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Optimal T-cell activation requires both an antigen-specific signal delivered through the T-cell receptor and
a costimulatory signal which can be delivered through the CD28 molecule. CD28 costimulation induces the
expression of multiple lymphokines, including interleukin 2 (IL-2). Because the c-Rel transcription factor
bound to and activated the CD28 response element within the IL-2 promoter, we focused our study on the
mechanism of CD28-mediated regulation of c-Rel in human peripheral blood T cells. We showed that CD28
costimulation accelerated the kinetics of nuclear translocation of c-Rel (and its phosphorylated form), p50
(NFKB1), and p65 (ReIA). The enhanced nuclear translocation of c-Rel correlated with the stimulation of IL-2
production and T-cell proliferation by several distinct anti-CD28 monoclonal antibodies. This is explained at
least in part by the long-term downregulation of IKBax following CD28 signalling as opposed to phorbol
myristate acetate alone. Furthermore, we showed that the c-Rel-containing CD28-responsive complex is
enhanced by, but not specific to, CD28 costimulation. Our results indicate that c-Rel is one of the transcription
factors targeted by CD28 signalling.

Antigenic stimulation of T cells requires both recognition by
the T-cell receptor (TCR) of the major histocompatibility
complex-antigen complex and the interactions of other cell
surface molecules (reviewed in reference 59). One such inter-
action occurs between the accessory molecule CD28 on T cells
and its cognate ligands B7-1 (CD80/B7 [33]), B7-2 (2, 16), and
B7-3 (BB-1 [7]) on antigen-presenting cells. The CD28 mole-
cule (for reviews, see references 26, 34, and 48) is constitutively
expressed as a 44-kDa homodimer which is present on 95% of
CD4' T cells and on approximately 50 to 70% of CD8' T
cells. Blocking CD28 function during T-cell activation with an

antigen can drive the T cells into a long-lasting antigen-specific
anergic state (18, 53). Conversely, anergy induced by subopti-
mal stimulation of TCRs can be prevented by ligation of CD28
molecules with anti-CD28 monoclonal antibody (MAb) (23).
The CD28 signalling pathway is distinct from the TCR-CD3
signalling pathway (26), as shown by the inability of the
immunosuppressant cyclosporin A to block CD28 signalling (5,
27) while completely blocking TCR-CD3 signalling.
CD28 signalling as mimicked by MAbs can cooperate with

anti-CD2, anti-CD3, phytohemagglutinin (PHA), and phorbol
myristate acetate (PMA) to upregulate T-cell responsiveness.
It synergizes with these signals to induce proliferation ofT cells
and secretion of multiple lymphokines such as interleukin 1
(IL-1), IL-2, IL-3, IL-4, IL-5, gamma interferon (IFN--y),
granulocyte-macrophage colony-stimulating factor, and tumor
necrosis factor alpha (34, 55). The combination of anti-CD28
and anti-CD2 MAbs (but not anti-CD3) can both enhance and
prolong IL-2 receptor at-chain (IL-2Ra) gene expression (8).
Anti-CD28 MAb cooperates with anti-CD3 in the induction of
the human immunodeficiency virus type 1 (HIV-1) long termi-
nal repeat (LTR) (21, 56) and HIV-1 virus replication (1). The

* Corresponding author. Mailing address: Baylor College of Medi-
cine, Department of Microbiology and Immunology, M929, One
Baylor Plaza, Houston, TX 77030-3498. Phone: (713) 798-4665. Fax:
(713) 798-3700.

induction of lymphokine, IL-2Rc, and HIV-1 gene expression
by CD28 costimulation is mediated by both transcriptional (8,
14, 56, 58, 60) and posttranscriptional (32) mechanisms.
CD28 costimulation activates transcription from the HIV-1

LTR (56) and the IL-2Rcx promoter (10) via the KB elements.
This suggests that the KB enhancer-binding proteins, the Rel
family of transcription factors (reviewed in references 6, 20,
and 35), are involved in CD28 signal transduction. CD28
costimulation activates lymphokine gene transcription through
a unique conserved motif, the CD28 response element
(CD28RE), within several lymphokine promoters (IL-2, IL-3,
granulocyte-macrophage colony-stimulating factor, and IFN-y
[9, 14, 15, 58]). The CD28RE sequence is distinct from but
related to that of the KB element. Interestingly, three Rel
family proteins, p50 (NFKB1), p65 (RelA), and c-Rel, are

among the components of the CD28-responsive complex
(CD28RC) (17).
KB elements are regulated through posttranscriptional reg-

ulation of the Rel family proteins (reviewed in references 6, 20,
and 35). These proteins are complexed to ankyrin-containing
proteins such as IKBca, p105 (NFKB1 [24, 41, 46]), or p100
(NFKB2 [37]) in the cytoplasm of resting cells. In the case of
IKBot, stimulation of the cells leads to its phosphorylation and
degradation within minutes of activation. Once released from
inhibition, the Rel family proteins translocate into the nucleus
and initiate gene transcription. The degradation of IKBot
following a variety of different mitogenic signals is transient,
and its levels return to normal within 1 h of the onset of
stimulation (4, 52; for a review, see reference 3).
Among the Rel family proteins, c-Rel in particular is impli-

cated in the transcriptional regulation of several lymphokine
and lymphokine receptor genes, including the IL-1P (25), IL-2
(17), IL-2Rot (11, 54), IL-6 (40), and IFN--y (49) genes. Most
importantly, c-Rel alone (but not NFKB1 p50) binds to the
CD28RE site and activates CD28RE-driven chloramphenicol
acetyltransferase (CAT) gene expression (17). To demonstrate
that c-Rel is a primary target of CD28 signalling, we have
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shown that translocation of c-Rel from the cytoplasm to the
nucleus is enhanced, at least partially, by the increased degra-
dation of IKBao in the cytoplasm.

MATERIALS AND METHODS

Cells. Human peripheral blood mononuclear cells (PBMCs)
were obtained from buffy coats (Gulf Coast Regional Blood
Center, Houston, Tex.) with a Ficoll-Hypaque gradient (Phar-
macia). T cells were isolated from PBMCs by negative selec-
tion. To do this, PBMCs were stained with L243 (anti-DR;
American Type Culture Collection [ATCC], Rockville, Md.),
OKM1 (anti-CD1lb; ATCC), and LM2 (anti-Macl; ATCC) at
40C for 30 min. The cells were then washed and incubated at
40C for 30 min with magnetic beads conjugated with goat
anti-mouse immunoglobulin G (IgG) (10 ml for 2 x 108 cells)
(Advanced Magnetics, Cambridge, Mass.) while undergoing
occasional gentle mixing. The cells bound to the beads were
then removed by consecutive incubation with a magnet. The
purified T cells were >99% CD3'.

T-cell proliferation and activation assays. Stimuli included
0.5 jig of PHA (Sigma) per ml, S ng of PMA (Sigma) per ml,
anti-CD2 MAbs (anti-T112 and anti-T113 [38]; a gift from E.
Reinherz, Harvard Medical School, Boston, Mass.), and anti-
CD28 MAbs. The anti-CD28 panel MAbs (9.3 [22]; CD28.1,
CD28.2, CD28.3, CD28.4, CD28.5, and CD28.6 [43]; KOLT2
[30]; CK248 [45]; and M-T281, L293, and 15E8) were provided
by the 5th International Workshop on Human Leukocyte
Differentiation Antigens. Anti-CD28 MAb 9.3 ascitic fluids
were also obtained from C. June (Naval Medical Research
Institute, Bethesda, Md.) and J. Ledbetter (Bristol-Meyers
Squibb Pharmaceutical Research Institute, Seattle, Wash.).
Anti-CD2 and all anti-CD28 MAb ascitic fluids were used at a
1:2,000 dilution.
For proliferation assays, 105 T cells in 200 ,u of assay

medium were stimulated in triplicate for 4 days in a 96-well
flat-bottom microtiter plate (Costar). The assay medium con-
sisted of RPMI 1640 medium supplemented with 10% fetal
calf serum, 2 mM glutamine, and 100 ,ug of gentamicin sulfate
(Gibco) per ml. For the final 24 h, 1 ,uCi of [3H]thymidine
(NEN, Boston, Mass.) in 25 RI of Hanks balanced salt solution
(Gibco) was added to each well. Cells were harvested onto
filtermats and analyzed by standard liquid scintillation count-
ing techniques. The standard error of the mean was <10% for
each sample.

For assays of IL-2 secretion and IL-2Rot expression, 2 X i07
T cells were stimulated for 24 h in 1 ml of assay medium (two
wells per stimulus in a 12-well plate). The supernatants were
collected and analyzed in two ways: by incubation with the
IL-2-dependent cell line CTLL-2 for 24 h in comparison with
a recombinant IL-2 standard (see Table 2) or by enzyme-linked
immunosorbent assay (ELISA) (Genzyme) (see Table 1 and
Fig. 2). For IL-2Rao expression, 5 X 105 cells were stained with
anti-IL-2Ra conjugated to fluorescein isothiocyanate (Becton-
Dickinson Immunocytometry, Mountain View, Calif.). The
percent positive staining for IL-2Rao was quantified by flow
cytometry (EPICS PROFILE I; Coulter, Hialeah, Fla.).

Nuclear and cytoplasmic extract preparation. Extracts were
prepared by a modification of the procedure of Dignam et al.
(12). T cells were stimulated in six-well plates (Fisher), and the
cells were collected and washed twice with phosphate-buffered
saline. In the experiment whose results are shown in Fig. 2, the
supernatant was collected and analyzed for IL-2. The cellular
pellet was then rinsed once without resuspension in 70 RI (per
2 x 107 T cells) of buffer A (10 mM HEPES [N-2-hydroxyeth-
ylpiperazine-N'-2-ethanesulfonic acid; pH 7.9], 10 mM KCl,

1.5 mM MgCl2, 1 mM dithiothreitol, 1 mM phenylmethylsul-
fonyl fluoride [PMSF], and 3.3 jig of aprotinin per ml). The
pellet was resuspended in 70 RI of buffer A and incubated at
40C for 15 min with gentle vortexing every 5 min. The lysates
were then centrifuged for 3 min at 14,000 X g, after which the
supernatant was collected as cytoplasmic extract, and the pellet
was rinsed again with buffer A without resuspension. The
washed pellet was resuspended in 50 [LI of buffer C (20 mM
HEPES [pH 7.9], 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM
EDTA, 25% glycerol, 1 mM dithiothreitol, 1 mM PMSF, and
3.3 pug of aprotinin per ml) and was incubated at 40C for 2 to
3 h with occasional vigorous vortexing. The cellular debris was
removed by centrifugation for 20 min at 14,000 X g, and the
supernatant was collected as nuclear extract. Protein concen-
trations were measured by the Bradford method with bovine
gamma globulin as a standard. The typical yield of protein was
15 to 20 jig/106 cells for cytoplasmic extracts and 5 to 10 jig/106
cells for nuclear extracts.
Western blot (immunoblot) analysis. Samples (15 jig) of

total nuclear and cytoplasmic extracts were electrophoresed on
a sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) (10% polyacrylamide) apparatus. The proteins
were then transferred overnight from the gel to a nitrocellulose
filter (Hybond C; Amersham) by electroblotting at 50 mA
(Trans-Blot Cell; Bio-Rad) in a buffer containing 10 mM
3-(cyclohexylamino)-1-propanesulfonic acid (CAPS) (pH 11.0)
and 10% methanol. The blotted filter was blocked for 30 min
with 5% nonfat dry milk in Tris-buffered saline (TBS) with
0.1% Tween 20 (TBS-T). The filter was then incubated with
rabbit antisera (46) against pSO/plO5 (Ab1157), p65 (Ab1226),
c-Rel (Ab265), or IKBa (Ab1309) in TBS-T plus 5% nonfat dry
milk for 2 h at room temperature. These antisera were used at
a 1:10,000 (Ab265), 1:5,000 (AbllS7 and Ab1226), or 1:1,000
(Ab1309) dilution. After two washes for 10 min with TBS-T
plus 5% nonfat dry milk, goat anti-mouse IgG conjugated to
horseradish peroxidase (Amersham) was added at 1:10,000 in
TBS-T plus 5% nonfat dry milk and the mixture was incubated
for 30 min at room temperature. After three washes as before,
the blot was developed with the ECL chemiluminescence
detection system (Amersham) according to the manufacturer's
instructions and exposed to a film (Hyperfilm NP; Amersham).

Phosphorylation and immunoprecipitation experiments.
Purified T cells were washed twice with phosphate-free RPMI
1640 medium (Gibco). T cells (4 x 107) were incubated for 3
h at 37°C in 2 ml of 32P,-containing medium (phosphate-free
RPMI 1640 supplemented with 1% fetal calf serum, 2 mM
glutamine [Gibco], and 500 jiCi of 32p; [NEN] per ml). After
the cells were labeled for 3 h, the stimuli were added directly
to the 32P1-containing culture and the cells were stimulated for
5 h.

Nuclear and cytoplasmic extracts were prepared as de-
scribed above with the addition of 1 ,uM metavanadate, 15 mM
EDTA, 5 mM sodium PP1, and 200 nM okadaic acid to buffers
A and C as phosphatase inhibitors. A double-immunoprecipi-
tation procedure (46) was performed to dissociate the protein-
protein complexes. Antiserum against c-Rel, NFKB1 (p5O/
p105), or p65 (RelA) (2 juI of antiserum per 2 X 107 cell
equivalents) was prebound to 50 pA of protein A-agarose beads
(Pierce) by a 15-min incubation in 500 pI of 0.5% Nonidet P-40
(NP-40)-50 mM Tris (pH 7.4)-i mM PMSF. Equivalent
amounts of nuclear or cytoplasmic extracts were incubated
with the precoated beads for 1 h in a 500-jil total volume of
0.5% NP-40 with 1 mM PMSF. The beads were then washed
five times with 0.5% NP-40, and the precipitates were removed
by being boiled for 5 min in 50 jil of SDS solubilizing buffer
(125 mM Tris [pH 7.5], 3% SDS, 150 mM NaCl, and 5%
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2-mercaptoethanol [Sigma]). The boiled immunoprecipitate
was diluted to 500 RI1 with the same immunoprecipitation
buffer and precipitated again for 1 h with protein A beads
coated with the same antisera as before. These double immu-
noprecipitates were then subjected to SDS-PAGE on a 10%
polyacrylamide gel as described above, dried under a vacuum,
and exposed to a film.

Electrophoresis mobility shift assays (EMSA). Samples (8
jig) of nuclear extracts were incubated with the CD28RE
oligonucleotide probe in a binding buffer containing 10 mM
Tris-HCl (pH 7.5), 50 mM NaCl, 1 mM EDTA, 1 mM
dithiothreitol, 5% glycerol, and 2 pug of poly(dI-dC). The
binding reactions were performed at room temperature for 20
min. For competition or supershift experiments, nuclear ex-
tracts (8 pug) were preincubated with competitor DNAs or
antisera for 10 min before the addition of the radiolabeled
CD28RE probe. The reaction mixtures (total volume, 20 p.l
each) were analyzed on 4% nondenaturing polyacrylamide gels
in 0.25X Tris-borate-EDTA buffer containing 22.5 mM Tris-
borate and 0.5 mM EDTA.

Oligonucleotides. Oligonucleotides were synthesized by the
phosphoramidite method on an automated synthesizer (Cy-
clone Plus; Millipore). The radiolabeled double-stranded oli-
gonucleotide probes were prepared by using the Klenow
fragment of DNA polymerase I. The sequences of the oligo-
nucleotides were as follows.

CD28RE (CD28RE site of the IL-2 promoter;
positions -168 to -149):

5'-GATCGTTTAAAGAAATTCCAAA-3'
3'-CAAATTTCTTTAAGGTTTCTAG-5'

CD28RE mutant:

5'-GATCGTTTAAAGAAATTggAAA-3'
3'-CAAATTTCTTTAAccTTTCTAG-5'

HIV-KB (NF-KB binding sites of the HIV-1 LTR;
positions -106 to -79):

5'-GATCAAGGGACTTTCCGCTGGGGACTTTCCAG-3'
3'-TTCCCTGAAAGGCGACCCCTGAAAGGTCCTAG-5'

RESULTS

Functional response of T cells to anti-CD28 costimulation.
Like many signals for T-cell activation, induction of T-cell
proliferation with anti-CD28 requires a second stimulus. We
used two different stimuli, PMA and a combination of anti-
CD2 MAbs, with anti-CD28 to test their relative effectiveness
as T-cell mitogens. T-cell stimulation was assessed by four
parameters: proliferation at 4 days, IL-2Rt expression, IL-2
secretion, and IFN-y secretion at 24 h (Table 1). T cells
stimulated with anti-CD28 alone had no response by any of
these criteria. Also, anti-CD2 MAbs alone did not cause
proliferation or IL-2 secretion, although IFN--y secretion was
induced to a small degree. PMA alone caused a small prolif-
erative response and IL-2Ra expression, but neither IL-2
secretion nor IFN-y secretion was observed. When combined
with anti-CD28, PMA and anti-CD2 MAbs caused similarly
vigorous proliferations at 4 days. In addition, IL-2, IL-2R(X,
and IFN--y expression was induced by both stimuli at 24 h, but
the anti-CD2 plus anti-CD28 response was between 10 and
25% of that of the PMA plus anti-CD28 response for all assays.
Anti-CD28 plus PMA accelerated translocation of Rel fam-

ily proteins into the nucleus compared with PMA alone. Our
previous data showed that nuclear levels of Rel family pro-

TABLE 1. Proliferation and lymphokine secretion
after anti-CD28 costimulation

T-cell IL-2 IFN-y~
Stimulus proliferation IL-2Ra nL) (nm

(103 cpm) (ng/ml) (ng/ml)

Medium 0.3 <1.0 <0.1 <0.2
Anti-CD2 0.8 3.6 <0.1 0.2
PMA 4.5 18.1 <0.1 <0.2
PHA 0.3 NDb ND ND
Anti-CD28 0.1 1.5 <0.1 <0.2
Anti-CD2 + anti-CD28 139.0 20.0 1.8 0.4
PMA + anti-CD28 124.7 87.8 11.0 4.5
PHA + PMA 107.2 83.8 6.2 1.5

a For IL-2R expression, data are expressed as percent positive over an
arbitrary gate.

b ND, not determined.

teins, p50 (NFKB1), p65 (RelA), and c-Rel, are enhanced by
CD28 signalling (17). The mechanism(s) of enhanced levels of
nuclear Rel proteins could be at either the transcriptional or
the posttranscriptional level. One explanation for this is that
CD28 signalling changed the kinetics of nuclear translocation
of Rel family proteins. To test this possibility, we incubated
cells for various periods with PMA in the presence or absence
of the anti-CD28 MAb 9.3. Nuclear and cytoplasmic extracts
were examined for NFKB1 (p50/p1O5), p65 (RelA), and c-Rel
proteins by Western blot analysis (Fig. 1). The p5O precursor,
p105, was used as an indicator of the integrity of the nuclear-
cytoplasmic separation, as it is solely a cytoplasmic protein (24,
41, 46). Control experiments demonstrated that stimulation
with anti-CD28 alone did not cause either nuclear transloca-
tion or de novo synthesis of c-Rel, p5O (NFKB1), or p65
(RelA) (7a).
We first tested the ability of CD28 signalling to enhance

PMA-mediated c-Rel translocation (Fig. 1A). In the nuclei of
resting T cells (Fig. 1A, lane 1), only p5O (NFKB1) was
detectable. Upon stimulation with PMA alone, levels of c-Rel
and p50 (NFKB1) in the nucleus progressively increased;
however, p65 (RelA) translocation was not significant (Fig. 1A,
lanes 2 to 6). Anti-CD28 MAb stimulation accelerated the
nuclear translocation of c-Rel and p65 (RelA), with significant
levels of both proteins first visible within 3 h (Fig. 1A, lane 8).
In addition, the levels of p5O (NFKB1) and c-Rel in the
nucleus were enhanced at later times up to 12 (Fig. 1A,
compare lanes 6 and 11) and 24 (7a) h. In contrast, p65 (RelA)
translocation was transient, peaking within 3 to 6 h (Fig. 1A,
lanes 8 and 9). The late induction of nuclear c-Rel expression
correlates with the kinetics of IL-2 secretion (7a).

Examination of cytoplasmic extracts revealed that both
PMA alone (Fig. 1A, lanes 13 to 17) and anti-CD28 plus PMA
(lanes 18 to 22) induced c-Rel and p5O (NFKB1) expression. In
contrast, cytoplasmic p65 (RelA) levels were not induced after
activation but, rather, decreased (Fig. 1A, compare lane 18
with lanes 19 to 22) as p65 (RelA) translocated into the
nucleus (lanes 8 to 10). When both cytoplasmic and nuclear
extracts are considered (Fig. 1A, compare lanes 10 and 22 with
lanes 5 and 16), anti-CD28 plus PMA induced more synthesis
of plO5/p50 (NFKB1) than did PMA alone.
To ensure that CD28-mediated enhanced translocation of

Rel family proteins is not unique to the PMA signal, the effects
of anti-CD28 MAb on anti-CD28 MAb-mediated translocation
were similarly examined by Western blot analysis (Fig. 1B).
Anti-CD2 MAbs alone induced only weak translocation of
c-Rel with no detectable p65 (RelA) in the nucleus (lanes 2 to
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FIG. 1. Enhancement of nuclear translocation of Rel family pro-
teins by anti-CD28 MAb compared with phorbol ester alone. (A)
Purified human peripheral blood T cells were stimulated with either
PMA alone (5 ng/ml) or PMA plus anti-CD28 MAb 9.3 (1:2,000
dilution). (B) Purified human T cells were stimulated with anti-CD2
(T112 plus T113; 1:2,000 dilution each) alone, anti-CD2 plus anti-CD28
(9.3) (1:2,000 dilution), or 0.5 ,ug of PHA per ml plus 5 ng of PMA per
ml. Purified T cells were stimulated for the times (hours) indicated
above the lanes and separated into nuclear and cytoplasmic extracts as
described in Materials and Methods. Western blots made from these
extracts (15 ,ug per lane) were probed for p5O/plO5 (NFKB1), p65
(RelA), and c-Rel with antisera Ab1l57, Ab1226, and Ab265, respec-
tively. The p105 (NFKB1) band detected in the cytoplasmic extract is
an indicator of the integrity of the separation; p105 is an exclusively
cytoplasmic protein. Molecular masses (in kilodaltons) are indicated
on the right.

7 8 9 10 11

PMA + aCD28 (C)

1 3 6 9 12
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TABLE 2. Enhanced translocation of c-Rel correlates
with T-cell activation

Anti-CD28 Proliferation IL-2 Enhanced
MAb Isotype (103 cpm)a (ng/ml)b translocation

None 1.0 0.1
9.3 IgG2a 30.3 >100.0 Yes
KOLT2 IgG1 27.1 76.0 Yes
CD28.1 IgGI 25.9 64.0 Yes
CK248 IgM 35.2 100.0 Yes
M-T281 IgM ND 0.1 No
CD28.2 IgGl 20.3 20.0 Yes
CD28.4 IgM 2.6 0.3 No
CD28.6 IgG2a 30.7 >100.0 Yes
L293 IgG1 24.6 37.0 Yes
15E8 IgG1 26.7 15.0 Yes
a Data obtained after stimulation for 3 days. ND, not determined.
b For IL-2 bioassays, data were collected after stimulation for 24 h.
c The presence of enhanced translocation after anti-CD28 stimulation com-

pared with that after stimulation with PMA alone is derived from several
experiments, one of whose results are shown in Fig. 2.

correlation between enhanced c-Rel translocation and stimu-
latory activity in a single donor. In Table 2, the panel of
anti-CD28 MAbs in combination with PMA was tested for
both T-cell proliferation and IL-2 secretion. PMA alone failed
to cause significant cellular proliferation or IL-2 secretion.
Among the panel of anti-CD28 MAbs tested, only M-T281 and
CD28.4 failed to cooperate with PMA to affect proliferative
and IL-2 responses. In several repeated experiments with T
cells from different donors, the relative levels of IL-2 secretion
among stimulatory anti-CD28 MAbs were different, thus re-
flecting the biological diversity of human donors. However,
M-T281 and CD28.4 were always nonstimulatory.
The correlation between IL-2 secretion and enhanced trans-

location was tested with some of these anti-CD28 panel MAbs.
The capacity of different anti-CD28 panel MAbs to cooperate
with PMA in enhancing nuclear levels of c-Rel after 13 h of
stimulation was examined by Western blot analysis (Fig. 2).
IL-2 levels in the supernatant from the same experiment were
measured by ELISAs. PMA alone induced translocation of
c-Rel into the nucleus, but only minimal IL-2 secretion was

+ PMA

C1400V
-i Cx (3

00
LU
LO4), correlating with their weak ability to induce IL-2Rc expres-

sion. Like PMA, anti-CD28 enhanced the nuclear levels of p50
(NFKB1), p65 (RelA), and c-Rel (Fig. 1B, lanes 5 to 7), with
the most significant enhancement detected for c-Rel. The p65
(ReIA) levels diminished after 4 h, but c-Rel and p50 (NFKB1)
levels remained high at all times. In comparison, control
stimulation with PHA plus PMA for 21 h induced nuclear
levels of c-Rel and p50 (NFKB1) marginally higher than those
of anti-CD2 plus anti-CD28 costimulation; however, this time
was too late to detect significant levels of nuclear p65 (RelA)
(Fig. 1B, lane 8). In contrast to PMA signalling, anti-CD2 with
or without anti-CD28 did not induce increased cytoplasmic
levels of any of these proteins (7a). Anti-CD28-induced en-
hancement of nuclear c-Rel levels was reproducible for PMA
(seven of seven experiments) and anti-CD2 (five of six exper-
iments) costimulation.

IL-2 secretion correlated with enhanced c-Rel translocation.
By using a panel of 10 anti-CD28 MAbs, we tested the

97 -

69
c-Rel

0.0 .1 120.0 14.1{0.118.2 11.7L8.8 IL-2 (ng/ml)
1 2 3 4 5 6 7 8

FIG. 2. Correlation of IL-2 secretion with enhanced c-Rel translo-
cation by using the anti-CD28 panel MAbs. Purified T cells were
stimulated for 13 h with either 5 ng ofPMA alone per ml or PMA plus
each of the anti-CD28 panel MAbs provided by the 5th International
Workshop of Leukocyte Differentiation Antigens (all at a 1:2,000
dilution). Nuclear extracts were prepared from these stimulated cells
and were used for Western blot analysis. The blot was probed with
anti-c-Rel antiserum Ab265. At the same time, supernatants from this
experiment were assayed for IL-2 activity by ELISA and expressed as
nanograms per milliliter. Molecular masses (in kilodaltons) are indi-
cated on the left.

anti-CD2 +
anti-C02 anti-CD28

N lbN~b.l l
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FIG. 3. CD28RC enhanced by, but not specific to, CD28 stimula-

tion. (A) Purified T lymphocytes were stimulated with either 5 ng of
PMA alone per ml or PMA plus anti-CD28 MAb (9.3; 1:2,000 dilution)
for 40 h. An 8-,ug sample of nuclear extracts prepared from these cells
was subjected to the EMSA using the labeled CD28RE as a probe (see
Materials and Methods). (B) Nuclear extracts prepared from the cells
stimulated with anti-CD28 plus PMA were subjected to the EMSA.
For the competition experiment, nuclear extracts were incubated for
10 min with excess cold oligonucleotides containing CD28RE, mutated
CD28RE, or the HIV-1 KB site before the addition of labeled

observed (Fig. 2, lane 2). Corresponding with the IL-2 secre-
tion, nuclear levels of c-Rel were higher than those induced by
PMA alone for all anti-CD28 MAbs (Fig. 2, lanes 3 to 8) with
the exceptions of M-T281 (lane 5) and CD28.4 (Table 2) (7a).
The lower levels of IL-2 shown in Fig. 2 compared with those
in Table 2 are due to the shorter incubation time (13 instead of
24 h). These data showed that enhanced nuclear translocation
of c-Rel correlated with effective CD28 signal transduction.
The c-Rel-containing CD28RC is enhanced by, but not

specific to, CD28 signalling. The CD28RC has been reported
only in the presence of two signals, CD28 and PMA (PMA
alone was not sufficient for CD28RC induction [14, 15]). The
implication of these studies is that this complex is rate limiting
for IL-2 secretion. However, these studies were performed
after 2 h of stimulation (14, 15), a point at which nuclear c-Rel
was not detectable in the PMA-treated cells (Fig. 1A). We
suspected that the accelerated kinetics of nuclear c-Rel levels
after anti-CD28 costimulation would exaggerate the relative
difference between anti-CD28 plus PMA and PMA at the 2-h
time point (Fig. 1A). Therefore, we tested for the presence of
the CD28RC by EMSA at a later time point (40 h) (Fig. 3A).
At this time, cells incubated in medium alone had no binding
activity (lane 2). Both cells stimulated with PMA and those
stimulated with anti-CD28 plus PMA contained detectable
levels of CD28RC (Fig. 3A, lanes 3 and 4), but the anti-CD28-
stimulated cells had higher levels of CD28RC (lane 4). This
CD28RC is not just a nonspecific product of the prolonged
stimulation, since cells stimulated for the same amount of time
with PMA contained no detectable levels of NF-AT, another
nuclear factor known to be a rate-limiting factor in IL-2
secretion after T-cell stimulation. However, PHA plus PMA
stimulated high levels of NF-AT (7a). In addition, the speci-
ficity of this CD28RC was determined by successful competi-
tion with an excess of cold CD28RE-containing oligonucleo-
tides (Fig. 3B, lanes 2 and 3). Competition was not observed
when mutated CD28RE-containing oligonucleotides were
added (Fig. 3B, lanes 4 and 5). Consistent with other results
(58), binding of the CD28RC was also efficiently inhibited
when the HIV-1 KB-containing oligonucleotide was used (Fig.
3B, lanes 6 and 7).
The presence of c-Rel in the CD28RC was confirmed by

incubating anti-c-Rel with the same nuclear extract stimulated
with anti-CD28 plus PMA before the EMSA (Fig. 3C). In the
absence of antibodies, a strong CD28RC was detected (lane 2).
Incubation with anti-c-Rel caused a proportion of the
CD28RC band to supershift (Fig. 3C, lane 3), indicating that at
least a portion of the CD28RCs contained c-Rel. Incubation
with the control antiserum against Bcl-3, an IKB-like protein,
did not cause a supershifted band (Fig. 3C, lane 4).
CD28 signalling induces a prolonged downregulation of

IKBa. The degradation of IKBcx with PMA is a transient
phenomenon, since protein levels return to baseline within 1 h
(3, 4, 52). One possible explanation for enhanced translocation
of c-Rel by CD28 signalling is a prolonged loss of IKBa. To test
this possibility, we stimulated cells with PMA or anti-CD28
plus PMA for various periods up to 12 h and probed Western
blots prepared from the cytoplasmic extracts with an antiserum
against IKBot (Fig. 4). Stimulation with PMA alone did not

CD28RE probe. (C) Nuclear extracts prepared from the cells stimu-
lated with anti-CD28 plus PMA were subjected to the supershift
experiment. Nuclear extracts were incubated for 10 min with 1 ,ul of
anti-c-Rel (Ab265) or anti-Bcl-3 (Ab1348) before incubation with
labeled CD28RE. The supershifted band containing c-Rel is indicated.
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FIG. 4. CD28 costimulation leads to prolonged downregulation of
IKBoL levels. Purified peripheral blood T lymphocytes were stimulated
with 5 ng of PMA alone per ml or PMA plus anti-CD28 MAb (9.3;
1:2,000 dilution) for various periods. Cytoplasmic extracts (15 pug per
lane) prepared from the treated cells were subjected to Western blot
analysis. The filter was probed with anti-IKBot (Ab1309). Molecular
masses (in kilodaltons) are indicated on the left.

1 2 3 4 5 6

Nuclear Cytoplasmic

B

105

affect the levels of IKBa compared with those of the medium
control (Fig. 4, PMA lanes). In contrast, the addition of
anti-CD28 led to decreased but visible levels of IKBot protein
(Fig. 4, PMA+aoCD28 lanes).
Anti-CD28 signalling enhances the levels of phosphorylated

c-Rel in the nucleus. Although the role of phosphorylation of
the Rel family proteins has only been suggested (41), this
phosphorylation may influence their interaction with other
proteins to create the CD28RC. In addition to the effect of
CD28 signalling on overall levels of c-Rel, we assayed its ability
to enhance the levels of phosphorylated c-Rel in the nucleus
compared with the use ofPMA alone (Fig. 5). Cellular pools of
ATP were saturated with 32p; for 3 h before the addition of the
stimulus. Nuclear and cytoplasmic c-Rel (Fig. 5A) and NFKB1
(p5O/plOS) (Fig. 5B) were analyzed by a double-immunopre-
cipitation procedure (46) that eliminates most interacting
proteins. Because nuclear c-Rel is not present to a significant
degree until several hours after the initiation of stimulation, we
chose to stimulate cell cultures for 5 h. At this time, stimulation
with both PMA and anti-CD28 plus PMA induced nuclear
expression of c-Rel and p5O (NFKB1) (Fig. 1).

Stimulation of T cells with PMA or anti-CD28 plus PMA
induced the phosphorylation of c-Rel detected by the anti-c-
Rel antiserum Ab265 (Fig. 5A). In the cytoplasm, anti-CD28
costimulation did not appreciably change the levels of phos-
phorylated c-Rel (Fig. 5A, compare lanes 5 and 6). However,
CD28 costimulation increased the levels of phosphorylated
c-Rel in the nucleus (compare lanes 2 and 3). In light of the
fact that there is more nuclear c-Rel in the cells treated with
anti-CD28 plus PMA than in PMA-treated cells (Fig. 1), it is
likely that the phosphorylation of c-Rel per mole of protein has
not changed. In contrast to c-Rel, p5O (NFKB1) phosphoryla-
tion was not detectable at the same 5-h time point (Fig. SB).
The cytoplasmic p5O precursor, p105, was phosphorylated after
PMA treatment (Fig. 5B, lane 5), but the levels of p105
phosphoprotein decreased after the addition of anti-CD28
(lane 6).
The requirement for overnight pretreatment to induce

69 -

43 -

.g.:.. ,:.... .. .. :- s.:.:
1 2 3 4 5; 6

Nuclear Cytoplasmic
FIG. 5. Phosphorylation of c-Rel and NFKB1 (p50/plO5) by CD28

costimulation. Purified T cells were preincubated in 12P-containing
phosphate-free medium. After 3 h, 5 ng of PMA alone per ml or PMA
plus anti-CD28 MAb (9.3; 1:2,000 dilution) was added to this medium,
and the cells were stimulated for 5 h. The cells were separated into
nuclear and cytoplasmic extracts, and 100 jig of nuclear extracts and
200 jig of cytoplasmic extracts were immunoprecipitated for c-Rel
(antiserum Ab265) (A) or pSO/plO5 (NFKB1; Ab1157) (B) by double
immunoprecipitation (see Materials and Methods). Molecular masses

(in kilodaltons) are indicated on the left.

CD28-specific kinases was demonstrated by CD28-induced
tyrosine phosphorylation of a putative 100-kDa protein (36,
57). Hence, we decided to test the effect of PMA pretreatment
on the phosphorylation of c-Rel by CD28 signalling. T cells
were preincubated overnight with PMA or with anti-CD28 plus
PMA in a cold medium to induce nuclear levels of c-Rel (Fig.
6). In two of the samples preincubated with PMA, anti-CD28
was added immediately before the last hour (lanes 2 and 4).
These treated cells were labeled with radioactive 32p; immedi-
ately before the last 4 h. Nuclear and cytoplasmic extracts were
immunoprecipitated for c-Rel by using anti-c-Rel (Ab265) as

described above. Under these conditions, the levels of phos-
phorylated c-Rel in the nuclei of cells treated with anti-CD28
plus PMA (Fig. 6, lane 3) were 30% higher than those of
PMA-treated cells (lane 1). In contrast, the levels of phosphor-
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FIG. 6. Phosphorylation of c-Rel by CD28 costimulation in cells
preincubated with PMA. Purified T cells were preincubated for 15 h in
cold medium with 5 ng of PMA per ml in the presence or absence of
anti-CD28 MAb. At the end of the incubation, the cells were then
washed in phosphate-free medium with 10% dialyzed fetal calf serum
and stimulated for an additional 4 h with the same stimulus in the
medium containing 32p;. In one of the wells, anti-CD28 MAb was

added to the culture for the last hour (lanes 3 and 6). Nuclear and
cytoplasmic extracts were prepared and immunoprecipitated for c-Rel
as described for Fig. 5. In lane 6, anti-c-Rel Ab265 also precipitated
three additional phosphoproteins with unknown identities; however,
they were not consistently detected in repeat experiments. Molecular
masses (in kilodaltons) are indicated on the right.

ylated c-Rel in the cytoplasm were quite low in PMA-treated
cells (Fig. 6, lane 4). Cytoplasmic phosphorylation of c-Rel
occurred to a significant degree only when anti-CD28 was
added, either throughout the culture period (Fig. 6, lane 6) or

immediately before the last hour (lane 5). The changes in the
levels of phosphorylated c-Rel (compare lanes 3, 5, and 6 with
lanes 1 and 4) may simply reflect the changes in the steady-
state levels of c-Rel (Fig. 1). However, it is still possible that
CD28 signalling induces the phosphorylation of c-Rel on
residues different from those phosphorylated by PMA.

DISCUSSION
A major challenge in the study of CD28 signalling is the lack

of a detectable response with the treatment of soluble bivalent
anti-CD28 alone (reviewed in references 26 and 34). No
calcium flux, inositol phosphate release, or significant tyrosine
kinase activity occurs unless CD28 is super-cross-linked (31,
42, 43). Although a direct study of CD28 signalling has not
been possible, two distinct events stimulated by CD28 ligation
can be detected in the presence of a primary signal such as
PMA: the tyrosine phosphorylation of several proteins (36, 57)
and the induction of the CD28RC in the nucleus (14, 58).
However, the tyrosine-phosphorylated proteins remain uni-
dentified, and no signalling steps between the surface and the
nucleus have been elucidated.
Two observations point to the Rel family proteins as impor-

tant mediators of the CD28 signalling pathway. First, Rel

family proteins are present in the CD28RC (17) (Fig. 3C).
Second, NF-KB plays an important role in the CD28-mediated
enhancement of transcription from the HIV-1 LTR (21, 56)
and the IL-2Rc promoter (10). These observations suggest
that CD28 signal transduction directly affects the posttransla-
tional regulation of the Rel family proteins. Because c-Rel
binds to and activates the CD28RE within the IL-2 promoter
(17), we focused this study on c-Rel.
Our data show that in human peripheral blood T cells, CD28

costimulation with anti-CD28 MAb plus PMA enhanced and
accelerated the nuclear translocation of p50 (NFKB1), p65
(RelA), and c-Rel compared with that of PMA treatment
alone. This enhanced translocation correlated with the ability
of CD28 costimulation to stimulate T-cell proliferation, IL-2
secretion, IFN-y secretion, and IL-2Ra surface expression
(Table 1). For c-Rel and p50 (NFKB1), the enhancement had
late kinetics, with nuclear levels increasing progressively up to
24 h. Higher levels of p50 (NFKB1) and c-Rel were also
observed in cytoplasmic extracts after stimulation with PMA
and anti-CD28 plus PMA, with kinetics comparable to their
induction in the nucleus. In contrast, the enhancement of p65
(RelA) translocation with anti-CD28 peaked transiently from 3
to 6 h. The decline in p65 (ReIA) levels in the cytoplasm
suggests that p65 (ReIA) was either degraded in the cytoplasm
or quantitatively translocated to the nucleus without replen-
ishment of the cytoplasmic p65 (ReIA) levels by de novo
protein synthesis. When combined with anti-CD2, CD28 sig-
nalling also enhanced the translocation of Rel family proteins,
particularly c-Rel, correlating with the ability of CD28 signal-
ling to cooperate with CD2 signalling to induce T-cell activa-
tion. Thus, enhancement of translocation with CD28 signalling
is not unique to PMA but occurs with other types of mitogenic
signals.
Although enhancement of p50 (NFKB1), p65 (RelA), and

c-Rel correlated with T-cell stimulation, the relative contribu-
tion of each in the assembly of the CD28RC is not clear.
Because c-Rel activates the CD28RE-driven reporter gene
expression in a cotransfection assay (17), we thought that
enhanced translocation of c-Rel would correlate closely with
functional CD28 signalling. To address this issue, we tested a
panel of anti-CD28 MAbs that differed in their ability to
stimulate T-cell proliferation at a time (15 h) optimal for c-Rel
translocation. We found that the ability of the anti-CD28
MAbs to stimulate IL-2 secretion in combination with PMA
correlated with their ability to enhance the nuclear transloca-
tion of c-Rel. Indeed, there exists a further correlation between
the late kinetics of nuclear c-Rel translocation and late IL-2
accumulation in the medium (7a).
The regulation of Rel family protein translocation may be

explained by our observation that IKBa was absent from the
cytoplasm for up to 12 h following CD28 signalling, in contrast
to the results with PMA signalling alone. Previous studies have
found that cytoplasmic IKBa is degraded within minutes of
cellular stimulation, thus allowing NF-KB to move into the
nucleus (3, 4, 52). However, IKBa protein in the cytoplasm
rapidly reappears, returning to prestimulation levels within 1 h.
These observations are consistent with the lack of change in
IKBa levels that we saw following stimulation with PMA alone
for 3 h or more. CD28 signalling led to the long-term loss of
IKBot, allowing more of the Rel family proteins to move into
the nucleus. This could be explained in at least three ways: (i)
CD28 signalling activates a kinase that phosphorylates IKBot,
leading to IKBa degradation; (ii) CD28 signalling activates a
protease that degrades IKBaL; or (iii) CD28 signalling prevents
the reappearance of IKBa after its initial degradation by
downregulation of IKBa synthesis. In addition, the decreased
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levels of p105 (NFKB1) after CD28 stimulation (Fig. 1 and 6)
suggest that CD28 can decrease the levels of more than one
ankyrin-containing protein.
The mere presence of c-Rel and p50 (NFKB1) in the

nucleus was not sufficient for IL-2 secretion, since PMA alone
stimulated significant nuclear levels of c-Rel in the absence of
an IL-2 induction. Indeed, the CD28RC was seen in the
nucleus of cells stimulated with PMA alone, albeit at low
levels. Therefore, a functional modification of c-Rel (or c-Rel-
interacting proteins) must play an important role in CD28
signalling. Although the role of the phosphorylation of Rel
family proteins is not well characterized, phosphorylation can
affect their function, perhaps through regulation of protein-
protein interactions (39, 41). We have demonstrated that
CD28 signalling, besides enhancing the translocation of c-Rel,
also enhanced the levels of phosphorylated c-Rel in the
nucleus. Two mechanisms could explain this observation. First,
CD28 signalling may induce the phosphorylation of c-Rel on
residues different from those phosphorylated by PMA. Second,
the increased phosphorylation may reflect the increased over-
all levels of the c-Rel protein in the nucleus.
One result of CD28 signalling is the appearance of the

CD28RC in the nucleus. This nuclear factor binds to the IL-2
promoter at a unique CD28RE site that is related to the KB
site. Previous studies have shown that CD28RC is not seen in
the absence of CD28 signalling (14, 15). In contrast, our study
showed that small amounts of CD28RC were induced follow-
ing PMA stimulation alone, indicating that CD28RC is en-
hanced by, but not specific to, CD28 signalling. There are two
major differences between these two studies. First, our studies
were done with human peripheral blood T cells instead of the
Jurkat T-cell line (for a review, see reference 26). Second, we
used a late time point of 40 h instead of 2 h, the time used in
previous studies. We chose this late point for two reasons.
First, the highest levels of c-Rel were detected at 40 h (7a), a
time at which nuclear factor inductions in PBMCs are at a peak
(19). Second, the early time points may mask the presence of
a PMA-induced CD28RC. The accelerated kinetics of c-Rel
translocation induced by anti-CD28 plus PMA, as opposed to
that induced by PMA alone, is most evident at the 2-h time
point. Thus, the difference between the CD28RC levels in-
duced by PMA and those induced by PMA plus anti-CD28
would be similarly exaggerated at the 2-h time point. Others
have also shown that CD28RC is not specific to CD28 signal-
ling; anti-CD3 plus PMA can also induce CD28RC and
transcription from CD28RE linked to a reporter gene (9).
These results suggest that CD28RE may mediate other signal-
ling pathways in addition to the CD28 signal transduction
pathway.
Our results indicate that c-Rel is a target of CD28-mediated

signal transduction. In light of this, it is interesting that Rel
family proteins also interact with other classes of transcription
factors such as Fos/Jun (50), C/EBP family proteins (51), ATF
family proteins (13, 28), HMG I(Y) proteins (13), Spl (44),
TATA-binding protein (29, 61), and TFIIB (61). We are also
studying the potential roles of other Rel family proteins,
including p50 (NFKB1) and p65 (ReIA), in mediating CD28
signal transduction. Our identification of c-Rel as the tran-
scription factor at the receiving end of CD28 signalling should
provide an important initial step towards future identification
of other nuclear factors and kinases or phosphatases that are
involved in the c-Rel-mediated CD28 signal transduction
pathway.

ACKNOWLEDGMENTS

Richard G. Bryan, Yongqin Li, and Jenn-Haung Lai contributed
equally to this work.
We are grateful to C. June, J. Ledbetter, and Bristol-Myers Squibb

Pharmaceutical Research Institute for anti-CD28 MAb 9.3 and to E.
Reinherz for the anti-CD2 MAbs. We acknowledge the 5th Interna-
tional Workshop on Human Leukocyte Differentiation Antigens for
the anti-CD28 panel MAbs. We thank C. Meyer, H. Young, and P.
Ghosh for reviewing the manuscript; Q. Tang-Oxley for excellent
technical support; and D. Alesch for expert secretarial assistance.

This work was supported by National Institutes of Health grants R37
AI-15394 (R. R. Rich) and R01 GM-49875 (T.-H. Tan) and Baylor
seed funds, (T.-H. Tan). R.G.B. is a member of the NIH Medical
Scientist Training Program, J.H.L. is supported by a predoctoral
fellowship from National Defense Medical Center (Taiwan), and Y.L.
was supported in part by a postdoctoral fellowship from the govern-
ment of the People's Republic of China.

REFERENCES
1. Asjo, B., D. Cefai, P. Debris, Y. Dudoit, and B. Autran. 1993. A

novel mode of human immunodeficiency virus type 1 (HIV-1)
activation: ligation of CD28 alone induces HIV-1 replication in
naturally infected lymphocytes. J. Virol. 67:4395-4398.

2. Azuma, M., D. Ito, H. Yagita, K. Okumura, J. H. Phillips, L. L.
Lanier, and C. Somoza. 1993. B70 antigen is a second ligand for
CTLA-4 and CD28. Nature (London) 366:76-79.

3. Beg, A. A., and A. S. Baldwin, Jr. 1993. The IKB proteins:
multifunctional regulators of Rel/NF-KB transcription factors.
Genes Dev. 7:2064-2070.

4. Beg, A. A., T. S. Finco, P. V. Nantermet, and A. S. Baldwin, Jr.
1993. Tumor necrosis factor and interleukin-1 lead to phosphor-
ylation and loss of IKBoa: a mechanism for NF-KB activation. Mol.
Cell. Biol. 13:3301-3310.

5. Bloemena, E., R. H. J. Van Oers, S. Weinreich, A. P. Stilma-
Meinesz, P. T. A. Schellekens, and R. A. W. Van Lier. 1989. The
influence of cyclosporine A on the alternative pathways of human
T cell activation in vitro. Eur. J. Immunol. 19:943-946.

6. Bose, H. R., Jr. 1992. The Rel family: models for transcriptional
regulation and oncogenic transformation. Biochim. Biophys. Acta
1114:1-17.

7. Boussiotis, V. A., G. J. Freeman, J. G. Gribben, J. Daley, G. Gray,
and L. M. Nadler. 1993. Activated human B lymphocytes express
three CTLA-4 counterreceptors that costimulate T-cell activation.
Proc. Natl. Acad. Sci. USA 90:11059-11063.

7a.Bryan, R. G., Y. Li, R. R. Rich, and T.-H. Tan. Unpublished
observations.

8. Cerdan, C., Y. Martin, M. Courcoul, H. Brailly, C. Mawas, F. Birg,
and D. Olive. 1992. Prolonged IL-2 receptor a/CD25 expression
after T cell activation via the adhesion molecules CD2 and CD28.
J. Immunol. 149:2255-2261.

9. Civil, A., M. Geerts, L. A. Aarden, and C. L. Verweij. 1992.
Evidence for a role of CD28RE as a response element for distinct
mitogenic T cell activation signals. Eur. J. Immunol. 22:3041-3043.

10. Costello, R., C. Lipcey, M. Algarte, C. Cerdan, P. A. Baeuerle, D.
Olive, and J. Imbert. 1993. Activation of primary human T-
lymphocytes through CD2 plus CD28 adhesion molecules induces
long-term nuclear expression of NF-KB. Cell Growth Differ. 4:
329-339.

11. Crenon, I., C. Beraud, P. Simard, J. Montagne, P. Veschambre,
and P. Jalinot. 1993. The transcriptionally active factors mediating
the effect of the HTLV-I Tax transactivator on the IL-2Ra KB
enhancer include the product of the c-rel proto-oncogene. Onco-
gene 8:867-875.

12. Dignam, J. D., R. M. Lebovitz, and R. G. Roeder. 1983. Accurate
transcription initiation by RNA polymerase II in a soluble extract
from isolated mammalian nuclei. Nucleic Acids Res. 11:1475-
1489.

13. Du, W., D. Thanos, and T. Maniatis. 1993. Mechanisms of
transcriptional synergism between distinct virus-inducible en-
hancer elements. Cell 74:887-898.

14. Fraser, J. D., B. A. Irving, G. R. Crabtree, and A. Weiss. 1991.
Regulation of interleukin-2 gene enhancer activity by the T cell
accessory molecule CD28. Science 251:313-316.

MOL. CELL. BIOL.



c-Rel AND CD28 SIGNAL TRANSDUCTION 7941

15. Fraser, J. D., and A. Weiss. 1992. Regulation of T-cell lymphokine
gene transcription by the accessory molecule CD28. Mol. Cell.
Biol. 12:4357-4363.

16. Freeman, G. J., J. G. Gribben, V. A. Boussiotis, J. W. Ng, V. A.
Restivo, Jr., L. A. Lombard, G. S. Gray, and L. M. Nadler. 1993.
Cloning of B7-2: a CrLA-4 counterreceptor that costimulates
human T cell proliferation. Science 262:909-911.

17. Ghosh, P., T.-H. Tan, N.R Rice, and H. A. Young. 1993. The IL-2
CD28-responsive complex contains at least three members of the
NF-KB family: c-Rel, p50 and p65. Proc. Natl. Acad. Sci. USA 90:
1696-1700.

18. Gimmi, C. D., G. J. Freeman, J. G. Gribben, G. Gray, and L. M.
Nadler. 1993. Human T-cell clonal anergy is induced by antigen
presentation in the absence of B7 costimulation. Proc. Natl. Acad.
Sci. USA 90:6586-6590.

19. Granelli-Piperno, A., and P. Nolan. 1991. Nuclear transcription
factors that bind to elements of the IL-2 promoter. Induction
requirements in primary human T cells. J. Immunol. 147:2734-
2739.

20. Grilli, M., J. J.-S. Chiu, and M. J. Lenardo. 1992. NF-KB and rel
participants in a multiform transcriptional regulatory system. Int.
Rev. Cytol. 143:1-62.

21. Gruters, R A., S. A. Otto, B. J. M. Al, A. J. Verhoeven, C. L.
Verwei, R. A. W. Van Lier, and F. Miedema. 1991. Non-mitogenic
T cell activation signals are sufficient for induction of human
immunodeficiency virus transcription. Eur. J. Immunol. 21:167-172.

22. Hansen, J. A., P. J. Martin, andR C. Nowinski. 1980. Monoclonal
antibodies identifying a novel T-cell antigen and Ia antigens of
human lymphocytes. Immunogenetics 10:247-260.

23. Harding, F. A., J. G. McArthur, J. A. Gross, D. H. Raulet, and J. P.
Allison. 1992. CD28-mediated signalling co-stimulates murine T
cells and prevents induction of anergy in T-cell clones. Nature
(London) 356:607-609.

24. Henkel, T., U. Zabel, K. van Zee, J. M. Muller, E. Fanning, and
P. A. Baeuerle. 1992. Intramolecular masking of the nuclear
location signal and dimerization domain in the precursor for the
p50 NF-KB subunit. Cell 68:1122-1133.

25. Hiscott, J., J. Marois, J. Garoufalis, M. D'Addario, A. Roulson, I.

Kwan, N. Pepin, J. Lacoste, H. Nguyen, G. Bensi, and M. Fenton.
1993. Characterization of a functional NF-KB site in the human
interleukin 1P promoter: evidence for a positive autoregulatory
loop. Mol. Cell. Biol. 13:6231-6240.

25a.Horvath, G., and T.-H. Tan. Unpublished observations.
26. June, C. H., J. A. Bluestone, L. M. Nadler, and C. B. Thompson.

1994. The B7 and CD28 receptor families. Immunol. Today 15:
321-331.

27. June, C. H., J. A. Ledbetter, M. M. Gillespie, T. Lindsten, and
C. B. Thompson. 1987. T-cell proliferation involving the CD28
pathway is associated with cyclosporine-resistant interleukin 2
gene expression. Mol. Cell. Biol. 7:4472-4481.

28. Kaszubska, W., R H. Van Huisduijnen, P. Ghersa, A.-M. De-
Raemy-Schenk, B. P. C. Chen, T. Hai, J. F. DeLamarter, and J.
Whelan. 1993. Cyclic AMP-independent ATF family members
interact with NF-KB and function in the activation of the E-
selectin promoter in response to cytokines. Mol. Cell. Biol. 11:
7180-7190.

29. Kerr, L. D., L. J. Ransone, P. Wamsley, M. J. Schmitt, T. G. Boyer,
Q. Zhou, A. J. Berk, and L. M. Verma. 1993. Association between
proto-oncoprotein Rel and TATA-binding protein mediates tran-
scriptional activation by NF-KB. Nature (London) 365:412-419.

30. Kohno, K., Y. Shibata, Y. Matsuo, and J. Minowada. 1990. CD28
molecule as a receptor-like function for accessory signals in
cell-mediated augmentation of IL-2 production. Cell. Immunol.
131:1-10.

31. Ledbetter, J. A., J. B. Imboden, G. L. Schieven, L. S. Grosmaire,
P. S. Rabinovitch, T. Lindsten, C. B. Thompson, and C. H. June.
1990. CD28 ligation in T-cell activation: evidence for two signal
transduction pathways. Blood 75:1531-1539.

32. Lindsten, T., C. H. June, J. A. Ledbetter, G. Stella, and C. B.
Thompson. 1989. Regulation of lymphokine messenger RNA
stability by a surface-mediated T cell activation pathway. Science
244:339-343.

33. Linsley, P. S., W. Brady, L. Grosmaire, A. Aruffo, N. K. Damle, and

J. A. Ledbetter. 1991. Binding of the B cell activation antigen B7
to CD28 costimulates T cell proliferation and interleukin 2 mRNA
accumulation. J. Exp. Med. 173:722-730.

34. Linsley, P. S., and J. A. Ledbetter. 1993. The role of the CD28
receptor during T cell responses to antigen. Annu. Rev. Immunol.
11:191-212.

35. Liou, H.-C., and D. Baltimore. 1993. Regulation of the NF-KB/rel
transcription factor and IKB inhibitor system. Curr. Opin. Cell
Biol. 5:477-487.

36. Lu, Y., A. Granelli-Piperno, J. M. Bjorndahl, C. A. Phillips, and
J. M. Trevillyan. 1992. CD28-induced T cell activation: evidence
for a protein-tyrosine kinase signal transduction pathway. J.
Immunol. 149:24-29.

37. Mercurio, F., J. A. DiDonato, C. Rosette, and M. Karin. 1992. p105
and p98 precursor proteins play an active role in NF-KB-mediated
signal transduction. Genes Dev. 7:705-718.

38. Meuer, S. C., R. E. Hussey, M. Fabbi, D. Fox, 0. Acuto, K. A.
Fitzgerald, J. C. Hodgdon, J. P. Protentis, S. F. Schlossman, and
E. L. Reinherz. 1984. An alternative pathway of T-cell activation:
a functional role for the 50 kd T11 sheep erythrocyte receptor
protein. Cell 36:897-906.

39. Mosialos, G., and T. D. Gilmore. 1993. vRel and cRel are
differentially affected by mutations at a consensus protein kinase
recognition site. Oncogene 8:722-730.

40. Nakayama, K., H. Shimizu, K. Mitomo, T. Watanabe, S.-I. Oka-
moto, andKI-I. Yamamoto. 1992. A lymphoid cell-specific nuclear
factor containing c-Rel-like proteins preferentially interacts with
interleukin-6 KB-related motifs whose activities are repressed in
lymphoid cells. Mol. Cell. Biol. 12:1736-1746.

41. Neumann, M., K. Tsapos, J. A. Scheppler, J. Ross, and B. R.
Franza, Jr. 1992. Identification of complex formation between two
intracellular tyrosine kinase substrates: human c-Rel and the p105
precursor of p50 NF-KB. Oncogene 7:2095-2104.

42. Nunes, J., M. Bagnasco, M. Lopez, C. Lipcey, C. Mawas, and D.
Olive. 1993. Dissociation between early and late events in T cell
activation mediated through CD28 surface molecule. Mol. Immu-
nol. 28:427-435.

43. Nunes, J., S. Klasen, M. Ragueneau, C. Pavon, D. Couez, C.
Mawas, M. Bagnasco, and D. Olive. 1993. CD28 mAbs with
distinct binding properties differ in their ability to induce T cell
activation: analysis of early and late activation events. Int. Immu-
nol. 5:311-315.

44. Perkins, N. D., N. L. Edwards, C. S. Duckett, A. B. Agranoff, R M.
Schmid, and G. J. Nabel. 1993. A cooperative interaction between
NF-KB and Spl is required for HIV-1 enhancer activation. EMBO
J. 12:3551-3558.

45. Poggi, A., C. Bottino, M. R. Zocchi, G. Pantaleo, E. Ciccone, C.
Mingari, L. Moretta, and A. Moretta. 1987. CD3+WT31- periph-
eral T lymphocytes lack T44 (CD28), a surface molecule involved
in activation of T cells bearing the a/P heterodimer. Eur. J.
Immunol. 17:1065-1068.

46. Rice, N. R., M. L. MacKichan, and A. Israel. 1992. The precursor
of NF-KB p50 has IKB-like functions. Cell 71:243-253.

47. Samelson, L. E., M. C. Fletcher, J. A. Ledbetter, and C. H. June.
1990. Activation of tyrosine phosphorylation in human T cells via
the CD2 pathway. Regulation by the CD45 tyrosine phosphatase.
J. Immunol. 145:2448-2454.

48. Schwartz, R H. 1992. Costimulation of T lymphocytes: the role of
CD28, CTLA-4, and B7/BB1 in interleukin-2 production and
immunotherapy. Cell 71:1065-1068.

49. Sica, A., T.-H. Tan, N. Rice, M. Kretzschmar, P. Ghosh, and H.
Young. 1992. c-Rel but not NF-KB binds to the intronic region of
the human interferon-y gene at a site related to an interferon
stimulatable response element (ISRE). Proc. Natl. Acad. Sci. USA
89:1740-1744.

50. Stein, B., A. S. Baldwin, Jr., D. W. Ballard, W. C. Greene, P. Angel,
and P. Herrich. 1993. Cross-coupling of the NF-KB p65 and fos/jun
transcription factors produces potentiated biological function.
EMBO J. 12:3879-3891.

51. Stein, B., P. C. Cogswell, and A. S. Baldwin, Jr. 1993. Functional
and physical association between NF-KB and C/EBP family members:
a Rel domain-bZIP interaction. Mol. Cell. Biol. 13:3964-3974.

52. Sun, S.-C., P. A. Ganchi, D. W. Ballard, and W. C. Greene. 1993.

VOL. 14, 1994



MOL. CELL. BIOL.

NF-KB controls expression of inhibitor IKBor: evidence for an

inducible autoregulatory pathway. Science 259:1912-1915.
53. Tan, P., C. Anasetti, J. A. Hansen, J. Melrose, M. Brunvand, J.

Bradshaw, J. A. Ledbetter, and P. S. Linsley. 1993. Induction of
alloantigen-specific hyporesponsiveness in human T lymphocytes
by blocking interaction of CD28 with its natural ligand B7/BB1. J.
Exp. Med. 177:165-173.

54. Tan, T.-H., G. P. Huang, A. Sica, P. Ghosh, H. A. Young, D. L.
Longo, and N. R. Rice. 1992. KB site-dependent activation of the
interleukin 2 receptor ax-chain gene promoter by human c-Rel.
Mol. Cell. Biol. 12:4067-4075.

55. Thompson, C. B., T. Lindsten, J. A. Ledbetter, S. L. Kunkel, H. A.
Young, S. G. Emerson, J. M. Leiden, and C. H. June. 1989. CD28
activation pathway regulates the production of multiple T-cell-
derived lymphokines/cytokines. Proc. Natl. Acad. Sci. USA 86:
1333-1337.

56. Tong-Starksen, S. E., P. A. Luciw, and B. M. Peterlin. 1989.
Signalling through T lymphocyte surface proteins, TCR/CD3 and
CD28, activates the HIV-1 long terminal repeat. J. Immunol. 142:
702-707.

57. Vandenberghe, P., G. J. Freeman, L. M. Nadler, M. C. Fletcher,
M. Kamoun, L. A. Turka, J. A. Ledbetter, C. B. Thompson, and
C. H. June. 1992. Antibody and B7/BB1-mediated ligation of the
CD28 receptor induces tyrosine phosphorylation in human T cells.
J. Exp. Med. 175:951-960.

58. Verweij, C. L., M. Geerts, and L. A. Aarden. 1991. Activation of
interleukin-2 gene transcription via the T-cell surface molecule
CD28 is mediated through an NF-kB-like response element. J.
Biol. Chem. 266:14179-14182.

59. Weiss, A., and D. R. Littman. 1994. Signal transduction by
lymphocyte antigen receptors. Cell 76:263-274.

60. Williams, T. M., D. M. Moolten, H. Makni, H. W. Kim, J. A. Kant,
and M. Kamoun. 1992. CD28-stimulated IL-2 gene expression in
Jurkat T cells occurs in part transcriptionally and is cyclosporine-A
sensitive. J. Immunol. 148:2609-2616.

61. Xu, X., C. Prorock, H. Ishikawa, E. Maldonado, Y. Ito, and C.
Gelinas. 1993. Functional interaction of the v-Rel and c-Rel
oncoproteins with the TATA-binding protein and association with
transcription factor IIB. Mol. Cell. Biol. 11:6733-6741.

7942 BRYAN ET AL.


