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MERCEDES RINCÓN1 AND RICHARD A. FLAVELL1,2*

Section of Immunobiology1 and Howard Hughes Medical Institute,2 Yale University
School of Medicine, New Haven, Connecticut 06510

Received 21 August 1995/Returned for modification 2 November 1995/Accepted 7 December 1995

The ability of thymocytes to express cytokine genes changes during the different stages of thymic develop-
ment. Although CD42 CD82 thymocytes are able to produce a wide spectrum of cytokines in response to a
T-cell receptor (TcR)-independent stimulus, as they approach the double-positive (DP) CD41 CD81 stage, they
lose the ability to produce cytokine. After the DP stage, thymocytes become single-positive CD41 or CD81

thymocytes which reacquire the ability to secrete cytokines. In an attempt to understand the molecular basis
of this specific regulation, we use AP-1–luciferase and newly generated NFAT-luciferase transgenic mice to
analyze the transcriptional and DNA-binding activities of these two transcription factors that are involved in
the regulation of cytokine gene expression. Here, we show that both AP-1 and NFAT transcriptional activities
are not inducible in the majority of DP cells but that during the differentiation of DP cells to the mature
single-positive stage, thymocytes regain this inducibility. Subpopulation analysis demonstrates that this in-
ducibility is reacquired at the DP stage before the down-modulation of one of the coreceptors. Indeed, AP-1
inducibility, just like the ability to express the interleukin-2 gene, is reacquired during the differentiation of DP
TcRlow CD69low heat-stable antigen (HSA)high thymocytes to DP TcRhigh CD69high HSAhigh cells, which is
considered to be the consequence of the first signal that initiates positive selection. We therefore propose that
the inability of DP thymocytes to induce AP-1 and NFAT activities is one of the causes for the lack of cytokine
gene expression at this stage and that this inducibility is reacquired at the latest stage of DP differentiation as
a consequence of positive selection. This could be a mechanism to prevent the activation of DP thymocytes
before selection has taken place.

The development of T lymphocytes in the thymus involves
both negative and positive selective events that eliminate self-
reactive cells and promote survival of cells that are capable of
recognizing foreign antigens (8, 41). During this process, im-
mature double-negative (DN) CD42 CD82 T-cell receptor-
negative (TcR2) thymocytes differentiate into so-called dou-
ble-positive (DP) CD41 CD81 TcRlow (DPlow) cells. These
bipotential precursors differentiate to CD41 CD82 TcRhigh or
CD42 CD81 TcRhigh cells which will recognize peptide anti-
gens in the context of major histocompatibility complex
(MHC) class II or class I molecules, respectively. Analysis of
TcR transgenic mice (3, 32, 33, 45, 55, 57, 62) as well as MHC
class II- and class I-deficient mice (10, 16) has shown that this
decision is mediated by positive selection that is dictated by the
interaction of a specific TcR, associated with a CD4 or CD8
coreceptor, with the appropriate positive-selecting MHC class
II or class I, respectively, on epithelial cells of the thymus.
Two models of thymocyte selection have been proposed to

explain the decision of a DP cell to commit to the CD4 or CD8
lineage (6, 50, 66), although this question is still open. The
instructive model proposes that positive selection occurs at the
DP stage of maturation. A CD41 CD81 cell specifically inter-
acts with MHC class I or class II molecules through its TcR and
CD8 or CD4 coreceptor, respectively. The TcR-mediated sig-
nal may differ depending on which coreceptor binds to the
MHC molecule, and it dictates whether thymocytes down-
modulate CD8 or CD4 to proceed with differentiation. In
contrast, the stochastic/selective model originally postulated

that positive selection occurs at the single-positive stage of
maturation. CD41 CD81 cells randomly shut off either CD4 or
CD8 independently of the specificity of the TcR. Subsequently,
the single-positive cell that can engage an MHC molecule on a
thymic stromal cell with its TcR and the appropriate corecep-
tor will be positively selected; those cells that are not selected
die. A more recent version of this model proposes that CD41

CD81 thymocytes must engage MHCmolecules twice en route
to become mature single-positive cells (10, 16). The first TcR-
MHC engagement received by DP cells results in the up-
regulation of TcR and the progressive random down-modula-
tion of CD4 or CD8. The second engagement, which requires
that the chosen coreceptor and the TcR bind to the sameMHC
molecule, completes positive selection, after which cells be-
come single positive and migrate to the medulla.
In addition to differing in cell surface phenotype, these thy-

mocyte subpopulations are functionally different in terms of
their patterns of cytokine production and proliferation.
Around days 14 to 15 of gestation, fetal thymocytes are pre-
dominantly DN CD42 CD82 TcR2 cells that express mRNAs
for interleukin-1b (IL-1b), IL-4, IL-5, IL-6, IL-7, gamma in-
terferon, tumor necrosis factor, and IL-2 and also exhibit sur-
face markers of activated T lymphocytes such as CD25 or
CD44 (9, 18, 38, 68). Although resting triple-negative thymo-
cytes from adult mice do not express any cytokines, expression
can be induced by TcR-independent stimulation with phorbol
esters and calcium ionophore (68). However, as these cells
approach the DP stage, there is a striking loss in the ability to
produce cytokines (11, 36, 48). In contrast, mature single-
positive thymocytes regain the capacity to express specific cy-
tokines. The mechanism that ensures the extinction of cytokine
gene transcription at the DP stage is not known. It is possible
that this is a control mechanism to prevent a potential TcR-
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mediated signal from resulting in the activation of DP thymo-
cytes that have not yet been subjected to positive or negative
selection.
Since cytokine gene expression is regulated by multiple tran-

scription factors, specific regulation of these factors at the
different stages of thymocyte development could explain the
pattern of cytokine production. The best-characterized cyto-
kine regulatory region is the IL-2 promoter (for a review see
reference 47). This promoter region contains two Oct-1 bind-
ing sites called NFIL-2A and NFIL-2D, proximal and distal
AP-1 and NFAT binding sites, and a single NF-kB binding site.
The AP-1 transcription factor is a complex mixture of different
members of the Fos (c-Fos, FosB, Fra-1, Fra-2, and FosB2)
and Jun (c-Jun, JunB and JunD) family of proteins (13, 24, 25,
40, 52, 67). NFAT is composed, in part, of a preexisting cyto-
plasmic component (NFATp or NFATc) (19, 30, 37, 42) that
translocates into the nucleus upon T-cell activation, where it
associates with a nuclear component that, at least under cer-
tain conditions, contains members of the Jun/Fos family (5, 30,
31, 43). Although less characterized, NFAT or AP-1 binding
sites have also been identified in the regulatory regions of
other cytokine genes such as the IL-4, tumor necrosis factor,
and IL-3 genes (46). The specific regulation of these transcrip-
tion factors has been well studied during T-cell activation, but
relatively little is known about the regulation during fetal (29,
68) and adult (11, 48, 56) thymic development. Interestingly,
Zúñiga-Pflücker et al. showed that both AP-1 and NFAT are
functional in DN thymocytes (68).
We analyze here the regulation of both DNA-binding and

transcriptional activities of AP-1 and NFAT transcription fac-
tors during thymic development and selection processes. Using
transcriptional reporter transgenic mice, we show that DP thy-
mocytes are unable to induce either transcriptional or DNA-
binding activities of AP-1 and NFAT upon stimulation. How-
ever, during the transition between DPlow to DP TcRhigh

(DPhigh) thymocytes, at a stage when positive selection is be-
lieved to occur and before cells acquire the mature single-
positive phenotype, thymocytes regain the ability to induce
AP-1 and NFAT activity as well as IL-2 gene expression.

MATERIALS AND METHODS

Mice. The TG-B TcR (20) and AP-1–luciferase (AP1-luc) (49) transgenic mice
were previously generated in our laboratory. The cytochrome c (Cyt c) TcR
transgenic mice were kindly provided by S. M. Hedrick and J. Kaye (32). The
MHC class II-deficient mice were a gift from D. Mathis and C. Benoist (14). The
NFAT-luciferase (NFAT-luc) transgenic mice were generated by microinjection
of the 2.8-kb BamHI DNA fragment into fertilized (C57BL/6 3 SJL)F2 eggs as
previously described (27). The NFAT-luc transgene contains the firefly luciferase
gene driven by a 200-bp fragment of the IL-2 minimal promoter (2326 to 2294
and272 to147) with three NFAT binding sites inserted in an XhoI site between
these fragments (17, 65). Three expression-positive founder lines were estab-
lished and backcrossed onto B10.BR/SGSNJ (Jackson Laboratory, Bar Harbor,
Maine) to obtain progeny for these studies. All three lines display the same
pattern but different levels of luciferase expression.
Cell preparation and staining. The different thymocyte populations were

obtained by staining of total thymocytes with a directly fluorescein isothiocya-
nate-conjugated anti-TcR (H57-557) and directly Red613-conjugated anti-CD4
(Gibco BRL, Gaithersburg, Md.) and biotinylated anti-CD8 (Becton Dickinson,
Mountain View, Calif.) monoclonal antibodies (MAbs), in combination with
phycoerythrin-streptavidin (PharMingen, San Diego, Calif.), and subjected to
fluorescence-activated cell sorting (FACS) in a Becton Dickinson FACStar Plus
cell sorter. The average purity for each population was 98%.
Four-color staining was carried out by using phycoerythrin-conjugated anti-

CD8 (Caltag Laboratories, San Francisco, Calif.), Quantum Red-conjugated
anti-CD4 (Sigma), fluorescein isothiocyanate-conjugated anti-TcR (H57-557),
and biotinylated anti-heat-stable antigen (HSA) (PharMingen) or biotinylated
anti-CD69 (PharMingen) MAbs, in combination with Texas red-conjugated
streptavidin (Vector Laboratories, Burlingame, Calif.).
IL-2 production assay. Supernatants were collected after 24 h of stimulation

from the same thymocyte cultures that were used later for detection of luciferase

activity. IL-2 production was analyzed by using the CTL.L line as previously
described (21).
Luciferase activity analysis. Cells from either total thymus or individual sub-

populations were incubated at 4 3 105 cells per well (48 wells per plate) in the
presence or absence of phorbol 12-myristate acetate (PMA) plus ionomycin
(Sigma, St. Louis, Mo.). After specific periods of time, cells from each indepen-
dent well were harvested, washed twice in phosphate-buffered saline, and lysed
in lysis buffer (luciferase assay; Promega, Madison, Wis.) for 30 min at room
temperature. The lysate was spun down for 2 min, and total supernatant was
analyzed by using a luciferase reagent (Promega) and measured in a luminom-
eter (Lumat LB9501) for 10 s (two measurements of each independent sample
were made). The background measurement was subtracted from each duplicate,
and experimental values are expressed relative to the activity found in extracts
from unstimulated cells (equal to the background).
Nuclear extracts and EMSA.Mini nuclear extracts were obtained from a small

number of cells (1 3 106 to 4 3 106) by using a previously described procedure
(54, 63). Binding reactions were carried out by using 1 to 2 mg of nuclear proteins
and 4.5 3 104 cpm of double-stranded oligonucleotides end labeled with 32P as
previously described (54, 63). The double-stranded oligonucleotides used in the
electrophoretic mobility shift assay (EMSA) contained the human collagenase
tetradecanoyl phorbol acetate response element (TRE) (GTCGACGTGAGT
CAGCGCGC) (1, 35) for AP-1 binding, the distal NFAT element from the
mouse IL-2 promoter (GCCCAAAGAGGAAAATTTGTTTCATACAG) (31)
for NFAT binding, and the consensus cyclic AMP response element (CRE)
(GATCTCTCTGACGTCAGCCAAGGAGGAGGCG) (39) for the binding of
CRE-binding protein (CREBP).

RESULTS

Lack of AP-1 and NFAT inducibility in DP thymocytes cor-
relates with the lack in IL-2 production.We first analyzed the
abilities of the various subsets of thymocytes to produce cyto-
kines by analyzing IL-2 secretion upon stimulation. We iso-
lated DN, DP, CD41, and CD81 populations from the thy-
muses of adult mice (8 to 12 weeks old) by cell sorting; under
these conditions, cell populations of about 97 to 99% purity
were obtained. Since the DP population expresses very low
levels of TcR, we used a combination of PMA and calcium
ionophore (ionomycin) as a TcR-independent stimulus that
mimics the TcR-mediated protein kinase C activation and
Ca21 signals, respectively. Since it has been reported that
PMA or ionomycin can induce apoptosis in thymocytes under
certain conditions (34), we first optimized the concentrations
of PMA and ionomycin that could stimulate thymocytes but
not induce programmed cell death. The treatment of DP cells
with PMA (5 ng/ml) plus high doses of ionomycin (1 mg/ml), a
concentration previously used to induce apoptosis in thymo-
cytes, resulted in rapid cell death. However, when the normally
employed concentration of ionomycin (250 ng/ml) was used,
DP cells remained viable throughout the course of our exper-
iments (up to 48 h in culture at 378C) (data not shown). We
therefore used this concentration of ionomycin, which is the
same as that used to activate peripheral T cells (49). As pre-
viously reported (11), we could detect some IL-2 production in
stimulated DN thymocytes (data not shown) and high levels of
IL-2 from activated CD41 thymocytes (Table 1). CD81mature

TABLE 1. IL-2 production in thymocyte subpopulations

Cell population Stimulusa
IL-2 production (U/ml)b

Expt 1 Expt 2

Total thymocytes 2 2 1
P/I 38 26

DP P/I 4 2
CD41 P/I 138 228
CD81 P/I 40 36

a Cells (43 105/0.5 ml) were incubated for 24 h in the absence (2) or presence
(P/I) of PMA (5 ng/ml) plus ionomycin (250 ng/ml), and supernatants were
assayed for IL-2 activity.
b Analyzed as described in Materials and Methods.
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thymocytes display a helper phenotype, since they are able to
secrete IL-2 although to a lesser amount than CD41 thymo-
cytes. However, DP thymocytes lack the ability to produce IL-2
in response to PMA and ionomycin (Table 1).
To study the molecular basis of the loss of cytokine produc-

tion during the DP stage, we analyzed the activities of NFAT
and AP-1, two inducible nuclear factors involved in the regu-
lation of the expression of IL-2 and other cytokine genes. First,
we analyzed the transcriptional activities of these two factors in
the different thymic populations. To this end, we used AP1-luc
reporter transgenic mice that had been previously generated in
our laboratory (49). We have also generated reporter trans-
genic mice for NFAT carrying a construct in which the firefly
luciferase gene is driven by three NFAT binding sites linked to
the minimal IL-2 promoter (17, 65). The details of the activa-
tion properties of NFAT in peripheral T cells of these mice will
be described elsewhere. Analysis by reverse transcriptase PCR
have shown that the luciferase transcripts initiate around the
predicted 59 end for these promoters and that there is no
significant level of readthrough from any other endogenous
promoter in the vicinity of the integration site of the transgene
in both transgenic models (data not shown). The luciferase
activity in these mice, therefore, is a specific indication of
AP-1- or NFAT-mediated transcription. Total thymocytes as
well as FACS-sorted thymocyte subpopulations from AP1-luc
or NFAT-luc transgenic mice were stimulated with PMA plus
ionomycin. Cells were lysed at specified times, and luciferase
activity was analyzed. High AP-1 and NFAT transcriptional
activities were observed in both CD41 and total thymocytes;
however, little activity was detected in the DP cells (Fig. 1A).
Unexpectedly, we also detected lower AP-1 and NFAT tran-
scriptional activities in the single-positive CD81 population
than in the CD41 population.
The lack of AP-1 and NFAT transcriptional activities in the

DP population could be due to the lack of DNA-bound com-
plexes or to the absence of an additional posttranslational
modification of the preformed complexes required to mediate
transcriptional activity. To assess that possibility, we analyzed
the DNA-binding activities for AP-1 and NFAT. Nuclear ex-
tracts were prepared from unstimulated total thymocytes or
thymocytes from different populations stimulated with PMA
plus ionomycin and analyzed for DNA-binding proteins by
EMSA. No AP-1 and NFAT DNA binding was detected in
unstimulated total thymocytes, but it was inducible upon stim-
ulation (Fig. 1B). However, analysis of extracts from different
subpopulations showed the absence of AP-1 and NFAT DNA
binding in the DP cells upon stimulation (Fig. 1B), although
both transcriptional factors were present in stimulated DN
thymocytes (data not shown). After the DP cells differentiate
to single-positive cells, both CD41 and CD81 thymocytes re-
cover the inducibility of AP-1 and NFAT DNA binding (Fig.

FIG. 1. Transcriptional and DNA-binding activities of AP-1 and NFAT in
different stimulated thymocyte populations. (A) Total thymocytes (T.T), DP,
single CD41, or single CD81 sorted cells were obtained from AP1-luc (for AP-1
transcriptional activity) or NFAT-luc (for NFAT transcriptional activity) trans-
genic mice and stimulated with PMA (5 ng/ml) plus ionomycin (250 ng/ml). After
the indicated periods of time, luciferase activity was analyzed. Luciferase values
are expressed as fold activation over the value obtained from unstimulated cells.
Results shown are representative of three independent experiments. (B) EMSA
of nuclear extracts from different sorted thymocyte populations incubated in the
absence (2) or presence of PMA (5 ng/ml) plus ionomycin (250 ng/ml) (P/I) for
6 h. For each assay, 2-mg aliquots of nuclear extracts were incubated with a
32P-end-labeled 21-nucleotide oligomer containing the human collagenase TRE
(AP-1 DNA binding), a 30-nucleotide oligomer containing the mouse IL-2
NFAT element (NFAT DNA binding), or a 31-nucleotide oligomer containing
the consensus CRE (CREB DNA binding). The arrows show the different com-
plexes.
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1B). The AP-1 and NFAT complexes bound specifically since
they were competed for by an excess of double-stranded unla-
beled oligonucleotide that contained a consensus AP-1 site and
the mouse IL-2 promoter NFAT site, respectively, and not by
negative controls. In addition, antisera against Fos/Jun family
members eliminated almost completely the AP-1 complex, and
antisera against NFATp supershifted the NFAT complex (data
not shown). As an internal standard for the quality of the
extracts made from the different subpopulations, we also ana-
lyzed the DNA-binding activity of CREB (39), which is a con-
stitutively expressed transcription factor; the levels of DNA
binding of CREB were almost identical in the different sub-
populations (Fig. 1B). Together, these data indicated that
there was a specific lack of transcriptional as well as DNA-
binding activities of AP-1 and NFAT nuclear factors in DP
thymocytes, which might account for the inability to produce
cytokines such as IL-2.
AP-1 and NFAT activities are inducible in DP thymocytes

from TcR transgenic mice. Since mature single-positive thy-
mocytes were able to induce AP-1 and NFAT activities upon
stimulation, we next examined at which step during the differ-
entiation of DP to the mature single-positive stage this induc-
ibility is reacquired. The up-regulation of the TcR has been
associated with a more mature stage of DP thymocytes, before
they become single-positive cells (28, 44, 58, 60). Most DP
thymocytes from normal mice express low TcR levels, and only
a very small subpopulation express high levels of TcR. These
TcRhigh DP cells are believed to have undergone positive se-
lection. Consistent with this view, it has been found that in TcR
transgenic mice, a much higher fraction of DP cells express
high TcR levels, but only when the appropriate positively se-
lecting MHC ligand is expressed (6, 32). We were therefore

interested in determining whether AP-1 and NFAT were in-
ducible in the DP population from TcR transgenic mice.
To address this question, we chose two different TcR trans-

genic systems: first, TcR transgenic mice (Cyt c TcR) express-
ing a- and b-chain genes that encode the receptor from a
CD41 T-cell clone specific for pigeon Cyt c in association with
I-Ek class II MHC (32); and second, TcR transgenic (TG-B)
mice which express a and b chains of the TcR from a CD81

T-cell clone specific for the simian virus 40 large T antigen in
the context of MHC class I H-2Kk (20). Figure 2 shows the
distribution of the thymic populations (Fig. 2B) as well as the
expression of the TcR in each population (Fig. 2A) in non-TcR
transgenic mice and in both lines of TcR transgenic mice. As
previously described (32, 64), a dramatic skewing toward the
CD4 single-positive lineage was observed in thymuses from Cyt
c TcR transgenic mice that express the selecting MHC k hap-
lotype (Fig. 2). The skewing toward the CD8 single-positive
stage was somewhat less dramatic in MHC class I-restricted

FIG. 2. Up-regulated TcR levels in DP cells from TcR transgenic mice. Thymocytes from non-TcR transgenic mice or Cyt c TcR and TG-B transgenic mice were
analyzed by three-color flow cytometry. To set the gates for the four major thymic populations, we used anti-CD4 and anti-CD8 MAbs (B). Panel A represents the TcR
expression detected by an anti-TcR MAb within each gate: CD81 cells (upper left), DP cells (upper right), DN cells (lower left), and CD41 cells (lower right).

TABLE 2. IL-2 production in thymocyte subpopulations from TcR
transgenic mice

Cell population
IL-2 production (U/ml)a

Non-TcR Cyt c TG-B

Total thymocytes 27 179 97
DP 3 16 22
CD41 109 158 ND
CD81 10 ND 58

a Cells were stimulated as described in Table 1, footnote a, and IL-2 produc-
tion was analyzed as described in Materials and Methods. ND, not done.
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TG-B transgenic mice expressing the H-2k haplotype, possibly
because of differences in TcR affinity for MHC or differences
in the ability of the transgenic TcR b chain to associate with
the transgenic versus endogenous a chain. DP thymocytes
from both Cyt c TcR and TG-B transgenic mice expressed
higher TcR levels than non-TcR transgenic mice (Fig. 2), al-
though the levels differed somewhat between the two TcR
transgenic systems.
We first compared IL-2 production by DP cells isolated from

TcR and non-TcR transgenic mice upon stimulation with PMA
plus ionomycin (Table 2). Interestingly, unlike DP cells from
control non-TcR transgenic mice, DP cells from both Cyt c
TcR and TG-B transgenic mice exhibit inducible IL-2 gene
expression by this TcR-independent stimulus. We next ana-
lyzed the inducibility of AP-1 and NFAT activities in the TcR
transgenic mice. To analyze the transcriptional activity medi-
ated by these factors, we crossed the Cyt c TcR and TG-B
transgenic mice with AP1-luc or NFAT-luc reporter transgenic
mice. Different thymic subpopulations were isolated by cell
sorting from double-transgenic mice (TcR 3 AP1-luc or TcR
3NFAT-luc transgenic mice), stimulated with PMA plus iono-
mycin, lysed, and analyzed for luciferase activity. Unlike the
activity observed in the non-TcR transgenic mice (Fig. 1A),
AP-1 and NFAT transcriptional activities are significantly in-
duced in DP cells from both the Cyt c TcR and TG-B trans-
genic mice (Fig. 3A to D). We also analyzed the DNA-binding
activity in the DP population isolated from TcR transgenic
mice. Although non-TcR transgenic mice did not show AP-1
and NFAT DNA binding in DP cells (Fig. 1B), DNA binding
of both factors was observed in DP cells from TG-B transgenic
mice, and lower but significant binding was seen in DP cells
from Cyt c transgenic mice (Fig. 3E). The level of AP-1- and
NFAT-mediated transcription correlated approximately but
not absolutely with the level of IL-2 cytokine recovered from
cell supernatants. This is not surprising since several transcrip-
tion factors in addition to AP-1 and NFAT (NF-kB and Oct-
associated protein [OAP]) bind to the IL-2 promoter. It is
likely that their levels could also be rate limiting for IL-2 gene
transcription. Moreover, numerous posttranslational events
can also regulate the level of IL-2 released from cells.
Together, these data suggested that DP thymocytes in a

positively selecting environment reacquire the inducibility of
AP-1 and NFAT activities before down-modulation of the
CD4 or CD8 coreceptor occurs.
The acquisition of AP-1 and NFAT inducibility at the DP

stage correlates with the up-regulation of the TcR. Consider-
ing that the increased TcR level is the major characteristic that
differentiates the DP population from TcR and non-TcR trans-
genic mice and, as mentioned above, the up-regulation of TcR
expression correlates with a more mature phenotype of DP
cells (28, 44, 58, 60), this TcR up-regulation could correlate
with the acquisition of inducibility. To approach this question,
we isolated from TcR transgenic mice two subpopulations of
the DP cells on the basis of their TcR levels, DPlow and DPhigh.
These two subpopulations were always well defined in DP cells
from TG-B transgenic mice (Fig. 4A). However, the definition
of both DPlow and DPhigh subpopulations was somewhat less
clear in the Cyt c TcR transgenic mice and, perhaps, conse-
quently the intensity and percentage of DPhigh cells were lower
than in TG-B mice. As shown in Table 3, DPhigh but not DPlow

cells were able to produce significant amounts of IL-2 in re-
sponse to PMA plus ionomycin in both TcR transgenic sys-
tems.
In addition, we analyzed the AP-1 transcriptional activity in

DP subpopulations from both Cyt c 3 AP1-luc and TG-B 3
AP1-luc double-transgenic mice. Interestingly, most AP-1 tran-

scriptional activity was detected in the DPhigh subpopulations;
only low activity was seen in DPlow cells from Cyt c TcR
transgenic mice, and almost no detectable AP-1 activity was
found in DPlow cells from TG-B transgenic mice (Fig. 4B to E).
In contrast, no dramatic difference was observed in the NFAT
transcriptional activity from DPhigh and DPlow subpopulations
from both TcR transgenic systems, although in most experi-
ments the activity in DPhigh cells was higher than that in DPlow

cells at the earliest time points of activation (Fig. 4B to E).
The analysis of DNA-binding activity by EMSA showed a

correlation with transcriptional activity. Most of the AP-1 com-
plexes observed in DP cells from stimulated TG-B transgenic
mice were present in the DPhigh subpopulation, and little DNA
binding was observed in DPlow thymocytes (Fig. 4F). AP-1
DNA binding was also stronger in DPhigh than in DPlow thy-
mocytes from Cyt c TcR transgenic mice, although, as we
expected, the difference was not as notable since the two sub-
populations were not as well defined and the TcR levels in
DPhigh cells were lower than in the same subpopulation from
TG-B transgenic mice. Analysis of NFAT DNA-binding activ-
ity showed more inducible NFAT complexes in DPhigh than in
DPlow thymocytes. Nevertheless, in correlation with TcR ex-
pression and IL-2 production, the levels of DNA and transcrip-
tional activity detected in the DPhigh subpopulation never
reached the levels observed in the single-positive populations
(data not shown).
These data indicate that the reacquisition of AP-1 and

NFAT activities occurs at the DP stage after the up-regulation
of TcR takes place in the case of AP-1 and, probably, earlier
for NFAT.
AP-1 inducibility as a marker for positive selection of thy-

mocytes. Several studies suggest that during successful positive
selection, DPlow thymocytes increase TcR surface expression
(6, 28, 44, 58, 60). More recently it has been proposed that
up-regulation of the TcR is the result of the first TcR-MHC
engagement that initiates the positive selection program which
is completed after the second TcR-MHC engagement and
binding to the appropriate coreceptor (10, 16). In that case,
DPhigh cells from TcR transgenic mice should have already
been positively selected. Our data, therefore, suggest that AP-1
inducibility is reacquired as a consequence of positive selection
at the DP stage. To establish that the DPhigh subpopulation
isolated from TcR transgenic thymuses has been positively
selected, we evaluated the expression of additional cell surface
markers that discriminate between DP and single-positive thy-
mocytes. The expression of HSA is used as marker of maturity
(2, 15), since it is highly expressed in DP thymocytes and is
down-modulated only when cells become mature single-posi-
tive cells. Thus, when we analyzed HSA expression in DP from
TcR transgenic mice, we observed, as expected, that DPhigh

thymocytes, despite the high levels of TcR, were still expressing
the same high HSA levels as DPlow cells in TG-B transgenic

TABLE 3. IL-2 production in DP subpopulations from TcR
transgenic mice

TcR transgenic mice Expt
IL-2 production (U/ml)a

DPlow DPhigh

Cyt c 1 1 25
2 8 34

TG-B 1 2 18
2 1 16

a Cells were stimulated and IL-2 production was detected as described in the
footnotes to Table 1.
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mice and that the level was only slightly reduced in Cyt c TcR
transgenic mice (Fig. 5). HSA expression was, however,
strongly down-modulated in single-positive thymocytes (data
not shown). On the other hand, CD69, an early marker of
T-cell activation, is also a thymocyte maturation marker since

its up-regulation is closely correlated with positive selection
occurring at the DP stage (2, 61). We therefore compared
levels of CD69 expression in the DPhigh and DPlow populations
by four-color cytofluorimetric analysis. DPhigh thymocytes from
both Cyt c TcR and TG-B transgenic mice showed an up-
regulation of CD69 compared with the DPlow subpopulation
(Fig. 5). These results indicated that this DPhigh subpopulation,
although it has not acquired the full mature single-positive
phenotype, has undergone positive selection and that therefore
AP-1 inducibility can be used as an additional marker of mat-
uration.
It has been previously described that MHC class II-deficient

mice have a substantial population of CD4 single-positive thy-
mocytes expressing high levels of TcR (14). These cells are
believed to be positively selected on MHC class I molecules,
and they are intermediate in maturity between CD41 CD81

and end-stage CD41 CD82 cells. Indeed, in addition to exhib-
iting high TcR levels, they are CD69 positive like mature sin-
gle-positive cells. However, they also show immature charac-
teristics such as low levels of CD8, medium to high levels of

FIG. 3. Analysis of AP-1 and NFAT transcriptional and DNA-binding activ-
ities in DP from TcR transgenic mice. (A to D) Transcriptional activity. Total
thymocytes (T.T) or DP thymocytes from Cyt c TcR 3 AP1-luc (A), Cyt c TcR
3 NFAT-luc (B), TG-B 3 AP1-luc (C), or TG-B 3 NFAT-luc (D) double-
transgenic mice were stimulated as described for Fig. 1A for different periods of
time, and luciferase activity was analyzed as described in Materials and Methods.
(E) DNA-binding activity. EMSA of nuclear extracts from total thymocytes (T.T)
or DP isolated from Cyt c TcR or TG-B transgenic mice stimulated for 6 h as
described for Fig. 1B. For each assay, 2-mg aliquots of nuclear extracts were
incubated with a 32P-end-labeled oligonucleotide containing the human collag-
enase TRE (AP-1) or murine distal NFAT element (NFAT).
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HSA, and cortical location (10). The phenotype of this inter-
mediate state of thymocyte differentiation correlates with the
phenotype that we observed for the DPhigh subpopulation ob-
tained from TcR transgenic mice. Therefore, our results indi-

cate these cells could have recovered AP-1 inducibility. To test
this possibility, we isolated by cell sorting CD41 thymocytes
from class II-deficient mice (Fig. 6A) and stimulated them with
PMA plus ionomycin, and nuclear extracts were then tested for

FIG. 4. Comparative analysis of AP-1 and NFAT transcriptional and DNA-binding activities in DPlow and DPhigh cells. (A) Definition of DPlow and DPhigh

populations. Three-color flow cytometry analysis was carried out in thymocytes from Cyt c TcR and TG-B transgenic mice as described for Fig. 2. The histograms
represent the anti-TcR fluorescence intensities within the DP populations. Cells were then sorted on the basis of the TcR levels in DPlow (low) or DPhigh (high) cells.
(B to E) Transcriptional activity. DPlow or DPhigh cells sorted from Cyt c TcR 3 AP1-luc (B), Cyt c TcR 3 NFAT-luc (C), TG-B 3 AP1-luc (D), or TG-B 3 NFAT-luc
(E) double-transgenic mice were stimulated as described for Fig. 1A for different periods of time, and luciferase activity was analyzed as described in Materials and
Methods. (F) DNA-binding activity. EMSA of nuclear extracts from DPlow or DPhigh sorted thymocytes from Cyt c TcR or TG-B transgenic mice stimulated for 6 h
as described for Fig. 1B. For each assay, 1.5-mg aliquots of nuclear extracts were incubated with a 32P-end-labeled oligonucleotide containing the human collagenase
TRE (AP-1) or murine distal NFAT element (NFAT).
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AP-1 DNA-binding activity by EMSA. As predicted, we de-
tected AP-1 DNA binding in the CD41 population from class
II-deficient animals at almost the same level as in CD41 cells
from normal mice (Fig. 6B).
Altogether, these data indicate that AP-1 inducibility is re-

acquired at the DP stage, possibly as a consequence of positive
selection but before cells acquire the full mature phenotype of
the single-positive stage.

DISCUSSION

Cytokine production and the expression of cytokine recep-
tors are modulated during fetal thymus ontogeny and among
the different thymocyte populations in the adult thymus (9).
Indeed, DN thymocytes from the adult thymus are able to
produce IL-2 and other cytokines in response to a TcR-inde-
pendent stimulation (36, 68). However, as thymocytes reach
the DP stage, they can no longer produce cytokines upon
stimulation (9, 11, 48). A further step in thymic development is
the maturation of DP thymocytes into single-positive CD41 or
CD81 cells, which regain the ability to produce specific cyto-
kines in response to a TcR-dependent or -independent stimu-
lus. We were interested first in determining the molecular basis
of the loss of cytokine gene expression at the DP stage and
then in determining which event triggers the reacquisition of
this gene expression during thymic differentiation and at which
developmental stage this occurs.
At least two possible mechanisms could explain why DP

thymocytes are unable to induce cytokine gene expression.
One is the presence of a dominant silencer in the regulatory
region of the gene. Such a silencer, similar to the one found in
the CD4 gene (53), could be inactive at the DN or single-
positive stage but active in DP thymocytes, thereby repressing
gene expression despite the presence of inducible positive tran-
scription factors upon stimulation. This kind of mechanism is

not likely to apply in the case of the lack of IL-2 gene expres-
sion, since no negative regulatory elements have been found
within this gene. Alternatively, the lack of IL-2 inducibility
could be explained by the absence, at the DP stage, of induc-
ible transcription factors required for the complete transcrip-
tion of the IL-2 and other cytokine genes. Previously, Chen and
Rothenberg (11) scored for the DNA-binding activities of dif-
ferent transcriptional factors in enriched DN, DP, or CD41

populations from normal mice after stimulation with PMA
plus ionomycin, and they described a dramatic reduction of
AP-1 and NFAT DNA binding in stimulated DP thymocytes
compared with the other populations. Recently, Sen et al. (56)
described the presence of nuclear forms of AP-1 and NFAT in
freshly isolated thymocytes at all stages of maturation, al-
though, since transcriptional activity was not measured, it is
not clear whether these factors are transcriptionally functional;
however, the DNA binding of these factors in DP cells (but not
other populations) is down-modulated upon incubation at
378C. In our studies, we analyzed both the DNA-binding and
transcriptional activities of these two regulatory factors, which
are involved in the expression of several cytokine genes, in
purified DP, CD41, and CD81 population from non-TcR
transgenic mice after stimulation with a TcR-independent
stimulus. Our data show that, in correlation with the loss of
IL-2 inducibility, stimulation of DP thymocytes does not acti-
vate transcription mediated by AP-1 or NFAT. The lack of
transcriptional activity of these two factors in DP cells seems to
be due to their inability to bind to the specific DNA regulatory
element more than to the lack of posttranslational modifica-
tion of the complex, which is the mechanism that appears to
play a key role in the regulation of AP-1 activity in peripheral
T cells (49, 59). The absence of DNA-binding and transcrip-
tional activities of these two transcription factors in DP cells is
specific and it is not a consequence of a general defect in signal
transduction in these cells or of cell death induced upon stim-
ulation. First, the viability of stimulated DP cells is not signif-
icantly decreased by activation. Second, nuclear extracts of the
cells show binding to a control CRE sequence, establishing
that these extracts contain undegraded DNA-binding proteins.
Finally, we have generated NF-kB–luciferase reporter trans-
genic mice, and we observed that stimulation of DP thymo-
cytes, under the same conditions as used here for AP1-luc
mice, does up-regulate NF-kB transcriptional activity (data not
shown). Therefore, the lack of AP-1 and NFAT in DP thymo-
cytes reflects a specific and intrinsic defect for these factors at
this stage of maturation, and it is not a consequence of an
impairment of the signalling machinery associated with the
TcR. It does, however render DP thymocytes unable to re-
spond to a TcR-specific stimulation.
The differential inducibility of AP-1 and NFAT among the

thymic subpopulations suggests the involvement of these nu-
clear factors in thymocyte development. In this regard, it is
noteworthy that somatic chimeric mice generated by injecting
homozygous mutant c-jun-deficient embryonic stem cells into
blastocysts from recombination activating gene 2 (RAG-2)-
deficient mice have poor restoration of thymocytes (12). Sim-
ilarly, overexpression of the c-fos transgene specifically affects
T-cell development in the thymus, by increasing the proportion
of mature thymocytes (51). Therefore, some members of the
Fos/Jun family, which are present in AP-1 complexes (13, 25,
26, 40, 52, 67) and are believed to also be present in the nuclear
component of NFAT (5, 30, 31, 43), seem to play a role in the
maturation of thymocytes.
The second question that we address in this study is the

nature of the maturation event that restores the ability of
thymocytes to activate AP-1 and NFAT before mature thymo-

FIG. 4—Continued.
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cytes migrate to periphery. Previous studies (11) and our own
results indicate that this inducibility has been reacquired by the
time full maturation occurs at the single-positive stage. Our
results for DP thymocytes from TcR transgenic mice now show
that the reacquisition of IL-2 inducibility precedes coreceptor
down-modulation. A large subpopulation of DP thymocytes
from TcR transgenic mice have up-regulated their TcR levels.
Since this up-regulation is generally believed to be a result of
positive selection (6, 28, 44, 58, 60) and DP cells from TcR
transgenic animals have reacquired the ability to induce AP-1
and NFAT as well as IL-2 production, it appears that positive
selection is a prerequisite for this reacquisition. In this regard,
the TcR specific for Cyt c has been described to be also weakly
positively selected by I-Ab, since most CD41 T cells express the
transgenic receptor (32, 64); however, positive selection is not
as efficient as in the Ek background, as evidenced by the fact
that most thymocytes are DP, with few single-positive CD41

cells, and the fact that the DP cells do not express high levels
of TcR. Unlike DP(Ek) cells, these DP(Ab) cells do not pro-
duce IL-2 and do not induce either NFAT or AP-1 transcrip-
tional activity (data not shown).
Several models of thymocyte selection have been elaborated

to explain how the interaction of a TcR with specific MHC
dictates the commitment of DP cells to the CD4 or CD8
lineage (6, 50, 66). A recent model, a modification of the
original version of the stochastic/selective model (10, 16), pro-
poses that CD41 CD81 thymocytes must engage MHC mole-
cules twice en route to becoming completely mature single-
positive cells. The first engagement, received by DP cells,
results in the up-regulation of TcR and CD69 on the cell
surface, reduction of RAG-1 and terminal deoxynucleotidyl-
transferase mRNA levels (4, 7), and induction of a stochastic
mechanism that gradually down-modulates CD4 or CD8. The
second engagement, which requires that a chosen coreceptor
and the specific TcR bind to the same MHC molecule, results
in down-regulation of surface HSA expression, entry of cells
into the medulla, and completion of positive selection, so that
cells become truly CD41 or CD81 single-positive cells. Our
results demonstrate that AP-1 transcriptional and DNA-bind-
ing activities, in correlation with IL-2 production, cannot be
induced in the DP TcRlow CD69low HSAhigh subpopulation
upon stimulation with PMA plus ionomycin (this report) or

TcR cross-linking (not shown). In contrast, AP-1 activity and
IL-2 expression are normally induced in the DP TcRhigh

CD69high HSAhigh subpopulation by both stimuli. Therefore, if
this model is correct, these results indicate that the IL-2 in-
ducibility that is lost during the transition from DN to DP is
reacquired as a consequence of the signal mediated by the first
TcR-MHC engagement at the DP stage. Further, this IL-2
inducibility correlates with the acquisition of AP-1 inducibility.
Unexpectedly, significant levels of NFAT activity were de-
tected in the DPlow subpopulations from both TcR transgenic
mice, although the level was higher in the DPhigh subpopula-
tion. However, the major regulatory component of the NFAT
complex is the preexisting cytoplasmic component (19, 30, 37,
42) whose regulation during thymic development remains un-
known. In addition, although it has been described that Fos/
Jun family members are contained in the nuclear component
of NFAT (5, 30, 31, 43), it is not yet clear which Fos/Jun family
members are involved and how they participate in NFAT ac-
tivity. Furthermore, it is possible that factors other than AP-1
can function as the nuclear components of NFAT. It is there-

FIG. 5. Expression of CD69 and HSA in DPlow and DPhigh subpopulations.
Thymocytes from Cyt c TcR or TG-B transgenic mice were analyzed by four-
color flow cytometry after staining with anti-CD4, anti-CD8, anti-TcR and anti-
CD69, or anti-HSA. The histograms represent the fluorescence intensities of
CD69 or HSA gating in TcRlow (low) or TcRhigh (high) regions in the anti-TcR
histogram for CD41 CD81 cells.

FIG. 6. AP-1 DNA-binding activity in the single-positive CD41 population
from class II-deficient mice. The CD41 population from class II-deficient mice
was obtained by anti-CD4 and anti-CD8 staining and cell sorting (A). (B) EMSA
of nuclear extracts from total thymocytes (T.T) and CD41 cells (CD4) from
wild-type (WT) or class II-deficient (IIo) mice stimulated for 6 h as described for
Fig. 1B. For each assay, 1.5-mg aliquots of nuclear extracts were incubated with
a 32P-end-labeled oligonucleotide containing the human collagenase TRE.
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fore possible that the signal transduced in DPlow cells is suffi-
cient to confer a low level of NFAT activity but insufficient to
activate AP-1.
In correlation with the stochastic/selective model described

above, the CD41 CD8low population detected in class II-defi-
cient mice (14) represents an intermediate stage of maturation.
They seem to have received the first signal mediated by class
I-specific TcR engagement and started down-modulating the
CD8 coreceptor. However, since they cannot coengage the
same MHC molecule with their TcR and CD4 coreceptor, they
do not complete full maturation (10). Our experiments show
that this intermediate population isolated from class II-defi-
cient animals contains AP-1 complexes after stimulation, which
is consistent with our model of how this factor is developmen-
tally regulated. We therefore propose that the acquisition of
AP-1 inducibility is an additional marker of thymocyte matu-
ration, helping to discriminate between the DP immature
stage, prior to positive selection, and the DP intermediate
stage, after the first positive selecting signal has been delivered.
What dictates the loss of cytokine production inducibility

during the differentiation of DN to DP thymocytes is a ques-
tion that remains open and will be a subject of further studies.
The signal mediated by the interaction of TcR b chain in
association with gp33, expressed at the latest maturation stage
of the DN (22–24), with an unknown ligand may be one can-
didate. Our data suggest that this loss of cytokine gene expres-
sion when thymocytes approach the DP stage is not regained
until positive selection has occurred. We believe that this could
represent a protective mechanism against self-reaction in the
thymus. Before positive or negative selection occurs, the ma-
jority of DP thymocytes already express low levels of TcR that
could mediate a self-antigen-specific activation and prolifera-
tion of this population and therefore cause destruction in thy-
mus. To avoid that, DP thymocytes have developed a system to
uncouple the expression of activation genes such as cytokines
genes. Moreover, because of the inability to induce AP-1, the
signal mediated by the TcR during the selection process would
not result in the activation of the DP thymocytes but could
allow differentiation to mature single-positive thymocytes.
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