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    The quality of adaptive immune responses de-
pends on the size of the antigen-specifi c mem-
ory T cell pool, which is regulated through 
specifi c homeostatic mechanisms controlling 
both cell survival and proliferation. Upon anti-
gen recognition, naive CD4 T cells undergo a 
rapid clonal expansion, followed by the diff er-
entiation into functionally distinct Th cell sub-
sets, such as eff ector Th1 and Th2 cells ( 1 – 3 ). 
These eff ector T cells undergo a dramatic con-
traction in numbers after antigen clearance, 
with 90 – 95% succumbing to apoptosis within 
weeks ( 4 – 6 ). However, some of the eff ector 
T cells are maintained as memory T cells for long 
periods in vivo ( 7, 8 ). 

 In contrast to CD8 memory T cells, CD4 
memory T cells may not require the signals 
through common cytokine receptor  �  chain 
( 9, 10 ). However, critical regulatory roles of 
IL-7 in the generation and survival of memory 
CD4 T cells were reported recently ( 11, 12 ). 
In addition, the homeostasis of memory CD4 
T cells is dependent on the signals through the 
TCR as well as the IL-7 receptor ( 13 ). Bcl-2 

and Mcl-1 are reported to be the downstream 
targets of the IL-7 receptor and promote T cell 
survival ( 14 – 16 ). 

 Several properties that distinguish memory 
T cells from naive T cells have been described, 
such as increased longevity and enhanced ca-
pacity for recall response to cognate antigen ( 17 ). 
Memory T cells have several features associated 
with stem cells ( 18 ), and the similarity of the 
gene expression pattern between memory T/B 
cells and long-term hematopoietic stem cells 
was reported ( 19 ). Similar to hematopoietic 
stem cells, memory T cells appear to possess the 
ability to proliferate in response to homeostatic 
signals. The homeostatic signals may drive self-
renewal, whereas antigenic signals drive eff ec-
tor cell diff erentiation and function. 

 The  polycomb  group (PcG) gene  Bmi1  has 
recently been implicated in the maintenance 
of hematopoietic ( 20, 21 ), neural ( 22 ), and 
cancer stem cells ( 23 ). PcG gene products form 
multimeric complexes and maintain the early 
determined gene expression patterns of key 
 developmental regulators, such as homeobox 
genes both in invertebrates and vertebrates ( 24, 
25 ). Bmi1, Mel-18, M33, Pc2, Rae-28/Mph1, 
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 The maintenance of memory T cells is central to the establishment of immunological mem-

ory, although molecular details of the process are poorly understood. In the absence of the 

polycomb group (PcG) gene  Bmi1 , the number of memory CD4 +  T helper (Th)1/Th2 cells was 

reduced signifi cantly. Enhanced cell death of  Bmi1  � / �    memory Th2 cells was observed both 

in vivo and in vitro. Among various proapoptotic genes that are regulated by Bmi1, the 

expression of proapoptotic BH3-only protein Noxa was increased in  Bmi1  � / �    effector Th1/

Th2 cells. The generation of memory Th2 cells was restored by the deletion of  Noxa , but 

not by  Ink4a  and  Arf . Direct binding of Bmi1 to the  Noxa  gene locus was accompanied by 

histone H3-K27 methylation. The recruitment of other PcG gene products and Dnmt1 to 

the  Noxa  gene was highly dependent on the expression of Bmi1. In addition, Bmi1 was 

required for DNA CpG methylation of the  Noxa  gene. Moreover, memory Th2-dependent 

airway infl ammation was attenuated substantially in the absence of Bmi1. Thus, Bmi1 

controls memory CD4 +  Th1/Th2 cell survival and function through the direct repression of 

the  Noxa  gene. 
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and PBMCs).  It is worth noting that even heterozygous 
 Bmi1 +/ �    groups showed marked eff ects. Although the ex-
pression levels of IL-7R �  and IL-2R �  were slightly lower on 
 Bmi1  � / �    memory Th2 cells as compared with wild-type cells, 
other surface marker antigens were expressed normally (Fig. 
S1 B). Next, KJ1 +  eff ector Th1 cells were transferred into 
BALB/c  nu/nu  mice. The memory Th1 cell generation from 
 Bmi1  � / �    eff ector Th1 cells was also impaired in all tissues 
tested ( Fig. 1 B ). The reduction in the  Bmi +/ �    group was not 
obvious. A similar loss of memory Th cell generation was 
observed in both Th2 ( Fig. 1 C ) and Th1 cells (Fig. S2, available 
at http://www.jem.org/cgi/content/full/jem.20072000/DC1) 
when  Bmi1  � / �    eff ector cells were transferred into nonlym-
phopenic normal BALB/c mice. These results indicate that 
the generation of memory Th1/Th2 cells was impaired in 
the absence of Bmi1. 

 A kinetics study showed that the decrease in  Bmi1  � / �    
Th2 cells was observed from 2 d after cell transfer (Fig. S3, avail-
able at http://www.jem.org/cgi/content/full/jem.20072000/
DC1). Consequently, we assessed the semi-acute survival of 
 Bmi1 +/ �    eff ector Th2 cells by a competition analysis using 
 Bmi1 +/+   (Thy1.1) and  Bmi1 +/ �    (Thy1.2) C57BL/6 Ly5.2 ef-
fector Th2 cells and Ly5.1 host animals with a C57BL/6 
background. Typical staining patterns of mixed cells for cell 
transfer and of transferred donor-derived cells (Ly5.2) from 
the indicated tissues are shown in Fig. S4. Interestingly, a sig-
nifi cant decrease in the ratio of  Bmi1 +/ �   / Bmi1 +/+   (Thy1.2/
Thy1.1) cells was already observed 2 d after cell transfer, and 
this decline continues through days 7 – 21 ( Fig. 1 D ). The ki-
netics of the preferential reduction of  Bmi1 +/ �    cells was simi-
lar in all tissues tested. The defect in semi-acute survival in 
 Bmi1  � / �    Th2 cells was also observed under lymphopenic 
conditions (Fig. S5). 

 The homeostatic proliferation as measured by BrdU in-
corporation in vivo was decreased slightly in  Bmi1  � / �    
memory Th2 cells as compared with wild type (14.3  ±  0.4% 
vs. 9.1  ±  1.5%) ( Fig. 1 E ). Next, we assessed the extent of 
ongoing apoptotic cell death in vivo by a TUNEL assay. In 
 Bmi1  � / �    memory Th2 cells, ongoing apoptosis was enhanced 
dramatically as compared with wild type (8.2 vs. 57.1%) ( Fig. 
1 F ). In addition, increased annexin V + PI +  cells were de-
tected in  Bmi1  � / �    memory Th2 cells after restimulation 
in vitro, indicating that these memory cells are highly prone 
to cell death (Fig. S1 C). 

 Deletion of  p16 ink4a   and  p19 arf   genes failed to restore 

the decreased memory Th2 cell generation in the absence 

of Bmi1 

 Bmi1 has been reported to promote cell proliferation, cell 
survival, and stem cell self-renewal by repressing the  Ink4a /
 Arf  locus ( 37 ). This locus codes for two proteins, p16 ink4a  and 
p19 arf  (Ink4a and Arf), through the use of alternative reading 
frames. Ink4a is a cyclin D – dependent kinase inhibitor that 
promotes cell cycle arrest after Rb activation. Arf induces p53 
activation and p53-mediated cell death ( 38 ). In the  Bmi1  � / �    
eff ector Th2 cells, we confi rmed the increased expression of 

Mph2, and Ring1A/B are constituents of a multimeric pro-
tein complex similar to the  polycomb  repressive complex (PRC)1 
identifi ed in  Drosophila . Another PcG complex, which con-
tains Eed, Suz12, Ezh1, and Ezh2, is PRC2. PRC2 possesses 
an intrinsic histone H3-K27 methyltransferase activity ( 26 – 29 ), 
which implicates a likely mechanism for PcG-mediated gene 
silencing. Lack of individual components of PRC1 results 
in apoptosis and the loss of proliferative responses of im-
mature lymphoid cells ( 30, 31 ). In mature lymphocytes, PcG 
gene products play several roles in diff erentiation and cell 
fate. Mel-18 controls Th2 cell diff erentiation through the 
regulation of GATA3 expression ( 32 ), and Bmi1 controls 
the stability of GTAT3 protein in developing Th2 cells ( 33 ). 
EzH2 is involved in B cell development and controls IgH 
V(D)J rearrangement ( 34 ). 

 We herein investigated the role of Bmi1 in the generation 
and maintenance of memory CD4 +  Th1/Th2 cells. In the 
absence of Bmi1, the generation of both Th1 and Th2 mem-
ory cells was impaired as a consequence of increased Noxa 
expression. Because our previous study indicated that the ex-
pression of Bmi1 is higher in Th2 cells than Th1 cells, we 
sought to investigate the molecular mechanisms underlying 
the Bmi1/Noxa-mediated regulation of memory T cell gen-
eration by focusing primarily on memory Th2 cells. Our re-
sults indicate that Bmi1 controls memory CD4 T cell survival 
and function through the direct repression of the  Noxa  gene. 

  RESULTS  

 Generation of memory Th1/Th2 cells was impaired 

in the absence of Bmi1 

 In  Bmi1  � / �    mice, although a reduction of cell numbers in the 
lymphoid organs was seen, substantial numbers of CD4 and 
CD8 T cells developed with normal expression of develop-
mental cell surface antigens (not depicted). After in vitro 
antigenic stimulation,  Bmi1  � / �    CD4 T cells were shown to 
proliferate well (Fig. S1 A, available at http://www.jem.org/
cgi/content/full/jem.20072000/DC1) and diff erentiate nor-
mally into IL-4 – producing eff ector Th2 cells under Th2 
conditions or IFN- �  – producing eff ector Th1 cells under Th1 
conditions ( 33 ). Under IL-4 – limiting conditions, Th2 cell 
diff erentiation was impaired signifi cantly in the absence of 
Bmi1, and the Bmi1-mediated regulation of the stability of 
GATA3 protein was demonstrated ( 33 ). 

 To investigate the role of  Bmi1  in the generation and 
maintenance of memory Th1/Th2 cells, we used a  “ memory 
Th1/Th2 mouse ”  system ( 35, 36 ) in which OVA-specifi c 
 �  � TCR transgenic (Tg) CD4 T cells from  Bmi1 +/+  ,  Bmi1 +/ �   , 
or  Bmi1  � / �    mice were stimulated with antigenic OVA pep-
tide and wild-type antigen-presenting cells under Th2 or 
Th1 culture conditions in vitro for 6 d, and these eff ector Th 
cells were then adoptively transferred into syngeneic BALB/c 
 nu/nu  mice (memory Th1/Th2 mice). 5 wk after cell trans-
fer, the numbers of donor-derived KJ1 +  memory Th1/Th2 
cells were assessed in various organs. As shown in  Fig. 1 A , a 
 Bmi1  gene dose-dependent aff ect on the numbers of memory 
Th2 cells was observed in all tissues tested (spleen, liver, lung, 
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unchanged ( Fig. 2 B ). To examine whether the increased ex-
pression of  Ink4a/Arf  in  Bmi1   � / �   Th2 cells plays a role in the 
Bmi1-mediated maintenance of memory Th2 cells,  Bmi1  � / �   
mice were crossed with  Ink4a  � / �   / Arf  � / �    mice, and eff ector 
Th2 cells generated from  Bmi1  � / �  Ink4a  � / �  Arf  � / �    with Ly5.2 
background were transferred into Ly5.1 mice. 5 wk later, the 
number of Ly5.2 +  memory Th2 cells was assessed. Depletion 
of  Ink4a  and  Arf  genes itself had no eff ect on the generation 
of memory T cells ( Fig. 2 C , panels 1 and 3) and failed to 

the  Ink4a/Arf  gene after anti-TCR stimulation ( Fig. 2 A ).  
An increased mRNA expression of both  Ink4a  and  Arf  was 
confi rmed (not depicted). In addition, various proapoptotic 
genes, which are known to be targets for p53, such as  Bax , 
 Puma ,  Noxa ,  Bim ,  Bad ,  Fas , and  Fas ligand , were increased in 
 Bmi1   � / �   eff ector Th2 cells ( Fig. 2 A ). In  Bmi1   � / �   memory 
Th2 cells, increased expression of mRNA was observed in 
the  Ink4a/Arf ,  Bax ,  Puma ,  Noxa ,  Bad , and  Fas  genes, whereas 
expression of antiapoptotic genes  Bcl2 ,  BclxL , and  Mcl1  was 

  Figure 1.     Impaired generation of memory Th1/Th2 cells from  Bmi1  � / �    effector Th2 cells.  (A and B)  Bmi1 +/+  ,  Bmi1 +/ �   , or  Bmi1  � / �    effector Th2 (A) 

or Th1 (B) cells with DO11.10 Tg background were intravenously transferred into BALB/c  nu/nu  mice ( n  = 5). 5 wk later, the number of KJ1 +  memory Th2 

cells was determined by fl ow cytometry. Typical staining patterns of KJ1/CD4 and percentages of KJ1 +  cells are shown. Four independent experiments 

were performed with similar results. (C)  Bmi1 +/+  ,  Bmi1 +/ �   , or  Bmi1  � / �    effector Th2 cells with DO11. 10 Tg background were intravenously transferred into 

BALB/c mice ( n  = 5). (D) Impaired semi-acute survival of  Bmi1 +/ �    Th2 cells. Thy1.1  Bmi1 +/+   (Ly5.2 background) and Thy1.2  Bmi1 +/ �    (Ly5.2 background) 

effector Th2 cells were mixed (1:1) and transferred (3  ×  10 7  cells/mouse) into syngeneic C57BL/6 mice with a Ly5.1 background. The ratio of Thy1.2 + /

Thy1.1 +  cells in Ly5.2 +  cells is shown ( n  = 3). (E) Homeostatic proliferation of the splenic memory Th2 cells was assessed by the BrdU incorporation in vivo. 

Representative BrdU staining profi les of KJ1 +  memory Th2 cells prepared 5 wk after cell transfer are shown. The percentages of BrdU +  cells with standard 

deviation are shown ( n  = 5). Three independent experiments were performed with similar results. (F) Apoptotic cell death of freshly prepared memory Th2 

cells from the spleen was measured by a TUNEL assay. As a positive control, cells were treated with DNase I. Representative TUNEL profi les are shown with 

percentages of TUNEL +  cells. Two independent experiments were performed with similar results.   
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expression of  Noxa  is suppressed by the expression of Bmi1, 
but it is independent from the control of the Ink4/Arf and 
p53 pathways. The results thus far obtained suggest that Bmi1 
controls the generation of both Th1 and Th2 memory cells 
accompanied with an increased expression of Noxa. Our 
previous study indicated that the expression of Bmi1 is higher 
in Th2 cells than Th1 cells, and Bmi1 controls the generation 
of Th2 cells more profoundly as compared with Th1 cells 
( 33 ). Therefore, to better understand the molecular mecha-
nisms underlying the Bmi1/Noxa-mediated regulation of 
memory CD4 T cell generation, we focused much of our 
studies on memory Th2 cells. 

 The expression of Noxa controls the generation of memory 

Th2 cells 

 Consequently, to test whether the changes in the level of 
Noxa aff ect the induction of cell death, eff ector Th2 cells 
were infected with a retrovirus containing the human  NGFR  
and  Noxa , and the number of annexin V +  cells was assessed 

restore memory Th2 cell generation in  Bmi1  � / �    background 
( Fig. 2 C , panels 2 and 4). Furthermore, the deletion of the 
p53 gene failed to rescue the  Bmi1 +/ �    memory Th2 cell 
numbers (Fig. S6, available at http://www.jem.org/cgi/content/
full/jem.20072000/DC1). These results suggest that the 
Ink4/Arf and p53-dependent pathways are not key pathways 
responsible for the reduced memory Th2 cell generation in 
 Bmi1  � / �    memory mice. To identify any possible proapop-
totic genes whose expression is regulated by Bmi1 but not 
regulated by the Ink4/Arf and p53-dependent pathways, the 
expression levels of these proapoptotic genes were assessed 
in the  Bmi1  � / �   / Ink4a  � / �   / Arf  � / �    Th2 cells. Among these 
proapoptotic genes, the level of  Noxa  mRNA increased in 
 Bmi1  � / �    Th2 cells and remained high in  Bmi1  � / �   / Ink4a  � / �   /
 Arf  � / �    background, whereas other targets such as  Bax ,  Puma , 
 Bim ,  Bad ,  Fas , and  Fas ligand  were at the normal expression 
levels ( Fig. 2 D ). Increased expression of  Noxa  mRNA 
was observed also in eff ector Th1, Tc1, and Tc2 cells in the 
absence of Bmi1 (Fig. S7). These results indicate that the 

  Figure 2.     Deletion of the  p16 ink4a   and  p19 arf   genes failed to rescue the impaired generation of memory Th2 cells in the absence of Bmi1.  

(A) mRNA expression of  Ink4a/Arf  and p53-related proapoptotic genes in  Bmi1  � / �    effector Th2 cells was determined by quantitative RT-PCR. The relative 

intensity (/HPRT; mean of three samples) is shown with standard deviations. Three independent experiments were performed with similar results. 

(B) mRNA expression of  Ink4a/Arf , p53-related proapoptotic genes, and antiapoptotic genes in  Bmi1  � / �    memory Th2 cells was analyzed. The relative intensity 

(/HPRT; mean of three samples) is shown with standard deviations. Two independent experiments were performed with similar results. (C) Effects on 

p16 ink4a  and p19 arf  defi ciency on the memory Th2 cell generation. The effector Th2 cells from the indicated mice (Ly5.2 background) were transferred into 

Ly5.1 host mice. 5 wk after cell transfer, the number of Ly5.2 +  memory Th2 cells was determined. The mean values are shown with standard deviations 

( n  = 5; right). The experiments were performed twice with similar results. (D) mRNA levels of proapoptotic genes in  Bmi1  � / �   / Ink4a  � / �   / Arf  � / �    effector Th2 

cells were determined by quantitative RT-PCR. The relative intensity (/HPRT; mean of three samples) is shown with standard deviations. The experiments 

were performed twice with similar results.   
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after in vitro suspension culture for 24 h without cytokines. 
 Noxa -introduced cells showed increased annexin V +  staining 
(70.0%) as compared with mock-infected (24.0%) or nonin-
fected cell populations ( Fig. 3 A ).  Next, KJ1 +  eff ector Th2 
cells infected with a retrovirus containing the  GFP  and  Noxa  
genes were transferred into BALB/c  nu/nu  mice, and the 
numbers of Noxa-expressing (KJ1 + GFP + ) memory Th2 cells 
were assessed. Although the generation of KJ1 +  memory Th2 
cells was not aff ected, the number of KJ1 + GFP +  memory 
Th2 cells and their GFP mean fl uorescence intensity were 
clearly reduced in the Noxa-transduced group ( Fig. 3 B ). A 
gene dose-dependent increase in the expression of Noxa was 
detected in  Bmi1 +/ �    and  Bmi1  � / �    memory Th2 cells (Fig. 
S8, available at http://www.jem.org/cgi/content/full/jem
.20072000/DC1).  Bmi1  � / �  Noxa  � / �    mice were not born de-
spite extensive breeding attempts. Consequently, we used 
 Bmi1  +/ �   Noxa  � / �    mice and found that memory Th2 cell gen-
eration in the mice transferred with  Bmi1  +/ �   eff ector Th2 
cells was restored by the deletion of the  Noxa  gene ( Fig. 3 C ). 
Furthermore, enhanced generation of memory Th2 cells was 
observed in the mice that received Noxa  � / �   eff ector Th2 
cells ( Fig. 3 D ). Thus, we concluded that the reduction in the 
number of  Bmi1  � / �    memory Th2 cells is at least in part due 
to the increased expression of Noxa in  Bmi1  � / �    Th2 cells. 

 Bmi1 directly binds to the  Noxa  gene locus and regulates 

the histone modifi cation 

 To assess the molecular mechanisms underlying the Bmi1-
mediated repression of the  Noxa  gene, we performed chromatin 
immunoprecipitation (ChIP) assays with six primer pairs cover-
ing the  Noxa  gene ( Fig. 4 A ).  The accumulation of Bmi1 was 
observed around the CpG island ( Fig. 4 B , #2 and #3) of the 
 Noxa  locus. The binding of Bmi1 was confi rmed by a ChIP 
assay with a quantitative PCR system ( Fig. 4 C ). Equivalent 
binding of Bmi1 was observed in Th1 cells (Fig. S9, available 
at http://www.jem.org/cgi/content/full/jem.20072000/DC1). 
Histone H3-K9/14 acetylation and tri-methylation of his-
tone H3-K4 were observed also around the CpG island 
( Fig. 4 D , #2 and #3). More interestingly, histone H3-K27 
was highly tri-methylated in wild-type Th2 cells over broader 
regions in the Noxa locus, and the tri-methylation was appar-
ently reduced in the  Bmi1   � / �   Th2 cells ( Fig. 4 D ). The changes 
in histone modifi cations were also assessed using a quantita-
tive PCR system. Modest increase in histone H3-K9/14 
acetylation and a substantial decrease in H3-K27 tri-methylation 
at the  Noxa  gene locus were confi rmed in the  Bmi1   � / �   Th2 
cells ( Fig. 4 E ) and  Bmi1   � / �   Th1 cells (Fig. S10). Interest-
ingly, the levels of histone H3-K27 tri-methylation at the 
 Ink4a  gene locus, another target gene of Bmi1, were not af-
fected by the depletion of  Bmi1  ( Fig. 4 E ). The levels of his-
tone H3-K27 tri-methylation at the promoter regions of the 

  Figure 3.     Expression level of Noxa controls the generation of 

memory Th2 cells.  (A) Enforced expression of Noxa-induced cell death in 

effector Th2 cells after cytokine depletion. Effector Th2 cells infected with 

a  Noxa-IRES-hNGFR  – containing retrovirus were cultured in vitro for 24 h 

without cytokines. hNGFR profi les (left) and annexin V staining profi les of 

the electronically gated hNGFR +  (gate #2) and hNGFR  �   (gate #1) popula-

tions are shown. Three independent experiments were performed with 

similar results. (B) KJ1 +  effector Th2 cells infected with  Noxa-IRES-EGFP  –

 containing retrovirus were transferred into BALB/c  nu/nu  mice. 5 wk later, 

memory Th2 cell generation was determined by KJ1/EGFP expression. 

Expression of EGFP in pretransferred effector Th2 cells (top left) and a 

typical KJ1/GFP profi le of freshly prepared memory Th2 cells (top right) 

are shown. In the bottom panels, the percentages of KJ1 +  cells and GFP +  

Noxa-overexpressing cells and the mean fl uorescence intensity of the 

GFP +  cells are shown with standard deviations ( n  = 4). The experiments 

were performed twice with similar results. (C) The effector Th2 cells from 

 Bmi1 +/+  / Noxa +/+  ,  Bmi1 +/ �   / Noxa +/+  , and  Bmi1 +/ �   / Noxa  � / �    mice (Ly5.2) were 

transferred into Ly5.1 host mice, and the number of Ly5.2 +  memory Th2 

cells was determined. A typical staining pattern of CD4/Ly5.2 (top) and 

the percentages of Ly5.2 +  cells among CD4 T cells are shown with stan-

dard deviations ( n  = 5; bottom). Three independent experiments were 

performed with similar results. (D) Deletion of the  Noxa  gene enhanced 

the generation of memory Th2 cells. In vitro – generated  Noxa  � / �    effector 

Th2 cells (Ly5.2) were transferred into Ly5.1 host mice. 5 wk after cell 

transfer, the number of Ly5.2 +  memory Th2 cells was determined. A repre-

sentative CD4/Ly5.2 profi le (left) and the mean values with standard de-

viations ( n  = 5; right) are shown. The experiments were performed twice 

with similar results.   
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precipitation (MeDIP) assay was performed. As shown in  
Fig. 5 A , the 5 �  region of the CpG island (promoter and #2) 
was methylated in wild-type eff ector Th2 cells, and the meth-
ylation levels were very low in the  Bmi1   � / �   cells.  A DNA 
methyltransferase Dnmt1 was found to bind at the CpG island 
( Fig. 5 B , #2 and #3), and the binding was also dependent on 
Bmi1 in Th2 cells ( Fig. 5 B ) and Th1 cells (Fig. S11, available 
at http://www.jem.org/cgi/content/full/jem.20072000/DC1). 
To assess a role of CpG methylation on Noxa expression, 
eff ector Th2 cells were treated with 5-Aza-2 ’ -deoxycytidine 
(5-Aza), an inhibitor of CpG DNA methylation. As expected, 
the expression of  Noxa  mRNA was dramatically increased 
( Fig. 5 C ) accompanied by the reduction of a tri-methylation 

 Bim  and  Puma  were not signifi cantly detected in the presence 
or absence of Bmi1. The binding of other PcG gene products, 
such as Ring1b and Suz12, was detected around the same regions 
( Fig. 4 F , #2 and #3), and the binding was substantially de-
creased in the absence of Bmi1. Thus, a PcG gene product com-
plex containing Bmi1 appears to bind to the  Noxa  gene directly 
and regulate histone modifi cations, such as tri-methylation of 
H3-K27 in Th1 and Th2 cells. 

 Bmi1 controls the CpG methylation at the  Noxa  gene locus 

and represses the mRNA expression of  Noxa  

 Next, to study the levels of CpG DNA methylation around 
the CpG island of the  Noxa  gene, a methylated DNA immuno-

  Figure 4.     Bmi1 binds to the  Noxa  gene and regulates tri-methylation of H3-K27.  (A) Schematic representation of the  Noxa  gene locus. The loca-

tion of primers (#1 to #6), a CpG island, and exons are indicated. (B) A ChIP assay of the  Noxa  gene locus was performed using anti-Bmi1 antibody 

(Bmi1) and control antibody (Cont.) in  Bmi1 +/+   and  Bmi1  � / �    Th2 cells. Three independent experiments were performed with similar results. (C) A ChIP 

assay of the  Noxa  gene locus was performed as in B, and the levels of binding were assessed by a quantitative PCR analysis. (D) Histone modifi cations 

(Ac-H3-K9/K14; acetylation of histone H3-K9/K14 and Me3-H3-K4; tri-methylation of histone H3-K4 and Me3-H3-K27; tri-methylation of histone H3-

K27) at the  Noxa  gene locus in  Bmi1 +/+   and  Bmi1  � / �    effector Th2 cells. (E) A ChIP assay of the  Noxa  (#2 to #4),  Ink4a  (Ex.2, exon 2; Ex.3, exon 3),  Bim  

(Bim pro.,  Bim  promoter), and  Puma  (Puma pro.,  Puma  promoter) locus was performed as in D, and the levels of binding were assessed by a quantitative 

PCR analysis. (F) The association of Ring1B and Suz12 at the  Noxa  gene locus in  Bmi1 +/+   and  Bmi1  � / �    Th2 cells. The association of Bmi1, Ring1B, and 

Suz12 was determined by a ChIP assay using specifi c antibodies.   
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a Bmi1-mediated regulation was seen in both memory Th1 
and Th2 cells. In the absence of Bmi1, the generation of both 
Th1 and Th2 memory cells was impaired ( Fig. 1  and Fig. S2) 

level of histone H3-K27 (Fig. S12). Furthermore, the bind-
ing of Bmi1, Ring1b, and Suz12 was substantially reduced by 
the treatment with 5-Aza ( Fig. 5 D ). A similar increase in the 
expression of  Noxa  and the 5-Aza – dependent reduction in 
the binding of Bmi1 were observed in Th1 cells (Fig. S13). 
Finally, we established a knockdown system for Dnmt1 using 
a cultured T cell line, TG40, as described in Materials and 
methods. Up-regulation of  Noxa  mRNA ( Fig. 5 E ) and the 
reduction of Bmi1 binding at the Noxa gene locus ( Fig. 5 F ) 
were induced by the introduction of shRNA for Dnmt1. 
Enhanced  Noxa  mRNA expression was induced in primary 
Th2 cells by the treatment with a DNA methyltransferase in-
hibitor, RG108 (Fig. S14). These results indicate that a DNA 
methyltransferase Dnmt1 plays an important role in the re-
cruitment of PcG gene products and the expression of the 
 Noxa  gene in Th2 cells. 

 The expression of Bmi1 is required for memory Th2 cell –

 dependent immune responses and infl ammation in vivo 

 Finally, to examine functional defects in  Bmi1  � / �    memory 
Th2 mice, we used a memory Th2 cell – dependent allergic 
airway infl ammation model ( 36 ). Memory Th2 mice were 
generated and simply challenged by inhalation with OVA four 
times. The OVA-specifi c IgE and IgG1 (Th2-dependent iso-
types) antibody production were decreased in the  Bmi1   � / �   
memory Th2 mice, whereas only a marginal decrease in the 
levels of Th1-dependent IgG2a was seen ( Fig. 6 A ).  Next, we 
examined the levels of airway infl ammation after OVA inhala-
tion. The extent of infl ammatory leukocyte infi ltration in the 
peri-bronchiolar region ( Fig. 6 B ) and the infi ltrated eosino-
phils, lymphocytes, and macrophages in the bronchioalveolar 
lavage (BAL) fl uid ( Fig. 6 C ) was reduced signifi cantly in the 
 Bmi1   � / �   memory Th2 mice as compared with wild-type 
mice. The expression of Th2 cytokines (IL-4, IL-5, and 
IL-13) and Eotaxin 2 in the lung of OVA-inhaled  Bmi1   � / �   
memory Th2 mice was also reduced ( Fig. 6 D ). The periodic-
acid-Schiff  staining and the measurement of mRNA ex-
pression of  Gob5 ,  Muc5a/c , and  Muc5b  in the lung indicated a 
decrease in mucus hyperproduction in  Bmi1   � / �   memory Th2 
mice ( Fig. 7, A and B ).  Furthermore, the airway hyperrespon-
siveness measured using a whole-body plethysmograph was 
not signifi cantly induced in the  Bmi1   � / �   memory Th2 mice 
( Fig. 7 C ). In addition, by a direct invasive assay for lung resis-
tance (RL), increase in the RL and decrease in the dynamic 
compliance were observed in the  Bmi1   � / �   memory Th2 mice 
( Fig. 7 D ). Collectively, these results indicate that the memory 
Th2 cell – dependent allergic responses were thus compromised 
in the  Bmi1  � / �    memory Th2 mice. We also assessed the 
eosinophilic infi ltration in DO11.10 Tg  Bmi1 +/+   and  Bmi1 +/ �    
mice without cell transfer, and as expected, the level of eosin-
ophilic infi ltration was signifi cantly milder in the  Bmi1 +/ �    mice 
(not depicted). 

  DISCUSSION  

 Here, we demonstrate that Bmi1 plays a crucial role in the 
generation and maintenance of memory CD4 T cells. Such 

  Figure 5.     Bmi1 is required for the DNA CpG methylation of the 

Noxa gene.  (A) Decreased DNA CpG methylation at the CpG island of the 

 Noxa  gene locus in  Bmi1  � / �    Th2 cells. DNA CpG methylation level was 

determined by MeDIP assay. MeDIP assay was performed using an anti – 5-

methyl cytidine antibody (5-meC) and a control antibody (Cont.). Mean 

values with standard deviation are shown ( n  = 3). (B) The association of 

Dnmt1, a DNA methyltransferase, at the CpG island of the  Noxa  gene 

locus. The association of Dnmt1 was determined by a ChIP assay using a 

specifi c antibody. (C) Increased mRNA expression of  Noxa  after the treat-

ment with 5-Aza, an inhibitor of DNA methyltransferase. Th2 cells were 

treated with 5-Aza for 2 d, and  Noxa  mRNA expression was determined 

by a quantitative RT-PCR system. Three independent experiments were 

performed with similar results. (D) Dissociation of the PcG complex from 

the  Noxa  gene locus after the treatment with 5-Aza. The association of 

Bmi1, Ring1B, and Suz12 was determined by a ChIP assay using specifi c 

antibodies. Three independent experiments were performed with similar 

results. (E) mRNA expression of  Noxa  and  Dnmt1  in a Dnmt1 knockdown 

(KD) T cell line. Dnmt1-KD and control-KD stable TG40 cell lines were 

generated using a lentivirus gene transduction system as described in 

Materials and methods. The levels of mRNA were determined by a quanti-

tative RT-PCR. The relative intensity (/HPRT; mean of three samples) is 

shown with standard deviations. (F) Decreased binding of Bmi1 at the 

 Noxa  gene in Dnmt1-KD TG40 cells. A ChIP assay with an anti-Bmi1 anti-

body was performed, and the levels of Bmi1 binding were assessed by a 

quantitative PCR analysis.   
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  Figure 6.     Defects in the memory Th2 cell – dependent immune 

responses and infl ammation in  Bmi1   � / �   memory Th2 mice.  OVA-spe-

cifi c  Bmi1 +/+   and  Bmi1  � / �    effector Th2 cells with DO11. 10 Tg background 

were intravenously transferred into BALB/c  nu/nu  mice. 5 wk later, the 

mice were challenged four times by inhalation with OVA on days 0, 2, 8, 

and 10. (A) The serum concentrations of OVA-specifi c Igs with the indi-

cated isotype after OVA inhalation (on day 11) were determined by ELISA. 

The mean values with standard deviations (fi ve animals per group) are 

shown. *, P  <  0.01; **, P  <  0.05. The control represents BALB/c  nu/nu  mice 

without Th2 cell transfer. The experiments were performed twice with 

similar results. (B) On day 11, the lungs were fi xed and stained with hema-

toxylin an eosin (HE). The number of infi ltrated leukocytes in the peri-

bronchiolar region (mean cell numbers/mm 2  with standard deviations; 

 n  = 5) is also shown (bottom). The experiments were performed twice with 

similar results. Bars, 100  μ m. (C) On day 12, BAL fl uid was collected and 

May-Grunwald-Giemsa staining was performed. The absolute cell num-

bers of eosinophils (Eos.), neutrophils (Neu.), lymphocytes (Lym.), and 

macrophages (Mac.) in the BAL fl uid are shown with standard deviations 

( n  = 5). The results were obtained using the values of cell counting, the 

percentage of the cells, the total cell number per milliliter, and the volume 

of the BAL fl uid recovered. *, P  <  0.01. The experiments were performed 

twice with similar results. (D) The mRNA expression of  IL-4 ,  IL-5 ,  IL-13 , 

and  Eotaxin 2  was determined by quantitative RT-PCR. The relative inten-

sity (/HPRT; mean of three samples) is shown with standard deviations. 

The experiments were performed twice with similar results.   

by the increased Noxa expression ( Fig. 2  and Fig. S7). Bmi1 
binds to the  Noxa  gene locus in both Th1 and Th2 cells 
( Fig. 4  and Fig. S9), and directly represses its transcription 
to promote memory Th2 cell survival. The involvement 
of H3-K27 tri-methylation and DNA CpG methylation in 
the repression of  Noxa  was revealed. The Th2-dependent 
allergic airway infl ammatory responses were compromised 
in  Bmi1  � / �    memory Th2 mice, suggesting a physiological 
role of Bmi1 in the establishment of Th2 cell – mediated 
memory responses. 

 Noxa is a member of a BH3-only protein family that 
initiates programmed cell death in various cells, including 
lymphocytes ( 39 – 41 ). Noxa is known to regulate selectively 
the pro-survival activity of Mcl1 and A1/Bfl -1 ( 42 ), and an im-
portant role of Mcl1 in the survival of lymphocytes was re-
ported ( 43 ). The mRNA expression of antiapoptotic genes 
Mcl1, Bclx, and BclxL was not changed in  Bmi1  � / �    memory 
( Fig. 2 B ) and induced normally in eff ector Th2 cells by the IL-7 
treatment (unpublished data). Enforced expression of Noxa in 
eff ector Th2 cells resulted in the decreased generation of mem-
ory Th2 cells ( Fig. 3 B ), suggesting that the overproduction of 
Noxa prevents memory Th2 cell generation even in the pres-
ence of normal abundance of antiapoptotic proteins. Thus, it is 
likely that Bmi1 attenuates Noxa-mediated inhibition of Mcl1 
pro-survival activity and promotes memory T cell generation. 

 Noxa was originally identifi ed as a downstream target of 
p53 ( 44 ). Arf/Mdm2-mediated stabilization of p53 protein 
and the resulting mRNA expression of the p53 target genes 
were reported ( 45, 46 ). Therefore, it was likely that the en-
hancement of cell death observed in  Bmi1  � / �    Th2 cells is p53 
dependent. However, the deletion of the  p53  gene failed to 
rescue the decreased generation of memory Th2 cells in the 
absence of Bmi1 (Fig. S6). Thus, an increased apoptotic cell 
death observed in  Bmi1  � / �    memory Th2 cells appears to be 
p53 independent. 

 The Bmi1-mediated repression of the  Ink4a/Arf  gene 
observed in the hematopoietic and neural stem cells ( 45, 46 ) 
appears to operate in Th2 cells ( Fig. 2, A and B ). It is known 
that Arf induces p53 activation ( 38 ), resulting in the induc-
tion of p53-dependent genes, including Puma and Bim. An 
important role of Puma and Bim in the cell death of activated 
T cells was reported ( 47, 48 ), and the expression of these 
genes was up-regulated in  Bmi1  � / �    eff ector and memory 
Th2 cells ( Fig. 2, A and B ). However,  Bmi1  � / �   / Ink4a  � / �   /
 Arf  � / �    Th2 cells, in which the levels of Puma and Bim ex-
pression were not increased ( Fig. 2 D ), failed to generate 
normal numbers of memory Th2 cells ( Fig. 2 C ). Although 
the expression of  Puma  and  Bim  mRNA was up-regulated, 
the levels were considerably low compared with Noxa in 
 Bmi1  � / �    eff ector Th2 cells ( Fig. 2 A ). This might explain the 
predominant eff ect of Noxa in the cell death of  Bmi1  � / �    Th2 
cells. However, the current experimental data do not allow 
us to make any conclusions to be drawn in regards to the rel-
ative contribution of each of the factors in the survival of 
CD4 T cells. Thus, although Puma and Bim may play a role 
in the survival of memory Th2 cells, Noxa appears to be a 
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On the other hand, high numbers of apoptotic cells were de-
tected in the spleen even 5 wk after eff ector  Bmi1  � / �    Th2 
cell transfer ( Fig. 1 F ). The extent of the defect in homeo-
static proliferation was modest ( Fig. 1 E ). The low number of 
 Bmi1  � / �    memory CD4 T cells persisted for at least 2 mo 
(unpublished data). These results suggest that the long-term 
survival of memory Th2 cells is also dependent on the ex-
pression of Bmi1. Collectively, we conclude that Bmi1 controls 
both semi-acute survival of eff ector Th2 cells and long-term 
survival of memory Th2 cells. 

 The PRC2 was reported to possess an intrinsic histone 
H3-K27 methyltransferase activity ( 26 – 29 ). The PRC1, in-
cluding Bmi1 and Ring1, was shown to possess an activity of 
histone H2A ubiquitination ( 49 – 51 ), whereas there has been 
no report indicating that the PRC1 possess an intrinsic his-
tone H3-K27 methyltransferase activity. Accumulating evidence 
supports a sequential binding model ( 52 ), in which PRC2-
mediated H3-K27 methylation serves as a binding site for the 
recruitment of PRC1 complex through the specifi c recogni-
tion of the H3-K27 methyl mark by the chromo domain of 
the polycomb protein, such as M33 ( 53, 54 ). In our study, 
however, the levels of tri-methylation of histone H3-K27 
were substantially decreased in  Bmi1  � / �    Th1 and Th2 cells 
(Fig. S10 and  Fig. 4, D and E ). In addition, the levels of bind-
ing of Suz12, a component of PRC2, at the  Noxa  gene locus 
were decreased in  Bmi1  � / �    Th2 cells ( Fig. 4 F ). Thus, in Th2 
cells, Bmi1 may play an important role for the recruitment of 
PRC2 and subsequent histone H3-K27 methylation at the 
Noxa gene locus. Alternatively, the Bmi1-containing PcG com-
plex in Th2 cells may associate with a unique molecule pos-
sessing an intrinsic histone H3-K27 methyltransferase activity. 
In any event, tri-methylation of histone H3-K27 at the Noxa 
gene locus is strictly regulated by the expression of Bmi1. 

 The expression of Bmi1 is required for the DNA CpG 
methylation of the  Noxa  gene ( Fig. 5 A ). The binding of 
Dnmt1 at the CpG island was Bmi1 dependent ( Fig. 5 B  and 
Fig. S11). The treatment with a 5-Aza resulted in the dis-
sociation of Bmi1, Ring1B, and Suz12 from the CpG island 
( Fig. 5 D ) and the up-regulation of Noxa mRNA ( Fig. 5 C  
and Fig. S13 A). Increased expression of Noxa mRNA and 
reduced binding of Bmi1 were confi rmed in Dnmt1 knock-
down T cells ( Fig. 5, E and F ). Recently, the PcG complex 
was reported to be associated with DNA methyltransferases, 
including Dnmt1 ( 55, 56 ). Thus, a DNA methyltransferase, 
such as Dnmt1, may play a critical role in the recruitment and 
the repressive function of the PcG complex at the  Noxa  gene. 

 In this study, we demonstrate that the generation and 
maintenance of memory Th1/Th2 cells ( Fig. 1 ) and the mem-
ory Th2 cell – dependent airway infl ammation are controlled 
by the expression of Bmi1 ( Figs. 6 and 7 ). Our preliminary 
experiments demonstrate that at least Mel-18, Mph1/Rae28, 
and M33 appear to be involved in the regulation of memory 
Th2 cell generation (unpublished data), suggesting that the 
survival of memory Th2 cells is regulated by an epigenetic 
mechanism involving the Bmi1-containing PcG complex. 
We have recently reported that Bmi1 stabilizes GATA3 protein 

  Figure 7.     Decreased mucus hyperproduction and airway hyperrespon-

siveness in  Bmi1  � / �    memory Th2 mice.   Bmi1 +/+   and  Bmi1  � / �    memory Th2 

mice were challenged by inhalation with OVA as in  Fig. 5 . (A) 1 d after the 

last OVA inhalation (day 11), the lungs were fi xed and stained with periodic-

acid-Schiff (PAS). A representative staining pattern is shown. The control 

represents BALB/c  nu/nu  mice without Th2 cell transfer. Bars, 100  μ m. (B) On 

day 12, total RNA was prepared from the lung, and the expression of  Gob5 , 

 Muc5a/c , and  Muc 5b  (molecular makers for Goblet cell hyperplasia and mu-

cus production) was determined by a quantitative PCR analysis. The relative 

intensity (/HPRT; mean of three samples) is shown with standard deviations. 

(C) OVA-induced airway hyperresponsiveness in  Bmi1  � / �    memory Th2 mice. 

On day 11, the airway hyperresponsiveness in response to increasing doses of 

methacholine was measured in a whole-body plethysmograph. The mean 

values ( n  = 5) are shown with standard deviations. PBS, PBS-inhaled control; 

OVA, OVA-inhaled. *, P  <  0.01. The experiments were performed twice with 

similar results. (D) On day 11, changes in the RL (left) and the dynamic compli-

ance (Cdyn; right) were assessed. Mean values (six mice per group) are shown 

with standard deviations. *, P  <  0.01; **, P  <  0.05.   

critical target for the Bmi1-mediated regulation of memory 
Th2 cell survival. 

 Semi-acute survival of transferred  Bmi1  � / �    eff ector Th2 
cells was substantially impaired ( Fig. 1 D  and Figs. S3 – S5). 
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viously using ABI PRISM 7000 Sequence Detection System ( 36 ). The 

primers for TaqMan probes for the detection were purchased from Applied 

Biosystems. The expression was normalized using the HPRT signal. 

 Retrovirus infection.   Retrovirus vector, pMXs-IRES-GFP, was provided 

by T. Kitamura (The University of Tokyo, Tokyo, Japan). The method for 

the generation of virus supernatant and the infection was described previ-

ously ( 32 ). Infected cells were collected 4 d after infection and transferred 

into recipient mice. 

 Lentivirus infection.   Lentivirus vectors, pLKO.1 (SHC002) and pLKO.1 

mouse Dnmt1 (TRCN39024), were purchased from Sigma-Aldrich. pCAG-

HIVgp and pCMV-VSV-G-RSV-Rev vectors were provided by H. Miyoshi 

(RIKEN Bioresource Center, Ibaraki Japan). Recombinant lentiviruses were 

generated using a three-plasmid system as described previously ( 58 ). In brief, 

293 T cells were transfected with self-inactivating lentiviral vector, pCAG-

HIVgp vector, and pCMV-VSV-G-RSV-Rev vector. Virus containing cul-

ture supernatant was collected 48 h after transfection and used for infection. 

T cell line TG40 (2.5  ×  10 5 /well) was infected and selected using puromycin. 

 ChIP assay.   ChIP assay was performed as described previously ( 59 ). The 

antibodies using ChIP assay are as follows; anti-trimethyl histone H3-K4 

(ab8580; Abcam), anti-trimethyl histone H3-K9 (Abcam), anti-trimethyl 

histone H3-K27 (Millipore), anti-Bmi1 (Santa Cruz Biotechnology, Inc.), 

anti-Dnmt1 (sc-20701; Santa Cruz Biotechnology, Inc.), anti-Suz12 (Ab-

cam), and normal rabbit IgG (Santa Cruz Biotechnology, Inc.). An mAb 

specifi c for mouse Ring1b was provided by H. Koseki (Riken Research for 

Allergy and Immunology, Yokohama, Japan). The specifi c primers used in 

ChIP assay are shown in Table S1, which is available at http://www.jem

.org/cgi/content/full/jem.20072000/DC1. 

 MeDIP.   MeDIP was performed using a METHYL kit (Diagenode). In brief, 

genomic DNA was purifi ed from eff ector Th2 cells and sheared by sonication 

to reduce DNA lengths to between 200 and 1,000 bp. The sheared DNA was 

diluted and incubated with antiserum specifi c for the 5-methyl cytidine. Next, 

immune complexes were precipitated with protein A agarose. The precipi-

tated DNA was purifi ed using QIAquick PCR Purifi cation kit (QIAGEN). 

 Assessment of memory Th2 cell function in vivo.   OVA-specifi c wild-

type and  Bmi1  � / �    eff ector Th2 cells (10 7  cells) were intravenously trans-

ferred into BALB/c  nu/nu  mice. 5 wk after cell transfer, the mice were 

challenged four times by inhalation with OVA on days 0, 2, 8, and 10. The 

serum Ig levels, lung histology, mRNA expression in the lung, and airway 

hyperresponsiveness were then assessed on day 11 as described previously 

( 36, 60 ). BAL fl uid was collected on day 12. 

 Statistical analysis.   Student ’ s  t  test was used. 

 Online supplemental material.   Fig. S1 shows the phenotypic and func-

tional characterization of  Bmi1  � / �    Th2 cells. Fig. S2 shows the impaired 

generation of memory Th1 cells from  Bmi1  � / �    eff ector Th1 cells. Fig. S3 

depicts the kinetic analysis of the number of Th2 cells after adoptive trans-

fer of eff ector Th2 cells, and Fig. S4 displays the competitive analysis for 

memory Th2 cell generation from  Bmi1 +/+   and  Bmi1 +/ �    eff ector Th2 cells 

under nonlymphopenic conditions. Fig. S5 shows a competitive analysis for 

memory Th2 cell generation from  Bmi1 +/+   and  Bmi1  � / �    eff ector Th2 cells 

under lymphopenic conditions. Fig. S6 shows that deletion of the  p53  gene 

failed to restore the generation of  Bmi1 +/ �    memory Th2 cells. In Fig. S7, 

mRNA expression of  Noxa  in  Bmi1 +/+   and  Bmi1  � / �    eff ector Th1, Th2, 

Tc1, and Tc2 cells is shown. Fig. S8 displays mRNA expression of the 

 Ink4a/Arf  and  Noxa  in  Bmi1 +/+  ,  Bmi1 +/ �   , and  Bmi1  � / �    eff ector Th2 cells. 

In Fig. S9, binding of Bmi1 at the Noxa gene locus in eff ector Th1 and Th2 

cells is shown. Fig. S10 depicts histone modifi cations at the Noxa gene locus 

in  Bmi1 +/+  and  Bmi1 +/ �    eff ector Th1 cells. Fig. S11 shows binding of Dnmt1 

at the Noxa gene locus in  Bmi1 +/+  and  Bmi1 +/ �    eff ector Th1 cells, and Fig. S12 

through the direct interaction with GATA3 ( 33 ). Mel-18 is 
involved in the induction of GATA3 expression in develop-
ing Th2 cells ( 32 ). Collectively, PcG gene products appear to 
control the development of eff ector and memory Th2 cells at 
multiple steps in a distinct manner and govern the Th2-type 
immune responses and infl ammation. 

 MATERIALS AND METHODS 
 Mice.   Bmi1-defi cient mice were provided by M. van Lohuizen (The Neth-

erlands Cancer Institute, Amsterdam, Netherlands) ( 30 ). p16 Ink4a /p19 Arf  

double-defi cient mice were provided by R.A. DePinho (Harvard Medical 

School, Boston, MA) ( 37 ). Noxa-defi cient mice were provided by T. Tani-

guchi (The University of Tokyo, Tokyo, Japan) ( 44 ). The animals used in 

this study were backcrossed to BALB/c or C57BL/6 mice 10 times. Anti –

 OVA-specifi c TCR- �  �  (DO11.10) Tg mice were provided by D. Loh 

(Washington University School of Medicine, St. Louis, MO) ( 57 ). All mice 

were used at 4 – 8 wk old. BALB/c and BALB/c  nu/nu  mice were purchased 

from Clea Inc. Ly5.1 mice were purchased from Sankyo Laboratory. All 

mice used in this study were maintained under specifi c pathogen-free condi-

tions. All experiments using mice received approval from the Chiba Univer-

sity Administrative Panel for Animal Care. Animal care was conducted in 

accordance with the guidelines of Chiba University. 

 Reagents.   The reagents used in this study are as follows: FITC- or APC-

conjugated anti-CD4 mAb (GK1.5), FITC-conjugated anti-Ly5.2 mAb 

(104), and PE-conjugated KJ1 (anti-clonotypic mAb for DO11.10 TCR) 

were purchased from BD Biosciences. Anti-FcR � II and III mAb (2.4G2) and 

unconjugated anti – IL-4 mAb (11B11), anti – IL-12 mAb (C17.8), and anti –

 IFN- �  (R4-6A2) were used as culture supernatants. Recombinant mouse 

IL-4 was from TOYOBO. The OVA peptide (residues 323 – 339; ISQA-

VHAAHAEINEAGR) was synthesized by BEX Corporation. 

 The generation of eff ector and memory Th1/Th2 cells.   Eff ector and 

memory Th1/Th2 cells were generated as described previously ( 35, 36 ). In 

brief, splenic KJ1 + CD4 +  T cells from DO11.10 OVA-specifi c TCR Tg 

mice were stimulated with 1  μ M of an OVA peptide (Loh15) plus APC 

(irradiated splenocytes) under the Th1 or Th2 culture conditions for 6 d 

in vitro. Th1 condition: 25 U/ml IL-2, 10 U/ml IL-12, and anti – IL-4 mAb. 

Th2 condition: 25 U/ml IL-2, 10 U/ml IL-4, anti – IL-12 mAb, and anti –

 IFN- �  mAb. In some experiments, splenic CD4 T cells were stimulated 

with 3  μ g/ml of immobilized anti – TCR- �  mAb plus 1  μ g/ml anti-CD28 

mAb. These eff ector Th1/Th2 cells (3  ×  10 7 ) were transferred intravenously 

into BALB/c  nu/nu , BALB/c, or Ly5.1 C57BL/6 recipient mice. 5 wk after 

cell transfer, the generation of memory Th2 cells was assessed using donor 

cell – specifi c mAbs (KJ1 and anti-Ly5.2). 

 TUNEL assay.   TUNEL assay was performed with In Situ Cell Detection 

kit (Roche). 

 Measurement of BrdU incorporation in vivo.   The memory Th2 mice 

were treated twice with 1 mg BrdU on days 0 and 2. BrdU incorporation in 

splenic KJ1 +  memory Th2 cells was assessed on day 4 using the BrdU Flow 

kit (BD Biosciences). 

 5-Aza treatment.   Developing Th2 cells were treated with 10  μ M 5-Aza 

(Sigma-Aldrich) for 3 d, and then total RNA was prepared. 

 ELISA.   Serum OVA – specifi c Ig concentrations were determined by ELISA 

as described previously ( 36 ). 

 Quantitative RT-PCR.   Total RNA was isolated using the TRIzol reagent 

(Invitrogen). cDNA was synthesized using oligo (dT) primer and Superscript 

II RT (Invitrogen). Quantitative RT-PCR was performed as described pre-
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