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Initiation of the T-helper lymphocyte activation program is regulated through the T-cell receptor (TCR) and
costimulatory receptors. Analysis of TCR and either anti-CD28- or interleukin 1 (IL-1)-mediated activation of
the IL-2 promoter shows that costimulatory signals augment promoter activity through NF-kB sites. This study
comparatively evaluates the mechanisms whereby signals initiated from the TCR and these two costimulatory
receptors converge to synergistically increase NF-kB transcriptional activity. IL-1 alone stimulates an acute
but transient NF-kB nuclear localization and a suboptimal NF-kB transcriptional response. In contrast,
anti-CD3-anti-CD28 or anti-CD3-IL-1 synergistically stimulate prolonged NF-kB nuclear localization and
NF-kB-mediated transcription. Both TCR- and costimulatory receptor-initiated synergistic NF-kB responses
result from prolonging high rates of cytosolic IkB degradation during the second phase of the biphasic NF-kB
nuclear localization. However, in contrast to previous reports, prolonged nuclear localization of NF-«xB
complexes is not necessarily associated with long-term depletion of IkB{3. In response to either costimulus,
c-Rel selectively translocated to the nucleus as a result of induced c-Rel expression and the continued
production of c-Rel-IkBa complexes, which turn over rapidly due to the high rate of IkBa degradation in the
cytosol during the second phase of the response. In contrast, IkBf3 is nearly completely degraded during the
acute response to either IL-1 or anti-CD3-IL-1 while anti-CD3-anti-CD28 stimulates only a partial reduction
(35 to 40%) in cytosolic IkBp. Cyclosporine (CsA), which inhibits stimulus-induced NF-kB transcriptional
activity, selectively inhibits the stimulus-induced c-Rel nuclear localization and the rapid formation and
degradation of c-Rel-IkBa complexes in the cytosol. CsA also inhibits both the prolonged, high rate of IkBa
degradation and the lower level of IkBf3 turnover during the second phase of the activation response. Together,
these results suggest a mechanism by which signals from the T-cell antigen receptor and either CD28 or IL-1

synergistically regulate IL-2 gene transcription by modulating NF-kB nuclear translocation.

NF-«B is a transcription factor that regulates a large number
of cellular genes in response to signals from cytokine receptors,
inflammatory mediators, UV light, or mitogens (2). NF-«B is
comprised of dimeric complexes of RelA, c-Rel, RelB, p50,
and p52. In resting cells, NF-«B is sequestered in the cytosol as
a complex associated with inhibitor family molecules such as
IkBa and IkB or the precursors of translocating subunits p50
and p52, p105 and p100, respectively. p105 and p100 are not as
stimulus responsive as IkBa and IkBp in Jurkat cells (24) but
may control levels of NF-kB needed for housekeeping func-
tions. In response to NF-kB-activating signals, both IkBa and
IkBB are inducibly phosphorylated at two amino-terminal
serine residues, ubiquitinated, and degraded by the proteo-
some machinery (5, 7, 31, 36). Dissociation from IkB exposes
the NF-kB nuclear localization signal, resulting in NF-kB nu-
clear translocation. The IkBa gene promoter is regulated by
NF-kB (20), resulting in the stimulus-induced synthesis of
IkBa protein to levels that are often higher than those in
unstimulated cells. NF-kB component polypeptides c-Rel and
RelB also are inducibly synthesized in response to NF-kB-
activating stimuli. The initial report of IkBp characterized this
molecule as being degraded in murine 70Z/3 cells by stimuli
that resulted in a persistent activation of NF-kB, such as lipo-
polysaccharide or interleukin 1 (IL-1), but not being targeted
by transient activators such as tumor necrosis factor alpha (30).
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Subsequent reports with different cell types and stimulation
conditions show that the kinetics of IkBf degradation vary
depending on stimulus and cell type (12, 13, 15, 36). It is
currently unknown whether the same kinase is responsible for
phosphorylation of the homologous serine residues in IkBa
and IkBp. The lack of a correlation between IkBa and IkBf
degradation caused by different stimuli suggests that these
inhibitory molecules can be controlled by separate signaling
pathways.

Several reports have indicated that NF-«kB activation in T
cells stimulated with tetradecanoyl phorbol acetate (TPA)-
ionomycin or TPA-anti-CD28 can be regulated in a biphasic
manner, resulting in a rapid but transient nuclear localization
of p50-RelA-NF-kB complexes followed by nuclear translo-
cation of c-Rel-containing complexes (13, 19, 33). The acute
NF-«kB response has been attributed to the rapid phosphory-
lation and subsequent degradation of IkBa and IkBB. How-
ever, the mechanism responsible for the persistent nuclear
localization of c-Rel during the second phase of the response
has been controversial. Suyang et al. (29) proposed that fol-
lowing the acute degradation of IkBp, newly synthesized IkBf
molecules were unphosphorylated, formed a stable complex
with NF-kB, and translocated to the nucleus. Thus, persistent
activation of NF-kB was proposed to be due to the stimulus-
induced degradation of IkBB and the subsequent nuclear lo-
calization of IkBB-NF-kB complexes. However, nonphospho-
rylated IkBB also has been reported not to associate with
c-Rel-NF-«kB complexes (6). Stimulation conditions that cause
the accumulation of nonphosphorylated IkBf in the cytosol
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could result in IkB-independent nuclear translocation of newly
synthesized c-Rel complexes. The mechanisms responsible for
the sustained nuclear localization of c-Rel in Jurkat cells stim-
ulated with TPA-anti-CD28 also are controversial. One report
attributes c-Rel nuclear localization to the prolonged degra-
dation of cytosolic IxkBa (19), while another report associates it
with prolonged degradation of IkBf (13). Although pharma-
cologic agonists can be useful in analyzing specific components
of signaling pathways, they elicit superphysiological responses
that may not reflect biologically relevant responses elicited
from cell surface receptors.

Studies presented here characterize the mechanisms respon-
sible for the NF-kB nuclear translocation that regulates IL-2
promoter activity in response to cell surface receptor-initiated
signals from the T-cell receptor (TCR) and either CD28 or
IL-1 costimulatory receptors. Results from these analyses dem-
onstrate the existence of two independent receptor-initiated
costimulatory pathways that control c-Rel nuclear localization
and differentially regulate IkBa and IkBf degradation. In this
model system, IkBa provides a critical role in T-cell activation
by mediating the prolonged phase of NF-kB nuclear translo-
cation initiated synergistically by TCR and costimulatory re-
ceptor signals.

MATERIALS AND METHODS

Cells and reagents. Ju.l cells are stable transfectants of the human T-cell
leukemia line Jurkat with the murine type 1 IL-1 receptor (IL-1R) (23). Antisera
against the IkBa and IkBB proteins were made by immunizing rabbits with
recombinant IkBa or IkBB. Antisera to c-Rel, RelB, and RelA were purchased
from Santa Cruz (Santa Cruz, Calif.). Unless otherwise noted, all additional
reagents were purchased from Sigma Chemical Co. (St. Louis, Mo.). Recombi-
nant human IL-1 (a gift from John Sims, Immunex Corporation, Seattle, Wash.)
had a specific activity of 5.7 X 10° U/pg and was used in assays at 0.3 ng/ml
(approximately 170 U/ml). Biotinylated monoclonal antibodies against the hu-
man CD3g subunit, OKT3 (32), were complexed with avidin prior to being added
to cell cultures. Unless otherwise noted, 10 wg of avidin per ml and 5 pg of
biotinylated OKT3 per ml were used; these concentrations were maximally
effective in costimulating IL-2 production and luciferase activity driven by the
wild-type IL-2 promoter from the cells. Luciferase activity was measured with the
Luciferase Assay System (Promega Corporation, Madison, Wis.). CD28 mono-
clonal antibody 9.3 in ascites form was generously provided by K. Cabrian
(Bristol-Myers Squibb, Seattle, Wash.) and was used in assays at a dilution of
1:100,000.

Construction of reporter genes. The IL-2 promoter-luciferase reporter gene
was created by inserting the 585 bp of the murine IL-2 promoter immediately
upstream of a minimal promoter and the luciferase gene in pT8luc (Promega).
NF-kB-luc was made by synthesizing three copies of the consensus NF-kB site
from the human immunodeficiency virus long terminal repeat and ligating them
into pT8luc. Point mutations were made in the NF-kB site (14) and the CD28
response element (CD28RE) (10) of the 585-bp IL-2 promoter with the Site-
Directed Mutagenesis kit (Promega) according to the manufacturer’s instruc-
tions. Primers used in the construction of the point mutations are shown as
follows (underlined regions represent changes from the transcription factor
binding site in the murine IL-2 promoter): NF-kB 5" mutant, GACCAAGACT
CATTTCACC; NF-«kB 3’ mutant, GGTGAAATGAGTCTTGGTC; CD28RE 5’
mutant, GTATGGGGGTTTAAAGAAGCCTCAGAGAGTCATCAGAAG; and
CD28RE 3’ mutant, CTTCTGATGACTCTCTGAGGCTTCTTTAAACCCCC
ATAC. All mutations were confirmed by sequencing. These mutations were
shown by gel shift analysis to abrogate nuclear protein binding to the appropriate
oligonucleotide.

Firefly luciferase reporter genes and the control plasmid, pRL-TK Renilla
luciferase (Promega), were cotransfected as reported previously (22). Following
electroporation, cells were divided into equal portions, cultured for 24 h at 37°C,
and then stimulated in triplicate for an additional 18 h. Cells were harvested and
assayed with the Dual Luciferase Assay System (Promega) and a Model LB
9501/16 Lumat luminometer (Berthold Systems, Aliquippa, Pa.). Renilla lucif-
erase values were used as internal controls to which expression of the luciferase
reporter gene was normalized.

Electrophoretic mobility shift analysis (EMSA). Nuclear extracts were made
according to the method described by Dignam et al. (8) from cells treated for
various times with the indicated stimuli. EMSAs were performed with 6 to 10 pg
of nuclear extract, 0.25 to 0.5 pg of poly(dI-dC), and 15,000 cpm of labeled
oligonucleotide corresponding to the NF-kB site of the murine IL-2 promoter.
The coding strand sequence is 5'-CCCGACCAAGAGGGATTTCACCTAAAT
CCAATT-3'. Samples were allowed to react for 20 min at room temperature
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FIG. 1. Mutation of both the NF-kB and CD28RE sequences in the IL-2
promoter renders cells refractory to costimulatory activity of IL-1 and anti-
CD28. Ju.1 cells were transfected with luciferase reporter genes controlled by the
full-length IL-2 promoter (solid bars) or the same promoter containing nucleo-
tide substitutions in the NF-kB and CD28RE sites (open bars). After resting
overnight, cells were stimulated as indicated and harvested for luciferase assays
18 h after stimulation. Error bars indicate standard errors of the means of a
representative experiment. RLU, relative light units; Untx, unstimulated.

before being loaded on 4.5% nondenaturing polyacrylamide gels. Gels were
dried and exposed for autoradiography.

Immunoprecipitations and Western blots. Immunoprecipitations were carried
out sequentially from nuclei or cytosolic preps of Ju.1 cells as described else-
where (22) under conditions of antibody excess. After sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, proteins were transferred to an Immobilon
membrane (Millipore Corp., Bedford, Mass.) and blotted sequentially with an-
tisera against specific proteins. Western blots were developed with the ECL
system (Amersham, Arlington Heights, I1l.), and proteins were identified within
the linear range of the assay. Western blots were analyzed with an Ambis 4000
densitometer (Ambis Inc., San Diego, Calif.). Data presented are representative
of at least three independent experiments.

RESULTS

Costimulatory activation of the IL-2 promoter by IL-1 and
anti-CD28 requires NF-kB and CD28RE sites. Ju.1 T cells,
which stably express the type 1 IL-1R, provide a model system
to characterize the activation requirements of T lymphocytes.
These cells produce IL-2 (22) and activate an IL-2 promoter-
luciferase reporter gene when stimulated through the TCR and
costimulated either through CD28 or IL-1 receptors (Fig. 1).
The importance of the NF-«B site and the CD28RE, an NF-
kB-related sequence (34) that binds NF-kB proteins (11), is
shown by the fact that incorporating point mutations into these
two sites in the murine IL-2 promoter largely abrogates the
ability of the costimulatory signals to upregulate reporter ac-
tivity (Fig. 1). Reporter genes containing these mutations sin-
gly are not as severely affected (data not shown), most likely
due to the known redundancy of transcription factor binding
sites in the IL-2 promoter (37). Activation of the transcription
factor AP-1 also has been reported to be initiated by both
costimulatory pathways. However, point mutations in either or
both of the two AP-1 sites do not have a detrimental effect on
anti-CD3-IL-1- or anti-CD3-anti-CD28-initiated IL-2 re-
porter gene activity (data not shown).

Although IL-1 alone is an activator of NF-kB in many cell
types, in Ju.1 cells it stimulates submaximal NF-kB-regulated
transcriptional activity in the absence of TCR signals (22).
Additionally, although cross-linking either TCR or CD28
alone results in little or no response from an NF-«kB reporter
gene, signals resulting from anti-CD3 plus either IL-1 or anti-
CD28 synergistically activate NF-kB. We have previously dem-
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FIG. 2. The effect of CsA on NF-«B reporter gene activity and EMSA ac-
tivity. (A) Ju.1 cells that had been transfected with an NF-«B luciferase reporter
gene were stimulated with the indicated reagents in the absence (open bars) or
presence (closed bars) of CsA. Error bars indicate standard errors of the means
of a representative experiment. RLU, relative light units; Untx, unstimulated.
(B) EMSA analysis of a radiolabeled oligonucleotide from the IL-2 promoter
NF-«kB sequence and nuclear extracts of unstimulated (Un) Ju.1 cells or cells
stimulated for 1 or 5 h.

Shr

onstrated a correlation between this synergistic NF-kB tran-
scriptional activity and prolonged NF-kB nuclear localization
stimulated by anti-CD3-IL-1 in contrast to what was stimu-
lated by IL-1 alone (22). Within minutes of stimulation, cells
stimulated with IL-1, anti-CD3-IL-1, or, to a lesser extent,
anti-CD3-anti-CD28 initiate rapid NF-kB nuclear localization
as a result of degradation of IkB proteins that retain NF-xkB
complexes in the cytosol (22). In contrast, neither anti-CD3
nor anti-CD28 alone has a detectable effect on NF-«kB nuclear
localization (data not shown).

CsA selectively affects activation responses initiating NF-
kB-mediated transcription. We tested the effects of cyclospor-
ine (CsA), an inhibitor of the calcium-dependent phosphatase
calcineurin, on the NF-kB reporter gene responses because of
previous reports documenting its inhibitory effects on NF-«B
in T cells (4, 21, 26, 28, 33). Although IL-1 does not influence
calcium mobilization (1) and CD28-mediated signaling events
are insensitive to inhibitors of calcineurin (16, 17), early sig-
naling events initiated by ligation of the TCR include elevation
of intracellular calcium. Ju.1 cells stimulated with either IL-1,
anti-CD3-IL-1, or anti-CD3-anti-CD28 induce significant NF-
kB-driven luciferase reporter gene activity. These transcrip-
tional responses are insensitive, partially sensitive, or largely
sensitive, respectively, to inhibition by CsA (Fig. 2A). The
effect of CsA on NF-«kB reporter gene activity is paralleled
closely by the abilities of proteins in nuclear extracts from
CsA-treated cells to bind a DNA probe derived from the
NF-«B site in the murine IL-2 promoter in an EMSA (Fig. 2B).
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FIG. 3. Effects of CsA on the nuclear localization of c-Rel stimulated by
IL-1, anti-CD3-IL-1, or anti-CD3-anti-CD28. Ju.1 cells were stimulated in the
absence or presence of CsA, and nuclear lysates were prepared and immuno-
precipitated with anti-RelA (A), anti-RelB (B), and anti-c-Rel (C). The amounts
of RelA (A), RelB (B), and c-Rel (C) polypeptides in each sample were analyzed
by Western blotting. ND, not determined.

Although CsA has no significant effect on the acute response,
it abrogates the band shift caused by nuclear extracts from cells
stimulated for 5 h with anti-CD3-anti-CD28, partially reduces
the intensity of shifted bands in cells stimulated with anti-
CD3-IL-1, and has no effect on cells stimulated with IL-1.
CsA-inhibited transcriptional responses correlate with reg-
ulation of c-Rel nuclear translocation. To identify which
NF-«kB polypeptides were affected by CsA, Ju.l cells were
stimulated either in the presence or in the absence of CsA with
IL-1, anti-CD3-IL-1, or anti-CD3-anti-CD28. Levels of nu-
clear NF-«kB polypeptides RelA, RelB, and c-Rel were evalu-
ated by immunoprecipitation from nuclear lysates and Western
blotting (Fig. 3). Each stimulus caused an acute nuclear trans-
location of RelA that was maximal at 30 min and diminished in
intensity by 14 h, and this response was unaffected by CsA (Fig.
3A). Each stimulus also caused translocation of RelB to the
nucleus at 5 and 14 h, also in a CsA-insensitive manner (Fig.
3B). In contrast, the amounts of c-Rel translocated to the
nucleus in response to the various stimuli differed significantly
(Fig. 3C). IL-1 alone initiated an acute but transient increase in
nuclear c-Rel, and this response was unaffected by CsA. Not
only did anti-CD3-IL-1 initiate an acute nuclear translocation
of c-Rel, but c-Rel also remained localized in the nuclei at the
5- and 14-h time points. The addition of CsA to these cultures
partially reduced the amount of nuclear c-Rel at the 5- and
14-h time points. In cells stimulated with anti-CD3-anti-CD28,
c-Rel nuclear translocation was apparent at the 5- and 14-h
time points and this late translocation was abrogated by CsA.
Thus, the inhibitory effects of CsA on NF-kB-mediated tran-
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FIG. 4. Degradation of IkBa during the T-cell activation response. (A) IkBa
turnover in unstimulated (Untx) Ju.1 cells was evaluated by culturing cells with
CHX (100 wg/ml). Cells were harvested after the indicated times of CHX treat-
ment (in hours), cytosolic lysates were prepared, and IkBa immunoprecipitates
were analyzed by Western blotting with anti-IkBa. (B) IkBa turnover in Ju.l
cells stimulated for 1, 2.5, or 4 h with IL-1 with or without anti-CD3 and then
cultured in CHX for indicated times (in hours). IkBa was immunoprecipitated
from cytosolic lysates and analyzed by Western blotting. Tx, stimulation; Un,
unstimulated.

scriptional activity initiated by anti-CD3-IL-1 or anti-CD3-
anti-CD28 correlate with the selective CsA-mediated inhibi-
tion of c-Rel nuclear localization that is initiated by anti-CD3—
IL-1 or anti-CD3-anti-CD28. These results provide additional
support for the conclusion that the second phase of NF-kB
nuclear translocation is primarily responsible for mediating the
TCR-costimulatory receptor-initiated NF-kB-dependent gene
transcription in this model system. In addition, since both IL-1
and anti-CD3-IL-1 initiate c-Rel gene transcription (data not
shown), differences in NF-kB-mediated transcriptional re-
sponses initiated by these stimuli are not due to an inability of
IL-1 to initiate c-Rel gene expression.

Characterization of IkBa turnover during acute and pro-
longed NF-xkB nuclear localization. Preliminary experiments
demonstrated that there are no detectable differences in the
kinetics of IkBa degradation and resynthesis stimulated during
the acute (0 to 2 h) response to IL-1, anti-CD3-IL-1, or anti-
CD3-anti-CD28 (data not shown). However, that amount of
IkBa degradation is less in cells stimulated with anti-CD3-
anti-CD28 than in cells stimulated with IL-1 or anti-CD3-IL-1.
To identify the NF-kB cytosolic reservoir utilized for the late
NF-kB responses, we characterized the kinetics of IkB turn-
over stimulated by IL-1, anti-CD3-IL-1, or anti-CD3-anti-
CD28 at various times after the acute NF-«kB nuclear localiza-
tion (Fig. 4). After the T cells were stimulated for either 0, 1,
2.5, or 4 h, the protein synthesis inhibitor cycloheximide
(CHX) was added and the cells were subsequently cultured in
the presence of CHX for an additional 1 to 5 h. Cytosolic
lysates were analyzed by Western blotting to identify changes
in IkBa turnover rates. In unstimulated cells, the half-life of
IkBa is greater than 5 h (Fig. 4A). In contrast, in cells stimu-
lated for 1 h with either IL-1 or anti-CD3-IL-1, IkBa has a
half-life of less than 60 min due to ongoing stimulus-induced
degradation of IkBa (Fig. 4B). Cells stimulated for 2.5 h with
IL-1 alone exhibit IkBa turnover rates similar to those of
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FIG. 5. Degradation of IkBB in untreated (Untx) Ju.l cells or during the
acute phase of the activation response stimulated (Stim) by IL-1, anti-CD3-IL-1,
or anti-CD3-anti-CD28. IkBf was immunoprecipitated from cytosolic lysates
and analyzed by Western blotting.

untreated cells while cells treated with anti-CD3-IL-1 continue
to exhibit accelerated IkBa turnover. After 4 h of stimulation,
IkBa degradation in cells treated with anti-CD3-IL-1 contin-
ues to occur at the accelerated rate. Cells treated for 2.5 and
4 h with anti-CD3-anti-CD28 also exhibit an accelerated turn-
over of IkBa (data not shown; see Fig. 6). Together, these
results demonstrate that the IL-1-induced increase in IkBa
degradation is both acutely initiated and transient, returning to
basal rates of degradation between 1 and 2.5 h poststimulus. In
contrast, the IkBa degradation initiated by either anti-CD3-
IL-1 or anti-CD3-anti-CD28 is prolonged for at least 4 h after
cell stimulation. This protracted increased rate of IkBa turn-
over results in continued NF-kB nuclear translocation and
correlates with the prolonged NF-kB nuclear localization and
augmented NF-kB transcriptional activity in cells stimulated
with either anti-CD3-IL-1 or anti-CD3-anti-CD28.

IxBf degradation is differentially regulated by IL-1 and
anti-CD28. IkBp differs from IkBa in that the IkBB gene is not
transcriptionally regulated by NF-kB, so NF-kB responses do
not increase the amount of IkBB protein (30). It has been
proposed that IkB also differs functionally from IkBa in that
persistent NF-kB nuclear translocation is controlled by IkBf
whereas transient NF-kB nuclear translocation is controlled by
IkBa (30). To evaluate the role of IkBp in the Ju.1 cell model,
IkBp was isolated from cytosolic lysates of cells stimulated with
IL-1, anti-CD3-IL-1, or anti-CD3-anti-CD28 and analyzed by
Western blotting (Fig. 5). While IkBB exhibits a long half-life
in untreated cells (>5 h), stimulation with IL-1 alone or in
combination with anti-CD3 caused rapid and nearly complete
degradation of IkB within 1 h of stimulation. The kinetics of
the recovery of cytosolic IkBp in cells stimulated by IL-1 and
in cells stimulated by anti-CD3 plus IL-1 were comparable,
returning to basal levels by 15 h (data not shown). Thus, com-
parable effects on cytosolic IkBB degradation were observed in
cells stimulated to produce transient (IL-1) and in cells stim-
ulated to produce prolonged (anti-CD3-IL-1) NF-kB nuclear
localization. Neither anti-CD3 nor anti-CD28 treatment alone
affected IkBB degradation (data not shown). In contrast, cells
stimulated with anti-CD3-anti-CD28 responded with a much
smaller loss of IkBB during the acute response. In multiple
experiments, cells stimulated with anti-CD3-anti-CD28 for 1 h
contained 35 to 40% (determined by densitometry) less IxkB
than did untreated cells. These results indicate that IkBB deg-
radation responses are stimulus dependent and range from
transient NF-kB responses (IL-1) in which degradation of
IkBp is acute and nearly complete to prolonged NF-«kB re-
sponses in which IkBp degradation is acute and either nearly
complete (anti-CD3-IL-1) or only partial (anti-CD3-anti-
CD28). Thus, in contrast to the model proposed by Thompson
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FIG. 6. Effect of CsA on the degradation of IkBa and IkBp in Ju.l cells
stimulated for 4 h with IL-1, anti-CD3-IL-1, or anti-CD3-anti-CD28. Ju.1 cells
were stimulated for 4 h in the absence or presence of CsA, and then the cells
were treated with CHX for 0 to 5 h. IkBa (A) or IkBB (B) was immunoprecipi-
tated from cytosolic lysates and analyzed by Western blotting. Un, unstimulated;
Untx, untreated.

et al. (30), neither the IL-1-induced nor the anti-CD3-anti-
CD28-induced effects on IkBp degradation correlate with pro-
longed NF-kB nuclear localization.

CsA inhibits the enhanced rate of IkB degradation during
the second phase of the activation response. We next investi-
gated whether the CsA-dependent reduction in NF-kB re-
porter gene activity and EMSA activity correlated with stimu-
lus-induced effects on IkBa or IkBB turnover during the
second phase of the activation response. The influence of CsA
on the half-life of cytosolic IkBa was analyzed by stimulating
cells in the presence or absence of CsA for 4 h with IL-1,
anti-CD3-IL-1, or anti-CD3-anti-CD28 (Fig. 6). After stimu-
lation, cells were treated for varying periods of time with CHX,
and turnover of cytosolic IkBa was analyzed by Western blot-
ting. As expected from the results shown above in Fig. 2, in
cells treated for 4 h with IL-1 the half-life of IkBa was greater
than 5 h, and this turnover rate was unaffected by CsA (Fig.
6A). Cells treated for 4 h with anti-CD3-IL-1 show a rapid
turnover of IkBa. The addition of CsA greatly prolonged the
IkBa half-life, albeit to a length that was shorter than the
half-life observed in untreated (Fig. 4) or IL-1-treated cells.
Similar effects of CsA were seen in cells treated for 4 h with
anti-CD3-anti-CD28 (Fig. 6A). Thus, the early NF-«B activa-
tion events (nuclear translocation of p65, RelB, and c-Rel [Fig.
3]) initiated by the three stimuli were resistant to CsA effects
while the prolonged accelerated turnover of IkBa at later time
points in cells treated with anti-CD3 plus either anti-CD28 or
IL-1 was inhibited by CsA. CsA treatment, therefore, allows
separation of signals necessary for acute activation of the IkBa
degradative pathway from subsequent signals responsible for
prolonging the high IkBa turnover rate.

We also analyzed the effect of CsA on IkBp turnover in cells
stimulated for 4 h with anti-CD3-IL-1 or anti-CD3-anti-CD28
(Fig. 6B). Compared to that in untreated cells, IkBp was nearly
completely degraded in cells stimulated with anti-CD3-IL-1
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for 4 h (Fig. 6B; Un, 4 h, versus anti-CD3-IL-1, 4 h). The ad-
dition of CsA to cells stimulated with anti-CD3-IL-1 for 4 h
resulted in a small increase in cytosolic IkBp (<20%) (Fig. 6B;
CD3-IL-1, 4 h, — CsA, versus 4 h, + CsA). Such results indi-
cate that anti-CD3-IL-1 stimulates the nearly complete deg-
radation of IkBB during the acute response and that CsA in-
hibits the low rate of degradation of IkBf that was resynthesized
during the second phase of the activation response. CsA only
partially inhibits the rate of IkBB degradation since the turn-
over rate in stimulated cells remains higher than that observed
in untreated cells. The amount of IkBf was partially reduced
in cells treated for 4 h with anti-CD3-anti-CD28 (30 to 40%)
(Fig. 6B; Un, 4 h, versus anti-CD3-anti-CD28, 4 h) as a cumu-
lative result of the acute degradation response and 4 h of
stimulation-induced degradation of IkBf, which was produced
as part of the constitutive resynthesis of IkBB. The addition of
CsA to cells stimulated with anti-CD3-anti-CD28 increased
cytosolic IkBB by partially inhibiting IkBf degradation (Fig.
6B; anti-CD3-anti-CD28, 4 h, — CsA, versus 4 h, + CsA).

Thus, the addition of CHX to cells stimulated with either
anti-CD3-IL-1 or anti-CD28 permits detection of the low rate
of IkBB degradation that is normally offset by constitutive
resynthesis. CsA inhibited this low rate of IkBp degradation in
cells stimulated for 4 to 9 h with either anti-CD3-IL-1 or anti-
CD3-anti-CD28. Together, these results indicate that, during
the second phase of NF-kB nuclear localization initiated by
anti-CD3 plus either IL-1 or anti-CD28, CsA partially inhibits
both the prolonged high rate of degradation of cytosolic IkBa
and the relatively low rate of stimulus-induced degradation of
IkBB.

TCR and costimulatory signals converge to regulate quan-
titative and qualitative changes in cytosolic and nuclear
NF-kB complexes. The prolonged degradation of IkBa stimu-
lated by anti-CD3 and either IL-1 or anti-CD28 correlates with
continued NF-«kB nuclear localization and also could affect the
composition of the NF-kB complexes that associate with the
newly synthesized IkB proteins. c-Rel and RelB are inducibly
regulated at a transcriptional level by NF-«kB while RelA ex-
hibits an uninducible, low rate of turnover. Thus, c-Rel and
RelB may comprise a higher percentage of the NF-kB com-
plexes associated with IkB proteins that turn over rapidly dur-
ing the second phase of the stimulus-induced NF-«B response.
To evaluate this possibility, c-Rel, RelB, and RelA polypep-
tides as well as IkBa-associated NF-kB complexes were iso-
lated from the cytosol of cells stimulated with either anti-CD3—
IL-1 (Fig. 7) or anti-CD3-anti-CD28 (Fig. 8). Densitometric
analysis of Western blot data shows that both stimuli initiate
increases in total c-Rel (untreated versus 15 h: 3-fold, anti-
CD3-anti-CD28; 1.6 fold, anti-CD3-IL-1) and RelB (7-fold,
anti-CD3-anti-CD28; 14-fold, anti-CD3-IL-1) proteins during
the second phase of the activation response (5 to 15 h) while
levels of p65 remain unaltered (Fig. 7A and 8A). The stimulus-
induced increase in total cytosolic c-Rel is inhibited only
slightly by CsA while RelB and RelA levels were unaffected
(Fig. 7A and 8A). Analysis of IkBa precipitates shows that
there is an increase in the amount of IkBa—c-Rel complexes in
the activated cells during the second phase of the response
(untreated versus 15 h: fourfold by anti-CD3-anti-CD28; two-
fold stimulated by anti-CD3-IL-1). This increase in cells stim-
ulated with anti-CD3-IL-1 is partially inhibited (approximately
40%) by CsA while the increase in cells stimulated with anti-
CD3-anti-CD28 is completely inhibited by CsA. Although
RelB does not associate efficiently with IkBa (9), the amount
of RelA associated with IkBa during the second phase of the
response does not increase from the amount associated in
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FIG. 7. Effects of CsA on the anti-CD3-IL-1-induced alteration of cytosolic
NF-kB component polypeptides. (A) Isolation of c-Rel, RelB, and RelA
polypeptides from cytosolic lysates prepared from Ju.l cells treated with CsA
and/or anti-CD3-IL-1. Lysates were sequentially precipitated with anti-c-Rel,
anti-RelB, and anti-RelA; immunoprecipitates were analyzed by Western blot-
ting; and the blots were probed with the same antibodies as those used for
immunoprecipitation. (B) Effects of CsA on the anti-CD3-IL-1-induced associ-
ation of NF-kB component polypeptides c-Rel and RelA with IkBa. Ju.1 cells
were stimulated for 0.5 to 15 h in the absence or presence of CsA. IkBa
immunoprecipitates from the cytosolic lysates were analyzed by Western blot-
ting, and the blot was probed sequentially with anti-IkBa, anti-c-Rel, and anti-
RelA. (C) Effects of CsA on the anti-CD3-IL-1-induced association of NF-kB
component polypeptides c-Rel and RelA with IkBB. Ju.1 cells were stimulated
for 0.5 to 15 h in the absence or presence of CsA. IkBf immunoprecipitates from
the cytosolic lysates were analyzed by Western blotting, and the blot was probed
sequentially with anti-IkBB, anti-c-Rel, and anti-RelA. Rx, treatment; Un, un-
treated.

untreated cells. CsA has no effect on the amount of RelA-IkBa
complexes in the cytosol (Fig. 7B and 8B).

IkBR does not exhibit a comparable high rate of turnover in
response to these combined stimuli and therefore should not
selectively associate with c-Rel during the second phase of the
response. Western blot analysis of IkBf immunoprecipitates
isolated from cytosol lysates of cells stimulated with anti-CD3
plus either IL-1 or anti-CD28 showed no preferential associa-
tion of c-Rel or RelA with IkBp (Fig. 7C and 8C). Importantly,
CsA had no effect on the amount of either c-Rel or RelA
associated with IkBp in the cytosol. Thus, the signals initiated
by anti-CD3 plus either IL-1 or anti-CD28 stimulate a pro-
longed, high rate of IkBa degradation, resulting in continued
NF-kB nuclear translocation. These signals also result in a
selective increase in the amount of c-Rel-IkBa cytosolic com-
plexes that are likely a primary reservoir of c-Rel-containing
NF-kB complexes that translocate to the nucleus during the
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FIG. 8. Effects of CsA on the anti-CD3-anti-CD28-induced alteration of
cytosolic NF-kB component polypeptides. (A) Isolation of c-Rel, RelB, and
RelA polypeptides from cytosolic lysates prepared from Ju.1 cells treated with
CsA and/or anti-CD3-anti-CD28. Lysates were sequentially precipitated with
anti-c-Rel, anti-RelB, and RelA; immunoprecipitates were analyzed by Western
blotting; and blots were probed with the same antibodies as those used for
immunoprecipitation. (B) Effects of CsA on the anti-CD3-anti-CD28-induced
association of NF-kB component polypeptides c-Rel and RelA with IkBa. Ju.1
cells were stimulated for 0.5 to 15 h in the absence or presence of CsA. IkBa
immunoprecipitates from the cytosolic lysates were analyzed by Western blot-
ting, and the blot was probed sequentially with anti-IkBa, anti-c-Rel, and anti-
RelA. (C) Effects of CsA on the anti-CD3-anti-CD28-induced association of
NF-kB component polypeptides c-Rel and RelA with IkBB. Ju.l cells were
stimulated for 0.5 to 15 h in the absence or presence of CsA. IkBf immunopre-
cipitates from the cytosolic lysates were analyzed by Western blotting, and the
blot was probed sequentially with anti-IkBB, anti-c-Rel, and anti-RelA. Rx,
treatment; Un, untreated.

second phase of stimulus-induced activation. CsA, which par-
tially inhibits NF-«kB transcriptional activity in cells stimulated
with anti-CD3-IL-1, also partially inhibits c-Rel-IkBa com-
plex formation during the second phase of the activation re-
sponse. The NF-«kB transcriptional activity stimulated by anti-
CD3-anti-CD28 is completely inhibited by CsA, and CsA also
selectively inhibits the inducible association of c-Rel with IkBa
as well as the high turnover of IkBa in the cytosol.

DISCUSSION

An extensive literature documents the role of NF-kB in the
transcriptional regulation of genes involved in the T-cell acti-
vation program. Several recent reports have suggested that the
IL-2 promoter contains NF-«B sites that bind both RelA- and
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c-Rel-containing NF-kB complexes but may be more respon-
sive to c-Rel complexes. Knockout mice lacking the c-Rel
member of the NF-kB family were shown to be unresponsive
to anti-CD3-anti-CD28 stimulation (18). These results suggest
that c-Rel is necessary for IL-2 synthesis and that other NF-«B
component polypeptides (RelA and RelB) do not effectively
substitute for c-Rel in regulating this gene. Similarly, a potent
pharmacologic inhibitor of IL-2 gene transcription, pentoxifyl-
line, was shown to selectively inhibit c-Rel nuclear localization
without altering RelA responses (35). Several reports also have
shown that anti-CD28 and combinations of pharmacologic
agonists initiate a biphasic NF-kB nuclear localization re-
sponse in T lymphocytes (12, 25, 26, 30). RelA is translocated
during the initial phase, and c-Rel is translocated during the
subsequent second phase of the response. A biphasic response
also has been associated with the synergistic NF-kB-mediated
transcriptional regulation initiated through TCR and IL-1R
(22). These studies led us to characterize the mechanism where-
by cell surface receptor-initiated c-Rel nuclear localization and
NF-«kB transcriptional activity were selectively and synergisti-
cally regulated when T cells were stimulated through the TCR
and either costimulatory receptor CD28 or IL-1R.

The current paradigm of NF-kB activation suggests that a
variety of stimuli known to translocate NF-kB from the cytosol
to the nucleus initiate phosphorylation, ubiquitination, and
degradation of IkBa and IkBB polypeptides that are com-
plexed to NF-«kB in the cytosol. The released NF-«kB translo-
cates to the nucleus where it transcriptionally regulates the
production of IkBa, c-Rel, and RelB as well as many other
genes involved in growth and differentiation. This acute trans-
location is largely complete within 1 h, which is the time need-
ed to resynthesize IkBa to levels found in untreated cells. Re-
cent reports (29, 30) have proposed that stimuli that initiate
persistent activation of NF-kB regulate nuclear localization by
lowering IkBp levels in the cytosol. Suyang et al. (29) proposed
that newly synthesized IkBB is unphosphorylated and associ-
ates preferentially with newly synthesized NF-«B, thereby out-
competing newly synthesized IkBa for the NF-kB complexes.
Association of IkBR—NF-«kB fails to mask the nuclear localiza-
tion signals on the NF-kB complexes, and the unphosphory-
lated IkBB-NF-kB complexes are imported into the nucleus
where the NF-kB complexes bind to DNA. The very low levels
of nuclear IkBp molecules actually detected in activated cells
were attributed to rapid degradation of IkBp in the nucleus.
The synergistic NF-kB transcriptional responses initiated by
anti-CD3-IL-1 or anti-CD3-anti-CD28 provide a valuable ex-
perimental model to evaluate receptor-initiated mechanisms
responsible for NF-kB nuclear localization and to compare
these mechanisms to previous models of NF-kB regulation.

Our initial experiments demonstrated that, in the Ju.1 model
system, signals initiated from the TCR and either IL-1R or
CD28 converge to synergistically regulate the transcription of
the IL-2 gene. In addition, the augmenting effects of the co-
stimulatory signals were shown to require the NF-«B sites in
the IL-2 promoter. Analysis of an NF-kB reporter gene dem-
onstrated that, although IL-1 alone is capable of activating the
NF-«kB reporter gene, NF-«kB transcriptional activity is syner-
gistically upregulated by the signals initiated by the combina-
tion of anti-CD3 and either IL-1 or anti-CD28. Thus, the two
costimulatory receptors, which have previously been shown to
initiate distinct signaling pathways (3, 27), converge to affect
similar transactivating components in the IL-2 promoter. The
early, transient NF-kB nuclear localization initiated by IL-1 is
the result of the rapid degradation of both IkBa and IkBg,
releasing NF-kB (primarily RelA-pS0 complexes) and expos-
ing the nuclear localization signals. During this acute phase of
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the response, IkBa is inducibly resynthesized as a consequence
of NF-kB-mediated transcription, and the amount of IkBa in
the cytosol returns to normal within 1 to 2 h. The high rate of
IkBa degradation induced by IL-1 is short lived, returning to
basal rates within 2.5 h. In contrast, the resynthesis of IkB is
not transcriptionally regulated by NF-kB and returns to nor-
mal levels by 15 h, presumably due to a very low rate of
resynthesis of IkBp.

Although neither anti-CD28 nor anti-CD3 alone activates
NF-«kB, IL-1 initiates an acute but transient NF-kB nuclear
translocation that results in a submaximal NF-kB-mediated
transcriptional response. In contrast, both anti-CD3-IL-1 and
anti-CD3-anti-CD28 initiate a biphasic NF-kB nuclear trans-
location that results in both acute (0 to 2 h) and prolonged (3
to >15 h) NF-«B nuclear localization. IkBa degradation dur-
ing the acute phase of the IL-1 or anti-CD3-IL-1 response is
indistinguishable while the response to anti-CD3-anti-CD28 is
less than that initiated by IL-1. During the second phase of
these responses, the degradation rates of IkBa in cells stimu-
lated with IL-1 alone or with anti-CD3-IL-1 differed dramat-
ically. In contrast to the transient degradation of IkBa induced
by IL-1, a rapid turnover of IkBa was maintained for a pro-
longed period of time in cells that were stimulated through
both the TCR and either IL-1R or CD28 (Fig. 4). During this
second phase, IkBa—NF-kB complexes are present at normal
levels in the cytosol, presumably as a consequence of degrada-
tion rates of IkBa being balanced by new synthesis. The effects
on IkBB degradation during the acute phase of the response
stimulated by anti-CD3-IL-1 or anti-CD3-anti-CD28 also dif-
fered markedly. Although anti-CD3-IL-1 rapidly stimulates
the acute degradation of both IkBa and IkBp, anti-CD3-anti-
CD28 preferentially stimulates the degradation of IkBa. As a
result, only a very small amount of IkBB is present in the
cytosol of cells stimulated with anti-CD3-IL-1 during the ini-
tiation of the second phase of the activation response. In con-
trast, cytosolic IkBB—NF-kB complexes decrease slowly during
the second phase of the response in cells stimulated with anti-
CD3-anti-CD28.

Thompson et al. (30) reported a correlation between stimuli
that initiate Ik Bp turnover and the ability to initiate persistent
NF-«B transcriptional activity. Prolonged NF-kB nuclear lo-
calization was observed in responses that initiated degradation
of both IkBa and IkBp while transient NF-kB responses were
associated with the selective degradation of IkBa (30). Results
presented here are not consistent with those conclusions. IL-1
alone stimulates an acute loss of both IkBa and IkBf in the
cytosol, yet the resulting NF-kB nuclear localization response
is transient and the NF-kB-mediated transcriptional activity is
submaximal. Prolonged NF-kB nuclear localization with con-
comitant high levels of NF-kB transcriptional activity can oc-
cur when IkBg is present in the cytosol at either very low levels
(anti-CD3-IL-1) or intermediate levels (anti-CD3-anti-CD28).
The low rate of stimulus-induced IkBf turnover observed dur-
ing the second phase of the activation responses initiated by
anti-CD3 plus either IL-1 or anti-CD28 suggests that IkBf may
regulate a component of the late NF-kB response. However,
initiation of prolonged NF-kB nuclear localization does not
correlate with the extent of degradation of cytosolic IkBp that
occurs as part of the acute activation response.

In untreated Ju.l cells, the half-life of the c-Rel protein is
approximately 5 h while that of RelA is greater than 10 h (data
not shown). Costimulation through either CD28 or IL-1 recep-
tors in TCR-activated cells causes increased synthesis of c-Rel
and RelB, which in turn results in an increase in the total
amount of cytosolic c-Rel and RelB. In contrast, RelA is con-
stitutively produced and is uninducible with these stimuli.
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Although there is little evidence for a role for RelB in the
regulation of the IL-2 promoter, multiple reports have dem-
onstrated a specific role for c-Rel in regulating this important
gene. Thus, it is biologically relevant that the combination of
the inducible c-Rel and IkBa synthesis and prolonged high
rates of IkBa degradation result in an increase in the forma-
tion of IkBa—c-Rel complexes during the second phase of the
activation response. The converging signals from these differ-
ent receptors, therefore, not only prolong the period of time in
which NF-«B translocates to the nucleus but also can change
the composition of the NF-kB components that translocate
during the later phase of the activation response.

The effects of CsA on these T-cell responses provide valu-
able insight into the events that are important for controlling
NF-«kB-mediated transcription. CsA is a potent inhibitor of
NF-kB-mediated transcriptional activity initiated by TCR and
either IL-1R or CD28 signals. CsA also selectively inhibits
c-Rel nuclear localization during the second component of the
biphasic activation response. Although it has been reported
that CsA effects on c-Rel nuclear localization may be mediated
by inhibition of c-Rel gene expression (14), reverse transcrip-
tion-PCR analysis of c-Rel mRNA from Ju.1 cells stimulated
for 4 or 8 h with anti-CD3-anti-CD28 shows that CsA reduces
c-Rel message by only 40% (data not shown). Since the c-Rel
promoter is incompletely characterized, we cannot rule out the
possibility that c-Rel gene transcription is regulated by an
NF-kB-independent transcription factor that is affected by
CsA. To identify potential mechanisms by which CsA mediates
its inhibitory effects on NF-kB, we focused our analyses on
alterations in the rates of IkB degradation. Although we were
unable to detect any effects of CsA on the acute response
initiated by anti-CD3-IL-1 or anti-CD3-anti-CD28, we found
that the principal effect of CsA was to inhibit the high rate of
IkBa degradation during the second phase of the activation
response initiated by both combinations of stimuli. We also
observed that CsA inhibits a low level of IkBB degradation that
occurs during the second phase of the activation response to
anti-CD3 plus either IL-1 or anti-CD28. As a consequence of
the coordinate synthesis of IkBa and c-Rel, there is a selective
increase in the amount of c-Rel associated with IkBa during
this component of the response. Even though both stimuli
increase the total amount of c-Rel in the cytosol, no compa-
rable selective association of c-Rel with IkBf was observed.
Together, these results suggest that CsA-mediated inhibition
of IkBa degradation during the second component of the ac-
tivation response is an important mechanism responsible for
the CsA-mediated reduction in c-Rel nuclear localization and
reduced NF-«kB transcriptional activity observed in cells stim-
ulated with anti-CD3 plus either IL-1 or anti-CD28. These
results also support the conclusions of Sen and collaborators
(33, 35) that c-Rel-containing NF-kB complexes play a major
role in NF-kB-mediated regulation of the IL-2 gene.

Suyang et al. (29) proposed that IkBB can outcompete IkBa
for newly synthesized NF-kB, resulting in nuclear translocation
of the IkBB-NF-kB complex to the nucleus. Although our
experiments do not directly address this hypothesis, IkBa
clearly associates effectively with NF-kB during the second
phase of the activation responses evaluated in this report. In
addition, IkBp is synthesized at a low rate during the second
phase of these activation responses. Preliminary experiments
have comparatively evaluated the amount of c-Rel associated
with either IkBa or IkBB in lysates isolated from Ju.l cells
stimulated for 4 h with anti-CD3-anti-CD28. Western blot
analysis of anti-IkBa and anti-IkBf immunoprecipitates (iso-
lated in antibody excess) showed comparable amounts of c-Rel
associated with IkBa and IkBp in the cytosol of these activated
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cells (data not shown). Compared to the prolonged high rate of
turnover of IkBa during the second phase of the activation
response, the observed low level of stimulus-induced IkBf
degradation suggests that IkBp is not the primary reservoir of
c-Rel-transactivating complexes during the critical second
phase of these responses. Unless the NF-kB complexes origi-
nating from IkBp are preferentially translocated to the nucleus
or, once in the nucleus, preferentially interact with the DNA,
it is likely that the major component of the c-Rel complexes
that associate with the DNA originates from IkBa cytosolic
TeServoirs.

A number of reports have studied the mechanisms that reg-
ulate NF-kB nuclear localization in model systems that have
been stimulated with pharmacologic agonists (13, 19, 33). Re-
sults from these analyses have demonstrated the biphasic na-
ture of the NF-kB nuclear localization response and shown the
preferential nuclear localization of c-Rel during the second
phase of the activation response. However, these pharmaco-
logic agonists elicit superphysiological responses that may not
mimic biologically relevant responses. They may provide infor-
mation on potential responses that can be elicited by a cell but
that may not necessarily occur as a result of receptor-initiated
stimulation. The results presented in this report reinforce the
potential limitations of such analyses. We have demonstrated
that signals initiated through the TCR and two alternative
costimulatory receptors can converge to synergistically regu-
late a common transactivating element (NF-kB) and yet dif-
ferentially affect IkB cytosolic inhibitor—-NF-kB complexes.
Anti-CD3-IL-1 controls NF-«kB nuclear localization by initiat-
ing the acute degradation of both IkBa and IkBf and initiating
the prolonged degradation of IkBa. In contrast, anti-CD3-
anti-CD28 preferentially stimulates both the acute and the
prolonged degradation of IkBa. Additional efforts will be
needed to clarify the biologically relevant role of the different
IkB inhibitors in normal T lymphocytes as part of the larger
goal of designing novel therapeutic strategies that may control
NF-kB transcriptional regulation in immune responses.
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