
cells renders the TCRx-/- mouse an in-
valuable animal model for the study of yi
cell function. In particular, these mice can
potentially resolve whether -yV cells pro-
vide, as hypothesized, a response to a broad
range of epithelial insults (10) and whether
-hey respond, as suggested, to specific
pathogens such as mycobacteria (28), or
both.

The development of B cells in the ab-
;ence of ad+ T cells is consistent with the
independent development of the humoral
and cell-mediated immune systems (29).
However, the de facto influence of T cells
on B cell development is poorly under-
stood. Our data indicate that TCRa-/-
mice will be useful in resolving this; unlike
in nude mice, in which spleens and Peyer's
patches are approximately normal in size,
the complete elimination of ad+ T cells
has dichotomous effects on B cell develop-
ment in the spleen and Peyer's patches.
Whether this dichotomy is a result of anat-
omy or whether it is a result of direct effects
of ad+ T cells on B cell development (for
example, negative regulation) that are dif-
ferent in the two organs can now be directly
tested.
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NF-KB Subunit Regulation in Nontransformed
CD41 T Lymphocytes

Sang-Mo Kang,* Annie-Chen Tran, Mariagrazia Grilli,t
Michael J. Lenardot

Regulation of interleukin-2 (IL-2) gene expression by the p50 and p65 subunits of the DNA
binding protein NF-KB was studied in nontransformed CD4+ T lymphocyte clones. A
homodimeric complex of the NF-KB p50 subunit was found in resting T cells. The amount
of p50-p50 complex decreased after full antigenic stimulation, whereas the amount of the
NF-KB p50-p65 heterodimer was increased. Increased expression of the IL-2 gene and
activity of the IL-2 KB DNA binding site correlated with a decrease in the p50-p50 complex.
Overexpression of p50 repressed IL-2 promoter expression. The switch from p50-p50 to
p50-p65 complexes depended on a protein that caused sequestration of the p50-p50
complex in the nucleus.

Tumor cell lines have proven vital to the
study of gene regulation because they are
easily grown and manipulated. However,
nontransformed T cells exhibit biological
characteristics that are not manifested by T
cell tumor cell lines, including proliferative
responses to antigen, costimulatory require-
Laboratory of Immunology, National Institute for Aller-
gy and Infectious Diseases, National Institutes of
Health, Bethesda, MD 20892.
*Present address: Department of Surgery, University
of California, San Francisco, CA 94143.
tPresent address: Institute of Pharmacology, Depart-
ment of Biomedical Sciences and Biotechnology, Uni-
versity of Brescia Medical School, Brescia, Italy.
tTo whom correspondence should be addressed.

ments, clonal anergy, and propriocidal reg-
ulation (1-5). Therefore we used major
histocompatibility complex (MHC)-re-
stricted T lymphocyte clones that faithfully
recapitulate the in vivo cellular response to
peptide antigen (1-5). These clones are
neither transformed nor immortalized and
survive in culture by stimulation with anti-
gen and antigen-presenting cells (APCs). T
cell clones have not been widely used for
gene regulation studies because they ap-
peared to be refractory to DNA transfection
and because natural antigen stimulation
requires a two-cell interaction with anti-
gen-presenting cells. We devised methods
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to overcome these difficulties and studied
the IL-2 gene because of its important
function in T cell activation (2, 4).

In tumor cell models, a 300-base pair (bp)
enhancer of the IL-2 gene responds to T cell
activation signals (6, 7). The DNA binding
protein NF-KB participates in regulation of
the IL-2 enhancer (7-11). The protein sub-
units that constitute the NF-KdB binding ac-
tivity are members of the Rel family of pro-
teins, which includes p50 and p65, among
others (12). The p50-p65 heterodimer (NF-
KB) and p65 homodimers stimulate transcrip-
tion, whereas p50 dimers may activate or
suppress transcription (12, 13).

The CD4' TH1 T cell clone A.E7 re-
sponds to a pigeon cytochrome c peptide
complexed with the Ek molecule and re-
quires costimulatory signals from APCs to
express IL-2 (5, 15). We used an antigen
stimulation-cell-separation procedure (15)
to avoid contamination of T cell mRNA
and nuclear extracts with material from

APCs, allowing us to isolate highly purified
(>99%) preparations of antigen-stimulated
T lymphocytes. Electrophoretic mobility-
shift assays (EMSAs) (17) of resting and
stimulated A.E7 nuclear extracts revealed
induction of NF-KB binding to the IL-2KB
site after antigenic stimulation (Fig. 1A).
NF-KB bound less tightly to the IL-2KB site
than to the immunoglobulin KB (IgKB) site
(Fig. 1A). We also detected a faster migrat-
ing complex, which we called NF-KC, that
was diminished by antigen stimulation and
that bound more tightly to the IL-2KB site
than to the IgKB site. We found that
treatment with APC only, antigen and
APC, or either treatment with cyclosporin
A (CsA) all induce NF-KB. By contrast,
NF-KC was only decreased after antigen
stimulation, and this decrease was blocked
by CsA. Pharmacologic stimuli also affected
NF-KB and NF-KC differently. NF-KB was
induced by ionomycin, ionomycin and
phorbol 12-myristate 13-acetate (PMA) to-

gether, or the protein synthesis inhibitor
anisomycin, but not by PMA alone (Fig.
1A). NF-KC was modestly attenuated only
by ionomycin and PMA together and, no-

A
Bact.

- PI

A.E7

- P

D10

- PI

Fig. 1. The KB binding complexes and IL-2 1R.
mRNA in A.E7 cells. (A) The upper three panels ,C

'
,

show EMSAs with 2 Kg of nuclear extracts from A ' c ,f
A.E7 cells treated with stimuli as shown above c c. ° c
each column of bands and described in (16, ,

Q
Z

23). The oligonucleotides used as probes are - NF-xB
shown on the left. The IgKB oligonucleotide was IL-2xB -NF-xC
5'-CAGAGGGGACMCCGAGAGGC-3' and
the IL-2KB oligonucleotide was 5'-CCAA- IgxB N-NF-x B
GAGGGAMCACCTAAATCC-3', with the NF--C
binding sites shown in bold. Only the shifted
bands are shown and are identified to the right OCTAMER -OCT 1
of each panel; no other specific bands were -OCT 2
observed with these probes. Competition anal-
ysis revealed that the slight difference in se- IL-2 mRNA 1
quence in the sites caused NF-KB to bind
approximately fivefold more tightly to the IgKB
site than to the IL-2KB site and NF-KC to bind Actin mRNA
approximately fivefold more tightly to the IL-2KB W _
site than to the IgKB site (18). 'Rest" indicates IgxB CAGAGGGGACTTTCCGAGAGGC
T cells that were not stimulated. The lower two IL-2xB CCAAGAGGGATTTCACCTAAATCC
panels show a Northern blot, with 10 Kg of total
RNA prepared from A.E7 cells stimulated as B
indicated, that was sequentially hybridized with B
the mouse IL-2 or ,3-actin gene probes. DCEK U+
cells (APC) induce NF-KB in A.E7 cells by
releasing small amounts of tumor necrosis fac- E 0 < < +
tor a (19). Control experiments show that NF- ') + + U
KC reduction was not caused by stimulating
A.E7 cells with IL-2. (B) Transcriptional activity
of IL-2KB-dependent reporter constructs in
A.E7 cells (16, 24). Stimulation conditions were
as follows: unstimulated (T cells alone); mag-
netic bead-loaded DCEK cells only (APC only);
81 to 104 peptide antigen (1 KiM) and magnetic
bead-loaded DCEK cells (Ag + APC); 81 to 104
peptide antigen (1 jiM), magnetic bead-loaded
DCEK cells, and 200 KM CsA; and magnetic Fold
bead-loaded DCEK cells and 200 ,uM CsA. T Increase - 1.5 6.0 2.0 1.4

cells were magnetically separated from APC
where required, and samples normalized for protein concentration were analyzed for CAT activity.
"Fold increase" indicates the ratio of the percent conversion (chloramphenicol to its acetylated
form) of a stimulated sample to the percent conversion of the unstimulated sample. Data are

representative of four assays of two independent pools of stable transfectants quantitated by a

phosphorimager.
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IL-2icB

A A B B A A
B - + - + - +

Li L 1
A.E7 Bact. p50

Fig. 2. The NF-KC complex is a p50 ho-
modimer. (A) Alteration of the NF-KC DNA
complex by anti-p50. The extracts added to
each binding assay were as follows: affinity-
purified, bacterially expressed p50 (100 ng)
(Bact.); resting A.E7 nuclear extract (2 jg)
(A.E7); and resting nuclear extract (2 jg) from
D1O.G4.1, a nontransformed CD4+ TH2 T lym-
phocyte clone (D10) (25). Nuclear extracts
were either untreated (-), mixed with either
preimmune rabbit serum (1 jil) (Pl), or immune
serum (1 p1) (I) for 10 min at ambient tempera-
ture, then added to a DNA binding assay that
contained the IL-2KB probe. (B) Ultraviolet
cross-linking of the NF-KC complex from resting
A.E7 cells and bacterial p50. Probes were
designed such that only half of the IL-2KB
sequence was substituted with bromodeoxyu-
ridine (BrdU) and [a-32P]deoxycytosine triphos-
phate (dCTP) as described (23, 26). The A
probe contains the 5' half-site substituted with
and the B probe contains the 3' half-site sub-
stituted. Binding reactions contained either
resting A.E7 nuclear extracts (A.E7) or affinity-
purified, bacterially expressed NF-KB p50 sub-
unit (Bact. p50), and lanes marked + were from
binding assays in which an -50-fold molar
excess of unlabeled IL-2KB oligonucleotide
was added. The arrow indicates the 50-kD
species.
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sion through its binding to the IL-2KB site.
IfNF-KC acted as a repressor, it could block
transactivation of the IL-2KB site by NF-KB
until removed by antigen stimulation.
We next prepared pools of A.E7 cells

stably transfected with multimers of NF-KB
binding sites from the IL-2 gene directing
the activity of a bacterial chloramphenicol
acetyltransferase (CAT) gene (Fig. 1B)
(23). The IL-2KB binding motif responded
well only to antigen and APCs and was

relatively insensitive to APCs alone. Acti-
vation of the IL-2KB motif was almost
completely blocked by CsA. These effects
are likely to strongly influence IL-2 gene

Fig. 3. Repression of IL-2 promoter activity by Acetylatlon (%)

expression of p50. A 0.3-kb mouse IL-2 promot-
0

er-CAT construct (5 ,g) was transfected into p50
EL-4 cells with increasing amounts of a con- 0.5

struct with the adenovirus major late promoter

during expression of either wild-type p50 or a E
mutant form of p50 that contained a single R 5
amino acid deletion in the coding sequence 0o
that eliminates binding activity (p50A) (24). c 0 psoa
Corresponding amounts of the expression vec-
tor DNA without any p50 coding sequence 0.5
were added so that in each case a total of 10 : 2

gg of DNA was used in each transfection. After Q
transfection, the EL-4 cells were incubated fordr
40 hours and split into two pools. One pool was
stimulated overnight with concanavalin A (2 0

g/ml) and PMA (20 ng/ml) before harvesting (shaded bars); the other pool was untreated (filled
bars). Samples were normalized by protein concentration. We measured conversion of chloram-
phenicol to its acetylated form using a phosphorimager (Molecular Dynamics, Sunnyvale, Califor-
nia). No effect was seen on an NFAT reporter construct, an IL-2 promoter with a mutation in the
IL-2KB site, or the expression plasmid alone (18). Similar results were seen in four experiments with
<15% variation in replicate samples.

Fig. 4. Nuclear inhibi- x
tion of p50 binding. The

X +effect of cycloheximide ,, >. x ,, ,
on the antigen-depen- s o + 0 0.55 0.4 0.15 0.04 DOC

X 0 0 05 . .500 0
dent decrease in the Q mm=Zw s s r_+_+' r+- +r_ +' :Ag:stAim
NF-KC-DNA complex
in A.E7 nuclear extracts

is shown in lanes 1 to 6. NF-I_-_
"Ag" denotes 10 pM 81

to 104 peptide antigen

plus DCEK cells, and
CHX" denotes 125 gM
cycloheximide (16, 23). n
Lane 1, no stimulation,
harvested at 3 hours;
lane 2, Ag stimulation.

harvested at 3 hours;

lane 3, Ag with CHX

present at 0 hours, har-

vested at 3 hours; lane
4, CHX present at 0 1 2 3 4 5 6 7 8 9 1011 1213141516
hours, harvested at 3 hours; lane 5, Ag added at 0 hours, A.E7 cells separated from Ag and DCEK
cells at 3 hours, and allowed to incubate for an additional 6 hours before harvest at 9 hours; and lane
6, Ag added at 0 hours, A.E7 cells separated from DCEK cells at 3 hours, CHX added at 3 hours,
then allowed to incubate for an additional 6 hours before harvest at 9 hours. All extracts gave
comparable binding to an 1g octamer probe. The effect of DOC on NF-KC binding activity is shown
in lanes 7 to 16. Nuclear extracts were from unstimulated (-; lanes 7, 9, 11, 13, 15) and stimulated
with 10 puM 81 to 104 peptide antigen plus DCEK cells for 3 hours (+; lanes 8, 10, 12, 14, 16) (23).
Control experiments showed that the reactivated p50 complex could be supershifted with anti-p50
serum and was competed with the IL-2KB oligonucleotide (26).

expression because mutations in the IL-2KB
site eliminate -80% of the activity of the
IL-2 promoter (7, 18). Stable transfectants
of A.E7 cells with constructs containing the
IgKB site were activated approximately
equally by APC alone, Ag + APC, or either
treatment with CsA (18). Thus, expression
of the IL-2KB motif was specifically antigen-
restricted and CsA-sensitive in nontrans-
formed T cells, which correlated well with
regulation of the NF-KC complex.

To identify the molecular nature of the
NF-KC, we prepared antisera to the bacteri-
ally expressed murine p50 subunit of NF-KB
(anti-p50) and tested for recognition by
EMSA (Fig. 2A). Anti-p50 and not preim-
mune sera shifted the complex of bacterial
p50 with the IL-2KB site. The NF-KC com-

plex in the nontransformed T cells clones
A.E7 and DlO.G4.1 (22) comigrated with
that of bacterial p50 and was also efficiently
shifted by anti-p50. Ultraviolet (UV) cross-

linking studies verified that the NF-KC com-

plex in A.E7 cells consisted of two 50-kD
subunits each binding to one half-site of the
IL-2KB site (Fig. 2B). These findings, to-
gether with the fact that NF-KC had the
binding characteristics of purified p50 previ-
ously described (24), suggest that NF-KC is a
homodimer of the NF-KB p50 subunit.

To directly test whether the NF-KB p50
subunit could inhibit IL-2 promoter activity
in T cells, we transfected a plasmid expres-

sing the protein-coding sequence of p50
with a 300-bp IL-2 promoter-CAT gene

into EL-4 T lymphoma cells (Fig. 3). Stim-
ulation of the transfected cells with PMA
and concanavalin A induced IL-2 promoter
activity. Increasing amounts of the p50
expression plasmid decreased the response
of the IL-2 promoter in a dose-dependent
fashion. A plasmid expressing a mutated
p50 protein that was incapable of binding
to DNA had no effect (Fig. 3).

Using the EMSA, we next tested wheth-
er protein synthesis was required for the
decrease in p50 binding to the IL-2KB site
(Fig. 4). The protein synthesis inhibitor
cycloheximide blocked the decrease in p50
after antigen stimulation. By contrast, NF-
KB binding was augmented rather than
blocked by cycloheximide (25). Cyclohexi-
mide in the absence of antigen stimulation
did not affect p50 binding. Even when anti-
gen was removed after a 3-hour incubation,
the p50 complex continued to decrease for at
least up to 9 hours. The decrease in the p50
complex depended on continued protein
synthesis, because, with addition of cyclo-
heximide after 3 hours, the p50 binding
activity after 9 hours was equivalent to the
amount of decrease at 3 hours.

The requirement for ongoing protein
synthesis suggested that a newly synthesized
protein or proteins caused the decrease in
p50 binding activity. This protein could

SCIENCE * VOL. 256 * 5 JUNE 1992

tably, was not increased by any of these
treatments. Binding to a probe containing
the octamer sequence showed that the ex-
tracts were of comparable quality for each
experiment.

Northem (RNA) blot analysis revealed
that the IL-2 gene was strongly expressed
only after antigen and APC treatment, and
this expression was blocked by CsA (Fig.
1A) (5, 7, 21). A small amount of IL-2
mRNA was seen with PMA and ionomy-
cin, but not with either agent alone. Thus,
IL-2 mRNA induction correlated with re-
moval of NF-KC. These results suggested
that NF-KC could inhibit IL-2 gene expres-
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simply degrade p50 or could bind to p50
and inhibit its ability to bind DNA. The
cytoplasmic protein I-KB interacts with NF-
KB and inhibits its DNA binding activity.
Dissociating agents, such as the detergent
deoxycholate (DOC), release NF-KB from
IKB in cytosolic extracts and allow NF-KB
to bind DNA (26). By contrast, treatment
of cytosol from either resting or stimulated
A.E7 cells with DOC yielded no p50 DNA
binding activity (18). However, when nu-
clear extracts from stimulated A.E7 cells
were treated with DOC, we detected p50
DNA binding activity that was equivalent
to that in resting A.E7 extracts (Fig. 4).
The release of p50 required more than
0.04% DOC and was maximal at 0.4%.
The recovered binding activity was indis-
tinguishable from p50 on the basis of EM-
SAs in the presence of competitor oligonu-
cleotides and anti-p50 (18). In addition,
the inhibitory activity could be separated
from p50 by DNA affinity chromatography
and was capable of inhibiting p50 binding in
an untreated resting A.E7 extract (27).
Thus, a newly synthesized protein causes p50
to be in a non-DNA binding form in the
nucleus of T cells after antigen stimulation.

In T lymphoma cells, expression from
the IL-2KB site is activated by inducers of
NF-KB, such as lectins or phorbol ester
alone, and is resistant to CsA (7, 21). In
A.E7 cells, we find the IL-2KB site requires
full antigen stimulation (antigen + APCs)
and is sensitive to CsA. The regulation of
the IL-2KB site may begin to explain the
observation that IL-2 can be produced after
partially inducing signals such as PMA in
EL4 cells, or lectins in the case of Jurkat
cells, without costimulatory signals (7, 21 ).
Such stimuli are never sufficient for IL-2
gene expression or lymphokine production
in nontransformed T cells (5, 16). Indeed,
stimulation of nontransformed T cells by
partial signals such as lectins induces a
functionally nonresponsive state (anergy)
(5). Also, complexes in T cell tumor lines
such as KBF-1 and TCF resemble the p50
dimers in A.E7 cells, but do not display the
same regulatory features, emphasizing the
importance of transcriptional studies in
nontransformed T lymphocytes (8, 11, 18).

Our findings reveal a physiologic function
for p50 in the T cell response to antigen in
that p50 homodimers appear to inhibit acti-
vation of gene expression by NF-KB. The
p50-p50 complex is also found in lymph
node T cells and thymocytes, which implies
a regulatory role in vivo (18). One of the
paradoxes of NF-KB as a widely used signal-
ing mechanism is that, because it can be
induced by so many agents, it lacks the
specificity apparently needed to activate
genes in response to unique stimuli (11, 12).
The p50 (NF-KC) control pathway offers
one solution to this problem. Many agents

increased NF-KB in A.E7 cells, but activities
of the IL-2KB site and the IL-2 gene ap-
peared to be blocked unless the p50 complex
decreased. Thus, the IL-2KB site may only
be active when the appropriate combination
of stimuli leads to synthesis of a p50 inhibi-
tory molecule. Inhibition of the p50 com-
plex is a regulatory paradigm that differs from
the cytoplasmic regulation of NF-KB by 1KB
because the non-DNA binding form of the
p50 complex appears to be retained entirely
in the nucleus.
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Nerve Growth Factor Stimulation of the
Ras-Guanine Nucleotide Exchange Factor

and GAP Activities

Bao-Qun Li, David Kaplan, Hsiang-fu Kung, Tohru Kamata*
The biological activity of Ras proteins is thought to be controlled by the guanine nucleotide
exchange factor and the guanosine triphosphatase activating protein (GAP). Treatment of
rat pheochromocytoma PC-12 cells with nerve growth factor (NGF) increased the amount
of active Ras guanosine triphosphate complex and stimulated the activities of both the
guanine nucleotide exchange factor and GAP. In PC-12 cells that overexpressed the
tyrosine kinase encoded by the trk proto-oncogene (a component of the high-affinity NGF
receptor), the NGF-induced activation of the regulatory proteins was potentiated. These
results suggest that the NGF receptor system enhances the activities of both the guanine
nucleotide exchange factor and GAP and that the activation of Ras might be controlled by
the balance in activity between these two regulatory proteins.

The ras proto-oncogenes encode membrane-
bound proteins that bind guanine nucleotide
and have low intrinsic guanosine triphospha-
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tase (GTPase) activity (1). Binding of guano-
sine triphosphate (GTP) activates Ras pro-
teins, and subsequent hydrolysis of bound
GTP to guanosine diphosphate (GDP) inac-
tivates signaling by these proteins. In mam-
malian cells, the former process can be cata-
lyzed by the guanine nucleotide exchange
factor or GDP-dissociation stimulator for Ras
proteins (2, 3), and the latter process can be
accelerated by GAP (4). Although the bio-
chemical and biological activities of GAP
have been extensively studied, little is known
about the physiological role of the guanine
nucleotide exchange factor in growth factor-
stimulated signal transduction.

Ras participates in NGF-induced differ-
entiation of rat pheochromocytoma (Amer-
ican Type Culture collection CRL 1721)
PC-12 cells. In the presence of NGF, PC-
12 cells extend neurites and differentiate
into cells resembling sympathetic neurons
(5). The expression of Ha-Ras oncogenic
proteins in PC-12 cells mimics some, if not
all, of the effects of NGF on the cells (6),
and the induction of morphological differ-
entiation of PC-12 cells by NGF is blocked
by the microinjection of neutralizing anti-
body to Ras into the cells (7). Normal
Ras-GTP can also induce neurite outgrowth
in PC-12 cells (8).
We labeled serum-starved PC-12 cells

with [32P]orthophosphate and then incu-
bated them with or without NGF. Analysis
of the nucleotides bound to immunoprecip-
itated Ras showed that NGF rapidly (within
5 min) induced an increase in the ratio of
Ras-GTP to Ras-GDP (Fig. 1A). The mag-
nitude of the increase in the amount of
Ras-GTP complex was dependent on the
concentration of NGF (Fig. iB), as is the
degree of neurite outgrowth induced by
NGF (9). Similar stimulatory effects of
NGF were observed by others (10). Dibu-
tyryl adenosine 3',5'-monophosphate
(cAMP) (1 mM) had no effect on the
amount of Ras-GTP (l 1), which is consis-
tent with the observation that the induc-
tion of morphological differentiation of PC-
12 cells by dibutyryl cAMP is not mediated
by Ras proteins (7). The effect of NGF on
the amount of Ras-GTP was transient, and
the amount of Ras-GTP in cells treated
with NGF for 20 min was similar to that in
untreated cells. Because the treatment of
cells with NGF for 20 min does not cause
neurite outgrowth (1 1), it appears that the
increased amount of Ras-GTP is not suffi-
cient to promote differentiation.
We compared the effect of NGF on the

amount of Ras-GTP in normal PC-12 cells
to its effect in PC-12 cells transfected with
the human Trk proto-oncogene (Trk-PC-
12 cells). Trk proteins encode a 140-kD
membrane protein with tyrosine kinase ac-
tivity that is a component of the high-
affinity NGF receptor. The expression of
Trk is required for signal transduction by
NGF (12). The Trk-PC-12 cells expressed
high levels of Trk protein compared to
parental PC-12 cells and increased amounts
of NGF-induced Trk tyrosine kinase activ-
ity (13). After a 5-min incubation with
NGF, the ratio of Ras-GTP to total bound
nucleotides was higher in Trk-PC-12 cells
(34.5 + 3.0%) than in untransfected PC-
12 cells (23.0 + 1.0%) (Fig. 1C). There
was no difference in the amount of Ras in
the two cell lines as detected by immuno-
blotting with the antibody to Ras (1 1).

Thus, these results suggest the involve-
ment of Ras in the signaling pathway acti-
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