in the other strain, and it is possible if not likely
that systemic consequences of glucocorticoid hyporesponsiveness can indirectly
affect thymocyte and peripheral T cell development. Second, because of the tissue
distribution of the antisense transgenes, circulating (and perhaps thymus-derived)
corticosterone levels were elevated due to increased secretion of ACTH only in
the second model, and it may be that this compensated for the decreased thy-
mocyte sensitivity to glucocorticoids. A GR ‘‘knock-in’’ mouse has also been
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reported in which the wild-type GR was replaced with a point mutant that cannot
dimerize and, therefore, cannot directly regulate gene transcription. Although a
detailed analysis of thymocyte phenotype was not performed, DP thymocytes in
these mice were resistant to glucocorticoid-induced apoptosis, and the gross thy-
mus phenotype (cellularity and CD4 and CD8 staining) was normal (75). Once
again, there are multiple possible interpretations for this result, and although it
argues that direct gene transactivation is necessary for glucocorticoids to induce
thymocyte apoptosis, it does not address the possibility that corticosteroids reg-
ulate thymocyte development by more indirect mechanisms (e.g., by interfering
with or enhancing the activities of other transcription factors). Careful analysis
of thymocyte phenotype and function in these animals and, ultimately, in condi-
tional GR knockout mice will be required to fully explore the effect of eliminating
glucocorticoid responsiveness in immature thymocytes.

Proposed Mechanism for the Effect of Glucocorticoids on
Antigen-Specific Thymocyte Development

Both in vitro and in vivo methods of suppressing the response of thymocytes to
corticosteroids have been used to address the mechanistic basis for possible effects
of glucocorticoids on thymocyte selection. Metyrapone was used in FTOC to
prevent local glucocorticoid production by thymuses from normal C57BL/6 (H-
2b) mice (206). Just as with the female H-2b mice bearing the anti-H-Y/Db ab
TCR transgenes, this caused a decrease in DP thymocyte recovery (in this case
approximately 50%) that was reversed by the addition of physiologic levels of
free corticosterone (1 nM). If this decrease was due to deletion of cells with low-
to-moderate avidity TCRs for self-antigen/MHC, it is much greater than expected
given that only 3–4% of thymocytes undergo positive selection (207). To deter-
mine if TCR occupancy is indeed required for thymocyte loss in the absence of
glucocorticoids, the availability of TCR ligands was varied by comparing the
effect of metyrapone on thymuses from MHC-congenic C57BL mice. MHC-
congenic animals differ in the number of different MHC-encoded molecules they
express and therefore in the quantity and variety of potential TCR ligands. The
following haplotypes (and the number of different MHC-encoded molecules they
express) were tested: H-2d (five), H-2k (four), H-2b (three), and b2-microglobulin-
deficient H-2b (b2M -/-; one). A strict correlation was found between the ‘‘com-
plexity’’ of the MHC and the loss of thymocytes caused by metyrapone, with
H-2d mice (five MHC-encoded molecules) being the most affected and b2M -/-
mice (one MHC-encoded molecule) the least. The role of apoptosis in the decrease
in thymocyte recovery was confirmed with a modified TUNEL assay after 24 hr
of FTOC: metyrapone caused an increase in apoptotic cells that was directly
related to the number of MHC molecules expressed (H-2d . H-2b . b2M -/-).
Strikingly, when antigen-presentation was prevented by blocking the sole MHC-
encoded molecule in b2M -/- mice (I-Ab) with a monoclonal antibody, metyra-
pone actually caused an increase in cell recovery. Since no ligands are available
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for TCR recognition under these conditions, all thymocyte death must be ‘‘by
neglect,’’ and thus the enhanced thymocyte recovery caused by metyrapone pro-
vides direct evidence for the notion that glucocorticoids in fact participate in this
default death pathway.

These results demonstrate that TCR occupancy is required for the loss of local
glucocorticoid production to result in DP thymocyte death, and they furthermore
indicate that a large fraction (.50%) of the preselection TCR repertoire must
recognize self-antigen/MHC with biologically significant avidity, consistent with
recent data from a number of experimental systems (208–210). Moreover, since
these self-reactive cells are ‘‘revealed’’ by the removal of glucocorticoids, the
data suggest that glucocorticoids in fact prevent thymocytes bearing TCRs with
relatively low (but still biologically significant) avidity for self-antigen/MHC
from entering the positive selection ‘‘window.’’ To test this hypothesis, the effect
of metyrapone on the levels of CD5, a transmembrane molecule whose upregu-
lation on DP thymocytes is an early and sensitive measure of TCR/ligand inter-
actions (209, 211), was assessed in FTOC of MHC-congenic H-2b/b2M -/- (one
MHC-encoded molecule) and H-2a mice (5 MHC-encoded molecules). H-2a DP
thymocytes exhibited approximately a 40% increase in CD5 levels when cultured
with metyrapone. In contrast, metyrapone caused no appreciable change in CD5
expression on b2M -/- DP thymocytes. To address the possibility that CD4 and/
or CD8 interactions with MHC might have a primary role in this effect, wild-
type H-2b mice were compared to H-2b mice deficient for TCRa, whose
thymocytes progress to the DP stage of development but fail to express a mature
ab TCR. Metyrapone upregulated CD5 expression on wild-type but not TCRa-
deficient DP thymocytes. Similar results were observed in the TKO mouse model
in which GR levels are decreased in thymocytes: DP thymocytes from wild-type
H-2k mice expressed lower levels of CD5 than DP thymocytes from MHC-
matched TKO animals. These results indicate that there is a direct relationship
between TCR occupancy, glucocorticoids, and cellular activation.

Based upon these data, we suggest that for immature thymocytes, just as for
mature peripheral T cells, glucocorticoids are ‘‘immunosuppressive.’’ That is, by
a variety of mostly transcriptional mechanisms, glucocorticoids blunt the bio-
logical consequences of TCR signaling. In the case of peripheral T cells, this
means inhibition of effector function; for DP thymocytes the consequence is inhi-
bition of differentiation (positive selection) or apoptosis (negative selection). As
shown in Figure 2, the simplest conventional model of thymocyte selection holds
that the vast majority of thymocytes die by neglect, with only a small number
bearing TCRs with sufficient avidity for self-antigen/MHC to undergo positive
or negative selection. The proposed model holds that, in fact, most thymocytes
are not ‘‘neglected,’’ but rather there is a bias of preselection TCRs toward those
with an avidity for self-antigen/MHC sufficient to signal. Just as for mature T
cells, the biological consequences of TCR signaling in DP thymocytes will be
inhibited by glucocorticoids. Reductions in glucocorticoid signaling will increase
the thymocyte response at any given degree of TCR occupancy, the result being
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that cells bearing TCRs with avidities in the ‘‘normal’’ positive selection window
will undergo activation-induced apoptosis, and some cells bearing TCRs with
avidities that are normally inadequate for selection will now fall in the positive
selection window. This model, therefore, predicts that alterations in glucocorticoid
effects will change the average TCR avidity for selecting self-antigen/MHC and
thus the peripheral T cell antigen–specific repertoire.

The ability of glucocorticoids to regulate the T cell repertoire by setting the
avidity window for selection is the most important implication of the mutual
antagonism model. Two distinct experimental approaches employing the TKO
GR antisense mice have been taken to test this hypothesis. The first was based
upon the notion that the introduction of this transgene into an autoimmune mouse
strain should decrease disease because of the decrease in the average TCR avidity
for self-antigen/MHC. To do this, the GR antisense transgene was introduced into
MRL-lpr/lpr mice (212), a model of spontaneous autoimmune disease that, due
to a defect in the fas gene and the accompanying decrease in T cell activation–
induced apoptosis, exhibits progressive lymphadenopathy because of the accu-
mulation of T cells with the TCR`Thy-1`CD41CD81B220` cell surface
phenotype. Although the number of thymocytes was decreased by the introduction
of the antisense transgene, lymph node T cell numbers between the wild-type and
lpr mice and the lpr.TKO were within 20% of each other by 7 weeks of age.
Notably, although the proliferative response to mitogens, anti-TCR antibodies,
and alloantigen was identical in these two animals, there was a marked and trans-
gene-dose-dependent decrease in lymphadenopathy, anti-double stranded DNA
antibodies, glomerulonephritis, and mortality in the TKO animals. Some TCR
Vbs promote positive selection in mice of certain MHC haplotypes. This is not
superantigen-mediated but is a consequence of recognition of unknown self-
antigens presented by MHC-encoded molecules (213–215). As a result, overex-
pression of an affected Vb is seen in the CD4` or CD8` T cell subset, but not
both. To determine if the beneficial effect of the transgene was indeed due to a
change in the TCR repertoire, TCR Vb use was quantitated. In each of the five
cases examined, T cells bearing Vbs that are normally overexpressed in one of
the T cell subsets in H-2k mice (the MRL-lpr/lpr haplotype) were reduced in
fractional representation toward the levels found in non-H-2k mice. This result is
analogous to the FTOC results obtained with metyrapone and the anti-H-Y/Db

ab TCR transgenic mice: A decrease in response to glucocorticoids leads to the
deletion of cells that would otherwise be positively selected.

Another approach to address the nature of the TCR repertoire of the TKO mice
has been to look for ‘‘holes in the repertoire,’’ that is, antigens to which these
mice cannot respond because the T cells that can respond to them are not present
or are present at low numbers. Reasoning that the most easily demonstrated exam-
ples of nonresponsiveness, if they in fact exist, would be with small peptide
antigens that generate a homogenous response, H-2k mice that do or do not
express the antisense GR transgene were immunized with the 81–104 C-terminal
fragment of pigeon cytochrome c in complete Freund’s adjuvant (F Lu and JD
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Figure 2 See next page for legend.

Ashwell, manuscript in preparation). This peptide fragment is presented by I-Ek

MHC-encoded molecules, and normally the large majority of responding T cells
in these animals express TCRs containing Va11 and Vb3 (216). T cells were
isolated from the draining lymph nodes of immunized mice and assayed for their
response to restimulation. The proliferative response to anti-CD3 and to PPD
(present in complete Freund’s adjuvant) was virtually identical between the two
groups. However, while the wild-type mice responded well to pigeon cytochrome
c fragment 81–104, the TKO mice proliferated very poorly. Moreover, the fre-
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Figure 2 Proposed relationship between TCR avidity for self-antigen/MHC and thy-
mocyte fate. (A) The conventional model in which the majority of thymocytes die by
neglect (subthreshold biologically relevant avidity). Small numbers of cells with inter-
mediate avidity are positively selected (`) and with high avidity are negatively (1)
selected. (B) The mutual antagonism model. In a mouse with a full complement of MHC-
encoded molecules, the large majority of thymocytes engage self-antigen/MHC with suf-
ficient avidity to generate activating signals. In the presence of glucocorticoids (upper
panel) most of these cells are inadequately activated to undergo positive selection and
ultimately die in the thymus. As glucocorticoid levels are reduced (lower panel) their
inhibition of activation is diminished, resulting in greater effective signal transduction at
the same degree of receptor occupancy. Thus, occupancy of receptors that normally lead
to only partial (inadequate) activation now lead to greater activation and either positive or
negative selection. Note that this schematic does not address the question of whether fewer
cells with very low avidity TCRs will die when glucocorticoid levels are reduced. Although
there are data showing that in short-term FTOC thymocyte survival is enhanced by remov-
ing glucocorticoids, other factors that affect the viability of CD4`CD8` thymocytes may
keep this population relatively constant in vivo.

quency of Va11 and Vb3` T cells that responded to this antigen was markedly
reduced in the TKO mice. It appears, therefore, that a responder animal has been
converted to a nonresponder (or ‘‘hyporesponder’’) by a reduction in the expres-
sion of the GR during thymocyte development (recall that GR levels are normal
in the peripheral T cells of TKO mice). Taken together, these data strongly support
the prediction made by the mutual antagonism model that alterations in thymocyte
glucocorticoid production or responsiveness will alter the antigen-specific T cell
repertoire.

Implications

One of the more intriguing possible predictions of the mutual antagonism model
is that increases in local glucocorticoid production and/or responsiveness might
prevent thymocytes bearing TCRs with relatively high avidity for self-antigen/
MHC from undergoing negative selection. These would represent untolerized
cells that would provide a pool of potentially autoreactive T cells once in the
periphery. At this time little evidence supports or militates against this possibility,
but it is interesting to note that serum corticosterone levels are higher in auto-
immune-prone mice than in normal animals (217) and that thymocytes from auto-
immune obese chickens are resistant to glucocorticoid-induced apoptosis (218).
It may be noteworthy in this regard that patients with the autoimmune disease
multiple sclerosis also have significantly higher baseline plasma cortisol levels
than do matched controls (219). Another interesting issue is the teleological rea-
son for the involvement of corticosteroids in thymocyte selection. One possibility
is that this evolved to deal with the problem posed by the elevation of systemic
glucocorticoids that occurs during stress, including that incurred by acute infec-
tion. Given their potent immunosuppressive activity, it might be expected that
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weakly or suboptimally activated T cells would be rendered useless under these
conditions. The requirement that only thymocytes bearing TCRs with sufficient
avidity to function in the presence of glucocorticoids (as evidenced by activation-
induced positive selection) would help ensure that mature T cells would be capa-
ble of activation and expression of effector functions in the face of elevated
glucocorticoid levels. It might be possible to explore such a possibility by chal-
lenging TKO mice with pathogens and assessing the robustness and efficacy of
the T-dependent immune response.

CONCLUDING REMARKS

The anti-inflammatory and immunosuppressive effects of glucocorticoids are
widely appreciated. What is less well known is that glucocorticoids influence T
cells in a number of other, more subtle, ways. As detailed in this chapter, an
extensive literature indicates that glucocorticoids are involved in Th lineage com-
mitment, survival of activated T cells, and thymocyte development. Although
much remains to be learned about molecular mechanisms, it is possible if not
likely that all of these effects are mediated in large part by glucocorticoid-induced
suppression of gene transcription. Fuller characterization and appreciation of the
normal functions of glucocorticoids in vivo has been hampered by the multitude
of effects glucocorticoids have on virtually all tissues, as well as the lack of a
good GR-null model, since these animals die perinatally (220). It is to be
expected, however, that the recent generation of viable mice with transcriptionally
inactive GRs and, ultimately, mice with tissue-specific GR-deficiency will provide
animal models that will make it possible to explore in more detail and with greater
assurance the physiologic role for glucocorticoids in T cell development and the
generation of the immune response.

ACKNOWLEDGMENTS

We are grateful to Barbara Osborne, Allan Weissman, and Georg Wick for critical
review of this manuscript.

Visit the Annual Reviews home page at www.AnnualReviews.org.

LITERATURE CITED

1. Mintami F, Shimizu T, Ueno R, Ishimura
Y, Izumi S, Komatsu N, Watanabe K.
1982. Cytochrome P450–11b and
P450scc in adrenal cortex: zonal distri-
bution and intramitochondrial localiza-

tion by the horseradish peroxidase-
labeled antibody method. J. Histochem.
Cytochem. 30:1066–74

2. Geuze HJ, Slot JW, Yanagibashi K,
McCracken JA, Schwartz AL, Hall PF.



GLUCOCORTICOIDS AND T CELLS 333

1987. Immunogold cytochemistry of
cytochromes P-450 in porcine adrenal
cortex. Histochemistry 86:551–57

3. Payne AH. 1990. Hormonal regulation of
cytochrome P450 enzymes, cholesterol
side-chain cleavage and 17a-hydroxyl-
ase/C17–20 lyase in Leydig cells. Biol.
Reprod. 42:399–404

4. LeGoascogne C, Robel P, Gouezou M,
Sananes N, Baulieu EE, Waterman M.
1987. Neurosteroids: cytochrome P-
450scc in rat brain. Science 237:1212–15

5. Vacchio MS, Papadopoulos V, Ashwell
JD. 1994. Steroid production in the thy-
mus: implications for thymocyte selec-
tion. J. Exp. Med. 179:1835–46

6. Keeney DS, Jenkins CM, Waterman MR.
1995. Developmentally regulated
expression of adrenal 17 alpha-hydrox-
ylase cytochrome P450 in the mouse
embryo. Endocrinology 136:4872–79

7. Meikle AW, Tyler FH. 1977. Potency and
duration of action of glucocorticoids.
Effects of hydrocortisone, prednisone
and dexamethasone on human pituitary-
adrenal function. Am. J. Med. 63:200–7

8. Vinson GP, Whitehouse B, Hinson J.
1992. The Adrenal Cortex. Englewood
Cliffs, NJ: Prentice-Hall

9. Simpson ER, Waterman MR. 1988.
Regulation of the synthesis of steroido-
genic enzymes in adrenal cortical cells
by ACTH. Annu. Rev. Physiol. 50:427–
40

10. Vinson GP, Whitehouse BJ, Hinson JP.
1998. Structure and function of the adre-
nal cortex. In Clinical Endocrinology, ed.
A Grossman, p. 395. London: Blackwell
Sci.

11. Jones MT, Gillham B. 1988. Factors
involved in the regulation of adrenocor-
ticotropic hormone/b-lipotropic hor-
mone. Physiol. Rev. 68:743–818

12. Beato M, Herrlich P, Schutz G. 1995.
Steroid hormone receptors: many actors
in search of a plot. Cell 83:851–57

13. Owens-Grillo JK, Hoffmann K, Hutchi-
son KA, Yem AW, Deibel MR Jr, Hand-

schumacher RE, Pratt WB. 1995. The
cyclosporin A-binding immunophilin
CyP-40 and the FK506-binding immu-
nophilin hsp56 bind to a common site on
hsp90 and exist in independent cytosolic
heterocomplexes with the untransformed
glucocorticoid receptor. J. Biol. Chem.
270:20479–84

14. Abraham N, Miceli MC, Parnes JR, Veil-
lette A, Abbot S. 1991. Enhancement of
T-cell responsiveness by the lymphocyte-
specific tyrosine protein kinase p56lck.
Nature 350:62–66

15. Beato M. 1991. Transcriptional control
by nuclear receptors. FASEB J. 5:2044–
51

16. Zhang G, Zhang L, Duff GW. 1997. A
negative regulatory region containing a
glucocorticosteroid response element
(nGRE) in the human interleukin-1b
gene. DNA Cell Biol. 16:145–52

17. Diamond MI, Miner JN, Yoshinaga SK,
Yamamoto KR. 1990. Transcription fac-
tor interactions: selectors of positive or
negative regulation from a single DNA
element. Science 249:1266–72

18. Shibata H, Spencer TE, Onate SA, Jens-
ter G, Tsai SY, Tsai MJ, O’Malley BW.
1997. Role of co-activators and co-
repressors in the mechanism of steroid/
thyroid receptor action. Recent Prog.
Horm. Res. 52:141–64

19. Bannister AJ, Kouzarides T. 1996. The
CBP co-activator is a histone acetyltrans-
ferase. Nature 384:641–43

20. Chen H, Lin RJ, Schiltz RL, Chakravarti
D, Nash A, Nagy L, Privalsky ML, Nak-
atani Y, Evans RM. 1997. Nuclear recep-
tor coactivator ACTR is a novel histone
acetyltransferase and forms a multimeric
activation complex with P/CAF and
CBP/p300. Cell 90:569–80

21. Ogryzko VV, Schiltz RL, Russanova V,
Howard BH, Nakatani Y. 1996. The tran-
scriptional coactivators p300 and CBP
are histone acetyltransferases. Cell
87:953–59

22. Spencer TE, Jenster G, Burcin MM, Allis



334 ASHWELL n LU n VACCHIO

CD, Zhou J, Mizzen CA, McKenna NJ,
Onate SA, Tsai SY, Tsai MJ, O’Malley
BW. 1997. Steroid receptor coactivator-
1 is a histone acetyltransferase. Nature
389:194–98

23. Yang XJ, Ogryzko VV, Nishikawa J,
Howard BH, Nakatani Y. 1996. A p300/
CBP-associated factor that competes
with the adenoviral oncoprotein E1A.
Nature 382:319–24

24. Wade PA, Pruss D, Wolffe AP. 1997. His-
tone acetylation: chromatin in action.
Trends Biochem. Sci. 22:128–32

25. Bodwell JE, Orti E, Coull JM, Pappin
DJ, Smith LI, Swift F. 1991. Identifica-
tion of phosphorylated sites in the mouse
glucocorticoid receptor. J. Biol. Chem.
266:7549–55

26. Bodwell JE, Webster JC, Jewell CM,
Cidlowski JA, Hu JM, Munck A. 1998.
Glucocorticoid receptor phosphoryla-
tion: overview, function and cell cycle-
dependence. J. Steroid Biochem. Mol.
Biol. 65:91–99

27. Krstic MD, Rogatsky I, Yamamoto KR,
Garabedian MJ. 1997. Mitogen-activated
and cyclin-dependent protein kinases
selectively and differentially modulate
transcriptional enhancement by the glu-
cocorticoid receptor. Mol. Cell. Biol.
17:3947–54

28. Weigel NL. 1996. Steroid hormone
receptors and their regulation by phos-
phorylation. Biochem. J. 319:657–67

29. Mason SA, Housley PR. 1993. Site-
directed mutagenesis of the phosphory-
lation sites in the mouse glucocorticoid
receptor. J. Biol. Chem. 268:21501–4

30. Almlof T, Wright AP, Gustafsson JA.
1995. Role of acidic and phosphorylated
residues in gene activation by the glu-
cocorticoid receptor. J. Biol. Chem.
270:17535–40

31. Jewell CM, Webster JC, Burnstein KL,
Sar M, Bodwell JE, Cidlowski JA. 1995.
Immunocytochemical analysis of hor-
mone mediated nuclear translocation of
wild type and mutant glucocorticoid

receptors. J. Steroid Biochem. Mol. Biol.
55:135–46

32. Webster JC, Jewell CM, Bodwell JE,
Munck A, Sar M, Cidlowski JA. 1997.
Mouse glucocorticoid receptor phos-
phorylation status influences multiple
functions of the receptor protein. J. Biol.
Chem. 272:9287–93

33. Bamberger CM, Bamberger AM, de Cas-
tro M, Chrousos GP. 1995. Glucocorti-
coid receptor b, a potential endogenous
inhibitor of glucocorticoid action in
humans. J. Clin. Invest. 95:2435–41

34. Oakley RH, Sar M, Cidlowski JA. 1996.
The human glucocorticoid receptor b iso-
form. Expression, biochemical proper-
ties, and putative function. J. Biol. Chem.
271:9550–59

35. Leung DYM, Hamid Q, Vottero A, Sze-
fler SJ, Surs W, Minshall E, Chrousos
GP, Klemm DJ. 1997. Association of
glucocorticoid insensitivity with
increased expression of glucocorticoid
receptor b. J. Exp. Med. 186:1567–74
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