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Abstract
Although the role of E proteins in the thymocyte development is well documented, much less is
known about their function in peripheral T cells. Here we demonstrated that CD4 promoter-driven
transgenic expression of Id1, a naturally occurring dominant-negative inhibitor of E proteins, can
substitute for the co-stimulatory signal delivered by CD28 to facilitate the proliferation and
survival of naïve CD4+ cells upon anti-CD3 stimulation. We next discovered that IL-2 production
and NF-κB activity after anti-CD3 stimulation were significantly elevated in Id1-expressing cells,
which may be, at least in part, responsible for the augmentation of their proliferation and survival.
Taken together, results from this study suggest an important role of E and Id proteins in peripheral
T cell activation. The ability of Id proteins to by-pass co-stimulatory signals to enable T cell
activation has significant implications in regulating T cell immunity.
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1. Introduction
Activation of naïve T cells is crucial for T cell expansion and effecter cell differentiation.
This requires two distinct signals: an antigen-specific signal arising from T cell receptor
(TCR) engagement with MHC bound peptides displayed on antigen-presenting cells (APC)
and a co-stimulatory signal originating from co-stimulatory receptors such as CD28 and
their ligands including B7 molecules expressed on APC [1]. These signaling cascades
trigger cell division and promote cell survival. The downstream events involve the activation
of RAS/MAP kinase and PI3 kinase pathways as well as the mobilization of intracellular
calcium [2;3], which ultimately lead to the activation of several transcription factors such as
NF-κB, AP-1 and NFAT [4;5;6]. As a result, expression of IL-2 and activation-associated
cell surface molecules are induced [7].
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Cross-talks between the signaling events from TCR/co-stimulatory receptors and various
transcription factors occur at multiple levels. One such family of transcription factors are the
basic helix-loop-helix transcription factors, including E2A, E2-2 and HEB, which are
collectively called E proteins [8;9]. E proteins share extensive homology, bind to specific
DNA sequences called E box and activate transcription of similar target genes. In T cells,
both E2A and HEB genes are abundantly expressed [10]. However, the function of E
proteins can be eliminated by their naturally occurring dominant-negative inhibitors,
inhibitor of differentiation (Id) 1 to Id4 [8;9]. Id proteins are helix-loop-helix proteins that
heterodimerize with all E proteins and inhibit their DNA binding function. Id proteins have
been used as excellent tools to ablation the function of multiple E proteins [11;12].

The role of E proteins in the commitment, growth and differentiation of T cells in the
thymus has been extensively investigated [10;13;14]. Previous studies revealed that E
proteins play important roles in T-cell development at multiple checkpoints [11;14–18]. For
example, E proteins are essential for the differentiation of earliest T cell progenitors since
deletion of both E2A and HEB genes or ectopic expression of Id1 results in developmental
arrest at the transition from the CD4 and CD8 double negative stage 1 (CD44+CD25−) to
stage 2 (CD44+CD25−). E proteins are thought to control the threshold of TCR β selection as
down-regulation of E proteins enable DN T cells to progress to the double positive stage
without pre-TCR signaling. E proteins and Id proteins have also been shown to regulate the
differentiation of CD4 or CD8 single positive cells in the thymus [16;19]. Furthermore, loss
of Id3 has been found to impact the differentiation of T regulatory cells [20]. However, little
is known about the role of E proteins in the expansion and survival of peripheral naïve CD4+

T cells.

We have generated a new line of transgenic mice, CD4-Id1, where Id1 expression is driven
by the promoter and enhance of the Cd4 gene. In these transgenic mice, the T cell
developmental profiles in the thymus and periphery appear largely unchanged in comparison
to wild type control mice. Therefore, this strain of mouse provides an excellent model for
the investigation of the implication of E proteins in the functionality of peripheral CD4+ T
cells. Indeed, we found that ectopic expression of Id1 facilitated T cell proliferation and
survival upon TCR engagement in the absence of co-stimulatory signals, possibly due to
enhanced IL-2 production and NF-κB activation. These results suggest an important role of
E and Id proteins in the regulation of peripheral T cell activation.

2. Materials and Methods
2.1 Mice

The CD4-Id1 transgenic strain was created by injecting an Id1-expressing construct into the
oocytes of FVB/N mice. One of the several transgenic lines was then backcrossed onto the
C57BL/6 background for 6–8 generations and littermates were used as wild type controls.
The construct was generated by inserting the Id1 cDNA, which contains an HA tag fused at
the 3’ end of the coding sequence, into the CD4 transgenic vector [21].

2.2 Culture medium, antibodies and reagents
RPMI1640 medium containing 10% FCS were used for CD4 naïve T cell culture. The
antibodies and reagents used for cell culture were: anti-mouse CD3 (145-2C11), anti-mouse
CD28 (37.51), anti-mouse IL2 (BD BioSciences, San Jose, CA). Recombinant mouse IL-2
was purchased from R&D Systems (Minneapolis, MN). The following antibodies were used
for flow cytometry and cell sorting: anti-CD4-PerCP, anti-CD4-PECy7, anti-CD8-APC,
anti-CD25-APC, anti-CD44-FITC, anti-CD62L-PE, and anti-BrdU-FITC (BD Biosciences).
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2.3 Naïve CD4 cell sorting and stimulation
Lymphocytes from lymph nodes were stained with fluorochrome-conjugated antibodies for
30 minutes at 4°C. Cells were then washed twice and resuspended at a density of 1×108

cells/ml. CD4+CD62LhiCD44loCD25− cells were sorted using BD FACS Aria II. The anti-
CD3 antibody was coated onto 48-well flat-bottom plates at 1 µg/ml in PBS overnight and
then washed once with PBS. Naïve CD4 cells were then placed into the wells at a density of
1×106 cells /ml with or without anti-CD28 (2 µg/ml) in the culture. The cells were incubated
at 37°C containing 5% carbon dioxide for desired length of time.

2.4 BrdU incorporation
Cells were incubated in media containing 0.1 mM 5-bromo-2-deoxyuridine (BrdU; Sigma-
Aldrich, Saint Louis, MO) for 1 hour, fixed with 4% paraformaldehyde in PBS, pH 7.4, for
10 minutes at 25°C, washed with PBS, treated with 4 N hydrochloric acid for 15 minutes,
and then neutralized in 0.1 M sodium borate, pH 8.5 for 20 minutes. Cells were incubated
with rat anti-BrdU antibody (0.5 µg/ml; BD Biosciences) in PBS containing 0.2% Triton
X-100 for 30 minutes at 25°C. Cells were then washed and resuspended into PBS. BrdU
staining was quantified using flow cytometry with BD FACSCalibur.

2.5 3H-TdR (thymidine) incorporation
To measure proliferation, naïve CD4+ cells were cultured in 96-well plates in the presence
of anti-CD3 or anti-CD3/CD28 for 48 hours. 3H-TdR (thymidine) was added to the culture
at 1 µCi/well 12 hours before harvest. Ice-cold 10% trichloroacetic acid was then added to
the dishes and incubated on ice for 15 minutes. After washing with trichloroacetic acid and
methanol, the cells were solubilized in 0.2 N NaOH and radioactivity was measured in a
scintillation counter.

2.6 Assessment of Survival
After stimulation of naïve CD4 cells for desired length of time, cells were labeled with 5 µl
of anti-Annexin V-FITC in 20 µl of binding buffer according to manufacturers’ instruction
(eBioscience, San Diego, CA). Samples were mixed gently and incubated at room
temperature for 15 minutes. Immediately before analysis using flow cytometry, 2 µl of
propidium iodide (PI, 1 mg/ml) were added to each sample. A minimum of 10,000 cells
within the gated region were analyzed.

2.7 Statistical Analysis
Statistical analysis of the data was carried out using Student’s t test.

3. Results
3.1 Id1 expression promotes anti-CD3-induced activation of naïve CD4+ T cells

To express Id1 in T cells post β selection, we inserted the Id1 cDNA downstream of a
transgenic vector containing the enhancer and promoter of the CD4 gene (suppl. Fig. 1A).
Flow cytometry analyses of thymocytes and splenocytes revealed no significant
developmental blocks in these mice except a slight increase in immature CD8+ thymocytes
(suppl. Fig. 1B and C). We observed a significant increase in CD44hiCD62Lhi and
CD44hiCD62lo CD4+ T cells in lymph nodes (suppl. Fig. 1D) as well as spleen (data not
shown) in aged (over 4 month-old) but not in young transgenic mice. The increased
accumulation of these two subpopulations, which represent central and effector memory
cells, respectively [22], suggests that E and Id proteins may be implicated in the regulation
of peripheral T cell activation and differentiation.
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To determine the role of Id in the activation of peripheral CD4 T cells, we sorted
CD4+CD62LhiCD44loCD25− naïve T cells from CD4-Id1 transgenic mice and wild type
littermates. The sorted cells were then cultured in the presence of plate-bound anti-CD3
antibodies with or without anti-CD28 antibodies. We examined T cell activation by
measuring cell proliferation and expression of surface markers.

The proliferation of wild type and transgenic cells was first measured BrdU uptake by
cultured cells using intracellular staining and found that BrdU incorporation by Id1-
expressing cells was at least 5-fold higher than WT cells when they were treated with anti-
CD3 alone (Fig. 1A). In contrast, when cultured in the presence of both anti-CD3 and anti-
CD28, both wild type and transgenic cells incorporated BrdU robustly. Alternatively, we
performed the 3H-thymidine incorporation assay and obtained similar results (Fig. 1B).

T cell activation is known to be accompanied by the up-regulation of CD44 and CD25
[23;24]. As shown in Fig. 1C, the levels of CD44 and CD25 on Id1-expressing cells treated
with anti-CD3 alone were significantly higher than those on wild type control cells and
approached those on cells stimulated with both anti-CD3 and anti-CD28.

3.2 Id1 expression enhances the survival of anti-CD3-activated T cells in the absence of
co-stimulation

Since co-stimulatory signal is important for the survival of T cell during TCR activation
[25], we examined the impact of Id expression on cell survival upon anti-CD3 stimulation.
Sorted naïve CD4+ cells were cultured in the presence of anti-CD3 along with or without
anti-CD28 and then stained with PI and Annexin-V. Cell survival was determined by
quantifying the percentage of the PI–Annexin-V− population at 16 hours and 72 hours after
the initiation of the cultures (Fig. 2A). We found that a significantly larger fraction of Id1-
expressing cells than wild type cells survived when treated with 1 µg/ml of anti-CD3 alone.
However, both wild type and transgenic cells showed high levels of survival when
stimulated with anti-CD3 and anti-CD28.

To further examine the survival response to anti-CD3 stimulation, we tested the effect of
different concentrations of anti-CD3. Although increasing the amount of anti-CD3 enhanced
the viability of cells of both genotypes, Id1-expressing cells consistently showed better
survival at any given concentration of anti-CD3 (Fig. 3B), which suggest that Id1 provided
the cells with survival signals normally delivered by anti-CD28.

3.3 IL-2 contributes to the enhanced proliferation and survival of Id1-expressing CD4+ T
cells upon anti-CD3 stimulation

Since induction of cytokine secretion such as IL-2 by anti-CD28 co-stimulation plays an
important role in CD4 T cell activation and survival [26;27], we determined the effect of Id1
on IL-2 production by culturing naïve T cells in the presence of anti-CD3 for 2 days and
measuring secreted IL-2 using ELISA (Fig. 4A). Id1 transgenic cells produced over 4 fold
higher levels of IL-2 than wild type cells. However, it should be pointed out that this level of
IL-2 secretion in Id1 transgenic cells upon anti-CD3 stimulation was only about 20% of the
IL-2 levels secreted by wild type and Id1 transgenic cells upon stimulation with anti-CD3
plus anti-CD28 (data not shown).

To test if the elevated IL-2 secretion is responsible for the enhanced proliferation and
survival, we evaluated the effects of IL-2 addition and subtraction in anti-CD3 stimulated
cultures. We found that Id1-expressing cells proliferated robustly without exogenous IL-2
compared to wild type cells as indicated by the percentage of BrdU+ cells. However,
addition of 2 ng/ml of IL-2 was sufficient to override the difference and wild type cells
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incorporated BrdU at levels comparable to those by Id1 transgenic cells cultured with or
without 2 ng/ml of IL-2 (Fig. 4B).

Interestingly, the concentration of IL-2 present in the culture supernatants of Id1-expressing
cells was found to be about 4 ng/ml (Fig. 4A), which is above the threshold of IL-2
necessary for efficient BrdU uptake. To test if this endogenous level of IL-2 produced by
Id1 transgenic cells is responsible for their ability to proliferate, we added neutralizing
antibodies against IL-2 to cultures set up with either wild type or transgenic naïve T cells.
The inhibitory effect of the neutralizing antibodies on wild type cells was insignificant but
profound on Id1 transgenic cells (Fig. 4B).

In addition, we also examined the contribution of IL-2 to cell survival (Fig. 4C). In the
absence of exogenous IL-2, Id1 expression provided a huge survival advantage and this gap
was eliminated by addition of 5 ng/ml of IL-2. IL-2 neutralizing antibodies significantly
diminished the ability of Id1 expression to facilitate the survival of transgenic cells, resulting
in a similar percentage of viable Id1 transgenic cells as their wild type counterparts (Fig.
4C). These data thus suggest that IL-2 serves as a mediator for co-stimulatory effects of Id1
on both proliferation and survival of naïve CD4+ T cells.

3.4 Enhanced NF-κB activation in Id1-expressing CD4+ T cells upon anti-CD3 stimulation
CD28 signaling not only promotes cytokine secretion but also activates transcription factors
such as NF-κB, which plays critical roles in the proliferation and survival of peripheral CD4
T cells [28 31]. To test if Id1 expression could substitute for anti-CD28 co-stimulatory
signal by augmenting NF-κB activity, we measured the DNA binding activity of these
factors to a canonical NF-κB recognition sequence. Naïve CD4 cells were sorted and
stimulated with anti-CD3 alone or anti-CD3 together with anti-CD28 for 18 hours. Nuclear
extracts were then prepared and used in an electrophoretic mobility shift assay (EMSA) with
an NF-κB specific probe. Although stimulation with anti-CD3 and anti-CD28 dramatically
increased the binding activity in both wild type and transgenic cells, anti-CD3 alone induced
NF-κB activation in Id1 transgenic but not wild type cells (Fig. 4). Therefore, Id1 expression
seems to potentiate NF-κB activation when stimulated with anti-CD3 alone.

4. Discussion
The principal finding of this study is the ability of ectopic Id1 expression to promote
peripheral naïve T cell proliferation and survival in the absence of CD28-mediated co-
stimulation. Consistent with the data obtained in culture, Id1 transgenic mice were found to
exhibit increased expression of activation markers such as CD44 and CD25 and harbor high
percentages of T cells with effector/memory phenotypes. These findings significantly extend
previous data that co-stimulation-independent proliferation occurs in CD4+ thymocytes from
lck-Id1 transgenic mice, which exhibits several blocks in T cell development [32]. Since
signaling from TCR and CD28 act synergistically to activate downstream signaling
pathways and transcription factors, Id1 expression may augment these activities, thus
allowing the cells to reach the threshold required for T cell activation without triggers from
CD28.

From the physiological point of view, Id3 transcription is known to be activated by pre-
TCR/TCR signaling in a Ras/MAP kinase-dependent manner [33;34]. Indeed, we have
found Id3 up-regulation heavily depends on anti-CD3 and anti-CD28 co-stimulation (data
not shown). Since Id1 and Id3 have redundant functions, ectopic expression of Id1 in our
animal model could mimic the situation where Id3 is up-regulated. The ability of Id1 to
replace co-stimulation in T cell activation suggests that up-regulation of Id3 may be one of
the key downstream events necessary for T cell activation.
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With regard to the mechanisms whereby Id1 exerts its co-stimulatory effects, we have found
that upon anti-CD3 stimulation, Id1-expressing cells produced a 4-fold higher level of IL-2
than controls (Fig. 4A), resulting in a concentration in the culture supernatant, more than
sufficient to support a robust proliferation of naïve T cells, as well as their survival.
Consistently, incubation with neutralizing antibodies against IL-2 diminished the
proliferative and survival advantage of Id1-expressing cells. Considering that one of the
major downstream events of CD28 signaling is the up-regulation of IL-2 expression
[26;27;35], the effect of Id1 on IL-2 production could explain why Id1 expression by-passed
the need for co-stimulation with anti-CD28. IL-2 is well known to play an important role in
T cell homeostasis and can certainly fulfill its role as an effector of co-stimulation [7;35].
Interestingly, Id1-stimulated IL-2 production appears to be specific for peripheral naïve
CD4+ T cells since this phenomenon was not observed in Id1-expressing thymocytes [32].

The second mechanism involved in the co-stimulatory effect of Id1 expression is the
enhancement of NF-κB activation. Anti-CD3 alone was able to activate NF-κB in Id1-
expressing but not wild type naïve T cells. This result is similar to that found in Id1-
expressing CD4+ thymocytes. Qi and Sun have previously shown that inhibition of NF-κB
activation dramatically reduced the proliferative potential of these CD4+ thymocytes [32].
Furthermore, Id1 has be shown to augment NF-κB activity in primary DP or a DP cell line
by promoting the activation of IκB kinases [36]. Like IL-2 production, activation of NF-κB
is also a major downstream event of CD28 signaling [8]. NF-κB is crucial for facilitating
cell survival, which can explain the increased viability of Id1-expressing naïve T cells
during TCR activation and activation induced cell death (data not shown). Therefore, the
ability of Id1 to augment NF-κB activity independent of exogenous co-stimulatory signals is
likely involved in its effects on T cell activation in the absence of anti-CD28 antibodies.

Since Id1 is an inhibitor of E protein-mediated transcription, its co-stimulatory effects would
likely involve repression of E protein-target genes, whose products may function to oppose
the effects of CD28-mediated signaling. However, the identity of these genes has been
elusive. Given that Id1 expression has been linked to increased IL-2 production and NF-κB
activation as well as augmentation of MAP kinase activities in anti-CD3 stimulated DP
thymocytes or naïve CD4+ T cells [37], it is possible that Id1 affects events higher up in the
hierarchy of the co-stimulatory pathway. CD4-Id1 transgenic mice, which have intact
thymic and peripheral T cell systems, will aid the investigation into the mechanisms
whereby Id1 exerts its co-stimulatory effects, which will shed light on the importance of E
proteins in controlling normal immunity and autoimmunity.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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BrdU 5-bromo-2-deoxyuridine
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DN double negative

DP double positive

ELISA Enzyme-linked immunosorbent assay

EMSA electrophoretic mobility shift assay

Id Inhibitor of differention

IKK IκB Kinase

IL interleukin

PI propidium iodide

TCR T cell receptor
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Fig 1. Id1 expression promotes anti-CD3-induced activation of naïve CD4-Id1tg CD4+ T cells
Naïve CD4+ T cells from wild type (WT) or CD4-Id1tg (TG) mice were stimulated with
anti-CD3 (1.0 µg/ml) with or without anti-CD28 (2.0 µg/ml). (A) BrdU incorporation. Cells
were cultured for 3 days and BrdU was added to the culture in the last hour. Representative
histograms are shown (left) and the results from 4 independent experiments are presented as
mean±SD (right). (B) 3H-TdR uptake. Cells were cultured for 48 hours and 3H-TdR was
added 12 hours before harvest. Results from three independent experiments are presented as
mean±SEM. (C) CD44 and CD25 expression was compared between anti-CD3 or anti-CD3/
CD28 stimulated WT (shaded) and TG (line) CD4+ T cells. Results from one representative
experiment out of the three are shown. ***p<0.001.
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Fig 2. Id1 expression enhances survival of anti-CD3-activated T cells
(A) Naïve CD4+ T cells from WT or TG mice were stimulated as in Fig. 1A and analyzed by
PI and Annexin V staining. Representative dot plots after culturing for 72 hours are shown.
The number in the plot indicates the percentage of PI−Annexin V− live cells. Results from
four independent experiments obtained after culturing for 16 and 72 hours are summarized
as mean±SD. (B) T cells survival was analyzed 72 hours after stimulation with different
concentrations of anti-CD3. Data shown are from four independent experiments statistical
analyses were done by comparing WT to TG cells. *p<0.05; **p<0.01; ***p<0.001.
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Fig 3. IL-2 contributes to the enhanced proliferation and survival of anti-CD3-activated Id1tg

CD4+ T cells
(A) IL-2 levels in culture supernatants 2 days after anti-CD3 stimulation was measured by
ELISA in triplicates. A representative of three experiments is shown as mean±SEM. (B)
Cell proliferation assay of WT and TG naïve CD4+ T cells stimulated with anti-CD3 (1 µg/
ml) for 3 days with or without IL-2 (2 ng/ml) or anti-IL-2 neutralizing antibodies (10µg/ml).
(C) Cell survival was analyzed by PI/Annexin V staining. Cells were stimulated with anti-
CD3 (1 µg/ml) for 3 days with or without IL-2 (5 ng/ml) or anti-IL-2 antibodies. Data shown
are representatives of 4 experiments. *** p<0.001 indicates comparison between WT and
TG cells. # p<0.05, ## p<0.01 and ### p<0.001 show comparison between with or with anti-
IL-2 treatment.
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Fig 4. Enhanced NF-κB activation in Id1tg CD4+ T cells upon anti-CD3 stimulation
Sorted WT and TG naïve CD4+ naïve T cells were treated with anti-CD3 (2 µg/ml) with or
without anti-CD28 (2 µg/ml) for 18 hours and then harvest for nuclear extract. An aliquot
was reserved for no treatment control. EMSA was done with 32P-labeled specific NF-κB
probe as previously described [18]. NF-κB binding complexes and a non-specific band (ns),
which serves as an internal control, are as marked.
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