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Regulation of Interleukin-2 Gene Enhancer Activity 
by the T Cell Accessory Molecule CD28 

The mechanism by which cell surface molecules regulate T cell production of 
lymphokines is poorly understood. Production of interleukin-2 (IL-2) can be regulat- 
ed by signal transduction pathways distinct from those induced by the T cell antigen 
receptor. Stimulation of CD28, a molecule expressed on most human T cells, induced 
the formation of a protein complex that bound to a site on the IL-2 gene distinct from 
previously described binding sites and increased IL-2 enhancer activity fivefold. The 
CD28-responsive complex bound to the IL-2 gene between - 164 and - 154 base pairs 
from the transcription start site. The sequence of this element is similar to regions 
conserved in the 5' flanking regions of several other lymphokine genes. 

T LYMPHOCYTES HAVE AN IMPOR- histocompatibility complex (MHC) or anti- 
tant role in most immunological re- bodies to the TCR results in the initiation of 
sponses. To  exert their effector h c -  signal transduction events and cellular acti- 

tions, relativelv quiescent T cells are vation. Perturbation of the TCR activates a 
, I  

activated during a complex interaction with tyrosine kinase and phospholipase C, which 
antigen-presenting cells. The specificity of a results in tyrosine phosphorylation and 
T cell response to antigen is mediated by the phosphatidylinositol 4,5-biphosphate hy- 
T cell antigen receptor (TCR) complex, drolysis, respectively (2). These events are 
which contains a ligand binding subunit, the thought to lead to a variety of cellular 
immunoglobulin-like heterodimer Ti, non- responses, one of which is lymphokine pro- . - 
covalently associated with at least five invari- duction. 
ant proteins (I). Interaction of the TCR However, stimulation of the TCR alone is 
with antigen in association with the major insufficient to activate most T cells. In addi- 

tion to the TCR, a number of other T cell 

J. D. Fraser, Howard Hughes Medical Institute, Univer- 
sity of California, San Francisco, CA 94143. Fig. 1. The  IL-2 enhanc- 
B.' A. Irving, Department of Physiology, University of er with known protein -2R6 -257 -75fi -747 -?OR -IRR - . - -. . -. . - - - - - , - - 
California, San Fiancisco, CA 94143. -. binding sites. Th; num- I I I I 
Gerald R. Crabtree, The Howard Hughes Medical Insti- hrs he top of he ate ,  Stanford University, Stanford, CA 94305. 
A. Weiss. Howard Hushes Medical Institute and De- 'gure represent the posi- NF-AT NF-IL-2D NF-kB 
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surface molecules appear to contribute to T 
cell activation and proliferation ( 3 ) .  One of 
these, CD28, is a 44-kD glycoprotein that is 
expressed as a homodimer on the majority of 
human T cells (4). In T cells activated via 
their TCR or by pharmacological agents 
that mimic TCR-induced phospholipase C 
activation, the addition of antibody to 
CD28 (anti-CD28) causes a marked in- 
crease in the mRNA and secretion of several 
T cell lymphokines, including interleukin-2 
(IL-2), t-or necrosis factor-a, granulo- 
cyte-macrophage colony-stimulating factor 
(GM-CSF), interferon-y (IFN-y), and lym- 
photoxin (5) .  The nature of the CD28- , , 

generated transmembrane signal in response 
anti-CD28 treatment is unclear, but is prob- 
ably distinct from those of the T cell antigen - 
receptor (6) .  . \ ,  

The induction of IL-2 gene transcription 
during T cell activation is mediated primar- 
ily b y a  region extending 326 bp upstream 
of the transcription start site (7). This region 
contains binding sites for several nuclear 
proteins (8, 9) (Fig. 1). To investigate 
whether CD28 stimulation affects IL-2 gene 
transcription, we tested constructs that con- 
tain this region of the IL-2 gene linked to 
the reporter genes luciferase (Luc) or chlor- 
amphenicol acetyltransferase (CAT) in ' tran- 
sient expression studies. In contrast to an 
earlier report that showed an increased sta- 
bility of IL-2 message but did not detect an 
effect on IL-2 transcription ( lo ) ,  our studies 
indicate that CD28 stimulation caused a 
significant increase in IL-2 enhancer activity. 
We have identified a previously uncharacter- 
ized element within the IL-2 enhancer that is 
a target sequence for a CD28-regulated nu- 
clear binding complex. 

The plasmid pIL-2-Luc, a recombinant 
reporter plasmid that contains sequences 
from -326 to +46 ofthe human IL-2 gene 
directing transcription of the firefly lu- 
ciferase gene (8), was transfected into the 
Jurkat T cell line. The transfected cells were 
then treated for 8 hours with combinations 
of ionomycin and phorbol 12-myristate 13- 
acetate (PMA), agents that mimic the effect 
of TCR-induced phospholipase C activation 
by increasing the cytoplasmic Ca2+ concen- 
tration and activating protein kinase C, re- 
spectively. The transfected cells were stimu- 
lated in the presence or absence of 
monoclonal antibodies (MAbs) to either 
CD28 or class 1 histocompatibility antigens 

-185-177 -164 -154 -145 

AP-1 CD28RC NF-IL-20 NF-IL-2A 
AP-I? Oct? 

pamnens oiMrdicinr, ~ ic rob io lo~v ,  and Immunology. tion in basc pairs rclative 
Uni\,miy of California, San Francisco. CA 94143. to  thc initiation o f  transcription site. 

18 JANUARY 1991 REPORTS 313 



Table 1. Anti-CD28 induces increased IL-2 enhancer activity in Jurkat cells treated with PMA and ionomycin. The induced activity of the indicated 
plasmid constructs were assayed in transiently transfected Jurkat cells (8). After 40 hours, the cells were treated with the indicated combinations of PMA 
(P; 50 nglml), ionomycin (I; 1 pM), MAb W6132 (anti-HLA: 1 : 10,000 dilution of ascites), or MAb 9.3 (anti-CD28; 1 : 10,000 dilution of ascites). 
Results are expressed as the mean fold induction of treated cells over that of untreated cells. The fold increase + SE by anti-CD28 was calculated by 
comparing Jurkat cells transfected with the indicated plasmid constructs treated with PMA and ionomycin to those treated with PMA, ionomycin, and 
1 : 10,000 dilution of MAb 9.3. The number (n)  of independent experiments is indicated for each plasmid construct. ND, not determined. 

Constructs Fold increase 

(HLA). Treatment of the transfected Jurkat 
with PMA or ionomycin alone had no de- 
tectable effect on enhancer activity, but the 
combination of PMA and ionomycin in- 
creased luciferase activity (11) (Table 1). 
Anti-CD28 treatment alone or anti-CD28 
and PMA had little or no detectable effect 
on basal luciferase activity, but the addition 
of anti-CD28 in the presence of PMA and 
ionomycin induced five times more lu- 
ciferase activity than that induced by PMA 
and ionomycin alone (Table 1). This in- 
duced activity was a specific response to 
anti-CD28 because MAb to HLA had little 
effect. We observed a similar degree of syn- 
ergy by anti-CD28 treatment in Jurkat treat- 
ed with MAbs to TCR and PMA (12). 
These results were consistent with the con- 
centration of secreted IL-2 protein detected 
in the Supernatants of the treated cell cul- 
tures (12). The time course of the CD28- 
induced increase in luciferase activity paral- 
leled that induced by PMA and ionomycin 
(Fig. 2). 

To address whether anti-CD28 might in- 
fluence the post-transcriptional regulation 
of the transcribed IL-2 sequences contained 

Time (hours) 

Fig. 2. Time course of the anti-CD28-induced 
luciferase activity. Jurkat cells were transfected 
with the pIL-2-Luc plasmid, which contains 
from -326 to +47 of the IL-2 gene (8). After 40 
hours the cells were treated with either PMA (50 
nglrnl) and ionomycin (1 pM) (0) or PMA, 
ionomycin, and anti-CD28 (1: 1000 dilution of 
ascites) (m). At the indicated times, portions of 
the cells were harvested and the luciferase activity 
was determined (25). The results shown are rep- 
resentative of three independent experiments. 

in the pIL-2-Luc plasmid, we tested the 
effect of CD28 stimulation on the IL-2- 
CAT plasmid (8). This construct contains 
from - 326 to - 5 1 of the IL-2 gene linked 
to the y-fibrinogen promoter (- 54 to + 36) 
and the CAT gene and therefore contains no 
transcribed IL-2 sequences (13). In the pres- 
ence of PMA and ionomycin, anti-CD28 
treatment again increased reporter gene ac- 
tivity by approximately fivefold (Table 1). 
Thus, the - 326 to - 5 1 region of the IL-2 
gene contains a CD28-response element or 
elements. 

To localize the CD28-response element, 
we tested constructs containing subfrag- 
ments of the IL-2 enhancer region (Table 
1). Anti-CD28 treatment had no detectable 
effect on the activity of multimers of NF-AT 
or NF-IL-2A elements linked to the y-fi- 
brinogen promoter and CAT (8). A con- 
struct that contained two copies of the 
-326 to - 165 region of the IL-2 enhancer 
had a small but reproducible increase in 
response to anti-CD28 treatment in the 
presence of PMA and ionomycin. In con- 
trast, a construct with two copies of the 
- 165 to -51 fragment, a region that con- 
tains binding sequences for NF-IL-2A and 
NF-IL-2B responded with a 7.5-fold in- 
crease in activity after anti-CD28 treatment 
(Table 1). 

To further localize the CD28 response 
elements, we tested a number of deletion 
mutants of the IL-2 enhancer, focusing on 
the - 164 to -51 region. This analysis 
suggested that the CD28-response element 
was either at or very close to the AP-1-like 
NF-IL-2B element (8, 14, 15). But results 
from deletions of this binding site were 
difficult to interpret, as consistent with an- 
other report (8), disruption of this region 
caused an 80% to 90% decrease in the 
PMA- and ionomycin-induced activity (15). 

We performed gel mobility shift analysis 
to determine whether anti-CD28 treatment 
affected the protein-DNA complexes 
formed within this region (16). Nuclear 
extracts from untreated Jurkat cells con- 

Table 2. Conserved sequences in the 5' flanking 
region of cytokine genes. The sequences have 
been compared to the human IL-2 sequence. 
Nonconserved bases are shown in lowercase 
letters. The numbering is relative to the 
transcription start site. The h refers to the 
human gene, m for the murine gene. 

Gene Region Sequence 

AAGAAATTCCA 
AAGAAATTCCA 
AgGAgATTCCA 
AgGAgATTCCA 
tgGAggTTCCA 
tgGAggTTCCA 
cAGAgATTCCA 
cAGAgATTCCc 
AgGAAAcTCtA 
AgGAAAcTCtA 

tained little binding activity to a double- 
stranded oligonucleotide that corresponded 
to - 164 to - 140 of the human IL-2 gene, 
which contains the NF-IL-2B binding site 
(8, 13) (Fig. 3A). Treatment with PMA and 
ionomycin induced the binding of a single 
complex (NF-IL-2B, lanes 4 and 5). Nucle- 
ar extracts from Jurkat treated with PMA, 
ionomycin, and anti-CD28 formed two dis- 
tinct complexes, one with identical mobility 
to that induced in the PMA and ionomycin- 
treated cells and another complex of more 
rapid mobility (CD28RC) that was specific 
to the anti-CD28 treated T cells (lanes 6 and 
7). Neither PMA alone, anti-CD28 alone, 
nor PMA and anti-CD28 treatment induced 
detectable binding (15). The CD28RC 
binding activity was not detected when 
PMA- and ionomycin-treated cells were co- 
stimulated with anti-TCR antibodies (14,  
suggesting the specificity of the anti-CD28 
induction of CD28RC. 

Competition with 10- or a 100-fold molar 
excess of unlabeled double-stranded IL-2 
(- 164 to - 140) oligonucleotide specifically 
inhibited the binding of both complexes to 
the labeled (- 164 to - 140) probe; compe- 
tition with a 100-fold molar excess of the 
NF-AT binding site (1 7) had no detectable 
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efka (Fig. 3B). A double-stranded oligonu- 
cleotide that contained a consensus AP-1 
binding site (17) competed with the IL-2- 
(-164 to -140) oligonucleotide for b id -  
ing to the NF-IG2B complex, but not with 
the CD28-induced complex. This result in- 
dicates that NFIG2B and CD28RC have 
distinct DNA binding speafiaties. 

To more precisely define the recognition 
sequences of the two complexes, we per- 
fbrmed competition analysis with oligonu- 
cleotides that contained contiguous four 
base substitutions dispersed dur,Ughout the 
-164 to -140 region (Fig. 3C). Oligonu- 
cleotides M1 and M2, which contain muta- 
tionsin -162to -159and-159to-156, 
did not compete with the wild-type se- 
quence fbr binding to the CD28-induced 
complex, indicating that this sequence is 
critical for the recognition and biding of 
the CD28RC. In contrast, unnpetition for 
the PMA- and ionomycin-induced NF-IG 
2B complex was marginally aflkted by mu- 
tations between -162 and -155 (M1 and 
M2), and oligonucleotides containing mu- 
tations between - 153 and - 1% competed 
more poorly, with the weakest competitor 
b e i i  the M4 oligonucleotide, which con- 
tains mutations within the AP-1-like motif 
(- 149 to - 146). Thus, the CD28-respon- 
sive complex binds 5' to the AP-1-like 
NF-IG2B element within - 164 to - 1 54 
(AAAGAAATTCC). This sequence is simi- 
lar to 5' flanking regions of several lym- 
phokine genes including GM-CSF (la),  in- 
tcrl&-3 (IL3) (19), granulocyte colony 
stimulating factor (GCSF (20), and IFN-7 
(21) (Table 2). There is also an inverted 
copy of this sequence just 5' of the IL-2 
NF-AT binding site (-295 to -284), 
which may explain why the IG2(-326 to 
- 165),-CAT comma was weakly mpon- 
sive to anti-CD28 treatment (Table 1). 

To determine whether the CD28RC re- 
gion was required fbr the anti-CD28 in- 
duad activity, we used site-- muta- 
genesis (22) to introduce the M2 mutation 
that did not bind CD28RC (Fig. 3C) into 
the pIL-2-Luc construct This mutation re- 
sulted in the loss of more than 90% of the 
(3328-induced lucitease activity (Fig. 4). 
This demonmates that this region of the 
IL-2 enhancer is required for responsiveness 
to CD28 stimulation. 
nKse studies indicate that, in addition to 

the dect of CD28 stimulation on IG2 
mRNA stabiity (lo),  signal transduction 
through CD28 can greatly increase IG2 
enhancer activity. The effect of CD28 on 
ZL-2 gene amscription may not have been 
previously detected because of the low sen- 
sitivity of run-on transaiption assays for 
weakly expressed genes. The region of the 
I L 2  enhancer that responds to CD28 stim- 

Flg. 3. Stimulation of A B 
c D 2 8 ~ ~ ~ ~ t h e f b r -  1 2 3 4 5 1 2 3 4 5 6 7  
mation of a n o d  - - -- %- - -- 
DNA-+ cam- 
plex. Nuclear amrcs LL: lsJ - 4 1  

welt prepand from 
Jurkat T cells cs!xntial- @ @ -Cl 
ly as desaibed by Dig- 
nun et al. (26). DNA- 
p h  assays 
were done by mubat- 

11.2 gene 

ing nuclear dm;lns for 
20 min at 25°C in 15 
pl of d o n  bu&r 
containing 15 mM 
Hepes (pH 7.8), 70 
mM NaCI, 0.5 mM di- 
thiodueitol, 2% glyc- 
a 4  3 I L ~  of poly(d1- 

Humn I 

dC), 100 ng of pUC9 
DNA, and 1 ng of j2P- 
labeled IL2  probe 
(-164to -140).Com- 
plexes were separated 
on 4.5% polyaaylam- 
ide gels with 22.5 mM 
tris-borate (pH 8.0) 
~ l d  1 mM EDTA buff- 
er. (A) Lane 1, probe 
alone; lanes 2 and 3,2  
or 4 pg, respectively, 
of extract from Un- 
treated Jurkat; lams4and5,2ar4pg,respectivdy,ofamactfrom Jwkatcellstmtedwith 1 (LM 
bnomycin and PMA (50 ngtml) fbr 2 hours; lanes 6 and 7,2 or 4 pg, rrspcctively, of extract from 
Jurkat cells created with 1 (LM ionomycin PMA (50 ng/ml), and 1 :2OOO dilution of MAb 9.3 ascites 
fw 2 hours. Free probe and protein-DNA ccnnplexes were detected by autoradiography. (B) Nuclear 
exuact from JurkuT cells created fix 2 hours with PMA, iotmmycin, and MAb 9.3 were incubated with 
32P-labeled IL2  probe (- 164 to -140) in the presence of 10- or 100-fold molar excess of (lanes 3 and 
4) unlabekd IL2  (-164 to -140), (lanes 5 and 6) NF-AT, or (lanes 7 and 8) AP-1 competitor 
o l i g o n u d ~  (17). (C) Muational analysis of the CD28RC and NF-IL-2B binding sites. Nudear 
extract from Jurkat T cells treated h r  2 hours with PMA, ionomycin, and MAb 9.3 were incubated with 
32P-labeled IG2 probe (- 164 to - 140) in the p m c e  of 10- or 100-fold molar excess of the indicated 
unlabeled oligonudde.  

ulation is absolutely conserved between the 
human and murine ZL-2 genes and similar 
sequences are present in the 5' franking 
regions of several other lymphokine genes. 
This suggests an important function fbr this 
signal transduction pathway and DNA 
binding complex. Studies on murine CD4+ 
T cell clones indicate that antigen-specific T 
cell activation requires the activity of a signal 
transduction pathway in addition to those 
generated via the TCR complex (23). Incu- 
bation of T cell clones with either peptide 
antigen plus p d e d  MHC in planar mem- 
branes or antigen presented by chemically 
fixed antigen-presenting cells fails to induce 
T cell activation or proliferation and instead 
causes a prolonged nonresponsive state. 
Analysis of these T cells indicates that the 
failure of these e l l s  to respond and prolif- 
erate is primarily the result of imdiaent 
lymphokine d o n ,  particularly that of 
IL-2 (24). The large increases in both IG2 
and other T cell lymphokine expression in- 
duced by CD28 stimulation suggests that 
this cell d c e  molecule and the CD28RC 
complex that it induccs may be part of this 
costimulatory pathway. 

Flg. 4. Mutation of the CD28RC region of the 
ZL2 enhancer renders the enhancer unresponsive 
to a n t i 0 2 8  aeument. S i t e - d i d  mutagcm- 
sis was used to introduce the M2 (Fig. 3C) 
mutation into the pIL2-Luc plasmid The result- 
ing consmq pM2-Luc was transfected into Jur- 
kat cells as described for Table 1. Afnr 40 hours 
the cdls were treated witheither PMA (50 d m l )  
and ionomycin (1 p M )  (black bars), PMA, ion* 
mycin, and MAb 9.3 (anti-CD28,l: 10,000 dilu- 
tion of ascites) (striped bars), or PMA, ionorny- 
cin, and MAb W6132 (anti-HLA, 1: 10,000 
dilution of ascites) (white bars). Afnr 8 hours of 
treatment, the cells were harvested and the lu- 
cifcrase activity was measured. The results reflect 
cumulative data from three experiments. Error 
bars indicate standard error of the mean. 
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Microwave Sounding Units 
In their research article "Precise monitor- 

ing of global temperature trends from satel- 
lites," R. W. Spencer and J. R. Christy assert 
(1) that satellite microwave sounding units 
(MSUs) exhibit superb stability and may be 
used to monitor global warming in a way 
that is not possible by other means. 

During the first 10 years of MSU mea- 
surements, global warming models predict- 
ed surface air temperature increases of ap- 
proximately 0.2 K (2). The average 
temperature of the troposphere was expect- 
ed to increase by about the same amount. 
The analysis by Spencer and Christy shows 
that globally averaged MSU brightness tem- 
peratures exhibit fluctuations of approxi- 
mately 0.4 K over months and years: 1f one 
equates brightness temperature with average 
tropospheric air temperature, as the authors 
do; it 'becomes diffiiult to discern such a 
small "signal" embedded in so much 
"noise." That is why the authors can state 
that "[tlhere is no obvious long-term trend 
. . ." in their data. They do not state that 
the expected global warming signal is not 
present in the MSU data, just that it cannot 
be detected. The main value of their anal- 
ysis is to point out ,that short-term fluctu- 
ations are so large that it may be difficult 
for any investigator to evaluate the magni- 
tude of long-term trends without more 
than one decade of data. 

The data in Spencer and Christy's figure 
5A (1) exhibits a slope of +0.06 K per 
decade (3) and a standard error of 0.07 K 
per decade (our estimate). [Spencer finds 
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smaller slopes for an upgraded MSU data 
set (3)]. Because of the sinusoidal compo- 
nents apparent in the MSU time series, the 
slope uncertainty could actually be much 
greater than 0.07 K per decade. Statistical- 
ly speaking, the 10-year trend is almost as 
consistent with the "expected warming" 
hypothesis as it is with the "no warming" 
hypothesis. 

Five MSU instruments contributed to the 
data set used by Spencer and Christy. An- 
other recent publication by these authors (4) 
describes in detail how the respective data 
sets were combined. Instrument intercali- 
bration is a crucial issue for detecting trends, 
and it is important to know the sensitivity of 
trend solutions to alternative intercalibra- 
tion approaches. 

The reader who is looking for evidence of 
the expected 0.2 K global warming signal in 
the MSU data should be clearly informed 
that global warming models predict second- 
ary effects, in addition to tropospheric 
warming, that can influence long-term 
brightness temperature trends. These in- 
clude increasing water vapor, changing 
cloud cover and liquid content, and chang- 
ing soil moisture (which, in turn, changes 
land emissivity). Most of these small effects 
tend to decrease the magnitude of any in- 
crease in the brightness temperature of 
MSU channel 2 resulting from global warm- 
ing. Spencer and Christy's reference 8, stat- 
ing that "[olther, smaller signals are also 
present in the measurements. . . . and have 
been determined to be small for MSU 

channel 2 (O.Ol°C or less)," should have , , 

been expanded to reveal their modeling 
assumptions. Such information may be 
critical to estimates of second-order contri- 
butions (4). 

In response to the research article by 
Spencer and Christy, we have modified ex- 
isting computer programs for calculating 
microwave observables and have studied 
several potential second-order effects, two of 
which are not noted in Spencer and Christy's 
reference 8. Specifically, we have evaluated 
the impact of MSU channel 2 frequency 
drifts and the effect of stratospheric cooling 
which others have suggested will occur with 
tropospheric warming (5 ) .  All effects that 
we have evaluated are small (0.01 to 0.05 
K), but these and other potentially impor- 
tant effects merit further study. 

Our tentative conclusion is that remote 
sensing using satellite microwave radiome- 
ters can in fact provide a means for moni- 
toring troposphere-averaged air tempera- 
ture, but for this to be successful more than 
one decade of data will be needed to over- 
come the apparent inherent variability of 
global average air temperature. The provoc- 
ative data set reported by Spencer and 
Christy should be subjected to carehl and 
rigorous review before it is interpreted as 
evidence of the presence or absence of global 
warming. 
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