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T-cell activation results in the production of multiple lymphokines. Efficient lymphokine gene expression
appears to require both T-cell antigen receptor (TCR) signal transduction and an uncharacterized second or

costimulatory signal. CD28 is a T-cell differentiation antigen that can generate intracellular signals that
synergize with those of the TCR to increase T-cell activation and interleukin-2 (IL-2) gene expression. In these
studies, we have examined the effect of CD28 signal transduction on granulocyte-macrophage colony-
stimulating factor (GM-CSF), interleukin 3 (IL-3), and gamma interferon (IFN-y) promoter activity.
Stimulation of CD28 in the presence of TCR-like signals increases the activity of the GM-CSF, IL-3, and IFN-y
promoters by three- to sixfold. As previously demonstrated for the IL-2 promoter, the IL-3 and GM-CSF
promoters contain distinct elements of similar sequence which specifically bind a CD28-induced nuclear
complex. Mutation of the CD28 response elements in the IL-3 and GM-CSF promoters abrogates the
CD28-induced activity without affecting phorbol ester- and calcium ionophore-induced activity. UV cross-

linking indicates that the CD28-induced nuclear complex contains polypeptides of approximately 35, 36, and
44 kDa. These studies indicate that the TCR and CD28-regulated signal transduction pathways coordinately
regulate the transcription of several lymphokines and that the influence of CD28 signals on transcription is
mediated by a common complex.

T lymphocytes are activated by a complex interaction with
antigen-presenting cells to perform effector functions, in-
cluding lymphokine secretion and cytolysis. Interaction of
the T-cell receptor (TCR) with antigen in the context of
major histocompatibility complex molecules on the surface
of the antigen-presenting cells leads to activation of tyrosine
kinase and phospholipase C activities which contribute to
cellular responses (16, 39). However, in addition to the TCR,
other T-cell surface receptors appear to be required for
T-cell activation. Some cell surface molecules are required
to increase the adhesion between the T cell and the antigen-
presenting cell (35). Other cell surface receptors deliver an
uncharacterized second or costimulatory signal (30). One
candidate molecule for the receptor which generates this
costimulatory signal is CD28. CD28 is a 44-kDa glycoprotein
member of the immunoglobulin superfamily that is ex-
pressed as a homodimer on the surface of most T cells (1,
13). Treatment ofT cells with monoclonal antibodies (MAbs)
directed against CD28 induces an unidentified but distinct
signal transduction pathway that synergizes with TCR-gen-
erated signals to increase both T-cell proliferation and lym-
phokine production (19, 40). CD28 signal transduction in-
creases the mRNA level and secretion rate for a variety of
lymphokines, including interleukin 2 (IL-2), granulocyte-
macrophage colony-stimulating factor (GM-CSF), IL-3, tu-
mor necrosis factor a, gamma interferon (IFN--y), and lym-
photoxin (15, 37). Whereas CD28 has been reported to
regulate the expression of lymphokines by increasing their
mRNA stability (20), we and others have found that CD28
signal transduction markedly increases IL-2 promoter activ-
ity (8, 38).
CD28 stimulation induces the binding of a nuclear protein

complex to an element of the IL-2 promoter located between

* Corresponding author.

-160 and -152 relative to the transcription start site which
is required for the CD28-induced promoter activity (8).
Multiple T-cell lymphokines have been shown to be regu-
lated by CD28 signal transduction, and several lymphokine
promoters contain sequences similar to that of the IL-2
CD28 response element (CD28RE). In this study, we have
examined whether the GM-CSF, IL-3, and IFN--y promoters
are also responsive to CD28 stimulation. Our results indicate
that CD28 signal transduction does increase the activity of
the GM-CSF, IL-3, and IFN--y promoters by three- to sixfold
and that the IL-2 CD28RE (-160 to - 152)-homologous
sequences contained within the promoters are required for
CD28-induced activity.

MATERIALS AND METHODS

Oligonucleotides and plasmids. All oligonucleotides were
synthesized on an Applied Biosystems model 394 DNA
synthesizer. Full-length oligonucleotides were purified by
polyacrylamide gel electrophoresis. Oligonucleotides were
kinase treated and annealed as described previously (23).
The 5' flanking region and promoter of human IL-3 was
generated from genomic DNA by using a polymerase chain
reaction (PCR) (28) based on previously described con-
structs (34). The human GM-CSF promoter constructs were
generated by using PCR of -626 GM-CSF-CAT, a gift of J.
Gasson and S. D. Nimer, University of California, Los
Angeles (5). The IL-3 and GM-CSF promoter fragments
were ligated into the luciferase plasmid pXP2 (27), using the
BamHI and XhoI sites. Mutation of the CD28RE sites of
IL-3 (-324 to +41)-Luc, GM-CSF (-374 to +34)-Luc, and
GM-CSF (-274 to +34)-Luc was performed by using PCR as
described previously (14). IFN--y (-214 to +42)-CAT was
the generous gift of H. Fox and T. Parslow, University of
California, San Francisco.

Cells and transfections. The human leukemic T-cell line
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Jurkat was maintained in RPMI 1640 supplemented with 10%
fetal calf serum as previously described (8). Jurkat cells were
transiently transfected by using DEAE-dextran (8). After 20
h, the cells were stimulated as indicated for 8 h, and
cytoplasmic extracts were prepared. The determination of
luciferase and chloramphenicol acetyltransferase (CAT) was
performed as described previously (8).

Preparation of nuclear extracts. Nuclear extracts were

prepared by a modification of the method of Dignam et al.
(7). Nuclear proteins were extracted with 350 mM NaCl-
20% glycerol-0.2 mM EDTA-1.5 mM MgCl2-1 mM dithio-
threitol-1 ,uM phenylmethylsulfonyl fluoride-20 mM N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES;
pH 7.9) for 40 min at 4°C. The extract was dialyzed against
20% glycerol-100 mM NaCl-1 mM dithiothreitol-1 ,uM
phenylmethylsulfonyl fluoride-0.1 mM EGTA-10 mM
HEPES (pH 7.9) for 6 h. Protein concentrations were

determined by the Bradford method (3).
Mobility shift electrophoretic assay. Duplex oligonucleo-

tides corresponding to various regions of the lymphokine
promoters were annealed in 60 mM NaCl-20 mM Tris
hydrochloride (pH 7.6). The oligonucleotides were end la-
beled with [,y-32P]ATP, using T4 polynucleotide kinase. For
binding reactions, 0.2 to 0.5 ng of radiolabeled double-
stranded oligonucleotide (5,000 to 20,000 cpm) was mixed
with 1 ,g of nuclear extract in 150 mM NaCl-20 mM KCl-30
mM Tris (pH 7.6)-15% glycerol-50 ,g of bovine serum

albumin per ml (final volume, 10 ,u); 2 ,ug of poly(dl-dC) was
added as a nonspecific competitor. For binding competition
experiments, competitor oligonucleotides were added prior
to addition of the radiolabeled probe. Reactions were incu-
bated for 20 min at 20°C. The reactions were analyzed on 6%
polyacrylamide gels (22.5 Tris-borate [pH 8.0], 1 mM
EDTA) run at 100 V.
UV cross-linking of nuclear proteins. For UV cross-linking,

20 ,ug of nuclear extract was mixed with 5 ng of [32P]ATP-
labeled oligonucleotide probe (2 x 106 cpm) and subjected to
a mobility shift assay. After electrophoresis for 2 h at 100 V,
the gel was UV irradiated for 20 min (305 nm). The gel was
exposed to film, and the CD28-induced nuclear complex
(CD28RC)-specific bands were then excised and analyzed on

sodium dodecyl sulfate (SDS)-10% polyacrylamide gels.

RESULTS

The CD28-induced increase in IL-2 promoter activity has
previously been mapped to an element located between
-161 and -151 relative to the transcription start site (8). The
promoter regions of several other T-cell lymphokines con-

tain very similar conserved sequences (Table 1). To deter-
mine whether these promoters were also responsive to CD28
stimulation, we transiently transfected the T-cell line Jurkat
with constructs containing the promoters and a portion of
the 5' flanking regions of the GM-CSF, IL-2, IL-3, and
IFN--y genes directing expression of the reporter genes for
luciferase or CAT. In agreement with earlier studies, basal
activity of these lymphokine promoters was low, and treat-
ment with phorbol 12-myristate 13-acetate (PMA) and iono-
mycin increased reporter gene activity by 7- to 35-fold (5, 25,
26, 34). As previously observed, addition of an anti-CD28
MAb increased IL-2 promoter activity in PMA- and ionomy-
cin-treated cells by 5.2 + 0.4-fold (8, 38) (Fig. 1A). CD28
stimulation also increased reporter gene activity in cells
transfected with the GM-CSF, IL-3, and IFN-y promoter
constructs. Reporter gene activity was increased 5.4 ±

0.7-fold for GM-CSF (-374 to +34)-Luc-transfected cells

TABLE 1. Conserved sequences in the 5' flanking
regions of lymphokine genes

Genea Region' Sequencec

hIL-2 -160 to -152 GAAATTCCA
mIL-2 -162 to -154 GAAATTCCA
hGM-CSF -94 to -86 GAgATTCCA
mGM-CSF -106 to -98 GAgATTCCA
hIL-3 -117 to -109 GAggTTCCA
mIL-3 -115 to -105 GAggTTCCA
hG-CSF -188 to -178 GAgATTCCA
mG-CSF -192 to -181 GAgATTCCc
h-y-IFN -161 to -153 GAAAcTCtA
my-IFN -168 to -160 GAAAcTCtA

a The prefixes h and m indicate human and murine, respectively.
"Numbering is relative to the transcription start site.
Sequences are compared with the human IL-2 gene sequence. Noncon-

served bases are shown in lowercase letters.

(Fig. 1B), 4.1 ± 0.3-fold for IL-3 (-322 to +41)-Luc trans-
fected cells (Fig. 1C), and 3.1 ± 0.4-fold for IFN-y (-214 to
+42)-CAT-transfected cells (Fig. 1D). The increased pro-
moter activity appeared to be a specific response to CD28
stimulation, since treatment with an anti-class 1 histocom-
patibility antigen (HLA) MAb had only modest effects on the
reporter gene activity. Since the IFN-y (-214 to +42)-CAT
construct was only weakly induced in Jurkat cells, we
decided to focus our studies on the GM-CSF and IL-3
promoters.
To address whether the sequences similar to the IL-2

CD28RE listed in Table 1 actually were capable of binding
the CD28RC, we performed gel shift analysis using oligonu-
cleotide probes that corresponded to -124 to -100 of the
IL-3 promoter and -103 to -79 of the GM-CSF promoter
(Fig. 2). Nuclear extract from untreated Jurkat cells formed
several complexes with the IL-3 (-124 to -100) oligonucle-
otide probe (Fig. 2A). Treatment with PMA and ionomycin
did not appreciably change the binding pattern (Fig. 2A,
lanes 2 and 3). However, nuclear extract from cells treated
with anti-CD28, PMA, and ionomycin formed an additional
complex (Fig. 2A, lane 4). Competition with a 25- or 5-fold
molar excess of unlabeled IL-3 (-124 to -100) oligonucleo-
tide specifically inhibited binding of the CD28RC with the
radiolabeled probe and partially inhibited one additional
complex of more rapid mobility. Double-stranded oligonu-
cleotides corresponding to IL-2 (-164 to -140) and GM-
CSF (-103 to -79) also inhibited the CD28RC without
affecting the intensity of any of the other bands. In contrast,
a 100-fold molar excess of a double-stranded oligonucleotide
corresponding to the IL-2 NF-AT site (-285 to -254) failed
to affect binding of the CD28RC.
CD28 stimulation also induced binding to an oligonucleo-

tide probe corresponding to GM-CSF (-103 to -79) (Fig.
2B, lane 4). This complex could also be specifically inhibited
from binding by competition with a 25-fold molar excess of
unlabeled GM-CSF (-103 to -79), IL-3 (-124 to -100), or
IL-2 (-164 to -140) oligonucleotide (Fig. 2B, lanes 5 to 10).
A 100-fold excess of an oligonucleotide corresponding to the
IL-2 NF-AT element (-285 to -254) again failed to affect
binding of the CD28RC to the GM-CSF (-103 to -79)
oligonucleotide (Fig. 2B, lane 11). Moreover, the CD28RC
that bound to the GM-CSF (-103 to -79) oligonucleotide
was identical in mobility to that formed with the IL-3 (-124
to -100) oligonucleotide (Fig. 2B, lane 12) and with the
complex formed with the IL-2 CD28RE (10). Therefore,
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FIG. 1. Evidence that anti-CD28 induces increased T-cell lymphokine promoter activities in Jurkat cells treated with PMA and ionomycin.
The induced activities of the indicated plasmid constructs were assayed in transiently transfected Jurkat cells. At 20 h after transfection, the
cells were treated with the indicated combinations ofPMA (P; 50 ng/ml), ionomycin (lono or I; 1 piM), MAb W6/32 (anti-HLA; 50 ng/ml), or

MAb 9.3 (anti-CD28; 50 ng/ml) for 8 h. Results are expressed as the mean fold induction standard error of treated cells over that of untreated
cells. The results reflect the cumulative data from three independent experiments.

CD28 stimulation induced nuclear factors capable of binding
similar sequences of the GM-CSF, IL-3, and IL-2 promoters
that, by competition analysis and apparent mobility, appear
to be identical.
To determine whether the sequences of the IL-3 and

GM-CSF promoters that bound the CD28RC were required
for the CD28-induced promoter activity, we performed site-
directed mutagenesis of the CD28RC binding sites. It had
previously been shown for the IL-2 CD28RE that mutagen-
esis of the CD28RE from GAAATTCC to GAAgcctC re-
sulted in both the loss of binding by the CD28-induced
nuclear complex and a 80 to 90% decrease of the CD28-
induced IL-2 promoter activity (8). This mutation was intro-
duced at -105 to -107 of the IL-3 (-324 to +41)-Luc
plasmid, and Jurkat cells were transfected with the resulting
mIL-3 (-324 to +41)-Luc construct. Both basal expression
and PMA-plus-ionomycin-induced luciferase activity (Fig. 3,
white bars) were similar or identical to those observed in
cells transfected with the wild-type construct, but anti-CD28
stimulation induced only 15% of the increased luciferase
activity observed with the wild-type construct (Fig. 3, black
bars). This finding suggests that the CD28-augmented IL-3
promoter activity results from binding of the CD28RC to the
-117 to -109 element.
However, mutation of -90 to -88 of GM-CSF (-374 to

+34)-Luc resulted in only a 37% decrease in CD28-induced
promoter activity (Fig. 4B, black bars). As this mutation in
the GM-CSF (-103 to -79) oligonucleotide resulted in no
detectable gel shift binding by the CD28-induced nuclear

factors (10), these results suggested the presence of another
CD28RE within the GM-CSF (-374 to +34) promoter re-

gion. Located between -300 and -292 of the GM-CSF
promoter is the sequence GCCATTCCA, which is similar to
the previously identified CD28RE sequences (Table 1; Fig.
4A). To determine whether this region was responsible for
the remaining CD28-induced activity in the construct mGM-
CSF (-374 to +34)-Luc, we deleted this region of the
promoter. The resulting construct, GM-CSF (-274 to +34)-
Luc, was transiently transfected into Jurkat cells. Treatment
with PMA and ionomycin induced a 33 ± 4.9-fold increase in
luciferase activity compared with unstimulated cells, and the
addition of anti-CD28 caused the promoter activity to in-
crease by a further 4.8 ± 0.6-fold (Fig. 4B). When the -90 to
-88 site of GM-CSF (-274 to +34)-Luc was mutated (Fig.
4A), the resultant construct mGM-CSF (-274 to +34)-Luc
had basal activity essentially identical to that of the wild-
type construct and responded to PMA and ionomycin treat-
ment as well as did the wild-type GM-CSF (-274 to +34)-
Luc, but the CD28-induced increase was now only 17% of
that of the wild-type sequence (Fig. 4B, black bars). These
results indicate that both the -300 to -292 and -94 to -86
sequences of the GM-CSF promoter can act as CD28REs.
Gel mobility shift experiments have also demonstrated that
the GM-CSF -300 to -292 sequence can bind the CD28-
induced nuclear complex but with a lower apparent affinity
than does the -94 to -86 sequence (10).

In previous studies using the IL-2 promoter, the CD28-
induced promoter activity was first detectable after 2 to 4 h
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FIG. 2. Binding of the CD28RC to distinct elements of the IL-3
and GM-CSF promoters. A radiolabeled double-stranded oligonu-
cleotide (0.2 ng per lane) corresponding to either IL-3 (-124 to
-100) (A) or GM-CSF (-103 to -79) (B) was used in DNA-protein
binding assays. F, probe alone; U, nuclear extract from untreated
Jurkat cells; PI, extract from cells treated for 2 h with 1 ,uM
ionomycin and 50 ng of PMA per ml; P+I+anti-CD28, extract from
cells treated for 2 h with 1 ,uM ionomycin, 50 ng of PMA per ml, and
50 ng of MAb 9.3 (anti-CD28) per ml. Binding reaction mixtures
contained either no competitor (lanes 1 to 4) or the indicated (5- to
100-fold) molar excess of unlabeled double-stranded oligonucleotide
corresponding to IL-3 (-124 to -100 of the IL-3 promoter), IL-2
(-164 to -140 of the IL-2 promoter), GM-CSF (-103 to -79 of the
GM-CSF promoter), or NF-AT (-285 to -254 of the IL-2 promot-
er). For lane 12 of panel B, a radiolabeled IL-3 (- 124 to - 100) probe
was used to demonstrate that the CD28-induced complex that binds
to the IL-3 probe is identical in mobility to that formed with the
GM-CSF (-103 to -79) probe after gel shift analysis. The arrows

indicate the CD28RCs.

(8). To determine the time course of CD28RC induction, we
tested nuclear extracts for binding activity after treatment
with PMA, ionomycin, and anti-CD28. CD28RC binding to
the GM-CSF (-103 to -79) oligonucleotide was faintly

FIG. 3. Evidence that mutation of bases -107 to -105 renders
the IL-3 promoter unresponsive to anti-CD28 treatment. Site-di-
rected mutagenesis was used to mutate -117 to -109 of the IL-3
(-322 to +41)-Luc construct from GAGGTTCCA to GAGGcctCA.
The resulting construct, mIL-3-Luc, and the wild-type IL-3-Luc
were transiently transfected into Jurkat cells. After 20 h, the cells
were treated with either 1 p.M ionomycin and 50 ng of PMA per ml
(white bars), ionomycin, PMA, and 50 ng of MAb W6/32 (anti-HLA)
per ml (striped bars), or ionomycin, PMA, and 50 ng of MAb 9.3
(anti-CD28) per ml (black bars). After 8 h of treatment, the cells
were harvested and the luciferase activity was determined. The data
reflect results of three independent experiments. Error bars indicate
standard error of the mean.

detectable after 1 h of treatment, became strongly induced
after 2 h, and remained high after 4 h (Fig. 5).
To identify the molecular mass of the protein(s) that

contacts DNA in the CD28RC-DNA complex, we performed
photoaffinity cross-linking analysis. Utilizing the GM-CSF
(-103 to -79) probe and a scaled-up binding reaction, the
CD28RC was separated from free DNA by electrophoresis
through a native polyacrylamide gel. The gel was irradiated
in situ with UV light, and the CD28RC was analyzed on an
SDS-10% polyacrylamide gel. Three major bands with ap-
parent molecular masses of 35, 36, and 44 kDa were cova-
lently linked to the GM-CSF probe (Fig. 6). In addition,
there was a faint band of 66 kDa that was detectable after
longer exposure to UV irradiation and may represent cova-
lent linkage of both the 35- and 36-kDa factors to the DNA.
Identical patterns of UV cross-linked proteins were found
with use of the IL-3 (-124 to -100) and IL-2 (-164 to -140)
oligonucleotide probes (10).

DISCUSSION

The regulation of lymphokine expression appears to in-
volve several levels of control and signal input. Studies
indicate that lymphokine production is regulated by both
transcriptional and posttranscriptional mechanisms (33, 36).
In T cells, signals derived from the TCR or agents such as
PMA and ionomycin, which mimic the activation of phos-
pholipase C by TCR signal transduction, constitute the
primary regulatory pathway. However, several studies indi-
cate that signal transduction from other cell surface recep-
tors is important or perhaps required for T-cell lymphokine
expression (30). CD28-generated signal transduction has
previously been shown to synergize with TCR-like signals to
increase the mRNA levels of several lymphokines (37).
Initial studies reported that CD28 signal transduction in-
creased lymphokine mRNA stability but could not detect

EL-3 luc.

mIL-3 luc.
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FIG. 4. Evidence that the GM-CSF promoter contains two
CD28REs. (A) Schematic representation of GM-CSF promoter
constructs and the putative CD28REs. Site-directed mutagenesis
was used to mutate -91 to -88 of the GM-CSF (-374 to +34)-Luc
and GM-CSF (-274 to +34)-Luc constructs from GAGATTCCA to
GAGgcctCA. (B) Jurkat cells were transiently transfected with
either GM-CSF (-374 to +34)-Luc (-374 GM-CSF), the mutant
GM-CSF (-374 to +34)-Luc (-374 mGM-CSF), GM-CSF (-274 to
+34)-Luc (-274 GM-CSF), or the mutant GM-CSF (-274 to +34)-
Luc (-274 mGM-CSF). After 20 h, the cells were treated with either
1 pM ionomycin and 50 ng of PMA per ml (white bars), ionomycin,
PMA, and 50 ng of MAb W6/32 (anti-HLA) per ml (striped bars), or

ionomycin, PMA, and 50 ng of MAb 9.3 (anti-CD28) per ml (black
bars). After 8 h of treatment, the cells were harvested and the
luciferase activity was determined. The data reflect results of three
independent experiments. Error bars indicate standard error of the
mean.

any increase in the rate of transcription in nuclear run-on

assays (20). However, nuclear run-on assays can be compli-
cated by apparent constitutive signals due to repeat se-

quences in the lymphokine cDNA probes (4). Subsequent
reports have shown that CD28-generated signals increase
IL-2 promoter activity by about fivefold (8, 38). In this
study, we have examined the role of CD28 signal transduc-
tion on the transcriptional activity of the GM-CSF, IL-3, and
IFN--y promoters. As was previously shown for the IL-2
promoter, CD28 signal transduction increases the promoter
activity of these lymphokines by three- to sixfold relative to
that maximally induced by the combination of PMLA and
ionomycin.
The CD28-induced increase in IL-2 promoter activity is

dependent upon an element located between -160 and -152
relative to the transcription start site. Mutation of this site
decreases the CD28-induced IL-2 promoter activity by 80 to
90% without affecting TCR- or PMA- and ionomycin-in-
duced activity (8). Similar sequences have previously been

FIG. 5. Time course of CD28RC induction. A radiolabeled dou-
ble-stranded oligonucleotide (0.2 ng per lane) corresponding to - 103
to -79 of the GM-CSF promoter was incubated with nuclear extract
from Jurkat cells treated for the indicated amount of time with 1 P±M
ionomycin, 50 ng of PMA per ml, and 50 ng of MAb 9.3 (anti-CD28)
per ml. DNA-protein binding assays were performed by using a 6%
native polyacrylamide gel.

identified as being conserved within the 5' flanking region of
several lymphokine promoters, including the GM-CSF and
IL-3 promoters. These elements have been termed the
conserved lymphokine element 1 or cytokine 1 (CK-1)
element (24, 31). The role of the CK-1 elements in the
regulation of T-cell lymphokine expression has been unclear
since they do not appear to be involved in responses to
TCR-like signals (25, 32). Recent studies indicate that in
fibroblasts but not T cells, the granulocyte colony-stimulat-
ing factor CK-1 element activity is upregulated by treatment
with tumor necrosis factor alpha ao and IL-1i (18, 32). We
have found that the CD28RC binds to both the IL-3 and
GM-CSF CK-1 elements and to an additional 5' site in the
GM-CSF promoter (-300 to -292). The CD28RCs formed
between the IL-3 (-117 to -109), GM-CSF (-94 to -86),

106-
80-

49-

32.5

27.5-

18.5-

FIG. 6. UV cross-linking of the CD28RC-DNA complex. A
32P-labeled GM-CSF oligonucleotide probe was incubated for 20
min with nuclear extract from Jurkat cells treated with ionomycin,
PMA, and MAb 9.3 (anti-CD28) and then electrophoresed through a

native polyacrylamide gel. The gel was irradiated in situ with UV
light (305 nm) for 20 min, and the CD28RC-DNA complex was

excised and analyzed on an SDS-10% polyacrylamide gel. The
cross-linked polypeptides were visualized by autoradiography. The
migration and apparent molecular masses in kilodaltons of protein
standards are shown for reference.
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GM-CSF (-300 to -292), and IL-2 (-160 to -152) elements
all show identical mobility after gel shift analysis and can
specifically compete with each other for binding to the
CD28RC. Mutation of these sites abrogates the CD28-in-
duced promoter activity for both the IL-3 and GM-CSF
genes. Therefore, the previously noted CK-1 or conserved
lymphokine element 1 sequences conserved among various
lymphokines appear to represent CD28REs. Interestingly,
the GM-CSF promoter contains two CD28REs, either of
which is sufficient for the majority of the observed response.
To obtain some characterization of the components of the

CD28RC, induced nuclear complex, we examined the kinet-
ics of the CD28-induced DNA binding activity and used UV
cross-linking to determine the molecular masses of the
proteins that contact DNA at the CD28RE site. CD28-
induced DNA binding activity was first detected after 1 h of
treatment with anti-CD28, PMA, and ionomycin and became
strongly induced after 2 h of treatment. Our subsequent
experiments indicate that induction of binding activity re-
quires protein synthesis (10). After UV cross-linking of
32P-labeled CD28RE oligonucleotides to the CD28RC, three
major bands with apparent molecular masses of 35, 36, and
44 kDa were found to be covalently linked to the DNA
probes. At present, it is not clear whether any of these
proteins correspond to known transcription factors.

It has previously been suggested that the CD28RC is
NFKB-like since it will bind to an NFKB sequence (38).
However, in light of our current results, it seems unlikely
that the CD28RC consists of NFKB p50 and p65. First,
treatment of Jurkat cells with PMA alone has previously
been shown to strongly induce NFKB binding activity with-
out any detectable binding to the IL-2 CD28RE (6, 8). While
we have also observed that the CD28RC binds to an oligo-
nucleotide corresponding to the immunoglobulin K enhancer
NFKB element, the mobilities of NFKB and the CD28-
induced complex are significantly different after gel shift
analysis (10). In this study, we found that the CD28RC binds
with high affinity to the GM-CSF (-94 to -86) CK-1 site,
while previous reports indicate that NFKB binds poorly if at
all to this element (29, 32). Finally, the factors identified by
our photoaffinity cross-linking have apparent molecular
masses lower than those of any identified members of the rel
gene family.
These results indicate that signal transduction through

CD28 synergizes with TCR-like signals to greatly increase
the rate of transcription for several T-cell lymphokines. The
induction of increased promoter activity is mediated by
specific CD28REs which do not appear to be involved in
PMA- and ionomycin-induced, and hence TCR-induced,
responses. These results suggest that CD28 signal transduc-
tion acts as a general pathway to upregulate lymphokine
expression and T-cell effector function. A ligand for CD28,
B7, has recently been identified (22). B7 is expressed on
activated B cells and monocytes (11, 12). Incubation of
anti-CD3-treated T cells with either B7 immunoglobulin C-yl
fusion proteins or B7-expressing Chinese hamster ovary
cells increases T-cell proliferation and IL-2 production (12,
21). Recent studies using either MAbs to block the interac-
tion of B7 with CD28 or mutations within the IL-2 promoter
CD28RE indicate that CD28 signal transduction is required
for efficient T-cell cytotoxicity (2), alloactivation (17), and
IL-2 production in response to staphylococcal enterotoxin
stimulation (9). Taken together, these results suggest that the
interaction of CD28 with B7 on antigen-presenting cells
plays a critical role in regulating T-cell effector functions,

including the transcriptional regulation of several lympho-
kines secreted by activated T cells.

ACKNOWLEDGMENTS

We thank Judith Gasson and Steven Nimer for the -626 GM-CSF
CAT construct and Howard Fox and Tris Parslow for supplying the
IFN--y (-214 to +41)-CAT plasmid.

This work was supported in part by NIH grant GM-44493-01A2 to
A.W.

REFERENCES
1. Aruffo, A., and B. Seed. 1987. Molecular cloning of a CD28
cDNA by a high-efficiency COS cell expression system. Proc.
Natl. Acad. Sci. USA 84:8573-8577.

2. Azuma, M., M. Cayabyab, D. Buck, J. H. Phillips, and L. L.
Lanier. 1992. CD28 interaction with B7 costimulates primary
allogeneic proliferative responses and cytotoxicity mediated by
small, resting T lymphocytes. J. Exp. Med. 175:353-360.

3. Bradford, M. M. 1976. A rapid and sensitive method for the
quantification of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal. Biochem. 72:234-254.

4. Brorson, K. A., B. Beverly, S. Kang, M. Lenardo, and R. H.
Schwartz. 1991. Transcriptional regulation of cytokine genes in
nontransformed cells. J. Immunol. 147:3601-3609.

5. Chan, J. Y., D. J. Slamon, S. D. Nimer, D. W. Golde, and J.
Gasson. 1986. Regulation of expression of human granulocyte/
macrophage colony stimulating factor. Proc. Natl. Acad Sci.
USA 83:8669-8673.

6. Cross, S. L., N. F. Halden, M. J. Lenardo, and W. J. Leonard.
1989. Functionally distinct NF-KB binding sites in the immuno-
globulin K and the IL-2 receptor a chain genes. Science 244:
466-469.

7. Dignam, J. D., R. M. Lebowitz, and R. G. Roeder. 1983.
Accurate transcription initiation by RNA polymerase 2 in a
soluble extract from isolated mamalian nuclei. Nucleic Acids
Res. 11:1475-1489.

8. 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.

9. Fraser, J. D., M. E. Newton, and A. Weiss. 1992. CD28 and T
cell antigen receptor signal transduction coordinately regulate
interleukin 2 gene expression in response to superantigen stim-
ulation. J. Exp. Med. 175:1131-1134.

10. Fraser, J. D., and A. Weiss. Unpublished data.
11. Freedman, A. S., G. Freeman, J. C. Horowitz, J. Daley, and

L. M. Nadler. 1987. B7, a B cell-restricted antigen that identifies
preactivated B cells. J. Immunol. 139:3260-3267.

12. Gimmi, C. D., G. J. Freeman, J. G. Gribben, K. Sugita, A. S.
Freedman, C. Morimoto, and L. M. Nadler. 1991. B-cell antigen
B7 provides a costimulatory signal that induces T cells to
proliferate and secrete interleukin 2. Proc. Natl. Acad. Sci.
USA 88:6575-6579.

13. Hara, T., S. M. Fu, and J. A. Hansen. 1985. Human T cell
activation. II. A new activation pathway used by a major T cell
population via a disulfide-bonded dimer of a 44 kilodalton
polypeptide (9.3 antigen). J. Exp. Med. 161:1513-1524.

14. Ho, S. N., H. D. Hunt, R. M. Horton, J. K. Pullen, and L. R.
Pease. 1989. Site-directed mutagenesis by overlap extension
using the polymerase chain reaction. Gene 77:51-59.

15. 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.

16. Klausner, R. D., and L. E. Samelson. 1991. T cell antigen
receptor activation pathways: the tyrosine kinase connection.
Cell 46:875-878.

17. Koulova, L., E. A. Clark, G. Shu, and B. Dupont. 1991. The
CD28 ligand B7/BB1 provides costimulatory signal for alloacti-
vation of CD4' T cells. J. Exp. Med. 173:759-762.

18. Kuczek, E. S., M. F. Shannon, L. M. Pell, and M. A. Vadas.
1991. A granulocyte-colony-stimulating factor gene promoter
element responsive to inflamatory mediators is functionally

MOL. CELL. BIOL.



REGULATION OF LYMPHOKINE GENE TRANSCRIPTION BY CD28 4363

distinct from an identical sequence in the granulocyte-macro-
phage colony-stimulating factor gene. J. Immunol. 146:2426-
2433.

19. Ledbetter, J. A., P. J. Martin, C. E. Spooner, D. Wofsy, T. T.
Tsu, P. G. Beatty, and P. Gladstone. 1985. Antibodies to Tp67
and Tp44 augment and sustain proliferative responses of acti-
vated T cells. J. Immunol. 135:2331-2336.

20. 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. Sci-
ence 244:339-343.

21. 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 inter-
leukin 2 mRNA accumulation. J. Exp. Med. 173:721-730.

22. Linsley, P. S., E. A. Clark, and J. A. Ledbetter. 1990. T-cell
antigen CD28 mediates adhesion with B cells by interacting with
activation antigen B7/BB1. Proc. Natl. Acad. Sci. U.S.A.
87:5031-5035.

23. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

24. Miyatake, S., T. Otsuka, T. Yokota, F. Lee, and K. Arai. 1985.
Structure of the chromosomal gene for granulocyte-macrophage
colony stimulating factor: comparison of the mouse and human
genes. EMBO J. 4:2561-2568.

25. Miyatake, S., M. Seiki, M. Yoshida, and K. Arai. 1988. T-cell
activation signals and human T-cell leukemia virus type 1-en-
coded p40" protein activate the mouse granulocyte-macrophage
colony-stimulating factor through a common DNA element.
Mol. Cell. Biol. 8:5581-5587.

26. Nimer, S. D., E. A. Morita, M. J. Martis, W. Wachsman, and
J. C. Gasson. 1986. Characterization of the human granulocyte-
macrophage colony-stimulating factor promoter region by ge-
netic analysis: correlation with DNase footprinting. Mol. Cell.
Biol. 8:1979-1984.

27. Nordeen, S. K. 1988. Luciferase reporter gene vectors for
analysis of promoters and enhancers. BioTechniques 6:454-456.

28. Saild, R. K., S. Scharf, F. Faloona, K. B. Mullis, G. T. Horn,
H. A. Herlich, and N. Arnheim. 1985. Enzymatic amplification
of 3-globin genomic sequences and restriction site analysis for

diagnosis of sickle cell anemia. Science 230:1350-1354.
29. Schreck, R., and P. A. Baeuerle. 1990. NF-KB as inducible

transcriptional activator of the granulocyte-macrophage colony-
stimulating factor gene. Mol. Cell. Biol. 10:1281-1286.

30. Schwartz, R. H. 1990. A cell culture model for T lymphocyte
clonal anergy. Science 248:1349-1356.

31. Shannon, M. F., J. R. Gamble, and M. A. Vadas. 1988. Nuclear
proteins interacting with the promoter region of the human
granulocyte/macrophage colony-stimulating factor gene. Proc.
Natl. Acad. Sci. USA 85:674-678.

32. Shannon, M. F., L. M. Pell, M. J. Lenardo, E. S. Kuczek, F. S.
Occiodoro, S. M. Dunn, and M. A. Vadas. 1990. A novel tumor
necrosis factor-responsive transcription factor which recognizes
a regulatory element in hemopoietic growth factor genes. Mol.
Cell. Biol. 10:2950-2959.

33. Shaw, G., and R. Kamen. 1986. A conserved AU sequence from
the 3' untranslated region of GM-CSF mRNA mediates selec-
tive mRNA degredation. Cell 46:659-667.

34. Shoemaker, S. G., R. Hromas, and K. Kaushansky. 1990.
Transcriptional regulation of interleukin 3 gene expression in T
lymphocytes. Proc. Natl. Acad. Sci. USA 87:9650-9654.

35. Springer, T. A. 1990. Adhesion receptors of the immune system.
Nature (London) 346:425-434.

36. Taniguchi, T. 1988. Regulation of cytokine gene expression.
Annu. Rev. Immunol. 6:439-464.

37. 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.

38. Verwei, 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-K<B-like response element. J.
Biol. Chem. 266:14179-14182.

39. Weiss, A., B. A. Irving, L. Tan, and G. A. Koretzky. 1991. Signal
transduction by the T cell antigen receptor. Semin. Immunol.
3:313-324.

40. Weiss, A., B. Manger, and J. Imboden. 1986. Synergy between
the T3/antigen receptor and tp44 in the activation of human T
cells. J. Immunol. 137:819-825.

VOL. 12, 1992


