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Abstract

Suppression of T-cell growth is an important mechanism for establishment of self-tolerance and 
prevention of unwanted prolonged immune responses that may cause tissue damage. Although 
negative selection of potentially self-reactive T cells in the thymus as well as in peripheral tissues 
has been extensively investigated and well documented, regulatory mechanisms to dampen 
proliferation of antigen-specific effector T cells in response to antigen stimulation remain largely 
unknown. Thus, in this work, we focus on the identification of growth suppression mechanisms 
of antigen-specific effector T cells. In order to address this issue, we investigated the cellular 
and molecular events in growth suppression of an ovalbumin (OVA)-specific T-cell clone after 
stimulation with a wide range of OVA-peptide concentrations. We observed that while an optimal 
dose of peptide leads to cell cycle progression and proliferation, higher doses of peptide reduced 
cell growth, a phenomenon that was previously termed high-dose suppression. Our analysis of 
this phenomenon indicated that high-dose suppression is a consequence of cell cycle arrest, 
but not Fas–Fas ligand-dependent apoptosis or T-cell anergy, and that this growth arrest occurs 
in S phase, accompanied by reduced expression of CDK2 and cyclin A. Importantly, inhibition of 
MEK/ERK activation eliminated this growth suppression and cell cycle arrest, while it reduced 
the proliferative response to optimal antigenic stimulation. These results suggest that cell cycle 
arrest is the major mechanism regulating antigen-specific effector T-cell expansion, and that the 
MEK/ERK signaling pathway has both positive and negative effects, depending on the strength of 
antigenic stimulation.
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Introduction

During an immune response, an explosive proliferation 
of cognate T cells in response to their specific antigen is 
required for the rapid elimination of pathogens. However, 
because of their toxic effector functions, the expansion of 
these activated T cells has the potential to damage self-tis-
sue. Thus, various mechanisms that negatively control the 
populations of activated T cells are vital for an appropriate 
immune response and prevention of autoimmune reactions. 
The strength of antigenic stimulation affects T-cell expansion: 
in response to optimal antigen stimulation, T cells enter cell 
cycle and proliferate, while strong stimulation suppresses 
their expansion. Strong TCR signal-mediated inhibition of 
thymocyte growth results in cell death, a process known as 
negative selection (1). In the periphery, studies of Fas and 
Fas ligand (FasL) mutant (Faslpr/lpr and Faslgld/gld) mice have 

demonstrated that cell death triggered by Fas/FasL interac-
tion is important for negative regulation of T-cell growth (2–
4). Fas/FasL-dependent cell death has in most cases been 
shown to be important for maintenance of T-cell tolerance 
to self-antigens; however, it is still controversial whether cell 
death is the main mechanism for growth suppression of anti-
gen-activated T cells after foreign antigen stimulation. For 
example, the involvement of cell cycle arrest and/or T-cell 
anergy in the impaired proliferation of activated T cells follow-
ing excessive antigenic stimulation has also been reported 
(5–9). Therefore, mechanisms and factors responsible for 
this type of growth suppression in peripheral effector T cells 
in response to foreign antigen remain to be elucidated.

Upon TCR engagement, multiple signaling cascades 
are activated and transmit not only positive signals leading 
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to proliferation, cell cycle progression and growth fac-
tor production, but also negative signals resulting in cell 
death, anergy and/or cell cycle arrest. For T-cell activa-
tion and cytokine production, it is known that transcription 
factors of the NF-κB and NFAT families play a crucial role 
by binding and activating target promoters. The molecu-
lar events that link TCR/CD28 engagement to the activa-
tion of these transcription factors have also been well 
studied (10–12). Furthermore, molecular mechanisms of 
cell cycle progression are known to involve several signal-
ing pathways, including PI3K/Akt, MEK/ERK, JNK, NF-κB 
and NFAT. Following TCR/CD28 engagement, such signals 
have been reported to induce the up-regulation of cyclin/
cyclin-dependent kinase (CDK) and the degradation of 
CDK inhibitors (13–17). Although these positive signals 
leading to T-cell expansion have been extensively inves-
tigated, the molecular mechanisms that suppress T-cell 
growth following excessive antigenic stimulation remain 
unclear. For the negative regulation of T-cell growth, activa-
tion of TCR-mediated Ca2+/NFAT and NF-κB signaling path-
ways has been shown to result in the up-regulation of FasL 
and Fas/FasL-dependent cell death (14, 18). Furthermore, 
under conditions of strong antigenic stimulation, a dispro-
portionate over-activation of Ca2+/NFAT induces several 
anergy-related molecules, which dampen the activation 
of other signaling molecules downstream of TCR engage-
ment (19). In another case, the MEK/ERK signaling pathway 
blocked IL-2-induced proliferation by induction of the CDK 
inhibitor p21cip1/waf1 (20) or by disturbing STAT5 activation 
(21). However, it is not well understood how these differ-
ent processes and signaling pathway downstream of TCR 
ligation uniquely and/or coordinately induce T-cell growth 
suppression.

In order to shed some light on the cellular and molecular 
mechanisms of the impaired proliferation of antigen-experi-
enced T cells, in vitro experiments using T-cell clones have 
been used. Previous studies using this approach revealed 
that stimulation of T cells with high concentrations of anti-
gen suppressed their proliferation, a biphasic proliferative 
response termed high-dose suppression (22–24). In this 
report, using an antigen-specific T-cell clone that exhibits 
high-dose suppression (25), we found that cell cycle arrest 
in S phase, rather than Fas/FasL-dependent cell death or 
anergy, is crucial for the induction of high-dose suppression. 
Furthermore, we discovered that the activation of MEK/ERK 
signaling led to the cell cycle arrest mediated by inhibiting 
the expression of cyclin A and CDK2.

Methods

Preparation and culture of T-cell clones
Preparation of the ovalbumin (OVA)-peptide323–339 (OVA-p)-
specific T-cell clones has been previously described (25). 
Briefly, inguinal and popliteal lymph node cells of BALB/c 
mice immunized in the footpad with 100  µg OVA-p in CFA 
were harvested 2 weeks after immunization and cultured with 
3.9 nM of OVA-p. Viable T cells were isolated and re-stimu-
lated with irradiated (30 Gy) BALB/c whole spleen cells and 
the same concentration of OVA-p used in the initial culture. 

After several rounds of re-stimulation, T cells were cloned by 
limiting dilution. Each T-cell clone was then collected weekly 
and re-stimulated in the same way. Cells were maintained in 
complete medium consisting of RPMI 1640 supplemented 
with 10% fetal bovine serum, penicillin, streptomycin, non-
essential amino acids, sodium pyruvate, 10 mM HEPES (pH 
7.55) and 50 µM 2ME.

Antibodies and reagents
Cyclosporine A  (CsA), Akt inhibitor VIII, Rapamycin, p38 
inhibitor SB203580, JNK inhibitor and MEK1/2 inhibitor U0126 
were purchased from Calbiochem (Millipore). The following 
antibodies were purchased from Santa Cruz Biotechnology: 
anti-CDK4 (C-22), anti-Cyclin E (H-145), anti-CDK2 (D-12), 
anti-Cyclin A  (H-432), anti-p21 (C-19) and anti-p16 (F-12). 
Anti-Cyclin D3 and anti-p27 antibodies were purchased from 
Cell Signaling Technology.

T-cell proliferation assays
T cells were cultured in triplicate at a density of 2 × 104 cells 
per well with titrated amounts of antigenic peptide and 2 × 103 
bone marrow-derived dendritic cells (BMDCs) in 200  μl 
complete medium in 96-well flat-bottom plates. T cells were 
pulsed with [3H]TdR for the last 6 h of total incubation.

Flow cytometry
After 72 h co-culture with OVA-p (0, 10, 1000 nM) and BMDCs, 
T cells were washed once with FACS buffer (PBS plus 0.5% 
calf serum and 0.1% NaN3) and incubated with unlabeled 
anti-FcR (FcγII/IIIR, laboratory prepared) to block non-spe-
cific binding. Samples were stained with fluorescent dye-con-
jugated or biotin-conjugated antibodies to CD4, Fas (CD95) 
and FasL (CD95L). Biotinylated antibodies were detected 
with fluorescent dye-conjugated streptavidin. For Annexin 
V/propidium iodide (PI) staining, T cells were co-cultured 
with OVA-p (0, 10, 1000 nM) and BMDCs for 72 h, and then 
stained with FITC-labeled anti-Thy1.2 (30H12) antibody. After 
the cells were washed with Annexin V Binding Buffer [ABB; 
10 mM HEPES (pH 7.4), 140 mM NaCl, 2.5 mM CaCl2], sam-
ples were incubated with 100  µl ABB, Annexin V-Alexa647 
(BioLegend) and PI (25 μg ml−1) for 15 min at room tempera-
ture. After treatment, cells were resuspended in 100 µl ABB. 
For cytometric analysis, we used a FACSCalibur and ana-
lyzed the data using FlowJo software.

Cell division analysis
Cells were washed twice with PBS and CFSE (1 µM in PBS) 
was added to the cell suspension at a 1:1 volume. Samples 
were mixed immediately and incubated for 2 min at 37°C in 
the dark and then washed. These CFSE-labeled T cells were 
cultured at a density of 3 × 105 cells per well with titrated 
amounts of antigenic peptide (0, 10, 1000 nM) and 5 × 106 
T-cell-depleted splenocytes per well in 2 ml complete medium 
in 24-well plates. After 48 h, cells were washed with FACS 
buffer and then stained with Cy5-labeled anti-CD4 antibody. 
Samples were analyzed by flow cytometry (BD, FACSCalibur). 
Data were analyzed using FlowJo software.
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Cell cycle analysis
For T-cell stimulation, 5 × 105 T cells were incubated with 
OVA-p (0, 10, 1000 nM) and 5 × 104 BMDCs in 2 ml complete 
medium in 24-well plates for 72 h. Cells were washed with 
FACS buffer and then stained with FITC-labeled anti-Thy1.2 
(30H12) antibody. After the cell surface staining, samples 
were fixed with 70% ethanol on ice for at least 30 min. Fixed 
cells were incubated with RNase (0.1 mg ml−1) for 30 min at 
37°C and then stained with PI (25 μg ml−1) for 20 min on ice. 
After addition of 1 ml 0.1% BSA, samples were analyzed by 
flow cytometry (BD, FACSCalibur). Data were analyzed using 
FlowJo software. Cells were gated on Thy1.2+ cells, exclud-
ing any sub-G1 population.

Western blotting
For T-cell stimulation, T cells were cultured with OVA-p and 
BMDCs in complete medium in 24-well plates for 72 h. After 
stimulation, cells were harvested and washed in cold PBS. 
Total cells (2 × 106 cells) were lysed in 150  µl SDS–PAGE 
sample buffer. Samples were subjected to SDS–PAGE and 
transferred to polyvinylidene difluoride (PVDF) membranes, 
which were immunoblotted with the indicated primary anti-
body followed by the appropriate HRP-conjugated anti-
mouse Ig, anti-rabbit Ig or anti-goat Ig secondary antibodies. 
Immunodetection was performed by ECL (PerkinElmer) and 
results were analyzed with an LAS-3000 image analyzer.

Gene expression analysis
T cells and BMDCs were co-cultured at a ratio of 10:1 with 0, 15.6 
or 1000 nM of OVA-p. Cells were harvested at 4 or 24 h, CD4+ T 
cells were sorted using a BD FACSAria II and then total RNA was 
extracted with TRI reagent (Sigma–Aldrich). DNA microarray 
was performed using the SurePrint G3 Mouse Gene Expression 
8 × 60K Chip (Agilent Technologies). Raw data were normalized 
by a quantile normalization method using GeneSpring (Agilent 
Technologies) and analyzed with GenePattern (26).

Statistical analysis
Analyses used an unpaired two-tailed Student’s t-test, and 
values of P  <  0.05 were considered to indicate statistical 
significance.

Results

The impaired proliferation of hyperstimulated antigen-
specific effector T cells is not mediated by Fas/FasL- or 
caspase-dependent cell death
We have previously generated a panel of OVA-peptide323–339 
(OVA-p)-specific CD4+ T-cell clones that require different 
concentrations of peptide for optimal proliferation (25). 
A representative T-cell clone that had been maintained with 
a low optimal dose of peptide displayed a bell-shaped pro-
liferation pattern in which stimulation with high (suppressive) 
dose OVA-p inhibited [3H]TdR incorporation (Fig.  1A). We 
also examined viable cell numbers in a time course experi-
ment. Early after stimulation (24 h), the number of cells 
was decreased at both optimal and suppressive peptide 
dose. However, at 48–72 h, the T cells stimulated with the 
optimal dose recovered, whereas cell numbers continued 
to decline with the suppressive dose (Fig. 1B). Since many 
studies have reported increased cell death with high-dose 
antigen stimulation (5, 8, 27–30), we investigated cell death 
involvement in the impaired proliferation of our T-cell clones 
at the suppressive dose. Consistent with other reports, the 
percentage of dead cells identified by Annexin V/PI stain-
ing increased in a dose-dependent manner (Fig. 2A and B). 
This type of T-cell death following excessive antigenic stimu-
lation, which is called activation-induced cell death (AICD), 
has generally been considered to be triggered by Fas/FasL 
interactions (2, 31). In order to investigate a possible role 
for Fas/FasL-dependent AICD in the high-dose growth sup-
pression, we first examined the cell surface expression of 
Fas and FasL on the effector T-cell clone following stimu-
lation with each dose of peptide. Although both molecules 
were up-regulated in a peptide dose-dependent manner 
(Fig.  2C), such increases in mean fluorescence intensity 
(MFI) do not necessarily equate to functional outcomes. 
Therefore, we evaluated the influence of an antagonistic 
FasL antibody that blocks Fas and FasL interactions on 
the proliferative response. The antibody treatment had no 
effect on the growth suppression observed with excessive 
antigenic stimulation, thus clearly indicating that the AICD 
observed here is independent of Fas/FasL (Fig. 2D). To con-
firm this result and examine the involvement of other Fas/
FasL-independent pathways, such as TNFα AICD, in the 

Fig. 1.  The proliferative response of a T-cell clone at different doses of antigenic stimulation. (A) The T-cell clone was cultured with BMDCs and 
different concentrations of OVA-p (0–1000 nM) for the indicated times and pulsed with [3H]TdR for the last 6 h. Bars represent group means ± 
SD. Similar results were obtained for more than three additional experiments. (B) The T-cell clone was stimulated for the indicated times and 
fold expansion was calculated. Data are the mean ± SD from three independent experiments. **P < 0.01.
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growth suppression, we used the caspase inhibitor z-VAD-
fmk to block activation of the caspase cascade, which is 
vital for both Fas/FasL-dependent and -independent AICD 
(32). Similar to the results observed with FasL antibody 
treatment, the caspase inhibitor had no effect on high-dose 
suppression (Fig.  2E), indicating that caspase-mediated 
AICD is also not involved in this type of growth suppression.

Many studies have previously reported that excessive 
antigenic stimulation induces Fas/FasL-dependent AICD (2, 
31), and we also observed the increase of dead cells in an 
antigen dose-dependent manner correlated with Fas/FasL 
expression levels (Fig. 2A and B). Thus, to investigate the role 
of Fas signal inhibition in observed cell death, we measured 
dead cells after treatment with the FasL antibody. As shown 
in Fig. 2(F), this treatment significantly decreased cell death 
at the suppressive dose, but a similar level of inhibition of cell 
death occurred at the optimal antigen dose. This result indi-
cates that antigen stimulation induces Fas/FasL-dependent 
AICD to the same extent regardless of the antigen dose and 
is consistent with the proliferative response measured by [3H]
TdR incorporation.

Cell cycle arrest, but not T-cell anergy, is a major 
mechanism for the impaired proliferation with excessive 
antigenic stimulation
Since anergy induction is one of the important mechanisms 
for T-cell growth suppression, we next assessed this mech-
anism in our system. It has been reported that this type of 
growth suppression can be reversed with additional IL-2 
(33–35) or by inhibiting calcineurin with CsA (9, 36). Thus, 
we examined whether addition of IL-2 or CsA could rescue 
high-dose suppression and found that neither treatment was 
effective (Fig. 3A and B). Previous studies identified several 
anergy-related genes, such as E3 ubiquitin ligases and tran-
scriptional repressors (19); therefore, we compared expres-
sion of a panel of these genes at suppressive and optimal 
doses of peptide. The expression of almost all anergic genes, 
except for Egr2 and Egr3, was not significantly altered by 
peptide stimulation (Fig. 3C). However, the expression level 
of these two genes was nearly identical at the suppres-
sive and optimal doses, suggesting that these gene prod-
ucts are not involved in the high-dose growth suppression. 
Taken together, these observations indicate that the growth 

Fig. 2.  Induction of high-dose suppression independently of Fas or caspase-mediated AICD. The T-cell clone was stimulated with BMDCs and 
the indicated OVA-p concentration (0, 10, 1000 nM). (A) At 72 h after stimulation, dead cells were detected by Annexin V and PI staining. Cells 
were gated on the Thy1.2+ population. One representative of more than three independent experiments is shown. (B) The percentage of dead 
cells (Annexin V+/PI+) was determined by flow cytometry as shown in (A). Data are the mean ± SD from more than three independent experi-
ments. (C) After T cells were stimulated for 24 h, the expression of Fas (black bars) and FasL (white bars) was detected by flow cytometry. Cells 
were gated on the CD4+ population. Data are the mean ± SD from three independent experiments. (D) The T-cell clone was cultured for 72 h in 
the absence or presence of FasL antibody (1.25 μg ml−1). Proliferation was analyzed by [3H]TdR incorporation. Data are shown as the mean ± 
SD of triplicate cultures and similar results were obtained in more than three additional experiments. (E) The T-cell clone was stimulated with the 
caspase inhibitor z-VAD-fmk (0, 10 μM). After 72 h, the proliferative response was analyzed by [3H]TdR incorporation. Data are shown as the 
mean of triplicate cultures and similar results were obtained in more than three additional experiments. (F) T cells were cultured under the same 
conditions as in (D) and dead cells were detected by Annexin V/PI staining. Cells were gated on the Thy1.2+ population. Data are the mean ± 
SD from more than three independent experiments. **P < 0.01.
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suppression caused by excessive antigenic stimulation is not 
caused by T-cell anergy induction.

In order to clarify the proliferative pattern at a single-cell 
level, we analyzed the division of CFSE-labeled T cells at each 
dose of peptide. At the suppressive dose, a major population 
of the T-cell clone had not divided (Fig. 4A and B), indicating 
that the growth suppression of effector T cells stimulated with 
high-dose antigen was caused by impaired cell division.

Next, to investigate whether cell cycle arrest, which leads to 
impaired cell division, occurs during growth suppression, the cell 
cycle profile at both optimal and suppressive antigenic doses 
was determined (Fig.  4C). The transition from G1 to S phase 
was observed at both doses, and the percentage of T cells in S 
phase increased in a peptide dose-dependent manner (Fig. 4D). 
By contrast, the percentage of cells in the G2/M phase was sig-
nificantly diminished at the suppressive dose (Fig. 4E), indicat-
ing that entry into the G2/M phase was inhibited. Taken together, 
these data indicate that cell cycle arrest in S phase has a pivotal 
role in the growth suppression of antigen-specific effector T cells.

Excessive antigenic stimulation resulted in lower expression 
of CDK2/cyclin A and up-regulation of p21cip1/waf1

In order to characterize the nature of the cell cycle arrest 
induced at the suppressive dose, we examined the expres-
sion of several CDK complexes and cyclins, which regulate 

cell cycle progression in different phases of the cell cycle 
(37). The expression of cyclin D3, a G1 phase cyclin, was 
enhanced at both optimal and suppressive doses (Fig.  4F, 
top panel and Supplementary Figure  1A, available at 
International Immunology Online). CDK4, an early G1 phase 
CDK, was expressed before stimulation and its level was 
unaffected by antigenic stimulation (Fig.  4F, second panel 
and Supplementary Figure  1B, available at International 
Immunology Online). Dose-dependent differences were 
observed in the expression of CDK2, a late G1/S phase 
CDK, and cyclin E, which binds and activates CDK2. At the 
suppressive dose, CDK2 expression was lower than at the 
optimal dose, while cyclin E was up-regulated (Fig. 4G and 
Supplementary Figure  1C and D, available at International 
Immunology Online). Similar to the CDK2 expression pattern, 
the expression of cyclin A, which binds CDK2 and is gen-
erally expressed in the S/G2 phase, was also lower at the 
suppressive dose (Fig.  4H and Supplementary Figure  1E, 
available at International Immunology Online). These results 
indicate that although T cells stimulated at the suppressive 
dose of antigen are able to enter cell cycle, the transition from 
the late G1/S to the G2 phase was disturbed.

CDK and cyclin inhibitors (CKI) also play an important role 
in cell cycle regulation by binding CDK/cyclin complexes 
(38); therefore, we examined the expression of p21cip1/waf1 

Fig. 3.  T cells stimulated with high-dose peptide are not anergic. (A) At 72 h after stimulation in the presence (black bars) or absence (white 
bars) of exogenous IL-2 (25 U ml−1), the proliferative response of the T-cell clone was analyzed by [3H]TdR incorporation. **P < 0.01. (B) The 
T-cell clone was cultured with BMDCs and different doses of OVA-p (0, 10, 1000 nM) without (white bars) or with CsA, 0.25 or 2.5 ng ml−1, gray 
and black bars, respectively. At 72 h, proliferation was determined by [3H]TdR incorporation. **P < 0.01. Data are shown as the mean ± SD of 
triplicate cultures and similar results were obtained in more than three additional experiments. (C) Anergy-related genes (19) were extracted 
from our microarray data. The heatmap shows the fold change of the expression levels relative to 0 h.
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and p27kip1, which suppress the activity of many CDK/cyclin 
complexes, and p16INK4a, which mostly targets CDK4/6. The 
expression of p21cip1/waf1 was increased in a dose-dependent 
manner (Fig. 4I, second panel and Supplementary Figure 1F, 
available at International Immunology Online). It is con-
ceivable that up-regulation of p21cip1/waf1 at the suppressive 
dose inhibited the activity of CDK4 by binding CDK4/cyclin 
D3 complexes. On the other hand, the expression of p27kip1 
was observed before stimulation and decreased in a dose-
dependent manner (Fig.  4I, top panel and Supplementary 
Figure  1G, available at International Immunology Online). 
A  high basal expression of p16INK4a was observed before 
stimulation (Fig. 4I, third panel and Supplementary Figure 1H, 
available at International Immunology Online), suggesting 

that this inhibitor is not critical for suppressing T-cell growth. 
Taken together, these data suggest that down-regulation of 
CDK2/cyclin A is involved in cell cycle arrest at the suppres-
sive dose.

MEK/ERK is the key signaling pathway inducing the 
growth suppression of effector T cells
The MEK/ERK, PI3K/Akt/mTOR, p38 MAPK and JNK signaling 
pathways, which are all activated in response to TCR engage-
ment, play important roles in enhancing cell cycle progression 
and the proliferative response of T cells (13, 15–17). On the 
other hand, it has also been reported that strong stimulation 
through mitogen-activated pathways drives cell cycle arrest 
in both lymphoid and non-lymphoid cells (39). To identify the 

Fig. 4.  Cell cycle arrest is induced with a high dose of peptide. (A and B) Cells were labeled with CFSE and stimulated with each dose of 
peptide and T-cell-depleted splenocytes for 48 h. Cells were analyzed by flow cytometry, gated on the PI−CD4+ population. The percentages of 
non-divided or divided T cells (B) are shown as the mean ± SD of more than three independent experiments. (C) The T-cell clone was cultured 
with BMDCs and stimulated with different doses of OVA-p (0, 10, 1000 nM) for 72 h. Cell cycle progression of viable cells was assessed by flow 
cytometry of PI-labeled cells, excluding the sub-G1 population. Results are representative of at least three independent experiments. (D and 
E) The T-cell clone was stimulated as in Fig. 4(D). The percentages of T cells in S phase (D) or G2/M phase (E) are shown as the mean ± SD of 
more than three independent experiments. *P < 0.05, **P < 0.01. (F–I) Cell lysates immunoblotted with cyclin D3, CDK4, cyclin E, CDK2, cyclin 
A, p16INK4a, p21cip1/waf1 and p27kip1 antibodies. The expression levels of each molecule are shown as the fold differences compared with the same 
control protein (Akt). Similar results were obtained in at least three independent experiments.
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key signaling pathway for the impaired proliferation follow-
ing excessive antigenic stimulation, we examined the effect 
of pathway-specific inhibitors on T-cell proliferation. The Akt 
inhibitor (Akti 1/2), mTORC inhibitor (Rapamycin), JNK inhibi-
tor (JNK inhibitor II) and p38 inhibitor (SB203580) all sup-
pressed T-cell proliferative responses at both optimal and 
suppressive doses (Fig.  5A–D), indicating that these signal-
ing pathways are essential for promoting T-cell proliferation 
regardless of antigenic peptide dose. Strikingly, however, the 
MEK inhibitor U0126 strongly enhanced [3H]TdR incorpora-
tion after stimulation with the suppressive dose of peptide 
(Fig.  5E). Consistent with increased [3H]TdR incorporation, 
the number of T cells recovered at 72 h was also increased 
(Fig. 5F). Interestingly, the same treatment significantly inhib-
ited the proliferation of T cells stimulated with the optimal dose 
(Fig. 5E). These results indicate that MEK/ERK activation after 
excessive antigenic stimulation induced growth suppression, 
while enhancing cell cycle progression with optimal stimula-
tion. To further confirm this interpretation, we used an ERK-
specific inhibitor FR180204. Similar to the result using the MEK 
inhibitor, FR180204 also facilitated the proliferative response at 
the suppressive dose, while suppressing it at the optimal dose 
(Fig. 5G). Taken together, these data suggest that the MEK/

ERK signaling pathway has both positive and negative effects 
on T-cell clonal expansion, depending on the strength of anti-
genic stimulation, and plays an important role in induction of 
growth suppression following excessive antigen stimulation.

To generalize this phenomenon, we used short-term acti-
vated DO11.10 TCR-Tg CD4+ T cells, which are a more het-
erogeneous effector T-cell population. The activated T cells 
were generated by repeated (1–3 times) stimulation with low-
dose OVA-p. Consistent with the findings using cloned T cells, 
activated DO11.10 TCR-Tg CD4+ T cells showed a biphasic 
growth curve, and blockade of the Fas/FasL interaction had no 
effect on the impaired proliferative response (Supplementary 
Figure  2A, available at International Immunology Online). 
Next, we assessed cell division of the activated T cells at 
each dose of peptide. As shown in Supplementary Figure 2B, 
available at International Immunology Online, the division of 
DO11.10 TCR-Tg activated T cells at the suppressive dose 
was impaired compared with that of T cells stimulated with the 
optimal dose. Finally, we measured the effect of U0126 treat-
ment on the proliferative response of the DO11.10 TCR-Tg 
activated T cells. Similar to the result using T-cell clones, 
the proliferative response at the suppressive dose was 
restored by MEK/ERK inhibition but at the optimal dose it was 

Fig. 5.  Inhibition of MEK/ERK signaling restores proliferation at high dose peptide. (A–E, G) The T-cell clone was cultured with BMDCs and 
OVA-p (0, 10, 1000 nM) for 72 h with Akti 1/2 (A), Rapamycin (B), SB203580 (C), JNK inhibitor II (D), U0126 (E) and FR180204 (G). Cultures were 
pulsed with [3H]TdR for the last 6 h of the 72 h incubation. Data are showed as the mean ± SD of triplicates and similar result were obtained in 
more than three additional experiments. (F) The T-cell clone was stimulated with a high dose of OVA-p (1000 nM) with U0126 (5 μM), and fold 
expansion was calculated. Data are the mean ± SD of three independent experiments. *P < 0.05, **P < 0.01.
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inhibited (Supplementary Figure 2C, available at International 
Immunology Online). Taken together, these data indicate that 
the growth suppression mediated by MEK/ERK activation is 
not a phenomenon limited to cloned T cells.

The inhibition of MEK/ERK activation alleviates cell cycle 
arrest induced by excessive antigenic stimulation
Since our results indicated that cell cycle arrest and cell 
death occurred at the suppressive antigen dose (Figs 2 
and 4), we also examined whether the MEK/ERK signaling 

pathway is involved in these processes. As shown in Fig. 6(A 
and B), the percentage of dead cells at the suppressive dose 
was decreased by U0126 treatment, indicating that the acti-
vation of MEK/ERK signaling partially induced the cell death 
with excessive antigenic stimulation. Next, we assessed cell 
division at the suppressive dose of OVA-p by using a CFSE-
labeled T-cell clone. Consistent with the result of [3H]TdR 
incorporation in Fig. 5(E), U0126 treatment of T cells stimu-
lated with a suppressive dose of peptide restored cell division 
(Fig. 6C and D).

Fig. 6.  Recovery from cell cycle arrest at a high dose of peptide by U0126 treatment. The T-cell clone was stimulated with high dose of OVA-p 
(1000 nM) for 72 h with or without U0126 (5 μM). (A and B) Cell death was analyzed by Annexin V/PI staining as in Fig. 2(A). Cells were gated 
on the Thy1.2+ population. (C and D) T cells were stimulated as in Fig. 4(A) in the presence or absence of U0126. Cell division was determined 
by flow cytometry. The percentages (D) are shown as the mean ± SD of three independent experiments. (E) Cell cycle progression of viable 
cells was assessed by flow cytometric analysis of DNA content as in Fig. 3(A). (F) The percentages of T cells in G2/M phase are shown as the 
mean ± SD of more than three independent experiments. *P < 0.05. (G–L) Cell lysates were prepared at 72 h of culture with or without U0126 
(5 μM) and immunoblotted with cyclin D3, CDK4, cyclin E, CDK2, cyclin A, p16INK4a, p21cip1/waf1 and p27kip1 antibodies. The expression levels of 
each molecule are shown as the fold differences compared with the same control protein (Akt). Similar results were obtained in at least three 
independent experiments.
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Next, we examined the effect of U0126 treatment on cell 
cycle progression. The percentage of T cells in G2/M phase 
was significantly elevated, while the accumulation in S phase 
was reduced, at the high-dose peptide by U0126 treatment 
(Fig. 6E and F), indicating that cell cycle arrest was alleviated 
by MEK/ERK inhibition. To further explore the regulation of the 
cell cycle by the MEK/ERK signaling pathway, the expression 
of cell cycle-related molecules, as described in Fig. 4, was 
examined under suppressive conditions in the absence or 
presence of U0126 (Fig. 6G–K and Supplementary Figure 3, 
available at International Immunology Online). While the 
expression of cyclin D3, E and CDK4 was unaffected, CDK2 
and cyclin A were up-regulated by U0126 treatment (Fig. 6G–
I and Supplementary Figure 3A–E, available at International 
Immunology Online). Furthermore, the expression of p27kip1, 
p21cip1/waf1 and p16INK4a was not significantly affected by U0126 
treatment, indicating that the expression of these molecules is 
not regulated by MEK/ERK at the suppressive dose (Fig. 6J–
L and Supplementary Figure 3F–H, available at International 
Immunology Online). Taken together, these results suggest 
that cell cycle progression and transition from the S to G2/M 
phase is blocked by the MEK/ERK signaling pathway by 
decreasing CDK2/cyclin A  expression under conditions of 
strong antigenic stimulation. In addition, it is possible that at 
the suppressive dose, cell cycle progression is repressed by 
low level expression of CDK2 and cyclin A, but not elevated 
expression of p21cip1/waf1. These results suggest that MEK/ERK 
signaling pathway controls cell cycle arrest plays a dominant 
role in the impaired proliferation of effector T cells.

Discussion

The purpose of this study was to elucidate the cellular and 
molecular mechanisms underlying growth suppression of 
antigen-experienced activated T cells following excessive 
antigen stimulation. Here, we showed that this stimulation 
elicits cell cycle arrest in S phase, which is caused by the 
down-modulation of CDK2 and cyclin A (Fig. 4). In addition, 
we found a novel function of the MEK/ERK signaling pathway 
in controlling activated T-cell expansion; in response to opti-
mal antigen stimulation, the MEK/ERK activation enhances 
cell cycle progression and proliferation, while it induces cell 
cycle arrest with excessive stimulation. We also showed that 
CDK2 and cyclin A are the down-regulated downstream tar-
gets of MEK/ERK signaling (Fig. 6). Taken together, cell cycle 
arrest mediated by strong MEK/ERK activation is a major 
mechanism for the growth suppression following excessive 
antigenic stimulation in antigen-experienced effector T cells.

Apoptosis caused by Fas/FasL interaction has been 
thought to be an important mechanism for the regulation of 
peripheral T-cell populations. Examples of defects in Fas/
FasL-dependent cell death that lead to massive lymphoprolif-
eration and spontaneous autoimmunity can be found in both 
mice (Faslpr/lpr and Faslgld/gld mice) and humans (ALPS, autoim-
mune lymphoproliferation syndrome), indicating that the Fas 
signaling pathway is critical for maintenance of self-tolerance 
and homeostasis of peripheral T cells (3, 40). These mice 
are also resistant to peptide-induced deletion in vivo (28). 
However, we showed that the blockade of cell death medi-
ated by Fas/FasL interaction and caspase cascades did not 

eliminate the growth suppression of antigen-specific T-cell 
clones caused by excessive antigenic stimulation, indicating 
that this phenomenon is not caused by Fas/FasL-dependent 
AICD (Fig. 2D and E). It should be noted that treatment with 
the FasL antibody partially inhibited cell death after antigenic 
stimulation, but this effect was observed at both suppressive 
and optimal peptide doses. This result leads to the conclu-
sion that Fas-mediated cell death is a general cellular event 
in effector T cells responding to a given antigen regardless 
of TCR signal strength. Singer and Abbas (28) showed that 
peripheral T cells from 2B4 TCRαβ transgenic mice carry-
ing the lpr mutation are resistant to growth suppression, a 
finding inconsistent with our conclusion. This discrepancy 
may be explained by differences in the responding T cells; in 
their experimental system antigen-inexperienced T cells first 
respond to antigens under Fas-signal deficient conditions, 
whereas in our system we used antigen-specific cloned T 
cells maintained by repeated antigen stimulation. Another 
group has also shown that T-cell clones or pre-activated T 
cells from lpr mutant mice have a defect in suppression of 
proliferative response induced by a high dose of super anti-
gen or anti-TCR antibody cross-linking (30). This may be in 
accord with the intrinsic abnormality of lpr T cells, because 
Davidson et al. (41) reported that lpr T cells showed spon-
taneous proliferation and hypersecretion of some cytokines, 
including IFN-γ and TNF-α.

Impairment of cell division and entry into G2/M phase 
clearly indicated that cell cycle arrest in S phase occurred in 
the response of cloned T cells to excessive antigenic stimula-
tion (Fig. 4). Although little has been reported on cell cycle 
arrest of T cells, an in vitro experimental system using T-cell 
hybridomas, where a pivotal role of Fas mediated death sign-
aling in AICD was identified, also provided evidence that, 
accompanied with apoptosis, cell cycle arrest occurred fol-
lowing TCR-mediated signaling. Ashwell et  al. (6) showed 
that stimulation with appropriate peptide antigens resulted in 
a cell cycle block at the G1/S border regardless of antigen 
dose. Similarly, Miyatake et al. (42) reported that activation 
by TCR cross-linking with antibody induced the down-regula-
tion of cyclin D3 expression and cyclin D-dependent kinase 
activity, leading to growth arrest in the G1 phase. Although 
our results obtained using T-cell clones and theirs with T-cell 
hybridomas reached the same conclusion, that cell cycle 
arrest is responsible for growth suppression of T cells, the 
phase of arrest was different. These differences may be due 
to the distinctive nature of T-cell hybridomas and T-cell clones; 
the former show constitutive proliferation and cell cycling, 
whereas the latter require antigenic stimulation to enter cell 
cycling. Furthermore, since T-cell hybridomas are prepared 
by fusing to a thymoma cell line, the consequences of TCR 
signaling may represent that of immature T cells rather than 
effector T cells.

One of the most striking findings of our study was that the 
impairment of proliferation seen at high concentration of anti-
gen could be reversed by MEK/ERK inhibition, which instead 
decreased proliferation at the optimal antigen dose. A previ-
ous report showed that strong MEK/ERK activation induced 
by high-dose CD3 mAb decreased IL-2-dependent prolifera-
tion (20). In these studies, MEK inhibition slightly improved 
the proliferative response and depressed the expression 
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of p21cip1/waf1 (20), indicating that up-regulation of p21cip1/waf1 
mediated the cell cycle arrest. Here, we used an antigen-
specific effector T-cell clone, which has the same specificity 
and threshold, stimulated with varying antigen concentrations 
in the presence of APCs, and observed that despite the high 
level of p21cip1/waf1 expression, cell cycle progression and the 
expression of CDK2/cyclin A with strong antigenic stimulation 
was restored by MEK/ERK inhibition (Fig.  6). These results 
suggest that in antigen-specific effector T cells, cell cycle 
arrest induced by strong MEK/ERK activation preferentially 
depends on the expression level of CDK2/cyclin A  rather 
than that of p21cip1/waf1. Although how the MEK/ERK signaling 
pathway regulates the expression of CDK2/cyclin A currently 
remains unclear, we observed that MEK inhibition enhanced 
the phosphorylation of Akt at a suppressive antigen dose 24 h 
after stimulation (data not shown). Thus, it is possible that cell 
cycle arrest in S phase may be responsible for the inhibition 
of Akt activation mediated by strong MEK/ERK activation, 
because Akt activation is required for up-regulation of cyclin 
A and CDK2 (15). Furthermore, a recent study showed that 
the MEK/ERK signaling pathway can suppress Akt activa-
tion mediated by the translocation of PTEN to the membrane, 
which regulates the concentration of PIP3 (43). Therefore, it is 
conceivable that the same molecular mechanism, the MEK/
ERK–PTEN axis, dampens Akt phosphorylation in our experi-
mental system.

In our study, MEK/ERK activation had distinct effects on 
T-cell expansion, depending on the strength of antigenic 
stimulation (Fig. 5E and F). Although activation of the MEK/
ERK signaling pathway mediates multiple functions, includ-
ing cell expansion, apoptosis and cell cycle arrest (44), 
how MEK/ERK activation determines these functions in T 
cells is still controversial. Previously, it has been suggested 
that strong and sustained ERK activation can lead to cell 
cycle arrest, whereas transient and/or cyclic ERK activation 
induced cell cycle progression (45). Consistent with this idea, 
we observed that the phosphorylation of ERK at the suppres-
sive dose was strong and sustained compared with that at 
optimal antigen dose (data not shown), suggesting the possi-
bility that the different duration and strength of ERK signaling 
can result in distinct T-cell functions by serving as a sensor 
for the strength of antigenic stimulation to regulate cell cycle 
progression. Then, the important question arises: how can 
the sensing ability of MEK/ERK be controlled by the strength 
of antigenic stimulation? Following the initial T cell–APC con-
tact, pMHC–TCR complexes rearrange to form microclusters 
and the immunological synapse (IS), where the molecules 
upstream of MEK/ERK, such as LAT (46) and PAK1 (47), are 
recruited and serve as a platform for TCR signal transduction 
(48). We observed a higher incidence of IS formation in T 
cell–APC conjugates at the suppressive dose at both 15 min 
and 2 h (data not shown), suggesting that the IS may have 
a longer functional half-life at the high antigen dose. Such 
persisting ISs could elicit excessive and sustained activation 
of signaling molecules upstream of MEK/ERK, causing the 
impaired proliferation of T cells. In addition, it is conceivable 
that the mode of microcluster formation or its composition is 
different between optimal and suppressive doses. Another 
possibility is that the differential MEK/ERK activation between 
the optimal and suppressive dose of peptide is caused by 

distinct signaling molecules upstream of MEK/ERK. Several 
signaling pathways, such as LAT-PLCγ, Bam32-PLCγ-PAK1 
and Lck-PKCθ-RasGRP, have been shown to be responsi-
ble for TCR-dependent MEK/ERK activation (49), thus these 
pathways downstream of TCR ligation may uniquely and/
or coordinately regulate the activation of MEK/ERK. Further 
studies are required to evaluate these possibilities.

What then is the biologic role of this phenomenon under 
physiological conditions? At a suppressive antigen dose, 
T cells produce higher amounts of inflammatory cytokines, 
such as IL-2 and IFN-γ, than at a dose optimal for proliferation 
(25). Therefore, during a normal immune response following 
pathogen infection, it is possible that the T-cell growth sup-
pression induced by strong antigenic stimulation suppresses 
the harmful cytokine-dependent responses, thus helping 
minimization tissue destruction. Our observations gave rise 
to an additional question of why cell cycle arrest is necessary 
for the effector T-cell response at high-dose antigenic stimula-
tion. It may be that rapid and complete deletion of activated 
T cells, such as by Fas/FasL-dependent AICD, may signifi-
cantly dampen an otherwise protective T cell-dependent 
immune response. Since we observed that, despite cell cycle 
arrest, activated T cells stimulated with high-dose antigen 
were still able to produce abundant cytokines, these T cells 
may retain the ability to help in the clearance of pathogens. 
Thus, cell cycle arrest at the site of infection is one of the 
important mechanisms to balance removal of foreign antigens 
and inhibition of excessive immune responses to self-tissue.

Our findings provide new insight into the regulation of effec-
tor T-cell clonal expansion. Furthermore, we found that the 
impaired proliferation of antigen-experienced T cells follow-
ing excessive antigenic stimulation is caused by MEK/ERK 
activation. Thus, by modulating the strength of MEK/ERK acti-
vation, it may be possible to not only control TCR-dependent 
effector T-cell expansion in a normal immune response but 
also to reverse undesired growth suppression of peripheral 
effector T cells in response to strong and/or chronic antigenic 
stimulation, such as in the microenvironment of tumors.
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Supplementary data are available at International Immunology 
Online.
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