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We have characterized the regulation of nuclear factors involved in transcriptional control of the interleu-
kin-2 (IL-2) promoter-enhancer activity in Jurkat T cells stimulated with superantigen presented on HLA-DR
transfectants combined with the ligands LFA-3 (CDS8) and B7-1 (CD80). Gel shift analyses showed that
NF-AT was strongly induced in LFA-3-costimulated Jurkat T cells, suggesting that NF-AT is a key target
nuclear factor for the CD2-LFA-3 pathway. Studies using HLA-DR-B7-1-LFA-3 triple transfectants showed
that the LFA-3-induced NF-AT DNA binding activity was negatively regulated by B7-1 costimulation. In
contrast, induction of a CD28 response complex containing only c-Rel proteins was seen after B7-1 costimu-
lation. Both LFA-3 costimulation and B7-1 costimulation induced the AP-1 and NF-kB nuclear factors.
Distinct compositions of the NF-AT complexes were seen in B7-1- and LFA-3-costimulated cells. LFA-3 induced
primarily Jun-D, Fra-1, and Fra-2, while B7-1 induced June-D-Fos complexes. In contrast, AP-1 and NF-«B
complexes induced in B7-1- and LFA-3-costimulated T cells showed similar contents. Transient transfection of
Jurkat T cells with a construct encoding the IL-2 enhancer-promoter region (position —500 to +60) linked to
a luciferase reporter gene revealed that B7-1 costimulation was required to induce strong transcriptional
activity. Combined B7-1-LFA-3 costimulation resulted in a synergistic increase in IL-2 transcriptional activity.
Multimers of the AP-1, NF-AT, NF-kB, and CD28 response elements showed distinct kinetics and activity after
LFA-3 and B7-1 costimulation and revealed that B7-1 and LFA-3 converge to superinduce transcriptional
activity of the AP-1, NF-AT, and CD28 response elements. Transcriptional studies with an IL-2 enhancer-
promoter carrying a mutation in the CD28 response element site revealed that the activity was reduced by 80%
after B7-1 and B7-1-LFA-3 costimulation whereas the transcriptional activity induced by LFA-3 was unaf-
fected. Our data strongly suggest a selectivity in induction of nuclear factors by the CD2-LFA-3 and CD28-
B7-1 pathways. This selectivity may contribute to regulation of the levels of IL-2 induced by LFA-3 and B7-1

costimulation and favor autocrine and paracrine T-cell responses, respectively.

T lymphocytes require at least two signals in order to be
activated. The first signal involves ligation of the T-cell recep-
tor (TCR) by specific peptide-major histocompatibility com-
plexes, and a second signal is provided via costimulatory ad-
hesion ligand-receptor pair interactions (30-32, 48). CD2 (15)
and CD28 (55) are the two major adhesive receptors which are
present on a large fraction of T cells and they provide costimu-
latory signals after interaction with the ligands LFA-3 and B7-1
(1, 4, 33, 35, 43, 59). The CD2-LFA-3 pathway has previously
been shown to contribute to antigen-independent T-cell adhe-
sion, to induce a large amount of IFN and TNF, but to induce
only low levels of interleukin-2 (IL-2). The CD28-B7-1 path-
way superinduces IL-2 production and supports paracrine cell
growth (43, 50). It has further been demonstrated that ligation
of the CD28 receptor can prevent the induction of anergy in T
cells (24), while the CD2-LFA-3 pathway may have a role in
the reversal of an established anergic state (6). Thus, a dy-
namic interplay between the CD28 and CD2 pathways seems
to have a central role in regulating the balance between acti-
vation and anergy. Moreover, evidence for cross-talking be-
tween the CD2 and CD28 pathways to increase the production
of IL-2 and other cytokines has been reported (33, 43). IL-2 is
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the major T-cell growth factor which is transcribed in resting T
cells after ligation of the TCR combined with adequate co-
stimulation. The critical regulatory and inducible activity of the
IL-2 gene enhancer-promoter region occurs within the 300-bp
region immediately upstream of the start site (14, 21, 44). A
number of nuclear elements in the IL-2 gene promoter have
been shown to be involved in the regulation of IL-2 gene
transcriptional activity (14, 21, 44). These include the distal
binding site of the nuclear factor of activated T cells (NF-AT)
(52), the nuclear factor kB (NF-kB) binding site (51), the
activation protein 1 (AP-1)-responsive element (2, 37), the
CD28-responsive element (CD28RE) (18), and the octamer
(OCT-1)-responsive element (34). However, the physiological
extracellular signals that trigger the activation of the nuclear
factors that bind and activate these response elements in T
cells are poorly defined. The NF-kB/Rel family of transcription
factors includes pS50 (NFKB1), p52 (NFKB2), p65 (RelA),
RelB, and c-Rel (22, 23). In the inactive state, members of the
NF-«kB/Rel family are in complex with specific inhibitory sub-
units called IkB proteins (3, 25, 39). At least six species (IkBa,
IkBB, IkBy, Bcl-3, p100, and p105), which associate with NF-
kB/Rel proteins, are known (5).

The most well-characterized IkB protein is IkBa (54). Cell
activation induces the phosphorylation of IkBa and its subse-
quent proteolytic degradation (8, 54). The NF-kB complex
dissociates from the negative regulator IkB, translocates to the
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nucleus, and binds to the decameric sequence motif (25, 39).
The CD28RE within the IL-2 promoter contains a sequence
similar but not identical to the sequence of the kB site. Several
studies have demonstrated that members of the NF-«B/Rel
family of proteins are involved in the nuclear protein complex
that binds to the CD28RE, suggesting that this response ele-
ment is a modified kB response motif (19, 36, 58). The
CD28RE was originally defined as a major and unique re-
sponse element for the CD28-B7-1 signal transduction path-
way (18). However, recent data suggest that induction of bind-
ing of nuclear proteins to the CD28RE is not exclusive to the
CD28 pathway (12). The AP-1 transcription factor is a complex
composed of proteins belonging to the Jun and Fos families.
Heterodimers formed by one member of each family display
higher DNA binding capacity and more effective transactivat-
ing properties than homodimers formed by members of the
Jun family alone. The consensus AP-1 binding site has been
identified in several genes involved in T-cell activation (2, 37).
In addition, the AP-1 protein was demonstrated to complex
with both NF-AT and OCT-1, suggesting that this factor may
act in concert with other transcription factors to regulate a
variety of response elements (10, 13, 26, 27). NF-AT was orig-
inally described as a cyclosporine (CsA)-sensitive factor bind-
ing to the IL-2 promoter in T cells (7, 40, 45). At least two
related but distinct NF-AT proteins, NF-ATp and NF-ATc,
seem to exist in T cells. These proteins have identical binding
specificities and activation requirements (41, 42). Recent stud-
ies have demonstrated that NF-ATp is transcriptionally active
in B lymphocytes (11, 57) and that activated NF-AT may con-
tain members of the Fos and Jun families (26, 27, 47), indicat-
ing that NF-AT is a multicomplex protein.

We have recently shown that costimulation of T cells with
B7-1 and with LFA-3 generates distinct cytokine profiles (43).
Moreover, the CD2-LFA-3 and CD28-B7-1 pathways seem to
converge to superinduce T-cell cytokines (43). In the present
study the molecular base for CD2- and CD28-mediated co-
stimulation of T cells has been analyzed at the transcriptional
level. We demonstrate that the CD2 and CD28 pathways in-
duce distinct patterns of nuclear factors. The NF-AT protein
was found to be a potential target nuclear factor for the CD2-
LFA-3 pathway, while the induction of a prominent c-Rel
protein containing the CD28RE binding complex was solely
induced by the CD28-B7-1 pathway. This strongly suggests a
selectivity in the induction of nuclear factors by the CD2 and
CD28 pathways. Moreover, the CD2 and CD28 pathways con-
verged to superinduce NF-AT-responsive-element, AP-1-re-
sponsive-element-, and CD28RE-driven transcription in T
cells.

MATERIALS AND METHODS

Reagents. Staphylococcal enterotoxin E (SEE) was purchased from Toxin
Technology (Madison, Wis.). The protease inhibitors phenylmethylsulfonyl flu-
oride (PMSF), leupeptin, pepstatin, aprotinin, and Bestatin were purchased from
Boehringer Mannheim Scandinavia AB (Bromma, Sweden). [y->*P]ATP was
purchased from Amersham International (Amersham, England). T4 polynucle-
otide kinase and poly(dI-dC), were obtained from Pharmacia Biotech Inc. (Pis-
cataway, N.J.). Tris-borate-EDTA buffer and acrylamide-bisacrylamide, 29:1,
were purchased from Bio-Rad Laboratories (Upplands Viasby, Sweden). Gel
supershifts were performed with polyclonal antibodies (Abs) against c-Jun,
Jun-B, Jun-D, c-Fos, Fra-1, Fra-2, p50, p65, and c-Rel purchased from Santa
Cruz Biotechnology, Inc. (Santa Cruz, Calif.).

Transfected cell lines. Chinese hamster ovary (CHO) cells were transfected
with cDNA encoding the HLA-DR4, B7-1, and LFA-3 cell surface molecules, as
described in detail elsewhere (43, 20). The cell transfectants were generously
provided by D. Sansom, Bath, United Kingdom. The different CHO cells used in
this study were CHO (untransfected), CHO-DR (singly transfected to express
the HLA-DR molecule), CHO-DR/B7-1 (doubly transfected to express both
HLA-DR and human B7-1 molecules on their surfaces), CHO-DR/LFA-3 (dou-
bly transfected to express both HLA-DR and human LFA-3 molecules on their
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surfaces), and CHO-DR/B7-1/LFA-3 (triply transfected to express HLA-DR,
human B7-1, and human LFA-3 molecules on their surfaces). Single, double, and
triple transfectants expressing similar levels of the transfected molecules were
obtained by repeated cell sortings. The surface expression of HLA-DR, LFA-3,
and B7-1 was confirmed regularly by fluorescence-activated cell sorter analysis.

Cell culture. The human Jurkat leukemia T-cell line was maintained in culture
in RPMI 1640 supplemented with 2 mM glutamine and 10% fetal calf serum
(complete medium). All tests on the Jurkat T cells were performed at a concen-
tration of 10%ml in complete medium. The transfected CHO cells were irradi-
ated (8,000 rads) and added to the Jurkat cells at a concentration of 0.1 X 10%/ml
(16).

Plasmid construction. The human IL-2 promoter-enhancer fragment (—500 to
+60) was subcloned from plasmid SV-IL-2-CAT into the luciferase vector pGL-2
(Promega, Madison, Wis.). The —500-to-+60 fragment was prepared by PCR
with primers that created a 5’ Xhol site and a 3’ HindIII site. These sites were
used for overhang ligation into pGL-2 to create pIL-2-luciferase (pGL-2-Luc).
The IL-2 promoter mutated in the CD28RE region was generated by PCR-
directed splicing overlap extension. The PCR replaced 6 bp within the CD28RE
(from —159 to —164) in the IL-2 enhancer of the pGL-2-IL-2-Luc vector with the
sequence 5'-CCTCGA-3'. The final plasmid was sequenced to verify that no
unwanted mutations were introduced in the process of cloning. The AP-1-
luciferase reporter plasmid driven by the rat prolactin minimal promoter (RPP)
(=36 to +37) under the control of four copies of the human AP-1 site (46) was
kindly provided by M. Rincén and R. A. Flavell (Section of Immunobiology,
Howard Hughes Medical Institute, Yale University School of Medicine, New
Haven, Conn.). In order to produce reporter plasmids containing multimers of
the recognition sites for NF-kB, NF-AT, and the CD28 response complex
(CD28RC), double-stranded oligonucleotides containing these sites as well as
appropriate restriction enzyme sites were synthesized, cleaved, and ligated into
the Xhol site of the pLuc-prolactin minimal promoter plasmid. The orientation
for each element was confirmed by restriction enzyme cleavage. The tandem
sequences used to construct the different multimer-containing plasmids were as
follows: (i) four copies of the CD28RE (5'-AAAGAAAATTCC-3'), (ii) three
copies of the distal NF-AT binding site of the human IL-2 promoter (5'-GGA
GAAAAACTGTTTCATACAGAAGGC-3), (iii) four copies of the AP-1-re-
sponsive element (the 12-O-tetradecanoylphorbol-13-acetate [TPA]-responsive
element of the human collagenase promoter) (5'-TCGATTGAGTCAGGGTA
A-3"), and (iv) two copies of the NF-kB binding site of the human Ig k light chain
enhancer (5'-GGGACTTTCC-3").

DNA transfection and luciferase activity analysis. Transfection of Jurkat cells
was carried out by electroporation. Briefly, plasmid DNA was mixed with expo-
nentially growing Jurkat cells (20 X 10° cells/ml) in complete medium, and the
cells were electroporated in an electrocell manipulator 600 (BTX, San Diego,
Calif.) at 130 V and a capacitance of 1,700 pF. The transfected cells were
cultured for 24 h before being stimulated with the different CHO transfected cell
lines with or without 100 ng of SEE/ml. After various periods of time, cells from
each independent well were harvested, washed twice in phosphate-buffered sa-
line (PBS), and treated with lysis buffer (luciferase assay; Promega) for 5 to 10
min on ice. Lysates were spun down for 1 min, and all of the supernatants were
analyzed with luciferase reagent (Promega) and measured as duplicates in a
luminometer (MicroLumat LB 96 P; Berthold) for 5 s. The background mea-
surement was substracted from the measurement for each duplicate. Experimen-
tal values are expressed either as recorded light units of luciferase activity or as
relative activity compared to the activity of extracts from unstimulated cells.

IL-2 bioassay. The amount of IL-2 in supernatants was determined in a
microassay based on IL-2-dependent proliferation of the CTLL murine cell line
as described previously (43). Human Jurkat T cells (10°/ml) were cultured at
37°C in a humidified atmosphere containing 5% CO, in 96-well microtiter plates
(0.2 mljwell) with the different CHO transfectants (10° cells/ml) in either the
absence or presence of SEE (100 ng/ml). Cultured supernatants were collected
after 72 h of incubation and analyzed for IL-2 content. Supernatants (50 pl) from
72-h cultures were mixed with 5 X 10 IL-2-dependent CTLL cells in 50 pl of
medium (R10IF plus B-mercaptoethanol) and incubated for 21 h. Cells were
pulsed with 0.5 wCi of [*H]thymidine and harvested 4 h later.

Preparation of nuclear extracts. Human Jurkat leukemia T cells (3 X 107 to
5 X 107) were stimulated with various irradiated transfected CHO cells (8,000
rads) in the absence or presence of SEE (100 ng/ml) at 37°C (in a humidified
atmosphere containing 5% CO,). The cells were harvested after 6 h of culture,
and T cells were separated from CHO cells by a plastic adherence technique. The
harvested T cells were resuspended in 10 ml of PBS and pelleted by centrifuga-
tion for 5 min at 1,500 X g. The pellet was resuspended in 1 ml of PBS,
transferred into an Eppendorf tube, and repelleted by spinning for 15 s in a
microcentrifuge. The PBS was removed, and the cell pellet was resuspended in
500 wl of cold buffer A (10 mM HEPES, pH 7.8; 15 mM KCl; 2 mM MgCl,; 0.1
mM EDTA; 1 mM dithiothreitol; 1 mM PMSF). T cells were allowed to swell on
ice for 15 min, 25 wl of a 10% solution of Nonidet P-40 was added, and the tube
was vortexed vigorously for 10 s. The homogenate was centrifuged, the nuclear
pellet was resuspended in 100 pl of ice-cold buffer B (20 mM HEPES, pH 7.9;
0.4 M NaCl; 1 mM EDTA; 1 mM EGTA; 1 mM dithiothreitol; 1 mM PMSF),
and the tube was rocked for 15 min at 4°C on a shaking platform. The nuclear
extract was centrifuged for 5 min at 4°C and the supernatant was frozen in
aliquots at —70°C. Before use of buffers A and C, a mixture of the protease
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inhibitors was added as follows: 0.5 pg of leupeptin/ml, 0.7 pg of pepstatin/ml, 1
wg of aprotinin/ml, and 40 pg of Bestatin/ml. Usually, 1 to 2 pl of the nuclear
extract (2 to 4 pg of protein) was used for a gel shift assay in the presence of 3
ug of poly(dI-dC) as described by Parra et al. (44) and Schreiber et al. (49).

Gel mobility shift assay (gel shift). The double-stranded oligonucleotides used
in the mobility shift assay were the OCT-1 consensus, 5'-CGTCTCATGCGAT
GCAAATCACTTGAGATC-3'; AP-1 consensus, 5'-CTAGTGATGAGTCAG
CCGGATC-3'; NF-kB consensus, 5'-GATCGAGGGGACTTTCCCTAGC-3';
CD28RE site of the human IL-2 promoter, 5'-CTCAAGATCAGAAATTCCA
AAGAGAC-3'; the distal NF-AT site of the human IL-2 promoter, 5'-GGAG
AAAAACTGTTTCATACAGAAGGC-3'; and the distal NF-AT site of the
murine IL-2 promoter, 5'-GATCGCCCAAAGAGGAAAATTTGTTTCATAC
AG-3'. The probes were 5’ end labeled with [y-*P]ATP as single DNA strands
by using T4 polynucleotide kinase (Promega) and then hybridized with the
corresponding strands and purified on 5% polyacrylamide gels in 1X TBE (89
mM Tris, 89 mM boric acid, 2 mM EDTA) (44). Nuclear protein extracts (3 to
5 pg/pl) were added to binding buffer (4 wl) containing 2 to 3 pg of poly(dI-dC),
as a nonspecific competitor. The reaction mixtures were incubated at 37°C for 30
min with 15,000 cpm of double-stranded *?P-labeled oligonucleotides in a final
volume of 15 pl. The samples were electrophoresed on 5% polyacrylamide gels
in 1X TBE. The gels were fixed (40% methanol and 10% acetic acid) for 15 min,
dried for 30 to 40 min at 80°C, and autoradiographed. For supershift analysis, the
mixtures of nuclear extract were incubated with 1 to 2 ug of Abs against various
transcription factors for 20 min before addition of 3?P-labeled oligonucleotides.
The blocking or shifting effect of Abs against Rel family proteins on band shifts
obtained with NF-kB-responsive element or CD28RE probes was tested. The
blocking or supershift of Abs against Fos and Jun proteins on band shifts with
AP-1- or NF-AT-responsive element probes was also tested. No effect was
observed in gel shift assays with control IgG or irrelevant monoclonal Ab.
Control experiments performed with the various Abs and DNA probes in the
absence of protein extract demonstrated that none of the Abs used bound
directly to the DNA target sequences (data not shown).

RESULTS

B7-1 and LFA-3 costimulate IL-2 protein secretion and IL-2
gene promoter transcriptional activity. We used a model
which mimicks the natural exposure of ligands to T cells by
presentation of bacterial superantigens on CHO cells trans-
fected with human major histocompatibility complex class II
(HLA-DR), B7-1, LFA-3, or their combinations. Recent stud-
ies of murine T-cell clones have indicated that CD28-mediated
superinduction of IL-2 is only marginally related to transcrip-
tional regulation (56). To elucidate the role of the CD2 and
CD28 pathways in IL-2 secretion and transcription, we corre-
lated the release of IL-2 to transcriptional activity by an IL-2
promoter-reporter gene assay. A large amount of IL-2 was
produced by B7-1-costimulated Jurkat cells, an increase in the
amount of IL-2 was induced by CHO-DR/B7-1/LFA-3 triple
transfectants, and a low level of induction was observed in
LFA-3-costimulated T cells (Fig. 1A). Jurkat T cells transiently
transfected with the human IL-2 enhancer-promoter region
fused to a luciferase reporter gene showed a 40-fold increase in
luciferase activity after B7-1 costimulation (Fig. 1B). In con-
trast, LFA-3-costimulated cells showed only a four- to fivefold
increase in luciferase activity (Fig. 1B). B7-1-LFA-3 costimu-
lation augmented the transcriptional activity to about 80 times
the level seen in unstimulated cells, suggesting a cooperative
effect on T cells when the CD2 and CD28 receptors were
ligated (Fig. 1B). Jurkat T cells stimulated with SEE-HLA-DR
in the absence of costimulation showed marginal IL-2 secre-
tion and IL-2 promoter transcriptional activity.

LFA-3 and B7-1 costimulation induces distinct nuclear fac-
tors in Jurkat T cells. Transcription of the IL-2 promoter-
enhancer is controlled by a number of nuclear factors, includ-
ing NF-kB, AP-1, NF-AT, the CD28RC, and OCT-1. In order
to characterize the pattern of nuclear factors specifically in-
duced after LFA-3 and B7-1 costimulation, we performed elec-
trophoretic mobility shift assays (EMSA) with nuclear extracts
prepared from costimulated Jurkat T cells and oligonucleo-
tides encoding the CD28RE and the NF-«B, AP-1, human
NF-AT (hNF-AT), murine NF-AT (mNF-AT), and OCT re-
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FIG. 1. Correlation between IL-2 production (A) and transcriptional activity
(B) in Jurkat T cells. (A) Jurkat T cells (10%ml) were cultured for 48 h with the
indicated CHO transfectants (0.1 X 10%ml) with or without SEE (100 ng/ml). (B)
Jurkat T cells were transiently transfected with an IL-2 enhancer-promoter
(—500 to +60) driven by a luciferase reporter plasmid (pIL-2Luc). The Jurkat
cells (10°/ml) were further stimulated with the indicated CHO transfectants
(0.1 X 10%ml) with or without SEE (100 ng/ml). Luciferase activity is expressed
in arbitrary light units minus background units of buffer alone. Both sets of
results shown are mean values from three experiments. Error bars indicate
standard errors of the means. N, CHO; [0, CHO-DR; @, CHO-DR/LFA-3; [,
CHO-DR/B7-1; m, CHO-DR/B7-1/LFA-3.

sponse elements (Fig. 2 and 3). Unstimulated Jurkat T cells did
not contain detectable levels of nuclear factors binding to the
CD28RE or to the NF-kB or AP-1 response elements (Fig. 2).
Similar results were obtained with oligonucleotides encoding
the hNF-AT and mNF-AT response elements (Fig. 3A and B).
However, all the samples contained large amounts of OCT
response element binding proteins (Fig. 3C).

Moderate AP-1 binding activity, low NF-kB and NF-AT
binding activity, but no CD28RE binding activity was observed
after CHO-DR-SEE stimulation (Fig. 2 and 3A).

A slight enhancement of NF-kB and AP-1 binding activity,
but no effect on the CD28RE, was seen after LFA-3 costimu-
lation (Fig. 2). In contrast, these nuclear factors were strongly
upregulated by B7-1 (Fig. 2). A further increase in the induc-
tion of the CD28RC was observed after B7-1-LFA-3 costimu-
lation (Fig. 2A).

The nuclear levels of NF-AT were markedly upregulated by
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FIG. 2. Detectable levels of CD28RC (A), NF-«kB (B), and AP-1 (C) com-
plexes were observed in Jurkat T cells stimulated with SEE and CHO-DR/B7-1
or CHO-DR/B7-1/LFA-3. EMSA were performed with nuclear extracts from
Jurkat T cells stimulated with CHO-DR, CHO-DR/B7-1, CHO-DR/LFA-3, and
CHO-DR/B7-1/LFA-3 with and without SEE (100 ng/ml). Oligonucleotides
(oligo) specific for the CD28RE and the NF-kB binding motifs were labeled with
[y->*P]ATP and used for gel shift analysis. Results from one of two similar
experiments are shown.

LFA-3 costimulation (Fig. 3A). In contrast, the increase in
NF-AT binding activity induced by B7-1 was only marginal,
indicating that NF-AT is a target nuclear factor for the CD2-
LFA-3 activation pathway. NF-AT binding was only marginally
increased after costimulation with CHO-DR/B7-1/LFA-3, sug-
gesting that B7-1 costimulation may negatively regulate LFA-
3-induced NF-AT DNA binding activity (Fig. 3A). CHO-DR-
SEE stimulation increased slightly the levels of AP-1 and only
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FIG. 3. Binding activities of hNF-AT (A), mNF-AT (B), and OCT-1 (C) in
Jurkat T cells stimulated with SEE and CHO-DR/B7-1 or CHO-DR/B7-1/
LFA-3. EMSA were performed with nuclear extracts from Jurkat T cells stim-
ulated with CHO-DR, CHO-DR/B7-1, CHO-DR/LFA-3, and CHO-DR/B7-1/
LFA-3 with or without SEE. Oligonucleotides (oligo) specific for the hNF-AT,
mNF-AT, and AP-1 binding motifs were labeled with [y->*P]ATP and used for
gel shift analysis. Results from one of two similar experiments are shown.

marginally influenced NF-AT (Fig. 2C and 3A). A large
amount of OCT-1 activity was observed in both unstimulated
and stimulated Jurkat T cells, showing that all nuclear extracts
were intact and contained similar amounts of nuclear proteins
(Fig. 3C).

The mNF-AT sequence has been reported to give two gel
shift bands upon activation, a lower band upon activation of
NF-AT alone (NF-ATp) and an upper band upon activation of
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FIG. 4. Supershift analysis of CD28RC (A) and NF-kB (B) levels in Jurkat T
cells stimulated with SEE and either CHO-DR/B7-1 or CHO-DR/B7-1/LFA-3.
Nuclear protein extracts of Jurkat T cells stimulated with SEE (100 ng/ml) and
either HLA-DR or HLA-DR-B7-1 were incubated with the different supershift
Abs against the p50, p65, p52, and c-Rel proteins for 20 min on ice before
addition of a 3?P-labeled CD28RC (A) and NF-kB (B). Lanes 1, free probe
(F.P.); lanes 2, HLA-DR-B7-1 plus IgG control; lanes 3, HLA-DR without SEE;
lanes 4, HLA-DR-B7-1-bound probe; lanes 5, HLA-DR-B7-1 plus p50; lanes 6,
HLA-DR-B7-1 plus p65; lanes 7, HLA-DR-B7-1 plus p52; lanes 8, HLA-DR—
B7-1 plus c-Rel. Results from one of two similar experiments are shown.
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the NF-AT-AP-1 complex (29). Using the mNF-AT sequence,
we found two complexes in Jurkat cells activated with CHO-
DR/LFA-3, indicating the presence of NF-ATp and NF-AT-
AP-1 complexes (Fig. 3B). Costimulation with the triple trans-
fectant, CHO-DR/B7-1/LFA-3, negatively regulated both
these components as shown by EMSA results (Fig. 3B). This
supports the view that the observed negative regulation in-
duced by B7-1-LFA-3 costimulation may involve downregulat-
ing NF-ATp as well as possibly influencing the composition of
the AP-1 components.

To analyze the protein compositions of the different com-
plexes induced in B7-1- and LFA-3-costimulated T cells, nu-
clear extracts from Jurkat T cells were treated with Abs that
specifically recognize Rel family members or Fos and Jun pro-
teins and analyzed by EMSA with NF-kB, CD28RC, hNF-AT,
or AP-1 oligonucleotide. The studies revealed that the NF-«B
complex induced by both HLA-DR-B7-1 and HLA-DR-
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LFA-3 was strongly supershifted by anti-pS0 Ab (Fig. 4B, lane
5), partially blocked by anti-c-Rel Ab (Fig. 4B, lane 8), but only
weakly influenced by Abs to p65 and p52 (Fig. 4B, lanes 6 and
7). This indicates that a major part of the complex in both
LFA-3- and B7-1-costimulated T cells was p50-p50 ho-
modimer. In contrast, the binding activity of the CD28RC in
B7-1- and B7-1-LFA-3-costimulated T cells was completely
abolished by the anti-c-Rel Abs (Fig. 4A, lane 8) but not
recognized by p50, p65, or p52 Ab (Fig. 4A, lanes 5 to 7). These
results demonstrate that the CD28RE, but not the NF-kB
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FIG. 5. Gel supershift assay for AP-1 and NF-AT complexes induced in
B7-1- and LFA-3-costimulated Jurkat T cells. The AP-1 complex induced by
B7-1 costimulation is shown (A). LFA-3 costimulation caused an identical com-
position. Distinct compositions of NT-AT complexes induced by B7-1 (B) and
LFA-3 (C) are shown. Nuclear protein extracts of Jurkat T cells stimulated with
SEE (100 ng/ml) and HLA-DR, HLA-DR-B7-1, and HLA-DR-LFA-3 were
incubated with the different supershift Abs against the c-Jun, JunB, JunD, c-Fos,
Fra-1, and Fra-2 proteins for 20 min on ice before addition of *P-labeled AP-1
(A) and NF-AT (B and C). Results from one of two similar experiments are
shown.



VoL. 17, 1997

4 x CD28RE
A T—T—F—>]

X -
B —>—
gés-l 2xAP-1
C
2 x NF-kB

D

Xhol

B7-1- AND LFA-3-INDUCED TRANSCRIPTION FACTORS 1319

Hpal HindIIX EcoRI Hpal
TATA
sy, Luciferase Gene
SV40 RPP SV40
Poly (A) Poly (A)

FIG. 6. Schematic representation of the luciferase reporter constructs containing tandem repeats of the CD28 (A), NF-AT (B), AP-1 (C), and NF-«kB (D) binding

sites. The sequences of the multimers were as described in the text.

response element, targets the binding of c-Rel nuclear factors
in Jurkat cells (Fig. 4).

AP-1 supershift analysis showed the presence of substantial
amounts of JunD proteins (Fig. SA, lane 7). Fra-1- and Fra-
2-reactive Abs partially blocked protein binding to the AP-1
response element (Fig. 5A, lanes 9 and 10), and minor blocking
by c-Fos- and c-Jun-reactive Abs was also seen (Fig. 5A, lanes
5, 6, and 8). Identical compositions were seen in B7-1-, LFA-3-,
and B7-1-LFA-3-costimulated T cells. In contrast, analysis of
the AP-1 component of the NF-AT complex demonstrated
that the compositions of this nuclear factor were distinct in
B7-1- and LFA-3-costimulated cells. The binding of NF-AT
complexes induced in Jurkat cells stimulated with HLA-DR—-
B7-1 and SEE was completely blocked by anti-JunD Abs (Fig.
5B, lane 7) and partially blocked by JunB and c-Fos Abs (Fig.
5B, lanes 6 and 8), but the NF-AT complexes were not recog-
nized by c-Jun and Fra-1 Abs (Fig. 5B, lanes 5 and 10). Anal-
ysis of the nuclear proteins induced by HLA-DR-LFA-3
showed that NF-AT protein binding was completely abolished
by anti-Fra-1 and anti-Fra-2 Abs (Fig. 5C, lanes 9 and 10),
partially blocked by anti-JunD Abs (Fig. 5C, lane 7), and
weakly influenced by anti-c-Fos Abs, but NF-AT protein was
not recognized by the anti-c-Jun and anti-JunB Abs (Fig. 5C,
lanes 5 and 6). These results demonstrate that B7-1- and LFA-
3-costimulated T cells contain distinct AP-1 components bind-
ing to the NF-AT site in the IL-2 enhancer-promoter.

Functional analysis of NF-kB, CD28RE, AP-1, and NF-AT
binding proteins. To determine the transcriptional activities of
the NF-kB-, CD28RE-, AP-1-, and NF-AT-induced nuclear
factors in LFA-3- and B7-1-costimulated cells, functional stud-
ies using luciferase as a reporter gene were performed with
reporter gene constructs containing tandem repeats of
CD28RE and the AP-1, NF-AT, and NF-kB response ele-
ments fused to the RPP (=36 to +37).

A schematic representation of the multimer constructs used
in this study is displayed in Fig. 6. They contain the same
oligonucleotide sequences as those used in the EMSA (see
Materials and Methods).

Transient transfection of Jurkat cells revealed that the
CD28RE (Fig. 7B) and the NF-«kB (Fig. 7A) and AP-1 (Fig.
8B) response elements of the IL-2 enhancer were induced
strongly in B7-1-costimulated T cells but only weakly in LFA-
3-costimulated cells. NF-AT was strongly induced by both
LFA-3 and B7-1 (Fig. 8A).

NF-kB- and NF-AT-driven transcription in costimulated Ju-

rkat cells peaked at 4 h (Fig. 7A and 8A), while CD28RE- and
AP-1-driven transcription peaked at 8 h (Fig. 7B and 8B).
Notably, LFA-3 costimulation induced a transient NF-kB ac-
tivity while B7-1-costimulated cells showed a strong and sus-
tained response (Fig. 7A). Maximal AP-1-, NF-AT-, and
CD28RE-driven transcription was seen in Jurkat cells costimu-
lated with both LFA-3 and B7-1 (Fig. 7B and 8A and B). In
contrast, NF-kB-dependent transcription was induced at opti-
mal levels by B7-1 alone and not further augmented in B7-1-
LFA-3-costimulated Jurkat T cells (Fig. 7A).

The CD28RE is required for B7-1- but not LFA-3-induced
IL-2 transcription. Kinetic studies demonstrated that the IL-2
promoter-luciferase reporter gene activity peaked at 8 h after
B7-1 costimulation. The IL-2 promoter luciferase response
induced by LFA-3 was only marginal, while B7-1-LFA-3 su-
perinduced the luciferase activity (Fig. 9A), suggesting a syn-
ergic effect of B7-1 and LFA-3 at the transcriptional level.

LFA-3, B7-1, and B7-1-LFA-3 costimulated IL-2 promoter-,
AP-1-, and CD28RE-driven transcription in similar ways,
which indicates a correlation between AP-1 and CD28RE lev-
els and IL-2 superinduction in stimulated cells. Thus, LFA-3
induced a low, B7-1 a strong, and LFA-3-B7-1 a maximal
response in T cells transiently transfected with these reporter
gene constructs. The relative luciferase activity of the AP-1-
and CD28RE-driven constructs was low compared to that of
the NF-«kB- and NF-AT-driven constructs. However, in the
intact IL-2 promoter the CD28RE site is flanked by AP-1 sites,
suggesting that CD28RE and AP-1 factors may act coopera-
tively to amplify IL-2 gene activity in vivo. To verify that the
CD28RE plays a significant role in B7-1-induced IL-2 pro-
moter transcription, we introduced a 6-bp mutation in the
CD28RE sequence of a 500-bp IL-2 promoter. The mutation
of the CD28RE site reduced the induction of IL-2 transcrip-
tion by 80% in CHO-DR4/B7-1- and CHO-DR4/B7-1/LFA-3-
costimulated T cells (Fig. 9B), while the low costimulatory
activity induced by CHO-DR4/LFA-3 remained unaffected
(Fig. 9B).

DISCUSSION

We recently reported that activation of human resting CD4™"
T cells with SEA and LFA-3 or B7-1 presented on CHO
transfectants induced distinct cell activation profiles (43, 44).
In this work we focused on the ability of B7-1 and LFA-3
costimulation to induce nuclear factors implicated in the reg-
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FIG. 7. Kinetics of NF-kB- and CD28RE-driven transcription. Reporter
gene constructs containing tandem repeats of NF-kB and the CD28RE fused to
the RPP (—36 to +37) and having the luciferase gene as the reporter gene were
used. Jurkat T cells were transiently transfected with pNF-«kB-Luc (two copies of
NF-kB [GGGACTTTCC]) and pCD28RE-Luc (four copies of CD28RE [AAA
GAAATTCC]) and then cultured in the presence of SEE and the different
CHO-DR transfectants. Luciferase activity is expressed as arbitrary light units
minus background units of buffer alone. Both sets of results shown are mean

values from three similar experiments. Error bars indicate standard errors of the
means.

ulation of the IL-2 gene promoter. Earlier studies have shown
that CD28 costimulation may increase IL-2 production either
by affecting IL-2 gene transcription or by prolonging IL-2
mRNA half-life (17, 38). Recently, Umlauf et al. (56) reported
that B7 failed to increase IL-2 transcription but enhanced IL-2
mRNA stability in murine T cells, suggesting that mRNA sta-
bilization is the major mechanism for B7-mediated IL-2 super-
induction. We now show that in human Jurkat T cells, B7-1
costimulation induced a strong increase in IL-2 transcriptional
activity. This discrepancy may reflect differences in murine and
human T cells and the use of superantigen SEE versus CD3
monoclonal Ab to induce the first signal. A 40-fold increase in
luciferase activity was observed after B7-1-SEE costimulation,
and an 80-fold increase was seen in B7-1-LFA-3-SEE-co-
stimulated cells. In contrast, the increase in activity induced by
LFA-3 was only fivefold. This is compatible with our recent
study on resting human peripheral blood CD4™ T cells (43).
LFA-3 was characterized as a weak inducer of IL-2 supporting
autocrine T-cell growth, and B7-1 was characterized as a strong
IL-2 inducer favoring paracrine cell growth (43). Although
CD2 ligation induced small amounts of IL-2, this activity is
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sufficient to sustain autocrine proliferation and production of
interferon and tumor necrosis factor (43). We now show that
maximal induction of the NF-AT complex required LFA-3
costimulation, indicating that the NF-AT complex may be a
target factor for the autocrine CD2-LFA-3 signal pathway.
The NF-AT complex contains both AP-1 and NF-ATp (10, 26,
27). Most interestingly, the AP-1-NF-AT components in
LFA-3- and B7-1-costimulated cells differed qualitatively. The
NF-AT protein has been regarded as a Ca®>*-dependent nu-
clear factor induced by engagement of the TCR. This is the
first report to our knowledge that has demonstrated a specific
effect of the CD2-LFA-3 pathway in the modulation of NF-AT
activity, suggesting that the TCR-CD3 and CD2 pathways may
cross-talk at this level. NF-AT-dependent transcriptional ac-
tivity requires both a CsA-sensitive translocation of NF-AT
from the cytosol to the nucleus and a CsA-insensitive stimula-
tion-dependent step which involves de novo synthesis of the
Fos protein (7, 40) and posttranslational modification of Jun
proteins. The use of an mNF-AT element, which forms two
distinct bands in gel shift assays (29) since it binds NF-ATp on
its own as well as in complex with AP-1, caused an increased
nuclear level of NF-ATp in LFA-3-costimulated T cells. This
suggests that LFA-3 costimulation enhances the amount of

B cHo
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FIG. 8. Kinetics of induction of NF-AT and AP-1 transcription factors. Tran-
scription was analyzed with reporter gene constructs containing tandem repeats
of NF-AT and AP-1 fused to the RPP (=36 to +37) and having the luciferase
gene as the reporter gene. Jurkat T cells were transiently transfected with
pNF-AT-Luc (three copies of NF-AT [GGAGAAAAACTGTTTCATACAGA
AGGC]) and pAP-1-Luc (four copies of AP-1 [CGATTGAGTCAGGGTAAC
GG]) and then cultured in the presence of SEE and the different CHO-DR
transfectants. Luciferase activity is expressed as arbitrary light units minus back-
ground units of buffer alone. Both sets of results shown are mean values from
three similar experiments. Error bars indicate standard errors of the means.
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FIG. 9. Transcription of the IL-2 enhancer-promoter region. (A) Kinetics of
the native IL-2 promoter. Jurkat T cells were transiently transfected with the
IL-2 reporter gene, and the cells were harvested for luciferase assay at various
time points after costimulation with SEE and the different CHO transfectants.
(B) Activity of a mutated CD28RE IL-2 enhancer. Jurkat T cells were trans-
fected with the wild-type IL-2 promoter or the CD28RE mutant promoter, and
the cells were stimulated with SEE and the different CHO transfectants. Eight
hours later, samples were harvested and analyzed for luciferase activity. The
native CD28RE sequence of the IL-2 promoter (—164 to —154, AAAGAAAT
TCC) was mutated to the AAAGACCTCGA sequence (mutation shown in
boldface). Luciferase activity is expressed as arbitrary light units minus back-
ground units of buffer alone (A) or as fold activation over the value obtained for
unstimulated cells (B). Both sets of results shown are mean values from four
similar experiments. Error bars indicate standard errors of the means.

available nuclear NF-ATp and may involve modulation of
NF-AT translocation from the cytosol to the nucleus. LFA-3
induced higher levels of NF-AT binding proteins in gel shift
assays than did B7-1-LFA-3, suggesting that expression of
B7-1 negatively regulates NF-AT binding activity. This possi-
bility may be due to the observed different AP-1 subcompo-
nents of the NF-AT complexes in B7-1- and LFA-3-stimulated
cells. Alternatively, B7-1 may interfere with LFA-3-induced
mobilization of NF-ATp proteins. Indeed, using mNF-AT re-
sponse element signal transduction, we found that LFA-3 co-
stimulation increased both the NF-ATp and NF-AT-AP-1
complexes to a greater extent than B7-1-LFA-3 stimulation,
implying that combined B7-1 and LFA-3 costimulation nega-
tively regulated these two complexes. Analyses of NF-AT-
driven transcription demonstrated a similar effect of B7-1 and
LFA-3 on NF-AT-dependent transcription. This is in contrast
to the gel shift studies showing strong NF-AT binding activity
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after LFA-3 but not B7-1 costimulation. Since the AP-1 sub-
components of the NF-AT complexes differed in LFA-3- and
B7-1-induced cells, the results suggest that the JunD, Fra-1,
and Fra-2 complexes seen in B7-1-costimulated cells may have
favorable effects on transcriptional activity. Similarly, com-
bined B7-1 and LFA-3 costimulation augmented NF-AT-de-
pendent transcription but did not increase the amount of
NF-AT binding activity as analyzed by EMSA. This supports
the notion that these pathways cross-talk to optimize the tran-
scriptional activity of the NF-AT-AP-1 complex.

Earlier reports indicated a central role for the CD28RE in
CD28-costimulated T cells, although recent reports suggested
that the CD28RC was not exclusively seen in CD28-stimulated
T cells (9, 19). Using native B7-1 and LFA-3 ligands, we have
now found that the CD28RC is detectable in EMSA only after
B7-1 costimulation. However, the presence of LFA-3 seems to
contribute to the induction of maximal binding levels in
CD28RC- and CD28RE-dependent transcription. Thus, the
complete lack of specificity reported in other studies may re-
flect the use of nonphysiologic ligands, such as phorbol myris-
tate acetate and phytohemagglutinin (9, 19). The CD28RC
observed in gel shift analysis was completely blocked with
c-Rel Abs but not with p50, p65, or p52 Abs, which suggests the
presence of a c-Rel homodimer. Alternatively, c-Rel might be
present as an essential component but bound to a non-Rel
protein in the complex. Indeed, recent studies have implied
that the NF-AT protein, which is structurally related to the Rel
family, may bind to CD28RE-containing oligonucleotides (28).
Additional EMSA studies using the mutated CD28RE se-
quence showed a loss of CD28RE binding activity in extracts
from B7-1- or B7-1-LFA-3-costimulated Jurkat T cells (data
not shown). This confirms earlier studies (17, 18) demonstrat-
ing that the core sequence GAAATTCC is required for both
CD28RC binding and transcriptional activity. The dramatic
reduction in transcriptional IL-2 activity observed with an IL-2
promoter-reporter construct containing a CD28RE mutant
site further underlined the functional importance of the
CD28RE. Apparently, induction of c-Rel containing the
CD28RC in CD28-ligated T cells is required to provide an
optimal second signal. The results also demonstrate that the
mutation in the CD28RE severely affects the cross-talking be-
tween the CD2 and CD28 pathways.

Interestingly, LFA-3 costimulation was relatively unaffected
by the CD28RE mutation, suggesting that LFA-3-driven IL-2
transcription is independent of CD28RE binding activity. The
CD28RE is flanked by AP-1 sites in the IL-2 promoter (18).
The observation that the levels of AP-1 and the CD28RC in
B7-1-, LFA-3-, and B7-1-LFA-3-costimulated cells correlate
with IL-2 transcription makes it tempting to speculate that the
c-Rel and AP-1 proteins interact to form an integrated tran-
scriptionally active unit in the IL-2 promoter in vivo. Although
LFA-3 to a certain degree induced transcription of the re-
porter gene having four CD28REs, the low level of IL-2 tran-
scription and the resistance to the CD28RE mutation observed
in LFA-3-costimulated cells support the notion that induction
of this AP-1-CD28RE complex in appropriate amounts and
with the appropriate composition is seen only in CD28-stimu-
lated T cells. For excessive induction of IL-2 gene activity, the
binding of the Rel complexes induced via CD28 alone or by
combined CD28-CD2 stimulation most likely is not sufficient
since the relative activity of the reporter with four CD28REs is
comparatively modest. This implies that activation of other
regulatory elements may be needed for CD28-mediated IL-2
superinduction. The nuclear factor AP-1 may be a candidate
for B7-1-mediated costimulation. It is possible that certain
AP-1 components can stabilize CD28RC binding and facilitate
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transcription. Indeed, there are precedents for AP-1 coopera-
tively binding with several nuclear factors (10, 13), including
NF-AT and Rel proteins (53). The suggested AP-1-c-Rel co-
operativity may involve modulation of protein-protein interac-
tions similar to that by NF-AT and AP-1 or a functional reg-
ulation of transcription by AP-1 and c-Rel acting in a cis
configuration. The ability of Jun and Fos (AP-1) proteins to
cross-couple with NF-«kB in other studies (53) supports the
hypothesis of cross-talk between these nuclear factors on the
IL-2 promoter in B7-1-costimulated T cells. Further studies
are required to characterize the components binding to the
AP-1-CD28-AP-1 sequence and their molecular interactions.

The present study demonstrates unique effects of B7-1 and
LFA-3 on the induction of AP-1, CD28RC, NF-«kB, and NF-
AT. The strong induction of NF-AT but the induction of mod-
erate levels of AP-1 and transient levels of NF-kB in LFA-3-
costimulated T cells may contribute to limit the level of IL-2
gene transcription and favor autocrine proliferation. The tran-
sition to a paracrine T-cell response (43) during B7-1 costimu-
lation most likely involves enhanced levels of AP-1 and the
CD28RC and a sustained expression of NF-«kB. The coexpres-
sion of B7-1 and LFA-3 on activated professional antigen-
presenting cells contributes to induction of large amounts of
AP-1 and the CD28RC, increased transcriptional activity of
the AP-1-NF-AT complex, and superinduction of IL-2 produc-
tion. Thus, mobilization of signal transduction pathways aug-
menting both Rel proteins and Fos and Jun proteins seems to
be critical for IL-2 superinduction.
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