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important in this process as they are strong inducers of
a

o
s
C
w
m
c
t
e
t
n
p
t
D
p
l
o
c
v
e

f
m
(
a
w
o
b
t
l
t
t
t

p
p
i
d
2

A majority of thymocytes undergo apoptosis during
ifferentiation due to lack of survival signals provided
y T cell receptor (TCR) activation. As glucocorticoids
GC) have been suggested to be involved in this pro-
ess, we have investigated the GC sensitivity in thy-
ocytes from mice expressing a transgenic selecting
CR. We now report that immature CD41CD81 double-
ositive thymocytes from these mice are compara-
ively more resistant to corticosterone-induced apop-
osis. This is associated with reduced glucocorticoid
eceptor (GR) expression, increased levels of mem-
rane CD28, increased NF-kB DNA binding activity,
nd increased binding to the CD28 response element
n the interleukin-2 gene promoter. Analysis of NF-
B/Rel proteins from nuclear extracts demonstrated
ltered levels of some of these proteins. Our results
uggest that TCR recognition of self major histocom-
atibility antigens generates intracellular signals
hich alter the thymocyte GC sensitivity and thereby
rotect them against apoptosis induced by endoge-
ous GC. © 2000 Academic Press

Key Words: cross-talk; NF-kB; glucocorticoid recep-
or; apoptosis; T cell development.

T cell receptors (TCR) are essential for the survival
f immature thymocytes and differentiation of these
ells into mature T cells through an interaction with
elf MHC molecules expressed on thymic epithelial
ells (TEC). Early CD42 CD82 double-negative thymo-
ytes progress to a CD41 CD81 double-positive (DP)
tage, at which the TCR determines the fate of thymo-
ytes (1). A majority of DP thymocytes lack an appro-
riate TCR for recognizing self MHC and will not ma-
ure, but undergo apoptosis (1, 2). We, and others (3–
), have suggested that glucocorticoids (GC) are

Abbreviations used: CD28RE, CD28 response element; CS, corti-
osterone; DP, double positive; GC, glucocorticoids; GR, glucocorti-
oid receptor; MHC, major histocompatibility complex; NF-kB, nu-
lear factor kappa B; TCR, T cell receptor; TEC, thymic epithelial
ells.
189
poptosis in thymocytes (6).
DO11.10 transgenic mice express a TCR transgene

btained from the DO11.10 T cell hybridoma. Expres-
ion of this transgene allows maturation of mainly
D41 T lymphocytes in these mice (7). In our earlier
ork we have shown that in DO11.10 TCR transgenic
ice the thymus is enlarged and that there is an in-

reased cellularity in the organ. In addition, the apop-
otic activity is reduced as measured by flow cytom-
try, reduced mitochondrial membrane potential, and
erminal deoxynucleotidyl transferase-mediated dUTP
ick end labeling (TUNEL) techniques (8). In the
resent work we have investigated the background for
his phenotype by analysing the sensitivity of the
O11.10 TCR1 thymocytes and in particular the DP
opulation to GC. We have also investigated intracel-
ular GR levels, co-receptor expression and activation
f transcription factor NF-kB in the transgenic thymo-
ytes. All of these factors have been implicated in de-
elopment of T cells and are functionally related to
ach other (9–11).
GC play an important role in the development and

unction of T cells (5). GC bind to GR, which is a
ember of the nuclear hormone receptor superfamily

12). After binding of GC, the GR dissociates from its
ssociated proteins and translocates to the nucleus
here the GR activates or represses the transcription
f target genes (13). GR transcriptional activation has
een shown to be important in GC-induced apoptosis of
hymocytes (14). An important factor determining cel-
ular GC sensitivity is the intracellular GR concentra-
ion (15). GR can also directly bind to some transcrip-
ion factors such as NF-kB proteins and influence their
ranscriptional activities (16–18).

The mammalian NF-kB transcription factors include
50/p105, p52/p100, RelA (p65), c-Rel, and RelB, which
lay important roles in the regulation of immune and
nflammatory responses, cellular proliferation, cell
eath, and development of the immune system (19–
1). NF-kB proteins are sequestered in the cytosol of
0006-291X/00 $35.00
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nhibitory proteins (IkBs) such as IkBa and IkBb (22).
pon activation, IkBs are degraded allowing NF-kB to

ranslocate to the nucleus and to bind to cognate re-
ponse elements in target genes (23). GR can antago-
ize the transcriptional function of Rel/NF-kB either
y induction of IkBa (24, 25) or by direct protein-
rotein binding to some NF-kB components (26).
Stimulation of T cells through the TCR/CD3 complex

lone is not sufficient to activate optimal cytokine pro-
uction and cell proliferation. Additional costimulatory
ignals provided by the antigen-presenting cells (APC)
re required, which are generated through interactions
etween B7-1 and B7-2, on the APC and the CD28 on
he T cells (27). In T cells, TCR/CD3 and CD28 signal-
ng pathways through activation of NF-kB-inducing
inase (NIK) and IkB kinase (IKK), degrade the IkB
roteins (28) and enhance activation of NF-kB pro-
eins. NF-kB binds both to the NF-kB site and the
D28 response element (CD28RE) in the promoter of
ome cytokine genes including interleukin-2 (IL-2)
29–31) leading to IL-2 synthesis and T cell prolifera-
ion.

In thymocytes, functional crosstalk between TCR
nd the glucocorticoid receptor (GR) has been reported
32). It has also been shown that TCR stimulation of
hymocytes in vitro can rescue these cells from GC
nduced apoptosis (33). In this work we have found that
xpression of the DO11.10 TCR transgene renders im-
ature DP transgenic thymocytes comparatively more

esistant to induction of apoptosis by corticosterone
CS). This was associated with a reduced GR level,
ncreased CD28 expression and an alteration in the
ctivation of some NF-kB components in the DO11.10
CR1 thymocytes. In addition, we could demonstrate
n in vivo physical interaction between RelA and GR in
hymocytes. Based on these observations we propose
olecular mechanisms contributing to the GC resis-

ance in TCR activated thymocytes which might be
rucial for their survival in thymus during differenti-
tion.

ATERIALS AND METHODS

Mice and antibodies. The DO11.10 TCR transgenic mice strain
back-crossed to BALB/c), expressing a MHC-II restricted transgene
pecific for an I-Ad restricted OVA 323-339 peptide, was kindly
upplied by Dr. Dennis Loh (Howard Hughes Medical Institute, St.
ouis, MO) (7). These mice were bred as heterozygous. To type the
ransgene expression, circulating T cells were stained with the F23.1
Ab and analyzed by FACScan (Becton Dickinson) (7). All mice were

red and housed under standard conditions in the animal facility at
arolinska Institutet. Four- to six-week-old transgenic mice and

heir control littermates were used throughout the study.
FITC-conjugated hamster anti-mouse CD28 (37.51.1 clone) mAb
as bought from Nordic Biosite AB (Stockholm, Sweden). FITC-

onjugated rat anti-mouse CD4 (RM4-5 clone), and PE-conjugated
at anti-mouse CD8 (53-6.7 clone) were purchased from PharMingen
San Diego, CA). OVA 323-336 peptides was synthesized by solid
190
ty at MTC, Karolinska Institute (Stockholm, Sweden). Corticoste-
one was bought from Sigma-Aldrich. Antibodies against GR (PA1-
12) was bought from Affinity Bioreagents.Inc. Antibodies against
elA (sc-109), RelB (sc-226), P50 (sc-114), and c-Rel (sc-70-G) were
urchased from Santa Cruz Biotechnology. Protein A Sepharose
L-4B was purchased from Pharmacia Biotech.

Isolation of whole thymocytes and DP cells. Single cell thymo-
ytes were prepared by passage through a steel net. Thymocytes
ere stained with antibodies against the CD4 and CD8 molecules
nd washed with complete RPMI. Using a FACS sorter (Becton
ickinson), DP thymocytes were gated and collected.

Preparing nuclear and whole cell extract. Nuclear extracts were
repared as described before (34), with minor modification, as given
elow. Briefly, thymocytes were resuspended in 1 ml ice-cold buffer

(10 mM HEPES pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM
GTA, 2 mM dithiothreithol, 0.5 mM phenylmethylsulfonyl fluoride,
mg/ml leupeptin, 1 mg/ml aprotonin) by gentle pipetting. The cells
ere allowed to swell on ice for 15 min, after which 10 ml of a 10%

olution of NP-40 was added and the tubes were vigorously vortexed
or 10 s. The homogenate was centrifuged for 1 min at 14,000 rpm in

microfuge. The nuclear pellet was resuspended in 100 ml ice-cold
uffer C (20 mM HEPES, pH 7.9; 0.4 M NaCl; 1 mM EDTA; 1 mM
GTA; 25% glycerol; 2 mM dithiothreithol, 0.5 mM phenylmethyl-
ulfunyl fluoride, 5 mg/ml leupeptin) and the tubes were vigorously
ocked on ice for 15 min on a shaking platform. The nuclear extract
as centrifuged for 5 min at 14,000 rpm in a microfuge and the

upernatant was frozen in aliquots at 270°C. For preparing whole
ell protein extracts, thymocytes were washed and resuspended in 60
l of a buffer containing 20 mM HEPES pH 7.9; 0.4 M NaCl; 1 mM
DTA; 1 mM EGTA; 25% glycerol; 0.6% NP40; 2 mM dithiothreithol,
.5 mM phenylmethylsulfunyl fluoride, 5 mg/ml leupeptin and the
ubes were vigorously vortexed for 10 s. The cells were kept on ice for
0 min while they were vigorously rocked for 15 min on a shaking
latform. The extract was centrifuged for 5 min at 14,000 rpm in a
icrofuge and the supernatant was used for further experiments.
he protein concentration in cell extracts was quantitated spectro-
hotometrically with the Bio-Rad protein assay kit.

Electrophoretic mobility shift assay (EMSA). Double-stranded
ligonucleotides were end labeled with [g-32P]ATP (3000 Cimmol),
sing T4 polynucleotide kinase. Unincorporated nucleotides were
emoved by column chromatography on a Sephadex G50 Nick Col-
mn (Pharmacia Biotech). Nuclear extracts (4 mg) were incubated
ith 5 ml of 43 binding buffer (BB) (100 mM HEPES (pH 7.9), 600
M KCl, 40% glycerol, 1 mg of poly (dI-dC), 5 mM dithiothreithol)

nd water up to 20 ml for 10 min at room temperature (RT). 50,000
pm of 32P-labeled oligonucleotides in the absence or presence of
00-fold excess of nonlabeled specific and nonspecific oligonucleo-
ides was added and incubated for further 15 min at RT. Protein-
NA complex interactions were analyzed on 6% polyacrylamide
ris–glycine–EDTA (TGE) gels in 13 TGE buffer containing 40 mM
ris (pH 8.5), 200 mM glycin, and 1 mM EDTA.
The following oligos were used for analysis of NF-kB DNA binding

ctivity by EMSA: (i) NF-kB, classical binding site (Igk enhancer),
35), (59) AGT TGA GGG GAC TTT CCC AGG C (39); (ii) NF-kB
inding site in IL-2 promoter, (36), (59)AAG AGG GAT TTC ACC
AA AT (39); (iii) CD28RE in IL-2 promoter (36), (59) GGG GGT TTA
AG AAA TTC C (39); (iv) Nonspecific competitor (NF-1 binding site):

59) TTT TGG ATT GAA GCC AAT ATG ATA A (39).

Western blotting. Twenty micrograms of nuclear or whole cell
xtract in SDS sample buffer was denatured for 3 min in boiling
ater. Samples were separated on an 8% SDS–polyacrylamide gel.
roteins were transferred onto nitrocellulose membrane, using an
lectroblot apparatus. The protein concentration in cell extracts was
uantitated spectrophotometrically with the Bio-Rad protein assay
it. To ensure equal loading and transfer of the protein in each well,
he membrane were stained with Ponceau S (Sigma). Membranes
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ncubated with specific anti-serum in PBS containing 1% non-fat dry
ilk plus 0.05% Tween 20 in PBS for 1 h at RT. After washing 3 3

0 min with 0.05% Tween 20 in PBS, the membranes were incubated
ith a horseradish peroxidase-labeled secondary anti-serum and
ashed as explained above. Membranes were then stained with the
CL Western blotting detection system (Amersham) according to the
anufacturer’s recommendations.

Immunoprecipitation. Forty micrograms of cell extracts from
ormal and transgenic thymocytes was incubated with 5 mg antibod-

es to RelA or p50 for 1 h on ice. Then 25 ml of 50% (vv) protein A
epharose in a buffer containing 50 mM Tris buffer, pH 7.0, 0.5 mM
henylmethylsulfunyl fluride, 5 mg/ml leupeptin, 1 mg/ml aprotonin
as added. The tubes were rotated for further 1 h at 4°C. The pellets
ere washed 4 times with cold PBS and were resuspended in 23
DS buffer and boiled for 4 min.

Corticosterone sensitivity. Thymi were removed from DO11.10
CR1 and DO11.10 TCR2 mice. Single cell suspensions were pre-
ared by passage through a steel mesh, washed in PBS and counted
n trypan blue solution. Incubations were performed in duplicate, in
4-well plates with 10 3 106 cell per well in RPMI 1640 medium
upplemented with 0.05% BSA and incubated at 37°C, 5% CO2 for
5 h, in the absence or presence of 0.01, 0.1, or 1 mM corticosterone.
fter incubation, viability of the cells was determined by trypan blue
taining. Treated cells were also stained with antibodies against the
D4 and CD8 molecules, and were analyzed for the percentage of

iving DP cells.

Flow cytometry. Thymocytes were stained with FITC-conjugated
nti-CD4, PE-conjugated anti-CD8, biotin conjugated anti-CTLA-4

FIG. 1. Selection of CD4 SP cells in the thymus of DO11.10 TCR1

ice. Freshly isolated DO11.10 TCR1 and DO11.10 TCR2 thymo-
ytes were stained with FITC-conjugated anti-CD4 and PE-
onjugated anti-CD8 and analyzed by FACS.
191
followed by avidin-FITC), FITC-conjugated anti-CD28, and FITC-
onjugated anti-LFA-1 mAbs and washed with cold PBS. 10,000
iable cells were analyzed by flow cytometry in a FACSscan (Becton
ickinson) using Cell Quest software. Viable cells were identified by
ating on forward and side scatter.

ESULTS

henotype of DO11.10 TCR1 Thymocytes

Thymocytes were first stained for CD4 and CD8 mol-
cules to investigate the effect of the DO11.10 TCR
ransgene on different thymocyte subpopulations. As
an be seen in Fig. 1, DO11.10 TCR1 mice allowed for
aturation of mainly CD41 cells (Fig. 1). The dominat-

ng CD4CD8 DP population had a similar size in both
CR transgenic and control mice, as has been earlier
eported (37).
DO11.10 TCR1 thymocytes were then phenotyped

or expression of cell surface receptors, which might be
ssociated with GC resistance including CD28,
TLA-4 (38) and LFA-1 (39). We found an increased
xpression of CD28 on transgenic thymocytes (Fig. 2),
ut no difference in the expression of CTLA-4 and
FA-1 between DO11.10 TCR1 and DO11.10 TCR2

hymocytes (data not shown). The increased CD28 ex-
ression occurred on the major DP cell population, as
erified with CD8/CD28 staining of transgenic thymo-
ytes (data not shown).

ecreased Glucocorticoid Sensitivity, GR Expression,
and Activation in DO11.10 TCR1 Thymocytes

Due to the potential importance of GC in thymocyte
evelopment, we compared the GC sensitivity between
O11.10 TCR1 and DO11.10 TCR2 thymocytes. Cells
ere exposed to increasing concentration of CS for 15 h

FIG. 2. Upregulation of CD28 in the thymocytes of DO11.10
CR1 mice. Freshly isolated DO11.10 TCR1 and DO11.10 TCR2

hymocytes were stained with FITC-conjugated anti-CD28 and ana-
yzed by FACS. Control cells are nonstained cells.
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n vitro. DO11.10 TCR1 cells were clearly less sensi-
ive, with almost one order of magnitude difference at
hysiological concentrations of the hormone (Fig. 3,
pper panel). The decreased CS sensitivity of trans-
enic thymocytes was a property of DP cells as a sim-
lar shift in CS sensitivity in the DP population was
een (Fig. 3, lower panel). In order to further investi-
ate the molecular mechanism behind this impaired
C response, we measured the nuclear level of GR,

epresenting activated GR, as well as the total cellular
mount of GR using whole cell protein extracts by
estern blotting. Our results demonstrated a de-

reased nuclear level of GR, as well as reduced total
ellular GR expression in whole DO11.10 TCR1 thymo-
ytes (Fig. 4A). Identical results were obtained when
he nuclear extracts from isolated DP populations were
nalysed (Fig. 4B).

F-kB Activation in the DO11.10 TCR1 Thymocytes

NF-kB proteins play a crucial role in T cell activation
nd cytokine production. The importance of these tran-
cription factors in thymocyte development has also
een demonstrated in several reports (40, 41), and it

FIG. 3. GC sensitivity of DO11.10 TCR2 and DO11.10 TCR1

hymocytes. Cells were incubated for 15 h in the absence or presence
f 0.01, 0.1, or 1 mM corticosterone. After incubation, viability of the
ells was determined by trypan blue staining. Treated cells were
arvested and stained with anti-CD4–FITC and anti-CD8–PE, and
0,000 viable cells were analyzed by flow cytometry for the percent-
ge of living DP cells. Total number of living DP cells was calculated
y multiplying the percentage of living DP cells by total number of
iving thymocytes.
192
ents GC-induced apoptosis in thymocytes (42). In or-
er to investigate the NF-kB activity in DO11.10 TCR1

ransgenic thymocytes, nuclear protein extracts from
reshly isolated thymocytes were subjected to EMSA,
sing an oligonucleotide probe containing a classical
F-kB/Rel DNA-binding sequence. As was reported

arlier, thymocytes were found to express constitutive
F-kB/Rel activity (42, 43). In the DO11.10 TCR1

ransgenic thymocytes an increase in the intensity of
he slowly migrating NF-kB/Rel complex can be seen,
s compared to DO11.10 TCR2 thymocytes (Fig. 5A). In
rder to further characterize the NF-kB activity, the
evels of different NF-kB subunits in the nuclear ex-
racts of DO11.10 TCR1 and DO11.10 TCR2 thymo-
ytes were compared. Our results showed a consider-
ble increase in the nuclear RelA, a slight increase in
he nuclear c-Rel and a decrease in the nuclear RelB
evels in the thymocytes of DO11.10 TCR1 transgenic

ice (Fig. 5B). The considerable increase of nuclear
elA was verified in isolated DP cells (Fig. 5C). The
uclear levels of p50 in transgenic and nontransgenic
hymocytes were not significantly altered.

The IL-2 promoter contains binding sites for NF-kB/
el and the CD28 responsive complex (CD28RC). The

atter also belongs to the NF-kB/Rel family of proteins
29–31). It has been demonstrated that stimulation of
D28 results in an increase in the nuclear levels of
F-kB/Rel proteins in T lymphocytes pretreated with
nti-CD3, and in thymocytes treated with anti-TCR or
nti-CD3 (44). This activation leads to IL-2 gene ex-
ression and activation of T cells. In order to investi-
ate the possible contribution of CD28 upregulation, as
een in the transgenic thymocytes, with their increased
F-kB/Rel activity, we analyzed complex formation on

he CD28RE (Fig. 6A) and the NF-kB/Rel binding site
Fig. 6B) from the IL-2 gene promoter. An increased
inding to both the CD28RE and the NF-kB binding
ite was seen in the DO11.10 TCR1, as compared to the
O11.10 TCR2 thymocytes. This supports an in-

reased IL-2 gene activation.

FIG. 4. Western blot analysis of GR in DO11.10 TCR2 (DO2)
nd DO11.10 TCR1 (DO1) thymocytes. Whole cell (a) and nuclear
rotein extract (b) from total thymocytes (A), and nuclear protein
xtract from the DP thymocytes (B), were analysed by Western
lotting. The protein extracts from thymocytes were separated in
DS–PAGE gels and transferred to nitrocellulose membranes. Mem-
ranes were probed with specific antibodies against the mouse GR.
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irect Interaction between RelA and GR
in Thymocytes

We and others have previously shown that a direct
F-kB/GR interaction leads to inhibition of the tran-

FIG. 5. EMSA for NF-kB binding activity and Western blot analy-
is of different NF-kB proteins. (A): NF-kB binding activity in DO11.10
CR2 (DO2) and DO11.10 TCR1 (DO1) thymocytes. 5 mg of nuclear
xtract from freshly isolated thymocytes was incubated with a 32P-end-
abeled oligomer containing a classical NF-kB binding site, and was
nalysed by EMSA. The arrows indicate the different NF-kB complexes
ormed. S, specific competitor; NS, nonspecific competitor. (B) Western
lot analysis (as explained in the legend to Fig. 4) of nuclear protein
xtracts from DO11.10 TCR2 (DO2) and DO11.10 TCR1 (DO1) thy-
ocytes for different NF-kB proteins using specific antibodies against

he RelA, RelB, c-Rel and p50 components of the NF-kB/Rel family of
roteins, as shown in the figure. (C) Western blot analysis of nuclear
rotein extracts from DP thymocytes for RelA protein.
193
criptional activity of GR and NF-kB (16, 17). To de-
ermine whether a direct protein-protein interaction in
ormal and transgenic mice occurred, protein extracts
ere precipitated with antibodies against RelA or p50.
he precipitates were then separated on a denaturing
el, blotted and finally probed with antibody against
R. We could demonstrate a direct binding between
R and RelA but not between GR and p50 in thymo-

ytes (Fig. 7). The amount of GR precipitated from
O11.10 TCR2 and DO11.10 TCR1 transgenic extracts
ppeared similar. However, this result has to be inter-
reted in relation to a decreased level of GR, but in-
reased level of RelA in DO11.10 TCR1 as compared to
O11.10 TCR2 thymocytes. Thus, it is likely that in

ransgenic cells a higher fraction of GR is involved in
F-kB/GR interaction, which might contribute to the
ecreased GC sensitivity in these cells.

ISCUSSION

In thymus, the majority of DP thymocytes undergo
poptosis due to lack of TCR binding to MHC molecules
nd subsequent signaling required for survival of these

FIG. 6. EMSA for CD28 response complex and NF-kB binding
ctivity to the mouse IL-2 promoter. Five micrograms of nuclear
xtract from freshly isolated DO11.10 TCR2 (DO2) and DO11.10
CR1 (DO1) thymocytes was incubated with a 32P-end-labeled oli-
omer containing the NF-kB binding site (A) or CD28RE (B) from the
ouse IL-2 promoter, and analysed by EMSA. The arrows indicate

he different NF-kB/Rel complexes formed.

FIG. 7. GR-NF-kB interaction in DO11.10 TCR2 and DO11.10
CR1 thymocytes analysed by immunoprecipitation. Forty micro-
rams of whole cell protein extracts from DO11.10 TCR2 (DO2) and
O11.10 TCR1 (DO1) thymocytes was immunoprecipitated with 5
g of antibody to RelA or p50 using protein A Sepharose. The pre-
ipitates were separated on a denaturing gel, blotted and finally
robed with an antibody against GR.
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emoved by endogenous GC (3–5). In thymocytes a
unctional crosstalk between the TCR and GR has been
eported (32). Stimulation of thymocytes via the
CR/CD3 complex or GR trigger apoptosis in these
ells. However, simultaneous stimulation of TCR and
R results in protection of thymocytes from either
poptotic stimuli (32). TCR stimulation of thymocytes
nd DO11.10 T cell hybridoma has also been shown to
escue these cells from apoptosis induced by dexameth-
sone (33). Jamieson et al. have recently found that
CR mediated activation of the MEK/ERK cascade led
o a reduced capacity of GR to mediate apoptosis and to
n altered transcriptional activity by the receptor in T
nd thymocyte cell lines and in primary T cells (45).
xpression of I-Ad restricted DO11.10 TCR transgene

n the thymocytes leads to an increase in thymic cellu-
arity and a decrease in thymic apoptosis (8). In the
resent report, we have found that expression of this
CR transgene render DP thymocytes comparatively
esistant to CS. As an important factor determining
ellular GC sensitivities is the intracellular GR concen-
ration (15) we further investigated the GR levels in
ransgenic cells and in particular in the DP population
nd found that the GC resistance in these cells was
ssociated with reduced levels of GR. Thus, the re-
uced GR expression in transgenic DP thymocytes may
ccount for the relative GC resistance detected in these
ells.

Gene expression induced via the TCR/CD3 is mark-
dly enhanced by CD28-dependent signals. This is me-
iated by a specific element (CD28RE) that is related to
n NF-kB site and is found in the promoters of the IL-2,
L-3, and GM-CSF genes (29, 46). Wagner et al. have
hown that signaling through CD28 can rescue thymo-
ytes from GC induce apoptosis (38). They have found
hat paraformaldehyde fixed B7 expressing cells pro-
ected thymocytes against killing by dexamethasone.
his result directly shows that signaling through CD28
an generate intracellular signals which convert thy-
ocytes to a relative state of GC resistance. Thus, the
pregulation of CD28 that we detected on DO11.10
CR transgenic thymocytes, may be of functional im-
ortance in the development GC resistance in these
ells.

TCR stimulation leads to the rapid activation of ty-
osine kinases that phosphorylate a variety of signal
ransducing proteins. These in turn activate signaling
athways, leading to induction of a number of tran-
cription factors including NF-kB proteins (47). We
ave found that the NF-kB family members RelA and
-Rel are increased in DO11.10 TCR transgenic thymo-
ytes. In thymocytes, both constitutive and inducible
F-kB complexes have been defined, with RelA and

-Rel activation being associated with thymocyte acti-
ation (43). NF-kB has also been shown to be impor-
ant for T cell development as repression of NF-kB
194
nd T cell lineage (41) resulted in impaired T cell
evelopment. Several reports have shown that NF-kB
an prevent cell death, most likely by inducing the
xpression of anti-apoptotic genes (48–51). Interest-
ngly, it has recently been shown that down-regulation
f NF-kB in thymocytes preceded cell death, suggesting
hat NF-kB may be important for the survival of these
ells. In addition, GC treatment of thymocytes acceler-
ted p65/RelA down-regulation and cell death (42).
mportantly, it was shown that NF-kB induction di-
inished GC-induced apoptosis in thymocytes (42). In
O11.10 TCR transgenic thymocytes, we found an up-

egulation of RelA and c-Rel. Both these transcription
actors may thus contribute to GC resistance by cross-
alk mechanisms that prevent apoptosis. RelA-c-Rel
eterodimer binds to the CD28RE and synergistically
ctivates the CD28RE enhancer activity (52). In-
reased binding to NF-kB site and CD28RE in IL-2
ene promoter may suggest an increased expression of
L-2 gene, which may also play a role in GC resistance,
s IL-2 has been reported to reduce spontaneous or
examethasone-induced apoptosis of thymocytes (53).
e also observed decreased nuclear levels of RelB in

ransgenic thymocytes. In RelB deficient mice deletion
f autoreactive thymocytes (negative selection) is inef-
cient (54, 55). Thus, the decreased RelB level may
ontribute to downregulation of thymic apoptosis
hat we observed in the thymocytes of DO11.10 TCR1

ice (8).
We have previously shown that NF-kB/GR interac-

ion impairs the transcriptional activity of GR, thus
educing the GC response (17). In line with such a
ossibility, we have detected a direct in vivo RelA-GR
nteraction in the thymocytes. The reduced GR expres-
ion in the I-Ad restricted DO11.10 TCR transgenic
hymocytes can also explain why we did not find an
ncreased amount of GR associated with RelA in trans-
enic thymocytes compared to control cells despite the
igher RelA concentration in these cells. Thus, it is

ikely that the NF-kB/GR interaction involves higher
ercentage of GR in the transgenic thymocytes, which
ay contribute to the decreased GC sensitivity seen in

hese cells.
In summary, in DO11.10 TCR1 DP thymocytes, we

nd an upregulation of CD28, which may be a conse-
uence of TCR recognition of the MHC-II molecules
uring the development of these cells. TCR/CD28
orecognition of MHC-II/B7 molecules may then acti-
ate signaling cascades, leading to an alteration in the
ctivation of NF-kB proteins. These combined effects
ay result in a reduced GR activity, either by a reduc-

ion in GR expression and/or direct inhibition of GR
ctivity by NF-kB cross talk. These effects could ac-
ount for the relative GC resistance observed in the DP
O11.10 TCR1 thymocytes and may reflect an impor-

ant mechanism protecting thymocytes during their



development. In addition, above described mechanisms
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ould be important in the maintenance of the naive
eripheral T cell pool, as GC levels in blood are signif-
cant and as naive T cells are known to require contin-
ous MHC ligation for their survival (56).
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