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The basic helix-loop-helix transcription factors, E2A and HEB, play important roles in T-cell development
at multiple checkpoints. Expression of their inhibitor, Id1, abolishes the function of both transcription factors
in a dose-dependent manner. The Id1 transgenic thymus is characterized by an accumulation of CD4� CD8�

CD44� CD25� thymocytes, a dramatic reduction of CD4� CD8� thymocytes, and an abundance of apoptotic
cells. Here we show that these apoptotic cells carry functional T-cell receptors (TCRs), suggesting that
apoptosis occurs during T-cell maturation. In contrast, viable Id1 transgenic CD4 single positive T cells exhibit
costimulation-independent proliferation upon treatment with anti-CD3 antibody, probably due to a hyperre-
sponse to TCR signaling. Furthermore, Id1 expression causes apoptosis of CD4 and CD8 double- or single-
positive thymocytes in HY- or AND-TCR transgenic mice under conditions that normally support positive
selection. Collectively, these results suggest that E2A and HEB proteins are crucial for controlling the
threshold for TCR signaling, and Id1 expression lowers the threshold, resulting in apoptosis of developing
thymocytes.

T-cell development consists of a series of precisely con-
trolled events involving cell differentiation, proliferation, and
survival, which are largely influenced by signals through pre-
T-cell receptors (pre-TCRs) and T-cell receptors (TCRs) (27,
32). Several checkpoints are in place to ensure that thymocytes
with proper receptors are selected, whereas others with less-
than-ideal receptors undergo apoptosis. The �-selection check-
point at the transition from the CD4 and CD8 double-negative
(DN) to double-positive (DP) stage permits only cells with
functional pre-TCR to proliferate and differentiate into DP
cells (12, 30). DP cells then rearrange the TCR� locus and
produce TCRs on their surface. The duration and strength of
interaction between TCRs and major histocompatibility com-
plex (MHC)-peptide complexes determine the fate of these DP
cells (2, 37, 47). Cells with TCRs mediating appropriate dura-
tion and strengths of interaction become positively selected
and differentiate into CD4 or CD8 single-positive (SP) cells.
However, cells carrying TCRs that interact with MHCs too
weakly or too strongly die by neglect and by negative selection,
respectively. Therefore, signaling through pre-TCR and TCR
must be closely monitored. Otherwise, the default outcome is
cell death. Modulation of pre-TCR and TCR signaling occurs
at multiple levels from the cell membrane to the nucleus.
Although much is known about the positive events transmitting
TCR signals, less is understood about the opposing events that
balance positive signaling.

The E2A and HEB genes encode basic helix-loop-helix tran-
scription factors, collectively called E proteins, which have
redundant functions (15). The function of E proteins can be

eliminated by their naturally occurring dominant-negative in-
hibitors, Id1 to Id4 (44). Complete elimination of the function
of these E proteins in the T lineage by expression of various
inhibitors arrests T-cell development at early progenitor
stages, indicating an essential role for E proteins (8, 19, 23, 24,
33). However, partial inhibition of the function reveals that E
proteins also play important roles in pre-TCR and TCR sig-
naling. For example, disruption of the E2A gene or expression
of Id1 enables RAG-deficient DN T cells to differentiate into
DP cells, suggesting that E2A proteins influence pre-TCR sig-
naling (14, 24). Loss of E2A also moderately facilitates positive
selection (5), whereas mutation of the Id3 gene inhibits both
positive and negative selection (42). These findings are consis-
tent with the observations that E-protein binding activities are
reduced upon pre-TCR and TCR signaling (3, 14, 24).

Furthermore, in Id1 transgenic mice in which E-protein
function is more completely abolished than in E2A- or HEB-
deficient mice (4, 7, 23), massive apoptosis is observed. We
found similar levels of TCR� and TCR� gene rearrangement
in DNA isolated from apoptotic thymocytes of Id1 transgenic
mice and viable thymocytes of Id1 transgenic or wild-type mice
(23). Thus, the arrest in T-cell development in Id1 transgenic
mice is not due to a failure in TCR gene rearrangement. We
therefore postulated that these apoptotic cells might have al-
ready committed to the T lineage and died during the course of
maturation (24). Interestingly, the NF-�B family of transcrip-
tion factors is dramatically activated in Id1 transgenic thymo-
cytes through activation of I�B kinases. Activation of NF-�B
indeed promotes the differentiation of RAG1-deficient DN
cells to the DP stage (46). In Id1 transgenic mice, further
activation of NF-�B exacerbates the T-cell defects, whereas
inhibition of NF-�B alleviates the developmental block (24).

We provide here evidence in support of our hypothesis that
E proteins play a critical role in controlling the threshold of
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TCR stimulation and thus prevent apoptosis of developing
thymocytes. We found that the frequencies of productive re-
arrangements in the TCR� and -� loci in apoptotic Id1 trans-
genic thymocytes are similar to those in wild-type thymocytes,
suggesting that these apoptotic cells probably possess func-
tional pre-TCRs or TCRs prior to cell death. Furthermore, Id1
transgenic CD4 SP thymocytes undergo vigorous proliferation
in response to anti-CD3 stimulation without costimulation.
This result suggests that Id1 transgenic thymocytes are hyper-
responsive to TCR stimulation. Consequently, Id1 transgenic
thymocytes might be more susceptible to apoptosis through a
mechanism analogous to negative selection, which we term
pseudo-negative selection. Indeed, we show that Id1 expres-
sion turns signals for positive selection into negative selection
in HY- or AND-TCR transgenic mice (which carry the AD10
� chain and the AN6.2 � chain [22]), possibly due to a lower
threshold for TCR stimulation.

MATERIALS AND METHODS

Mice. Id1 transgenic mice were described previously (23) and back-crossed to
the C57BL/6 background for seven generations. AND-TCR (22) and HY-TCR
(25) transgenic mice were also on the C57BL/6 background and bred with Id1
transgenic mice to generate transheterozygotes for each transgene. Id1 trans-
genic mice used for TCR rearrangement and proliferation assays are on the
FVB/N background.

Flow cytometry. Antibodies used in the present study were purchased from the
following sources: Tri-Color-conjugated rat anti-mouse CD4 or CD8, phyco-
erythrin-conjugated rat anti-mouse CD8 or CD44, and fluorescein isothiocyanate
(FITC)-conjugated rat anti-mouse CD25 were purchased from Caltag Labora-
tories (Burlingame, Calif.). Monoclonal hamster anti-mouse CD3ε (2C11) or
CD28 (37.51) and an FITC-conjugated mouse V� TCR screening kit were
obtained from BD Pharmingen (San Diego, Calif.). Thymocytes were stained
with appropriate antibodies and data was collected on a FACScan flow cytometer
and analyzed with the CellQuest software (BD Pharmingen).

Analyses of apoptosis. Detection of apoptotic cells was carried out with An-
nexin V staining and Apo-Direct kits according to manufacturer’s protocols (BD
Biosciences, Franklin Lakes, N.J.). Briefly, to stain cells with Annexin V-FITC,
106 thymocytes were washed twice in phosphate-buffered saline (PBS) and re-
suspended in 1 ml of Annexin V binding buffer (10 mM HEPES [pH 7.4], 140
mM NaCl, 2.5 mM CaCl2). A total of 100 �l of the cell suspension was mixed
with 5 �l of Annexin V-FITC and 250 ng of propidium iodide. The mixture was
incubated at room temperature for 15 min, and 300 �l of Annexin V binding
buffer was then added. Stained cells were analyzed on a FACScan. To evaluate
apoptosis by dUTP labeling, 106 thymocytes were fixed in 4% paraformaldehyde
in PBS on ice for 30 min and washed twice with PBS. The fixed cells were
resuspended in 75% ice-cold ethanol and kept on ice or at �20°C for at least 1 h.
After two washes with washing buffer, the cells were resuspended in 50 �l of the
labeling mixture containing 10 �l of the reaction buffer, 1.25 �M FITC-dUTP,
and 15 U of terminal deoxynucleotidyl transferase. The labeling reaction was
carried out at 37°C for 1 h and washed twice with washing buffer. Cells were
resuspended in 300 �l of PBS and analyzed on a FACScan.

Analyses of the rearrangement of TCR� and -� loci. Thymocytes were frac-
tionated on a Ficoll cushion to separate viable cells from dead or apoptotic cells.
Thymic genomic DNA from the pellet (dead or apoptotic cells) and interface
(viable cells) was extracted and gel purified as described previously (23). To
amplify rearranged TCR� fragments, PCRs were carried out with oligonucleo-
tides binding to the V�3, V�5, or V�8 region as a 5� primer and to J�2 as a 3�
primer. Similarly, 5� primers corresponding to V�2C, V�F3, or V�H and a 3�
primer from the J�TT11 region were used to amplify rearranged TCR� frag-
ments. Sequences of the primers are as described previously (23). These PCR
products were cloned into the pGEM-T Easy vector (Promega, Madison, Wis.).
Plasmid DNAs isolated from individual colonies were screened with a J�2 or
J�TT11 probe by using a dot blot assay. Positive samples were sequenced. The
junction sequence of each unique V(D)J recombination event was classified into
productive and nonproductive rearrangement, and the percentages of productive
rearrangement events were calculated for each DNA sample.

Proliferation assay of CD4� thymocytes. Viable thymocytes were purified
away from apoptotic cells by collecting cells at the interface after centrifugation

at 4°C for 20 min on a Ficoll cushion (Amersham Pharmacia Biotech, Piscataway,
N.J.). Cells were then stained with anti-CD4 and anti-CD8 and sorted on a
Mo-Flo cell sorter (Cytomation, Ft. Collins, Colo.). Sorted CD4� thymocytes (2
� 105, 	95% purity) were cultured in triplicates in 96-well flat-bottom plates
coated with anti-CD3ε (clone 2C11, 10 �g/ml) with or without soluble anti-CD28
(clone 37.51, 2 �g/ml) for 48 h in 200 �l of RPMI 1640 medium supplemented
with 10% heat-inactivated fetal bovine serum and 2 mM L-glutamine at 37°C in
5% CO2. The cells were pulse-labeled with 1 �Ci of [3H]thymidine (Perkin-
Elmer Life Sciences, Inc., Boston, Mass.) in the last 18 h of the incubation and
harvested by using a cell harvester (Cambridge Technology, Inc., Watertown,
Mass.). The amount of [3H]thymidine incorporated by proliferating CD4� thy-
mocytes was measured by liquid scintillation counting. For some experiments,
different concentrations of I�B kinase inhibitor (NBD) or its control peptide
(NBA) were included (31). These peptides were dissolved in dimethyl sulfoxide
and sterilized by passing through a 0.22-�m-pore-size filter.

RESULTS

Enhanced apoptosis of DP thymocytes in Id1 transgenic
mice. Expression of the Id1 protein in transgenic mice, in
which the Id1 cDNA was driven by the proximal promoter of
the lck gene, dramatically inhibited E-protein DNA-binding
activity in thymocytes. As shown in Fig. 1A, two E-box binding
complexes, BCF1 and -2 (34), are usually found in lymphoid
cells such as WEHI231 B cells, and both can be supershifted by
anti-E47 antibodies. In wild-type total thymocytes, these com-
plexes were readily detectable, but their levels were dramati-
cally reduced in heterozygous Id1 transgenic thymocytes (Fig.
1A). In these Id1 transgenic mice, whereas the total thymic
cellularity is significantly decreased, a small number of thymo-
cytes develop to maturity. However, the CD4 and CD8 DP
population is disproportionately diminished (Fig. 1B). Since
DP cells constitute the majority of total thymocytes in wild-
type mice, a loss of DP cells could, at least partially, account
for the reduced cellularity. We have previously detected in-
creased apoptosis in the thymuses of Id1 transgenic mice by
using scatter analysis, DNA fragmentation, and in situ TUNEL
(terminal deoxynucleotidyltransferase-mediated dUTP-biotin
nick end labeling) assays (23, 24). Here, we further evaluated
apoptosis of freshly isolated viable DP thymocytes in vitro. As
determined by Annexin V staining, these cells from Id1 trans-
genic thymus underwent apoptosis at a rate 70% higher than
wild-type cells after 8 h in culture (Fig. 1C), thus confirming
the enhanced apoptotic potential of Id1 transgenic thymocytes.

Apoptotic cells in Id1 transgenic mice undergo productive
TCR rearrangement. Our previous data indicated that apopto-
tic cells isolated from thymus of Id1 transgenic mice had sub-
stantial levels of TCR� and -� gene rearrangement compared
to viable cells from transgenic or wild-type mice (23), suggest-
ing that apoptosis occurs in developing thymocytes. To exam-
ine the nature of these rearrangement events and rule out the
possibility that aberrant rearrangement takes place in a few
restricted V, D, and J regions of TCR� and -� genes, we
compared the sequences of rearranged V(D)J fragments be-
tween viable and apoptotic thymocytes from wild-type and Id1
transgenic mice. As diagrammed in Fig. 2, we isolated viable
and apoptotic thymocytes from Id1 transgenic mice by centrif-
ugation on a Ficoll cushion and purified DNA from these cells.
Since the genomic DNA from the apoptotic fraction appeared
fragmented, we purified the fragmented DNA away from the
intact DNA by gel electrophoresis, on the assumption that the
fragmented DNA was most likely derived from apoptotic cells.
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DNA samples isolated from viable and apoptotic cells were
examined, along with this preparation of fragmented DNA
(Fig. 2). V(D)J and V-J rearrangement products of TCR� and
-� loci were amplified by PCR with the DNA of viable cells and
fragmented DNA of apoptotic cells from Id1 transgenic mice,
as well as from the DNA of viable wild-type cells as templates.
These products were cloned, and the sequences of the individ-
ual clones were determined. At least 40 unique recombination
events from each DNA sample were analyzed (Table 1). These
events represent rearrangements between different V regions
and the J�2 or J�TT11 regions, respectively (data not shown),
suggesting that no skewing of rearrangement of certain V(D)J
regions occurred in the apoptotic Id1 transgenic thymocytes.

This was further supported by comparison of TCR V� usage
between wild-type and transgenic viable thymocytes by flow
cytometry, where the repertoires of TCR� in Id1 transgenic
mice on both FVB/N and C57BL/6 backgrounds were compa-
rable to those of wild-type mice, even though minor variations
exist (Fig. 3).

Because of the random addition and deletion of nucleotides
at V�-D�, D�-J�, and V�-J� junctions at the TCR� and -�
loci, only a fraction of recombination events results in in-frame

FIG. 1. Enhanced apoptosis of DP thymocytes in Id1 transgenic
mice. (A) EMSA with nuclear extracts prepared with total thymocytes
from wild-type and heterozygous Id1 transgenic mice. The E-box and
Oct-1 probes were as described previously (24). As a control, EMSA
with a nuclear extract from the WEHI231 B-cell line was performed
with or without anti-E47 antibodies to supershift the E47 containing
complexes as marked with arrows. The amount of Oct-1 binding com-
plex serves as a control for the amount of nuclear extract in each
sample. (B). Thymocytes from wild-type and Id1 transgenic mice on
the FVB/N background were stained with the indicated antibodies.
The number in each quadrant is the percentage of the subset of
thymocytes. (C). Sorted viable DP thymocytes were stained with An-
nexin V-FITC with or without 8 h of culture at 37°C. The percentage
of Annexin-positive cells is shown on top of the gate.

FIG. 2. Isolation of genomic DNA from Id1 transgenic mice for
TCR gene rearrangement assays. The scheme for isolation of genomic
DNA from viable and apoptotic cells is diagrammed. Aliquots of DNA
samples prepared were analyzed by agarose gel electrophoresis.

TABLE 1. Frequencies of productive TCR gene rearrangement

Locus and cell
typec

No. of eventsa
% Productive

eventsTotal Productive Nonproductive

TCR� locus
WT/viable 55 44 11 80
Id1/viable 49 25 24 51b

Id1/frag. 67 52 15 78

TCR� locus
WT/viable 43 14 29 33
Id1/viable 40 12 28 30
Id1/frag. 42 16 26 38

a Each event represents a unique VDJ or VJ junction sequence.
b 
2 � 0.001.
c WT, wild type; frag., fragmented.
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gene rearrangements, allowing production of functional TCR�
or -� chains. Thymocytes without productive TCR� gene re-
arrangements normally undergo apoptosis due to failure of
passing �-selection and those without productive TCR� rear-
rangements die by neglect. It is therefore necessary to deter-
mine whether the apoptotic cells in Id1 transgenic mice are
simply those that have failed the selection processes. As sum-
marized in Table 1, the frequency of productive TCR� rear-
rangement in apoptotic thymocytes of Id1 transgenic mice was
comparable to that of viable thymocytes of wild-type mice
(78% versus 80%). These values are consistent with the theo-
retical frequency of productive TCR� rearrangement in viable
cells following � selection (71%), taking into account allelic
exclusion at the TCR� locus (45). Thus, we conclude that the
majority of Id1 transgenic thymocytes undergo apoptosis after
passing the �-selection checkpoint. Interestingly, the frequency
of productive TCR� rearrangements in viable thymocytes of
Id1 transgenic mice was significantly lower (51%) than that in
wild-type thymocytes or apoptotic Id1 thymocytes. Indeed, we
found a higher percentage of low or no TCR�-expressing DP
cells in the Id1 transgenic mice compared to wild-type mice

(data not shown). This is in agreement with our previous find-
ing that Id1 expression enables RAG1-deficient thymocytes to
differentiate to the double positive stage without a functional
TCR� (24). Since allelic exclusion does not occur during the
rearrangement of the TCR� locus (10, 17), thymocytes with
productive gene rearrangements at the TCR� locus are not
enriched. Multiple attempts of rearrangement of each TCR�
allele also occurs and the excision circles persist in thymocytes.
Therefore, the probability of detecting in-frame TCR� rear-
rangement is expected to be ca. 33%, which is what we found
for all cell populations from Id1 transgenic and wild-type mice
(Table 1). Taken together, these results thus support the no-
tion that the Id1 transgenic apoptotic cells possess intact T-cell
receptors.

Id1 transgenic CD4� cells proliferate independently of co-
stimulation. To evaluate TCR signaling in Id1 transgenic thy-
mocytes, the proliferation potential of activated CD4� cells
was determined. Activation of naive CD4� T cells leads to
proliferation and differentiation to effector cells. This usually
requires two signals: the signal originating from the TCR after
the recognition of MHC class II-peptide complexes on antigen-

FIG. 3. Normal TCR� chain usage in Id1 transgenic thymocytes. Thymocytes from wild-type and Id1 transgenic mice on FVB/N (A) and
C57BL/6 (B) backgrounds were stained with FITC-conjugated antibodies specific for each of the indicated V� chains. The percentage of each V�
specific population out of total thymocytes is shown.
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presenting cells (APC) and the signal initiating from the co-
stimulatory receptors of T cells by binding to costimulatory
molecules on APC (1, 28, 29). One well-characterized costimu-
latory signal comes from the interaction between CD28 on
CD4� T cells and CD80/CD86 on APC. Activation of CD4�

cells can be mimicked by treatment with antibodies against
CD3 and CD28 in vitro.

Because Id1 transgenic mice have very few T cells in the
periphery, and the CD8� thymocyte population contains a
mixture of immature and mature CD8� cells, we sorted CD4�

thymocytes from wild-type and Id1 transgenic mice. Their abil-
ity to proliferate was assayed by [3H]thymidine incorporation

48 h after stimulation with different concentrations of plate-
bound anti-CD3 antibodies in the presence or absence of sol-
uble anti-CD28 (Fig. 4A). Wild-type CD4� cells barely prolif-
erated when treated with anti-CD3ε antibodies alone. In
contrast, CD4� thymocytes from Id1 transgenic mice treated
with anti-CD3ε antibodies underwent substantial proliferation
in the absence of exogenous costimulation by the anti-CD28
antibody (Fig. 4A). These results suggested that Id1 expression
in CD4� thymocytes created effects similar to those generated
by costimulation. Furthermore, in the presence of both anti-
CD3ε and anti-CD28 antibodies, Id1 transgenic CD4� cells
also displayed up to fourfold-higher response than wild-type

FIG. 4. Costimulation-independent proliferation of CD4� thymocytes from Id1 transgenic mice. (A) Sorted CD4� thymocytes were plated in
triplicates (2 � 105 cells per well) in a 96-well plate coated with indicated concentrations of anti-CD3ε antibody with or without soluble anti-CD28
MAb (2 �g/ml) and incubated for 48 h. Cells were pulsed with 1 �Ci of [3H]thymidine per well for the last 18 h of incubation. The amount of
[3H]thymidine incorporated by proliferating thymocytes was measured by scintillation counting. (B) Sorted CD4� thymocytes from wild-type and
Id1 transgenic mice were stimulated with plate-bound anti-CD3ε antibody (10 �g/ml) in a 96-well plate with or without PMA (2.5 ng/ml) for 48
or 72 h. [3H]thymidine incorporation was measured as described for panel A.
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cells, indicating that Id1 expression may potentiate the cellular
response to TCR stimulation and costimulation (Fig. 4A). In-
cidentally, anti-CD28 costimulation of Id1 transgenic CD4�

cells also triggered a more vigorous proliferation than the same
cells treated with anti-CD3 antibodies alone. This is probably
due to quantitatively or qualitatively different costimulatory
signals delivered through the CD28 coreceptor and that medi-
ated by Id1 expression. Furthermore, similar results were also
obtained by using phorbol myristate acetate (PMA) as a co-
stimulus (Fig. 4B). At 48 h after stimulation, Id1 transgenic
CD4� thymocytes treated with anti-CD3 alone or with both
anti-CD3 and PMA already exhibited high levels of thymidine
uptake, whereas wild-type cells stimulated with both anti-CD3
and PMA only incorporated a low level of [3H]thymidine.
Furthermore, at 72 h Id1 transgenic cells cultured in the pres-

ence or absence of PMA continued to proliferate more vigor-
ously than wild-type cells.

The ability of Id1 transgenic CD4� cells to proliferate inde-
pendently of costimulation resembles the behavior of memory
T cells. Memory T cells usually proliferate and secrete a broad
spectrum of cytokines in response to lower doses of peptides
recognized by TCR and in the absence of costimulation (13).
Murine memory T cells are identified by surface markers as
CD44� CD45RBlo CD62L� CD69lo. To determine whether
the CD4� thymocytes in Id1 transgenic mice represent a pop-
ulation of memory T cells, we analyzed the surface phenotype
of these cells by flow cytometry. Gated CD4� thymocytes from
wild-type and transgenic mice were examined for expression of
each of the memory T-cell markers individually (Fig. 5A).
Although the majority of CD4� cells were CD44�, no distinct

FIG. 5. CD4� thymocytes from Id1 transgenic mice do not display the phenotype of memory T cells. (A) Surface marker expression in CD4�

thymocytes. Thymocytes from wild-type and Id1 transgenic mice were stained with anti-CD4 and anti-CD8 plus one of the antibodies specific for
the indicated antigens. The levels of the indicated surface antigens on gated CD4 SP thymocytes are shown in histograms. Solid lines represent
wild-type thymocytes, and shaded areas designate Id1 transgenic thymocytes. (B) Cytokine secretion by activated CD4� thymocytes. CD4�

thymocytes (2 � 105 cells per well) were stimulated for 48 h with plate-bound anti-CD3ε (10 �g/ml) with or without soluble anti-CD28 monoclonal
antibody (2 �g/ml). Culture media were collected and analyzed for the indicated cytokines by enzyme-linked immunosorbent assay. Bars: 1,
wild-type CD4� thymocytes stimulated with anti-CD3ε and anti-CD28; 2, Id1 transgenic CD4� thymocytes stimulated with anti-CD3ε alone; 3, Id1
transgenic CD4� thymocytes stimulated with anti-CD3ε and anti-CD28.
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subpopulation of these cells displayed lower levels of CD45RB,
CD62L, and CD69. Therefore, it is unlikely that memory T
cells predominate in the Id1 transgenic CD4� population. In-
terestingly, levels of TCR� and CD3ε were significantly lower
in Id1 transgenic cells than wild-type cells (Fig. 5A), even
though the transgenic cells responded more avidly to TCR
stimulation (Fig. 4). The lower levels of TCR and CD3 on Id1
transgenic CD4� cells may be explained by an increase in
receptor internalization or by selection against higher level of
TCR expression, both of which could result from a stronger
response to TCR signaling due to Id1 expression.

Further distinction of the Id1 transgenic CD4� cells from
memory T cells came from the analysis of cytokine production
by proliferating CD4� cells. Treatment of Id1 transgenic thy-
mocytes with anti-CD3 alone did not produce significant
amounts of interleukin-2 (IL-2) and IL-4 cytokines typically
secreted by memory T cells or cells treated with both anti-CD3
and anti-CD28 antibodies (Fig. 5B). There were low levels of
IL-10 and gamma interferon production in Id1 transgenic
CD4� cells treated with anti-CD3, but these cytokines are not
known to stimulate proliferation (41).

NF-�B activation contributes to costimulation-independent
proliferation of Id1 transgenic thymocytes. Freshly isolated
total thymocytes from Id1 transgenic mice have dramatically
increased NF-�B activities (24). Since CD28-mediated signal-
ing is thought to cause activation of NF-�B (21), we examined
NF-�B DNA-binding activity in these CD4� thymocytes cul-
tured in vitro. At 24 h after treatment with or without anti-CD3
or anti-CD3 plus anti-CD28, nuclear extracts were prepared
and electrophoretic mobility shift assays (EMSAs) were per-
formed. NF-�B activities in both wild-type and Id1 transgenic
cells were very low without any treatment but increased signif-
icantly upon stimulation with 10 �g of anti-CD3/ml alone and
further increased slightly with anti-CD3 plus anti-CD28 (Fig.
6A, lanes 1 to 6). The transcriptionally active forms of NF-�B
complexes (slower-migrating band) predominantly consist of
c-rel or p65 homodimers or heterodimers with p50 as deter-
mined by using supershift assays (data not shown). Further-
more, to distinguish the responses of wild-type and Id1 trans-
genic CD4� thymocytes to these stimulatory signals, we
lowered the concentration of anti-CD3 antibody to 2 �g/ml in
these experiments. Indeed, NF-�B activation in wild-type cells
was much less dramatic than that in Id1 transgenic cells (Fig.
6A, lanes 7 to 12), suggesting that Id1 expression potentiates
NF-�B activation by TCR signaling.

We next tested whether proliferation of these CD4� cells
depends on NF-�B activation. A cell-permeable peptide, NBD,
was shown to inhibit NF-�B activation by competing with the
NEMO-binding domains of IKK� and IKK� for interacting
with NEMO (31). Consequently, IKK complexes cannot be
activated upon stimulation, and I�B molecules cannot be phos-
phorylated and signaled for degradation in the presence of
NBD. The addition of NBD peptides completely abolished the
proliferation of wild-type CD4� cells stimulated with anti-CD3
and anti-CD28 and inhibited the proliferation of Id1 trans-
genic cells by about 80 and 60% when treated with anti-CD3
alone or both anti-CD3 and anti-CD28, respectively (Fig. 6B).
In contrast, a control peptide, NBA, which carries mutations in
the residues critical for NEMO binding (31), had no significant
effect on the proliferation of wild-type or transgenic cells. This

result suggests that NF-�B activity is necessary for T-cell pro-
liferation. It remains to be determined whether the partial
inhibition of proliferation in Id1 transgenic cells is due to an
incomplete inhibition of NF-�B activity or to the action of
additional factors.

Effect of Id1 expression on thymocyte positive selection. As
another measure of TCR signaling in Id1 transgenic mice, we
examined the effect of Id1 expression on the negative and
positive selection of DP thymocytes. Id1 transgenic mice were
crossed with HY-TCR transgenic mice. HY-TCR is specific for
a male-specific antigen in the context of class I MHC, H-2Db

(25). DP thymocytes are positively selected to become CD8 SP
cells in female mice expressing H-2Db and eliminated after
negative selection in male mice. In female HY-TCR transgenic
mice, CD8� thymocytes constituted 10% of the total thymo-
cytes compared to 3% of that in wild-type littermates (Fig. 7A).
When thymocytes of female HY-TCR transgenic mice were
gated on HY-TCR expression by staining with a monoclonal

FIG. 6. NF-�B is necessary but not sufficient for costimulation-
independent proliferation. (A) EMSA for NF-�B DNA-binding activ-
ities. CD4� thymocytes (2 � 105 cells per well) were stimulated with
indicated concentrations of plate-bound anti-CD3ε with or without
soluble anti-CD28 for 24 h. Nuclear extracts were prepared from the
stimulated and unstimulated thymocytes and used in EMSAs. The
indicated subunits present in each of the specific NF-�B binding com-
plexes were identified by supershift assays (data not shown). A ubiq-
uitously expressed nonspecific binding complex (NS) served as a load-
ing control. (B) Inhibition of CD4� thymocyte proliferation by an
inhibitor of NF-�B activation. Proliferation cultures were set up as
described for Fig. 5B, except the inhibitor peptide (NBD) or control
peptide (NBA) were included at the concentration of 200 �M. [3H]thy-
midine incorporation was measured as described for Fig. 4A.
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antibody against the � chain of the HY-TCR (Fig. 7B), the
percentage of CD8� cells increased to 20% (data not shown).
In contrast, male HY-TCR transgenic mice had few thymo-
cytes beyond the DN stage due to negative selection against
the majority of cells bearing the HY-TCR (Fig. 7A and B).
Their total cellularity was consequently reduced to ca. 10% of
that in wild-type littermates. Interestingly, the thymuses of
either male or female HY-TCR transgenic mice carrying the
Id1 transgene had an appearance reminiscent of that seen in
the male HY-TCR mice, i.e., few thymocytes beyond the DN
stage (Fig. 7A). The total number of thymocytes in female
transheterozygotes of Id1 and HY-TCR transgenic mice was
similar to male HY-TCR transgenic mice. Thus, thymocytes in

female Id1tg, HY-TCRtg transheterozygous mice appeared to
have undergone negative selection.

Examination of HY-TCR expression in these mice revealed
that 82% of male HY-TCR transgenic thymocytes express the
HY TCR but only 33% of female transgenic cells carry this
TCR (Fig. 7B). This is perhaps due to opportunities of rear-
ranging the endogenous TCR� locus in female HY-TCR trans-
genic mice, thus resulting in the expression of nontransgenic
TCR. Cells expressing a nontransgenic TCR would not be
subjected to the same selection as HY-TCR. Because DP thy-
mocytes with HY-TCR in male mice die quickly by negative
selection, they do not have the opportunity to rearrange their
endogenous TCR� locus. Similarly, Id1 transgenic thymocytes
with HY-TCR also undergo apoptosis before they are able to
rearrange endogenous TCR� alleles. Although only 42 and
32% of the thymocytes in male and female Id1 and HY-TCR
trans-heterozygotes bore the HY-TCR, respectively (Fig. 7B),
the remainder of thymocytes was arrested at DN stages prior to
the expression of HY-TCR transgenes (data not shown). When
the CD3εhi population, which consists of TCR-bearing cells,
was analyzed for HY-TCR expression with the anti-V�T3.70
antibody, the percentage of HY-TCR-positive cells in female
Id1/HY-TCR double-transgenic mice was found to be compa-
rable to that in male HY-TCR transgenic mice. In contrast, a
significantly lower percentage was observed in female HY-
TCR transgenic mice (Fig. 7C).

We also examined the effect of Id1 on MHC class II-re-
stricted positive selection by using AND-TCR transgenic mice
(22). The AND-TCR recognizes a peptide fragment from pi-
geon cytochrome c bound to MHC class II-Ek. CD4� thymo-
cytes are positively selected in AND transgenic mice. Indeed,
46% of total thymocytes were CD4� in AND transgenic mice,
whereas the percentage of CD4� cells in wild-type mice was
11%. However, when Id1 transgenic mice were crossed with
AND-TCR transgenic mice, no thymocytes beyond DN stages
were found in transheterozygotes (Fig. 8A). The total cell
number in the transheterozygotes is also lower compared to
either AND or Id1 transgenic heterozygotes, a finding analo-
gous to the situation in female Id1tg, HY-TCRtg mice. Consis-
tently, examination of apoptosis of these thymocytes revealed
that a significant increase in the percentage of apoptotic thy-
mocytes from AND-TCRtg, Id1tg mice (22.9%) compared to
that in Id1tg (12.3%) or AND-TCRtg (8.5%) mice (Fig. 8B).
Taken together, these results indicate that expression of the
Id1 gene turns signals for positive selection into pseudonega-
tive selection, probably by exaggerating TCR signals or re-
sponses to the signals.

DISCUSSION

TCR formation in Id1 transgenic T cells. Complete inhibi-
tion of E-protein (E2A and HEB) function in thymocytes of
Id1 homozygous transgenic mice results in developmental ar-
rest at the DN1 stage (CD4� CD8� CD44� CD25�) (23, 24).
At this stage, TCR gene rearrangement has not begun. How-
ever, partial inhibition of E-protein function in Id1 heterozy-
gous transgenic mice allows a fraction of T cells to mature
beyond the DN stage. However, the number of total thymo-
cytes remains very small in Id1 heterozygous mice, and the
percentage of DP cells is significantly lower than that of wild-

FIG. 7. Effects of Id1 on thymocyte positive selection in H-Y TCR
transgenic mice. (A) Total thymocytes from littermates with indicated
genotypes were analyzed by fluorescence-activated cell sorting. The
numbers shown indicate the percentages of the subsets. Total thymic
cellularity is shown in parenthesis. Male (M) and female (F) mice are
as labeled. Eleven litters of mice were analyzed and identical results
were obtained. The data shown are representative of analyses of one
such litter. Histograms of anti-V�T3.70 staining of total thymocytes
(B) or the CD3εhi population (C) represent HY-TCR expression. The
percentage of HY-TCR-positive cells is shown on top of the gate.
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type mice. As demonstrated by a number of assays (23, 24), the
reduced cellularity may, at least in part, be attributed to mas-
sive apoptosis occurring in the thymus. Examination of TCR
gene rearrangement revealed that rearrangements of TCR�
and -� loci in apoptotic thymocytes occurred at similar fre-
quencies as those in viable cells from Id1 transgenic or wild-
type mice (23). We have now shown that percentages of pro-
ductive rearrangements of the TCR� and -� loci in apoptotic
cells are similar as those in wild-type viable cells. These results
suggest that Id1 transgenic apoptotic cells contained functional
pre-TCR or TCR. The developmental defect seen in Id1 trans-
genic mice is thus unlikely due to inabilities to rearrange TCR
genes, which would be predicted to arrest development at the

DN3 stage. Instead, the profound developmental defects of Id1
transgenic mice include accumulation of DN1 cells and dra-
matic reduction of DP cells. Furthermore, no direct biochem-
ical evidence are presented to demonstrate that these E pro-
teins are involved in TCR� gene rearrangement, even though
E2A and HEB are shown to facilitate the rearrangement of
immunoglobulin genes, as well as the TCR� and - loci in
lymphoid or nonlymphoid cells (6, 18, 43).

This notion is also consistent with the findings that expres-
sion of functionally rearranged TCR transgenes such as the
HY- or AND-TCR genes fails to rescue T-cell development in
Id1 transgenic mice. On the contrary, expression of the TCR
transgenes further impairs T-cell development (Fig. 7 and 8).
In addition, Id1 transgenic thymocytes are capable of differ-
entiating to the DP stage in the absence of the RAG1 gene,
suggesting Id1 expression at least partially creates an effect
analogous to that generated by pre-TCR signaling. This may
explain why the viable transgenic thymocytes have an unex-
pected lower percentage of productive TCR� rearrangement;
Id1 expression allows DN cells to bypass � selection. Further-
more, the absence of a functional TCR� chain is probably
advantageous for the survival of Id1 thymocytes because cells
with functional TCR might be more prone to apoptosis due to
hyperresponses to TCR signaling.

Impact on T-cell proliferation by Id1 expression. Activation
of naive CD4� T cells normally depends on signals from the
complex between TCR and peptide-MHC molecules, as well as
those from the interaction between a costimulatory receptor
and its ligand such as CD28 and CD80/CD86. In experimental
systems, anti-CD3 treatment fails to trigger T-cell proliferation
without costimulation. In contrast, Id1 transgenic CD4� cells
responded vigorously to the anti-CD3 antibody in the absence
of costimulation from anti-CD28 or PMA. This remarkable
characteristic suggests that expression of Id1 or inhibition of E
protein function causes an amplification of TCR signaling such
that costimulation is no longer needed for proliferation. Alter-
natively, Id1 expression in T cells may have an effect similar to
that created by costimulation. The costimulation-independent
proliferation of Id1 transgenic thymocytes is reminiscent of
that seen in c-Cbl/Cbl-b double-knockout splenic CD4� cells
(11, 35). Cbl double-knockout splenic T cells proliferate in the
absence of costimulation originating from CD28 or IL-2. In
addition, lack of Cbl function leads to IL-2 production upon
anti-CD3 treatment without anti-CD28 or even in CD28�/� T
cells. It has been suggested that Cbl (particularly Cbl-b) neg-
atively influences CD28-mediated costimulation (11). Sponta-
neous mutation of the SHP-1 gene in motheaten mice also
results in enhanced potential to proliferate and secrete IL-2 by
splenic T cells when stimulated with both anti-CD3 and IL-2
(20). In this regard, SHP-1, a protein tyrosine phosphatase, is
thought to be responsible for dampening the signals originat-
ing from the TCR (38). Unlike Cbl- and SHP-1-deficient cells,
Id1 transgenic thymocytes produce a very low level of IL-2
when stimulated with anti-CD3 alone but secrete five times
more IL-2 than wild-type thymocytes upon treatment with both
anti-CD3 and anti-CD28. Therefore, it appeared that the abil-
ities of Id1 transgenic T cells to proliferate and secrete IL-2
were disconnected. The former does not require anti-CD28
costimulation but the latter does. This situation is similar to
costimulation mediated by anti-CD5 or anti-CD9, which facil-

FIG. 8. Effect of Id1 on thymocyte positive selection in AND trans-
genic mice. (A) Thymocytes from littermates with the indicated geno-
types were stained with anti-CD4 and anti-CD8 antibodies. The num-
bers shown indicate the percentages of the subsets. The total thymic
cellularity is shown in parentheses. Eight litters of mice were analyzed,
and identical results were obtained each time. The data shown are
representative of analyses for one such litter. (B) Detection of apo-
ptosis. Total thymocytes from mice with the indicated genotypes were
labeled with FITC-conjugated dUTP and analyzed by flow cytometry.
The percentage of apoptotic cells is shown on top of the gate.

VOL. 24, 2004 Id1 CONTROLS THE THRESHOLD FOR TCR SIGNALING 7321



itates proliferation but not IL-2 production (48). The ability of
Id1 transgenic thymocytes to proliferate vigorously is consis-
tent with the finding that DN3 thymocytes in E47-deficient
mice, which lack one of the proteins encoded by the E2A gene,
are hyperproliferative as indicated by bromodeoxyuridine in-
corporation compared to their wild-type counterpart. This re-
sult suggests that E proteins suppress pre-TCR-stimulated pro-
liferation (16).

The mechanism underlying costimulation-independent pro-
liferation of Id1 transgenic T cells is not understood. We have
previously shown that NF-�B transcription factors are dramat-
ically activated in freshly isolated total thymocytes from Id1
transgenic mice (24). Since stimulation through CD28 is
thought to cause activation of NF-�B (21), it is possible that
activation of NF-�B by Id1 expression could substitute for
costimulatory signals. Indeed, a peptide inhibitor (NBD) of
NF-�B activation diminished the proliferation of Id1 trans-
genic CD4� cells treated with anti-CD3 or both anti-CD3 and
anti-CD28. This suggests that activation of NF-�B is necessary
for proliferation. However, it is unlikely that costimulation-
independent proliferation of Id1 transgenic cells is solely due
to hyperactivation of NF-�B for the following two reasons.
First, NBD was able to completely block the proliferative re-
sponse of wild-type CD4� cells stimulated with anti-CD3 and
anti-CD28 but only diminished that of Id1 transgenic cells by
�80%. Second, stimulation of wild-type cells with anti-CD3
activated NF-�B but failed to trigger their proliferation. Thus,
it is possible that other transcription factors may act in concert
with NF-�B in stimulating T-cell proliferation. Indeed, our
preliminary data suggested that AP-1 transcription factors are
also superactivated in Id1 transgenic thymocytes upon anti-
CD3 or anti-CD3 plus anti-CD28 stimulation (data not
shown). This is consistent with our previous finding in freshly
isolated thymocytes where a higher AP-1 DNA-binding activity
was detected in Id1 transgenic mice (24).

IL-2 is a cytokine known to facilitate T-cell proliferation in
the presence of anti-CD3 (9, 38). We have shown that IL-2
level in anti-CD3-treated Id1 transgenic CD4� cells is much
lower than that in wild-type or Id1 transgenic cells treated with
both anti-CD3 and anti-CD28 for 48 h (Fig. 5B). This is prob-
ably due to a powerful stimulatory effect by signaling from
CD28 (40). However, we also found that the same low level of
IL-2 was secreted by anti-CD3-treated Id1 transgenic cells but
not by wild-type cells within the first 24 h of stimulation (data
not shown). At this time point, cell proliferation had not oc-
curred. Whether this low basal level of IL-2 is enough to
support the proliferation of Id1 transgenic cells in the absence
of costimulation remains to be investigated. However, it is
possible that altered expression of other cytokines also con-
tributes to costimulation-independent proliferation observed
in Id1 transgenic thymocytes.

Impact on T-cell selection by Id1 expression. The fate of
CD4� CD8� DP thymocytes may be determined by the
strength of signals (26). DP thymocytes expressing TCRs that
have high affinities for peptide-MHC complex are negatively
selected. On the other hand, those with TCRs that have mod-
erate affinities are positively selected and allowed to mature to
CD4� or CD8� thymocytes. However, Id1 expression appears
to lower the threshold of TCR signaling such that signals from
TCRs that normally mediate positive selection now cause apo-

ptosis or pseudo-negative selection at the DP stage. The thy-
muses of female HY-TCR/Id1 transgenic mice resemble those
of male HY-TCR transgenic mice. Pseudo-negative selection
also appeared to occur in the thymuses of AND/Id1 double
transgenic mice.

This effect of Id1 expression on T-cell selection is qualita-
tively consistent with that created by disruption of the E2A
gene. In E2A-deficient mice, enhanced positive selection has
been observed in either AND- or HY-TCR transgenic mice
(5). Since both E2A and HEB are expressed in the thymus,
disruption of either of the two genes does not completely
eliminate the collective function of all E proteins. Thus, the
effect of E2A deficiency is expected to be less than that caused
by the expression of the Id1 protein, which inhibits both E2A
and HEB proteins. We thus hypothesize that the moderate
reduction in E-protein function due to E2A or HEB deficiency
facilitates positive selection by slightly increasing TCR signal-
ing strength, whereas a more complete elimination of E-pro-
tein function by Id1 dramatically amplifies TCR signaling and
turns signals for positive selection into those for negative se-
lection. It remains to be determined if this is achieved by
alteration in the signaling events or by augmentation of the
cellular responses to the same signals. One might then ask why
then do a small number of DP and SP T cells accumulate in
heterozygous Id1 transgenic mice carrying a natural repertoire
of TCR receptors? Perhaps, these surviving T cells bear TCRs
that generate weak signals that in the absence of Id1 expres-
sion would fail to promote positive selection and lead to death
by neglect.

Also, the effect of Id1 expression on T-cell selection is con-
sistent with those caused by c-Cbl and SHP-1 deficiencies,
which not only lead to hyperproliferative responses of CD4� T
cells but also facilitate positive selection in an HY-TCR trans-
genic background (36, 39). However, unlike Id1 expression,
these deficiencies do not result in negative selection in HY-
TCR transgenic mice. This may also be explained by quanti-
tative differences in TCR signaling strength or response to
TCR signals between Id1 transgenic mice and c-Cbl- or SHP-
1-deficient mice. One indication may come from their prolif-
erative responses. Although it is difficult to make direct com-
parisons, SHP-1-deficient CD4� T cells display an enhanced
proliferation in a costimulation-dependent manner. Although
disruption of the c-Cbl gene alone has no effect on T-cell
proliferation, c-Cbl/Cbl-b double-knockout cells do not prolif-
erate as vigorously as Id1 transgenic cells in the absence of
costimulation. Nevertheless, it appears that the hyperprolifera-
tive responses correlate with enhanced positive selection in
these mouse models.

In summary, we have provided several lines of evidence to
support the notion that E proteins play an important role in
controlling the threshold of TCR signaling. Disruption of E-
protein function by Id1 lowers the threshold, thus allowing
costimulation-independent proliferation of CD4� T cells and
converting signals for positive selection into those for negative
selection. Without proper control of the thresholds of pre-
TCR and TCR signaling, developing T cells undergo apoptosis,
which could, at least in part, contribute to the T-cell deficiency
found in Id1 transgenic mice. The mechanisms by which E
proteins control the threshold are not completely understood.
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Regulation of NF-�B activity may be one of the means but
additional controls of cellular factors may also be involved.
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