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Mutagenesis studies have demonstrated the requirement for the CD28-responsive element (CD28RE) within
the interleukin-2 (IL-2) promoter for transcriptional upregulation by CD28. Here, we demonstrate that CD28
responsiveness is conferred by a composite element containing both the CD28RE and the NF-IL-2B AP-1 sites
(RE/AP). Mutations at either site within the RE/AP composite element abolish activity. The RE/AP composite
element is a site for signal integration within the IL-2 promoter, since its activation is dependent on at least
two separate signalling pathways being activated, through the T-cell receptor, CD28, and/or phorbol myristate
acetate. Activation is maximal when all three signals occur simultaneously. By using a panel of CD28
cytoplasmic domain mutants, it was found that the transcriptional activation of the RE/AP composite element
correlates exactly with the pattern of IL-2 secretion induced by these mutants upon stimulation. Similar to the
upregulation of IL-2 secretion, the transcriptional upregulation of the RE/AP composite element by CD28 is
FK506 insensitive. The pattern of activation of the RE/AP composite element is different from that observed for
either an NFAT or consensus AP-1 site, implying that RE/AP represents a unique element. Using gel shift
analysis, we demonstrate that stimulation by CD28 induces the association of the NF-kB family member c-Rel
to the CD28RE within the RE/AP composite element. The transcriptional upregulation of IL-2 by CD28
appears, therefore, to be mediated through the RE/AP composite element, involving the association of c-Rel
with the CD28RE.

Activation of T cells by recognition of antigens and major
histocompatibility complex products on the surfaces of anti-
gen-presenting cells initiates a series of biochemical events
leading to T-cell proliferation and cytokine secretion (33).
Stimulation through the T-cell receptor (TCR) alone is insuf-
ficient for T-cell proliferation or interleukin-2 (IL-2) produc-
tion. In the absence of costimulation, a state of unresponsive-
ness, termed anergy, may develop (13, 18). The failures to
produce and respond to IL-2 are the major determinants of
anergy. CD28, a 44-kDa glycoprotein expressed as a ho-
modimer on most T cells, can mediate costimulation. Induc-
tion of anergy in T-cell clones was found to be blocked by
activation of CD28 by monoclonal antibodies (7).

One consequence of T-cell activation is the expression of
IL-2, due to both transcriptional upregulation and stabilization
of IL-2 mRNA. Transcriptional upregulation is mediated by
the IL-2 promoter, contained within approximately 300 bp
upstream from the transcriptional start site (reviewed in ref-
erences 11 and 22). Engagement of CD28 enhances activation
of the IL-2 promoter resulting from either TCR stimulation or
use of phorbol esters such as phorbol myristate acetate (PMA).
Mutagenesis studies have demonstrated that a CD28-respon-
sive element (CD28RE), located within the IL-2 promoter
between 2160 and 2152 relative to the transcriptional start
site, is required for CD28-induced IL-2 promoter upregulation
(3). Similar sites for CD28-mediated transcriptional activation

have been discovered within the promoters of the genes en-
coding IL-3, granulocyte-macrophage colony-stimulating fac-
tor, and gamma interferon (4). However, IL-2 production ap-
pears to be more tightly dependent upon CD28 costimulation
(13).

While the CD28RE is required for CD28-mediated tran-
scriptional activation of the IL-2 promoter, the transcription
factors involved in this upregulation remain in question. The
CD28RE has homology to a consensus NF-kB site, and the
NF-kB family members p50 (NFKB1), p65 (RelA), and c-Rel
have been implicated in activation through the CD28RE (5,
17). Additionally, nuclear expression of all three family mem-
bers is increased upon CD28 stimulation (5). There is also
evidence that NFAT, a protein with weak homology to the rel
DNA binding domain of the NF-kB family, may also function
at the CD28RE (6, 24). The analysis of c-Rel knockout mice
has also demonstrated that c-Rel is critical for IL-2 gene ex-
pression, including CD28-mediated upregulation (16). How-
ever, whether c-Rel plays a direct or an indirect role in IL-2
activation is not yet known. Recent evidence has implicated
c-Rel in upregulating AP-1 activity (28) and in a possible func-
tional association with JNK1 (19). In contrast, other studies
have also demonstrated the binding to the CD28RE of pro-
teins that do not appear to be of the appropriate molecular
weight to belong to either the NF-kB or the NFAT family (1,
4). Therefore, there is still much uncertainty as to how CD28
mediates transcriptional regulation through the CD28RE.

CD28 has also been shown to upregulate the activity of
another transcription factor in T cells, AP-1 (23, 30). There are
several nonconsensus sites for AP-1 binding within the IL-2
promoter: by itself at the NF-IL-2B site, in association with
NFAT proteins at the NF-IL-2E site, and in association with
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octamer proteins at the NF-IL-2A site. In T cells, JNK kinase
activity (and therefore activation of AP-1 through one compo-
nent, c-jun) could not be stimulated through the TCR alone
but required costimulatory signals that could be provided by
CD28 stimulation (30). Hence, CD28 may transcriptionally
activate genes through AP-1 sites in addition to the CD28RE.

Interestingly, the CD28RE of the IL-2 promoter is separated
from an adjacent AP-1 site (the NF-IL-2B site) by only 2 bp.
Therefore, it seemed possible that full CD28 responsiveness in
the IL-2 promoter might be mediated by both of these ele-
ments and that they might act synergistically in mediating
CD28 upregulation of a reporter construct containing both
sites. Our results demonstrate that an element composed of
both the CD28RE and the NF-IL-2B AP-1 sites (RE/AP)
functions as a composite unit. Mutation at either the CD28RE
or the NF-IL-2B AP-1 site abolished all activation, including
CD28 upregulation. The RE/AP composite element is a site
for signal integration within the IL-2 promoter, since its acti-
vation is dependent on at least two separate signalling path-
ways being activated, i.e., through the TCR, CD28, and/or
PMA. Activation is maximal when all three signals occur si-
multaneously. CD28-mediated activation of the RE/AP re-
porter is resistant to FK506 inhibition, consistent with CD28
costimulation of IL-2 production being FK506 insensitive. The
pattern of activation of the RE/AP composite element is dif-
ferent than that observed with either an NFAT or consensus
AP-1 site, implying that RE/AP represents a unique element.
By testing with a panel of CD28 cytoplasmic domain mutants,
the transcriptional activation of the RE/AP composite element
was found to correlate exactly with the pattern of IL-2 secre-
tion induced by these mutants upon stimulation. By gel shift
analysis, we demonstrate that stimulation by CD28 induces the
association of the NF-kB family member c-Rel with the
CD28RE within the RE/AP composite element. Thus, CD28
activation of the IL-2 promoter appears to be mediated by a
composite element composed of both the CD28RE and the
adjacent NF-IL-2B sites, and c-Rel may be the major compo-
nent mediating activation of the CD28RE.

MATERIALS AND METHODS

Plasmids. pCMV4 p65 and pCMV4 c-Rel were provided by Warner Greene.
pCMV p50 was kindly provided by Tim Finco and Al Baldwin. The RE/AP
reporter plasmids were constructed by multimerizing oligonucleotides into the
SalI site of pDODLO, a generous gift from Barry Starr and Keith Yamamoto.
The 3xNFAT luc and 4xAP-1 luc reporters have been previously described (28).
Each of the RE/AP reporter constructs contains four copies of the oligonucle-
otide oriented in the reverse direction, as confirmed by sequencing. The oligo-
nucleotides used are as follows (uppercase letters refer to nucleotides from the
IL-2 promoter, while lowercase letters denote SalI linkers added for multimer-
ization):

RE/AP,

59 tcgagTTTAAAGAAATTCCAAAGAGTCATCAg 39
39 cAAATTTCTTTAAGGTTTCTCAGTAGTcagct59

REm/AP,

59 tcgagTTTAAAGACCTCGAAAAGAGTCATCAg 39
39 cAAATTTCTGGAGCTTTTCTCAGTAGTcagct59

RE/APm,

59 tcgagTTTAAAGAAATTCCAAATCAACATCAg 39
39 cAAATTTCTTTAAGGTTTAGTTGTAGTcagct59

REm/APm,

59 tcgagTTTAAAGACCTCGAAAAGCAACATCAg 39
39 cAAATTTCTGGAGCTTTTCGTTGTAGTcagct59

Transfections and luciferase assays. Luciferase assays and transfections were
performed as previously described (28).

Stimulations. Jurkat or EL-4 T cells were stimulated for either 6 h for lucif-
erase assays or 4 h for generating stimulated nuclear extracts. PMA (Calbio-

chem) was used at either 1, 5, or 25 ng/ml as described in Results. Ionomycin
(Calbiochem) was used at 1 mM. TCR stimulations were performed with the
anticlonotypic monoclonal antibody C305, at a 1:1,000 dilution of ascitic fluid.
For stimulations for nuclear extracts, C305 was used in solution. For stimulations
for luciferase, C305 was bound to the plate. The plates were coated with 10 mg
of anti-mouse immunoglobulin in 0.1 M NaHCO3 overnight at 4°C. The plates
were washed four times with phosphate-buffered saline (PBS) and incubated
with a 1:1,000 dilution of C305 ascitic fluid in PBS overnight at 4°C. Prior to use,
the plates were washed four times with PBS. The anti-human CD28 monoclonal
antibody (9.3) was a generous gift from the Bristol-Myers-Squibb Pharmaceutical
Research Division. It was used at a 1:1,000 dilution of ascitic fluid. The anti-
mouse CD28 monoclonal antibody (37.51) was a generous gift from Jim Allison.
It was used at a 1:1,000 dilution of 1-mg/ml RPMI 1640.

Radiolabelling oligonucleotides. One hundred nanograms of annealed oligo-
nucleotide was incubated with 10 mM Tris HCl (pH 7.5)–10 mM MgCl2–50 mM
NaCl–1 mM dithioerythreitol–1 mM dGTP–1 mM dTTP–5 mCi of [32P]dATP–5
mCi of [32P]dCTP–10 U of Klenow fragment (Boehringer Mannheim) at room
temperature for at least 3 h. Free label was removed with a Sephadex G-50
microspin column (Pharmacia).

Electromobility shift assays (EMSAs). Nuclear extracts from Jurkat cells were
generated by the method of Schreiber et al. (25), as previously described. The
same oligonucleotides used to generate the RE/AP reporter plasmids were used
as probes. The NF-kB and AP-1 probe sequences are described elsewhere (28).
Gel shifts were performed as previously described, with the following buffer for
the reactions: 10 mM HEPES-KOH (pH 7.9), 50 mM NaCl, 5 mM Tris HCl (pH
7.5), 15 mM EDTA, 1 mM dithiothreitol, and 10% glycerol. Two and one-half
micrograms of poly(dI-dC) z poly(dI-dC) was used in each reaction as a nonspe-
cific competitor (Pharmacia). Five micrograms of nuclear extract was used in
each reaction. Approximately 0.2 ng of radiolabelled probe was used per reac-
tion. Reaction mixtures were incubated for 20 min at room temperature before
separation on a 4% nondenaturing 0.53 Tris-borate-EDTA–acrylamide gel. For
supershift studies, 1 ml of normal rabbit serum (NRS) or a specific antiserum was
added to the extracts 5 min prior to addition of the probe. Anti-p50 (sc-1191x)
and anti-p65 (sc372x) antibodies were purchased from Santa Cruz Biotechnol-
ogy. Anti-c-Rel (1136) antiserum was a generous gift from Nancy Rice.

RESULTS

CD28 costimulation of the IL-2 promoter through the
CD28RE (2, 3) or of a consensus AP-1 reporter alone (23, 30)
has been previously demonstrated. The CD28RE and adjacent
NF-IL-2B AP-1 sites in the IL-2 promoter are separated by
only two nucleotides; therefore, it seemed possible that CD28
responsiveness in the IL-2 promoter might be mediated by
both of these elements. This could explain the more stringent
requirement for IL-2 transcription activation, as compared to
other CD28-responsive lymphokines which do not have AP-1
sites adjacent to their CD28REs (4, 13, 32). Thus, these two
adjacent elements might act synergistically in mediating CD28
upregulation of a reporter construct containing both sites. An
oligonucleotide containing both the CD28RE and the NF-
IL-2B AP-1 sites was multimerized to generate a 4xRE/AP
luciferase reporter construct (Fig. 1A). In addition, reporter
constructs with mutations in either the CD28RE, the NF-
IL-2B AP-1 site, or both were created (12, 17). These reporters
were subsequently transfected into Jurkat T cells and exam-
ined for activation in response to a combination of PMA-
ionomycin and, for further activation, by the addition of anti-
CD28 antibodies. As shown in Fig. 1B, the wild-type 4xRE/AP
reporter construct was activated by PMA-ionomycin and was
further upregulated by the addition of anti-CD28 antibodies.
Mutations in either the CD28RE or the NF-IL-2B AP-1 site
abrogated responses to both stimuli, demonstrating that both
of these sites are required for transcriptional activation. This
result is surprising since CD28 would be expected to upregu-
late each site separately. Given this strong interdependence
between these two sites for activation and for upregulation by
CD28, the combination of the CD28RE and NF-IL-2B AP-1
sites appears to function as a composite element.

The signals required for activation of the composite RE/AP
element were further investigated by using Jurkat T cells (Fig.
2). Stimulation with PMA alone, ionomycin alone, anti-CD28
alone, or anti-TCR alone was insufficient to activate RE/AP.
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However, combinations of these signals effectively and strongly
activated the RE/AP reporter construct. Stimulation with anti-
CD28 and PMA weakly stimulated RE/AP activity, i.e., from
two- to sevenfold depending upon the PMA concentration
(Fig. 2A); the higher the PMA concentration, the greater the
upregulation of the RE/AP reporter. The combination of stim-
ulation with anti-CD28 and anti-TCR also weakly stimulated
RE/AP activity, by approximately threefold (Fig. 2B). The
combination of anti-TCR and PMA activated RE/AP from 3-
to 25-fold, depending on PMA concentration (Fig. 2B). The
combination of all three signals, those from PMA, anti-CD28,
and anti-TCR, had the greatest effect on RE/AP activity, acti-
vating the reporter from 75- to 133-fold (Fig. 2B). The specific
effect of CD28 upregulation is greatest at lower PMA concen-
trations, activating the RE/AP reporter by 25-fold. Similar
activation was observed with the combination of PMA and
ionomycin; activation ranged from 2- to 24-fold, depending on
the PMA concentration, while the addition of anti-CD28 fur-
ther increased activation from 48- to 116-fold (Fig. 2C). This
pattern of activation was observed whether soluble or immo-
bilized anti-TCR was used (data not shown). Similarly, for the
murine T-cell lymphoma EL-4, the stimulation of the RE/AP
reporter in response to PMA and ionomycin was further in-
creased upon anti-CD28 stimulation (Figure 2D). One might
have expected that anti-TCR and anti-CD28 signals alone
would be sufficient for stimulation of the RE/AP composite
element; however, maximal transcriptional activation also re-
quired the addition of PMA. Therefore, the RE/AP composite
element may function in vivo to integrate signals not only from
the TCR and CD28 but also from a third, distinct pathway
activated by PMA. Together, these three signals may mimic the
complex interactions which occur when a T cell recognizes an
antigen on the surface of an antigen-presenting cell (29).

The upregulation of IL-2 secretion by CD28 has been pre-
viously shown to be insensitive to FK506, which inhibits the
serine/threonine phosphatase calcineurin (reviewed in refer-
ence 14). Similarly, if CD28-mediated upregulation of IL-2 is
mediated through the RE/AP composite element, then CD28-
mediated transcriptional activation of the RE/AP composite
element should also be insensitive to FK506. As shown in Fig.
3A, the activation of the RE/AP reporter construct by the
combination of PMA and anti-CD28 is not affected by FK506
addition. Therefore, both the PMA and CD28 pathways lead-
ing to RE/AP activation are FK506 insensitive. However, the
TCR-mediated upregulation of the RE/AP composite element
is sensitive to FK506 (Fig. 3A); transcriptional activation by

the combination of anti-TCR and PMA is abolished by FK506
treatment. However, in either case, anti-CD28 stimulation up-
regulated activation by approximately 10-fold. Therefore, sim-
ilar to the insensitivity of CD28 upregulation of IL-2 produc-
tion, the CD28-mediated transcriptional upregulation of the
RE/AP composite element is FK506 insensitive.

The activation of the RE/AP reporter element involves a
unique element, distinct from either a consensus AP-1 site
alone or an NFAT element, which is also found within the IL-2
promoter. The NF-IL-2E NFAT site at approximately 2280
relative to the transcriptional start site within the IL-2 pro-
moter is composed of both NFAT and AP-1 proteins (reviewed
in reference 21). However, as shown in Fig. 3, the activation
profiles of reporter constructs for the composite RE/AP ele-
ment, the consensus AP-1 site, and the NF-IL-2E NFAT sites
in response to various stimuli are quite distinct. By comparing
Fig. 3A and B, it can be seen that the NFAT reporter is
activated by anti-TCR alone, while this is insufficient for
RE/AP activation. Also, anti-CD28 treatment markedly up-
regulates RE/AP but has little effect on NFAT activation. In
addition, FK506 abolishes all activation of NFAT but does not
affect transcriptional upregulation of RE/AP by PMA and anti-
CD28. Likewise, the activation of RE/AP is separate and dis-
tinct from the activation of the consensus AP-1 site (compare
Fig. 3A and C). Treatment by anti-TCR alone is sufficient to
activate the AP-1 reporter construct and is insensitive to
FK506 treatment, while treatment by anti-TCR alone is insuf-
ficient to activate RE/AP and is sensitive to FK506 treatment.
Therefore, the RE/AP composite element is a unique element,
unlike either a consensus AP-1 site or an NFAT site.

To examine whether the transcriptional upregulation of the
RE/AP composite element mimics the effects of CD28 upon
IL-2 production, we utilized a panel of Jurkat stable cell lines
which express either the wild-type murine CD28 or various
C-terminal truncations (31). The ability of these mutated
CD28 molecules to influence IL-2, as previously reported (31),
is summarized in Fig. 4A; only the wild-type CD28 and the T1
C-terminal truncation are capable of increasing IL-2 secretion,
while further C-terminal truncations (T2, T3, and TL) cannot.
Similarly, only the wild-type and T1 murine CD28 molecules
increased activation of the composite RE/AP reporter con-
struct upon stimulation with an antibody specific to murine
CD28 (37.51) in combination with stimulation by anti-TCR–
PMA (Fig. 4B). No activation of the composite RE/AP ele-
ment was observed with the T2, T3, or TL mutation. However,
in each of these cell lines, transcriptional upregulation of the
RE/AP composite element was observed when it was costimu-
lated through the endogenous human CD28 molecule by using

FIG. 1. CD28-mediated activation requires both the CD28RE and the adja-
cent NF-IL-2B AP-1 site. (A) The sequence of the RE/AP oligonucleotide
containing both the CD28RE and the adjacent NF-IL-2B sites is shown. In
addition, the sequences of the mutated oligonucleotides are shown for compar-
ison to that of the wild-type RE/AP (mutations are in lowercase). (B) Jurkat T
cells (107) were transfected with 20 mg of each reporter construct. Forty to 48 h
later, 105 live cells per sample were left unstimulated (2) or were stimulated (1)
with 25 ng of PMA per ml and 1 mM ionomycin, with or without anti-CD28 (9.3)
(aCD28). Cells were stimulated for 6 h. The data is shown as relative luciferase
activity, with each value divided by the luciferase activity obtained from the
transfection with 4xRE/AP in the absence of any stimulation (51.0). The results
represent the averages of two independent experiments, with the error bars
reflecting the standard errors of the means.
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specific monoclonal antibody 9.3. Thus, there appears to be an
exact correlation between increased IL-2 production and tran-
scriptional upregulation of RE/AP by various mutants of
CD28, implying that the increase in IL-2 is mediated transcrip-
tionally through the RE/AP composite element.

Since the RE/AP composite element mediates CD28 tran-
scriptional activation of the IL-2 promoter, we were interested
in identifying the proteins involved in this upregulation. Other
studies have implicated the involvement of NFAT family mem-
bers at the CD28RE (6, 24). However, our results (Fig. 3), in
which the activation profiles of the composite RE/AP element

and NFAT are quite distinct, argue against a role for NFAT
proteins in RE/AP regulation. It has also been reported that
NF-kB family members can activate transcription from the
CD28RE (5, 17). To determine whether NF-kB family mem-
bers can also activate transcription of the RE/AP composite
element, the NF-kB family members p50, p65, and c-Rel were
overexpressed in Jurkat cells and the effect on RE/AP reporter
activity was examined. Both p65 and c-Rel overexpression had
a dramatic effect on RE/AP activation, increasing it by approx-
imately 3 orders of magnitude (Fig. 5). In contrast, p50 over-
expression did not have an effect on RE/AP reporter activity.
Surprisingly, activation by p65 or c-Rel was dependent only on
the presence of a wild-type CD28RE; both p65 and c-Rel
overexpression activated a mutant RE/AP reporter construc-
tion in which the AP-1 site alone was mutated (Fig. 5, construct
RE/APm), while mutation of the CD28RE within the compos-
ite RE/AP element abolished the effect (constructs REm/AP
and REmAPm). These results differ from the response to anti-
TCR and anti-CD28 stimuli where both the CD28RE and the
adjacent AP-1 sites were absolutely required for transcrip-
tional activity (Fig. 1B). Since overexpression of either p65 or
c-Rel can stimulate activity from the mutated RE/APm re-
porter, which could not be otherwise stimulated by any com-
bination of antibodies or pharmacological agents, the activa-
tion observed upon overexpression by either p65 or c-Rel does
not reflect the events in vivo that occur upon T-cell activation.
Therefore, one cannot conclude from these overexpression

FIG. 2. Optimal stimulation of 4xRE/AP occurs when a combination of stim-
uli are used. (A) Jurkat T cells (107) were transfected with 20 mg of 4xRE/AP.
Forty to 48 h later, 105 live cells per sample were stimulated with either 1, 5, or
25 ng of PMA per ml and/or anti-CD28 (9.3) (aCD28) as indicated below the
graph. Cells were stimulated for 6 h. The data is shown as fold activation, with
all samples compared to the luciferase activity in the absence of any stimulation.
The results represent the averages of three independent experiments, with the
error bars reflecting the standard errors of the means. (B) Transfections were
performed as in panel A, except that all samples were also stimulated with
anti-TCR (prebound to the plate as described in Materials and Methods). (C)
Transfections were performed as in panel A, except that all samples were also
stimulated with 1 mM ionomycin. (D) Transfections were performed as in panel
C, except that the murine T-cell lymphoma EL-4 was used and the anti-murine-
CD28 monoclonal antibody 37.51 was used for stimulation.

FIG. 3. FK506 affects RE/AP stimulation by anti-TCR (aTCR) and ionomy-
cin but not by PMA or anti-CD28 (aCD28). (A) Transfections were performed
as described in the legend for Fig. 2A with a 4xRE/AP luciferase (luc) reporter.
Samples were left unstimulated (2) or were stimulated (1) with 5 ng of PMA or
anti-TCR (prebound to the plate as described in Materials and Methods) per ml.
Some samples were also stimulated with anti-CD28 (9.3) in the presence or
absence of 100 ng of FK506, as indicated below the graph. (B) Transfections
were performed as in panel A with a 4xNFAT luc reporter. (C) Transfections
were performed as in panel A with a 3xAP-1 luc reporter.
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studies whether p65 or c-Rel is physiologically relevant to
RE/AP activation.

To determine which, if any, NF-kB family members are
involved in transcriptional activation through the RE/AP com-

posite element, we sought to identify the transcription factors
which bind to the CD28RE site in RE/AP in response to
stimulation by using EMSAs. As shown in Fig. 6, an inducible
complex could be observed binding to the RE/AP composite
element when nuclear extracts from Jurkat T cells stimulated
under conditions that were shown previously to activate tran-
scription were used (Fig. 2). The additional stimulation by
anti-CD28 greatly increased the intensity of this induced broad
band (compare lane 3 to lane 2 and lane 5 to lane 4). No
specific complex was detected in response to anti-CD28 stim-
ulation. To further characterize the induced complex, oligonu-
cleotide probes of the RE/AP composite element containing
mutations at either the CD28RE or NF-IL-2B AP-1 site, or
both, were used (Fig. 7). When the AP-1 site alone was mu-
tated (RE/APm), a specific anti-CD28-induced band was re-
vealed (Fig. 7; compare lane 9 with lane 8 or 7). Mutation of
the CD28RE did not interfere with an induced complex bind-
ing to the AP-1 site of RE/AP, but this was induced by anti-
TCR–PMA stimulation alone and was not further increased
upon addition of anti-CD28. Mutation of both the CD28RE
and the adjacent NF-IL-2B AP-1 sites completely abrogated all
inducible binding of this complex. Hence, the one band in-
duced by anti-TCR–PMA–anti-CD28 appears to actually be
composed of two separate bands, which here only become
distinguishable upon mutagenesis of RE/AP: an AP-1 complex
bound to the NF-IL-2B site that is induced by anti-TCR–PMA
and a complex bound to the CD28RE of almost identical
mobility that is induced by anti-CD28.

To determine whether the proteins bound to the CD28RE
belonged to the NF-kB family of transcription factors, EMSAs
were performed with antibodies specific to p50, p65, or c-Rel.
NRS was included as a negative control. Only the anti-c-Rel

FIG. 4. Transcriptional activation of RE/AP by CD28 occurs only in those
mutants that upregulate IL-2 secretion. (A) Shown schematically are the CD28
truncations used and their effects on IL-2 secretion (1, intact costimulatory
function; 2, no costimulatory function). These results are summarized from
reference 31. MCD28, murine CD28. (B) Jurkat T cells (107) which stably
expressed wild-type murine CD28 or various truncations (T1, T2, T3, or TL)
were transfected with 20 mg of 4xRE/AP. Forty to 48 h later, 105 live cells per
sample were stimulated with anti-TCR and 5 ng of PMA per ml. Additionally,
some samples also received either anti-human or anti-murine CD28 antibodies
(aCD28 ab; as indicated below the graph by an h or m, respectively). Cells were
stimulated for 6 h. The data is shown as relative luciferase activity, with each
value divided by the luciferase activity obtained when the cells were stimulated
with PMA, anti-TCR, and anti-human CD28 (51.0). The results represent the
averages of three independent experiments, with the error bars representing the
standard errors of the means.

FIG. 5. p65 and c-Rel overexpression can activate transcription through the
CD28RE alone. Jurkat T cells (107) were transfected with 20 mg of 4xRE/AP,
4xREm/AP, 4xRE/APm, or 4xREm/APm luciferase reporter construct in combi-
nation with 5 mg of control vector pCDNA3, pCMV p50, pCMV4 p65, or
pCMV4 c-Rel expression constructs. Forty to 48 h later, 105 live cells were
examined for luciferase activity. Cells were stimulated for 6 h. The data is shown
as relative luciferase activity, with all samples compared to the transfection with
4xRE/AP and pCDNA3 vector control (51.0). The results represent the aver-
ages of three independent experiments, with the error bars representing the
standard errors of the means.

FIG. 6. Stimulation induces the binding of a complex to RE/AP. 32P-radio-
labelled RE/AP oligonucleotide was used as a probe in gel EMSAs. Five micro-
grams of nuclear extract was stimulated for 4 h with either anti-TCR (aTCR),
anti-CD28 (aCD28), or PMA as indicated above the gel shift. Nonspecific non-
induced bands and the free-probe band are not shown.

FIG. 7. A specific complex can be induced by anti-CD28 stimulation. 32P-
radiolabelled RE/AP, REm/AP, RE/APm, and REm/APm oligonucleotides were
used as probes in gel EMSAs. Five micrograms of nuclear extract was stimulated
for 4 h with either anti-TCR (aTCR), anti-CD28 (aCD28) ascitic fluid, or 1 ng
of PMA per ml (as indicated above the gel shift). Nonspecific noninduced bands
and the free-probe band are not shown.
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antibodies supershifted proteins bound to RE/AP (Fig. 8A).
These supershifted bands were primarily detected when the
nuclear extracts were stimulated with anti-CD28 in addition to
anti-TCR–PMA (lane 12). When nuclear extract stimulated
with anti-TCR–PMA alone was used, only poor supershifting
by anti-c-Rel antibodies was observed (lane 11). There was no
detectable supershift with NRS, anti-p50, or anti-p65 antibod-
ies. Therefore, c-Rel but not p50 or p65 appears to be in the
induced complex bound to RE/AP. However, since the pro-
teins bound to the AP-1 site within the RE/AP composite
element comigrate with the complexes bound to the CD28RE
within the RE/AP composite element, from these EMSAs, it is
impossible to determine by the disappearance of the induced
band whether c-Rel represents a majority or a minority of the
induced complex at the CD28RE. Hence, the EMSAs were
repeated with the mutated RE/APm oligonucleotide as a
probe. Similar to the results obtained with RE/AP as a probe,
only the anti-c-Rel antibodies could supershift the complex
induced by anti-TCR–PMA–anti-CD28 (Fig. 8B, lane 12). In-
terestingly, the anti-c-Rel antibodies shifted nearly all of the

induced complex. Therefore, c-Rel is the major component of
the induced complex binding to the CD28RE. To verify that
the specific NF-kB antisera used could supershift the various
family members, a control oligonucleotide corresponding to
the NF-kB site from the IL-2Ra promoter was used in gel shift
assays, in which binding of p50, p65, and c-Rel had been
previously demonstrated (20). Supershifts induced by anti-p50,
anti-p65, and anti-c-Rel were readily detected (Fig. 8C, lanes 6,
9, and 12). Additionally, similar to previously published work
(5), stimulation through anti-CD28 greatly increased the
NF-kB activity in the nuclear extracts (compare lane 3 with
lane 2). Interestingly, the binding of all three NF-kB family
members examined, p50, p65, and c-Rel, to the consensus
NF-kB oligonucleotide was increased upon anti-CD28 stimu-
lation. This is in direct contrast to what was found for the
composite RE/AP element, where with anti-CD28 stimulation
only the association of c-Rel was found. As a negative control,
none of these antibodies had an effect on the binding of AP-1
proteins to a consensus AP-1 site (Fig. 8D). Therefore, while
anti-CD28 stimulation had the general effect of increasing the
binding of p50, p65, and c-Rel to a consensus NF-kB site, only
c-Rel was found to bind specifically and inducibly to the non-
consensus NF-kB found within the RE/AP composite element.

DISCUSSION

We have demonstrated that CD28 responsiveness within the
IL-2 promoter is conferred by a composite element composed
of both the CD28RE and the adjacent NF-IL-2B AP-1 sites.
Mutation of either the CD28RE or the NF-IL-2B AP-1 site
abolished not only activation by CD28, but also stimulation by
TCR, PMA, and/or ionomycin. Activation of RE/AP is not
solely dependent upon CD28 stimulation; considerable activa-
tion also occurs by stimulation with the combination of PMA
and either ionomycin or TCR. However, activation is maxi-
mally achieved when three signals are present: PMA, CD28,
and either TCR or ionomycin. CD28-mediated activation of
the RE/AP reporter is resistant to FK506 inhibition, consistent
with CD28 costimulation of IL-2 production being FK506 in-
sensitive. Therefore, RE/AP is a site of signal integration
within the IL-2 promoter. The activation profile of the RE/AP
reporter is separate and distinct from the activation profile of
either an NFAT or AP-1 reporter, demonstrating that RE/AP
represents a unique composite element. Using a panel of mu-
tants of CD28, we also show an exact correlation between
transcriptional upregulation of RE/AP and increases in IL-2
secretion induced by these mutants, implying a direct role for
the RE/AP composite element in the transcriptional upregu-
lation of the IL-2 promoter by CD28. We also examined which
factors may bind and mediate transactivation of the CD28RE
within RE/AP. Transient overexpression assays with the
NF-kB family members p50, p65, and c-Rel demonstrate that
both p65 and c-Rel but not p50 are potent activators of the
RE/AP reporter construct. However, this activation is depen-
dent only upon the presence of the wild-type CD28RE, not the
AP-1 site, and therefore may not reflect events at the RE/AP
composite element in vivo. Gel shift analysis, however, sug-
gests that the major event induced by CD28 stimulation is
c-Rel association with the CD28RE within the RE/AP com-
posite element.

Interestingly, when either the CD28RE or the NF-IL-2B
AP-1 site was mutated in RE/AP, the ability of the reporter to
be activated was completely abolished (Fig. 1). Activation of a
consensus AP-1 reporter alone (23, 30) by CD28 costimulation
has been previously demonstrated. The NF-IL-2B AP-1 site,
however, is a nonconsensus AP-1 site and therefore might not

FIG. 8. c-Rel is the predominant protein binding to the CD28RE. (A)
EMSAs were performed with an RE/AP probe as described in the legend for Fig.
6. In addition, all samples were incubated with either NRS, anti-p50 (ap50),
anti-p65, or anti-c-Rel antibodies as indicated above the gel shift. (B) EMSAs
were performed with the mutant RE/APm probe as described in the legend for
Fig. 6. In addition, all samples were incubated with either NRS, anti-p50, anti-
p65, or anti-c-Rel antibodies as indicated above the gel shift. The slight decrease
in the complex with the addition of anti-p65 antisera (lane 9) was not found
consistently when this experiment was repeated. (C) EMSAs were performed
with the consensus NF-kB site from the IL-2Ra promoter as a probe as de-
scribed in the legend for Fig. 6. In addition, all samples were incubated with
either NRS, anti-p50, anti-p65, or anti-c-Rel antibodies as indicated above the
gel shift. (D) EMSAs were performed with the consensus AP-1 site from the
metallothionein promoter as a probe as described in the legend for Fig. 6. In
addition, all samples were incubated with either NRS, anti-p50, anti-p65, or
anti-c-Rel antibodies as indicated above the gel shift.
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function equivalently to a consensus AP-1 site. Consistent with
this possibility, a multimerized NF-IL-2B site could not be
activated to the same extent as a consensus AP-1 reporter
(28a). Since mutation of the NF-IL-2B site in RE/AP elimi-
nates both activation and CD28 upregulation, the presence of
a wild-type NF-IL-2B site greatly affects stimulation through
the CD28RE. Hence, CD28 transcriptional activation of the
IL-2 promoter is mediated by a composite element containing
both the CD28RE and the nonconsensus NF-IL-2B AP-1 sites.
The functional requirement for both sites does not appear to
involve cooperative binding of transcription factors to the
CD28RE and NF-IL-2B sites, since mutation of one site does
not eliminate binding of factors to the other site (Fig. 7).
However, we cannot eliminate the possibility that cooperative
binding does occur when multimerized sites are used, as in our
transcriptional activation assays.

The identification of c-Rel by gel shift assays as the major
factor binding to the CD28RE is in apparent conflict with the
previously published work demonstrating that both p50 and
p65 can associate with the CD28RE (5, 17). Since the CD28RE
is an NF-kB-like site, it is not surprising that under different
conditions such as UV cross-linking (5), in vitro interactions
with many NF-kB family members can potentially occur. How-
ever, our results demonstrate that under conditions where
CD28 upregulates the nuclear expression of p50, p65, and
c-Rel (as shown by increased binding to the NF-kB site from
the IL-2Ra promoter), only c-Rel is associated with the
CD28RE in gel shift assays. Therefore, the CD28RE appears
to have a preference for c-Rel over other NF-kB family mem-
bers. It has also been shown that the CD28RE may represent
a novel site for NFAT binding (24). However, the differences
in the activation requirements between the RE/AP and NFAT
reporters argue against a functional role for NFAT in activa-
tion through the CD28RE (Fig. 3). Again, since the NFAT
DNA binding domain is distantly related to the rel homology
domain, it is not surprising that under certain in vitro condi-
tions an association of NFAT protein with the CD28RE can
occur. Differences between our results and those of others (6,
24) may also reflect the differences in the cell types and stim-
ulations used. Our data demonstrating a preference of the
CD28RE for c-Rel agrees with recent work showing that the
high-mobility group protein I(Y) preferentially enhances the
binding of c-Rel to the CD28RE within the IL-2 and granulo-
cyte-macrophage colony-stimulating factor promoters (8). Fi-
nally, our results suggesting a role for c-Rel in the function of
RE/AP are consistent with the failure of c-Rel-deficient T cells
to produce IL-2 (16), a phenotype not observed with either p50
or NFATp-deficient T cells (9, 26, 27, 34).

Arguments have also been made for the involvement of p65,
c-Rel, and NFAT in the activation of the CD28RE on the basis
of transient overexpression experiments (5, 6, 17). Consistent
with this, we found that overexpression of either p65 or c-Rel
had a profound effect on activation of RE/AP (Fig. 5). How-
ever, activation occurred even when the NF-IL-2B AP-1 site
was mutated (RE/APm) in these overexpression experiments.
Moreover, in our studies in which PMA, anti-TCR, and anti-
CD28 stimuli were used, only binding of c-Rel and not p65 to
the CD28RE was detected, even though CD28 upregulated the
nuclear binding of both p65 and c-Rel to a different NF-kB site
(Fig. 8). Therefore, we believe that c-Rel and not p65 is the
physiologically relevant NF-kB family member associating with
CD28RE. Most overexpression experiments measure activa-
tion 1 to 2 days after transfection, sufficient time for overex-
pression to set off a cascade of secondary events which then
lead to reporter activation. Therefore, overexpression alone is
not the definitive proof of direct involvement of a particular

transcription factor with an enhancer element. Within our own
experiments, overexpression of p65 or c-Rel led to activation of
the mutated RE/APm reporter. However, this mutated RE/
APm was not transcriptionally activated under any stimulation
conditions examined. Therefore, activation solely dependent
upon c-Rel or p65 is not likely to occur in vivo.

While our results clearly demonstrate a transcriptional up-
regulation by CD28 of the composite RE/AP element from the
IL-2 promoter, others have not been able to demonstrate any
activation of transcription by CD28 (32). This may represent
differences unique to the system in which the experiments were
performed; transcriptional upregulation of the IL-2 promoter
by CD28 has been demonstrated in human Jurkat T-cell clones
(2, 3) and in human peripheral blood T cells (3, 10), while the
lack of a transcriptional effect has been obtained primarily
from studies utilizing long-term murine T-cell clones (15, 32).
However, transcriptional activation by CD28 has been demon-
strated in murine T cells from a transgenic mouse containing
an AP-1 luciferase reporter (23). Additionally, we also ob-
served CD28-mediated upregulation of the RE/AP composite
element in the murine T-cell line EL-4 (Fig. 2D). Clarification
of the role of CD28 and c-Rel in transcriptional upregulation
of the IL-2 promoter through the RE/AP composite element in
primary murine cells will require the generation of an RE/AP
reporter transgenic mouse, which is in progress.
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