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Figure 2. Deletion of the p76* and p19* 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 8mi1~/- memory Th2 celis 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
p164 and p19** deficiency 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 Bmil~/~[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.

restore memory Th2 cell generation in Bmi?™/~ background
(Fig. 2 C, panels 2 and 4). Furthermore, the deletion of the
p53 gene failed to rescue the Bmif*/~ 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 Bmil but not
regulated by the Ink4/Arf and p53-dependent pathways, the
expression levels of these proapoptotic genes were assessed
in the Bmil~/~/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 effector Thi1, Tc1, and Tc2 cells in the
absence of Bmil (Fig. S7). These results indicate that the
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expression of Noxa is suppressed by the expression of Bmit,
but it is independent from the control of the Ink4/Arf and
p53 pathways. The results thus far obtained suggest that Bmil
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 Bmil is higher
in Th2 cells than Th1 cells, and Bmil controls the generation
of Th2 cells more profoundly as compared with Thit cells
(33). Therefore, to better understand the molecular mecha-
nisms underlying the Bmil/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 affect the induction of cell death, effector Th2 cells
were infected with a retrovirus containing the human NGFR
and Noxa, and the number of annexin V* cells was assessed
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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-/RES-hNGFR-containing retrovirus were cultured in vitro for 24 h
without cytokines. hNGFR profiles (left} and annexin V staining profiles of
the electronically gated hNGFR* {gate #2) and hNGFR-~ (gate #1) popula-
tions are shown. Three independent experiments were performed with
simitar results. (B} KJ 1+ effector Th2 cells infected with Noxa-IRES-EGFP-
containing retrovirus were transferred into BALBJc nu/nu mice. 5 wk later,
mernory Th2 cell generation was determined by KJ1/EGFP expression.
Expression of EGFP in pretransferred effector Th2 cells (top feft) and a
typical Ki1/GFP profile of freshly prepared memary Th2 cells (top right)
are shown, In the bottom panels, the percentages of KJ1* celis and GFP+
Noxa-overexpressing cells and the mean fluorescence 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+*|Noxo**, 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 Noxg~/~ 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-
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after in vitro suspension culture for 24 h without cytokines.
Noxa-introduced cells showed increased annexan' V* staining
(70.0%) as compared with mock-infected (24.0%) or nonin-
fected cell populations. (Fig. 3 A).-Next, KJ1* effector Th2
cells infected with a retrovirus containing the GFP and Noxa
genies were transferred into BALB/c au/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 affected, thé number of KJ1*GFP* memory
Th2 cells and theit GFP mean fluorescence 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*/~ effector 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™ " effector 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 modification

To assess the molecular mechanisms underlying the Bmil-
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 Bmil was
observed around the CpG island (Fig. 4 B, #2 and #3) of the
Noxa locus. The binding of Bmil was confirmed by a ChIP
assay with a quantitative PCR system (Fig. 4 C). Equivalent
binding of Bmil 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 ti-methylation was appar-
ently reduced in the Bmi1~/~ Th2 cells (Fig. 4 D). The changes
in histone modifications 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 confirmed 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 Bmil, were not af-
fected by the depletion of Bmil (Fig. 4 E). The levels of his-
tone H3-K27 tri-methylation at the promoter regions of the

sentative CD4/Ly5.2 profile (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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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), 3 CpG island, and exons are indicated. {B) A ChiP assay of the Noxa gene locus was performed using anti-Bmi1 antibody
{Bmi1) and contro! antibody {Cont) in Bmi1** and Bmi1-/- Th2 cells, Three independent experiments were performed with similar results. (C} A ChiP
assay of the Noxo gene locus was performed as in B, and the levels of binding were assessed by a quantitative PCR analysis. (D) Histone modifications
{Ac-H3-K9/K 14, 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 BmiT** and Bmit~/~ effector Th2 celis. (E) A ChiP assay of the Noxa (#2 to #4}, Ink4a {Ex.2, exon 2; Ex.3, exon 3), 8im
(Bim pro., Bim promoter), and Pumg (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 8mi1-/- Th2 cells. The assaciation of Bmi1, Ring18B, and

Suz12 was determined by a ChiP assay using specific antibodies.

Bim and Puma were not significantly detected in the presence
or absence of Bmil. 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 Bmil. Thus, a PcG gene product com-
plex containing Bmil appears to bind to the Noxa gene directly
and regulate histone modifications, 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-
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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 effector 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
Bmil 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,
effector Th2 cells were treated with 5-Aza-2’-deoxycytidine
(5-Aza), an inhibitor of CpG DNA methylation. As expected,
the expression of Noxa mRINA was dramatically increased
(Fig. 5 C) accompanied by the reduction of a tri-methylation
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level of histone H3-K27 (Fig. S12). Furthermore, the bind-
ing of Bmil, Ringlb, 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 Bmil were observed in Th1 cells (Fig. $13).
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 Bmil binding at the Noxa gene locus (Fig. 5 F)
were induced by the introduction of shRNA for Dnmtl.
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 inflammation in vivo
Finally, to examine functional defects in Bmi1™/~ memory
Th2 mice, we used a memory Th2 cell-dependent allergic
airway inflammation model (36). Memory Th2 mice were
generated and simply challenged by inhalation with OVA four
times. The OVA-specific IgE and IgG1 (Th2-dependent iso-
types) antibody production were decreased in the Bmil™/~
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 inflammation after OVA inhala-
tion. The extent of inflammatory leukocyte infiltration in the
peri-bronchiolar region (Fig. 6 B) and the infiltrated eosino-
phils, lymphocytes, and macrophages in the bronchioalveolar
lavage (BAL) fluid (Fig. 6 C) was reduced significantly 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 mRINA 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 significantly 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 infiltration in DO11.10 Tg Bmi1*'* and Bmi1*/~
mice without cell transfer, and as expected, the level of eosin-
ophilic infilration was significantly milder in the Bmi1*/~ mice
(not depicted).

DISCUSSION
Here, we demonstrate that Bmil plays a crucial role in the
generation and maintenance of memory CD4 T cells. Such
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Figure 5. Bmi1 is required for the DNA CpG methylation of the
Noxa gene. (A) Decreased DNA CpG methylation at the CpG isfand 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 (S-meC) and a contro! 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 Noxo gene
locus. The association of Dnmt1 was determined by a ChiP assay using a
specific antibody. (C} Increased mRNA expression of Noxg after the treat-
ment with 5-Aza, an inhibitor of DNA methyltransferase. Th2 ceils 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) Dissaciation 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 specific
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 controi-KD stable TG40 cell fines 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
Noxo 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.

a Bmil-mediated regulation was seen in both memory Thi
and Th2 cells. In the absence of Bmil, the generation of both
Th1 and Th2 memory cells was impaired (Fig. 1 and Fig. S2)
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Figure 6. Defects in the memory Th2 cell-dependent immune
responses and inflammation in Bmi1~/- memory Th2 mice. OVA-spe-
cific 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-specific Igs with the indi-
cated isotype after OVA inhalation {on day 11} were determined by ELISA.
The mean values with standard deviations (five animals per group) are
shown. *, P < 0.01;*, P < 0.05. The control represents BALBJc nu/nu mice
without Th2 cell transfer. The experiments were performed twice with
similar results. (8) On day 11, the lungs were fixed and stained with hema-
toxylin an eosin (HE). The number of infiltrated leukocytes in the peri-
bronchiolar region {mean cell numbers/mm? with standard deviations;
n = 5} is also shown (bottom). The experiments were performed twice with
simifar resuits. Bars, 100 uym. (C) On day 12, BAL fluid 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 fluid 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 fluid recovered. *, P < 0.01. The experiments were performed
twice with similar results. (D) The mRNA expression of /L-4, IL-5, IL-13,
and Fotoxin 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.
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by the increased Noxa expression (Fig. 2 and Fig. §7). Bmil
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 inflammatory responses were compromised
in Bmi1™/~ memory Th2 mice, suggesting a physiological
role of Bmil 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 Mcll in the survival of lymphocytes was re-
ported (43). The mRINA expression of antiapoptotic genes
Mcl1, Belx, and BelxL. was not changed in Bmi1™/~ memory
(Fig. 2 B) and induced normally in effector Th2 cells by the IL-7
weatment (unpublished data). Enforced expression of Noxa in
effector 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 Bmil attenuates Noxa-mediated inhibition of Mcll
pro-survival activity and promotes memory T cell generation.

Noxa was originally identified as a downstream target of
p53 (44). Arf/Mdm2-mediated stabilization of p53 protein
and the resulting mRINA 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 Bmil (Fig. $6). Thus, an increased apoptotic cell
death observed in Bmi1~/~ memory Th2 cells appears to be
p53 independent.

The Bmil-mediated repression of the Ink4a/Atf 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™/~ effector and memory
Th2 cells (Fig, 2, A and B). However, Bmi1~/"/Ink4a™'~/
Aif /= 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™/~ effector Th2 cells (Fig. 2 A). This might explain the
predominant effect 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
CD#4 T cells. Thus, although Puma and Bim may play a role
in the survival of memory Th2 cells, Noxa appears to be a

BM{1 REGULATES MEMORY CD4 T CELL SURVIVAL | Yamashita et al.
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Figure 7. Decreased mucus hyperproduction and airway hyperrespon-
siveness in Bmi1~/~ memory Th2 mice. Bmit** and Bmi1~/~ memory Th2
mice were challenged by inhalation with OVA as in Fig. 5. {A) 1d after the
last OVA inhalation {day 11), the lungs were fixed 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 um. (B} On
day 12, total RNA was prepared from the lung, and the expression of Gobs,
Muc5ofc, and Muc 56 (molecular makers for Goblet celt 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
simifar resuits. (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 Bmil-mediated regulation of memory
Th2 cell survival,

Semi-acute survival of transferred Bmil1~/~ effector Th2
cells was substantially impaired (Fig. 1 D and Figs. S3-85).
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On the other hand, high numbers of apoptotic cells were de-
tected in the spleen even 5 wk after effector 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 Bmil. Collectively, we conclude that Bmi1 controls
both semi-acute survival of effector 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 Bmil and Ringl, 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 specific 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~/~ Thi 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 Bmil~/~ Th2 cells (Fig. 4 F). Thus, in Th2
cells, Bmil may play an important role for the recruitment of
PRC2 and subsequent histone H3-K27 methylation at the
Noxa gene locus. Alternatively, the Bmil-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 Bmil.

The expression of Bmil is required for the DNA CpG
methylation of the Noxa gene (Fig. 5 A). The binding of
Dnmt1 at the CpG island was Bmil dependent (Fig. 5 B and
Fig. S11). The treatment with a 5-Aza resulted in the dis-
sociation of Bmil, Ring1B, and Suz12 from the CpG island
(Fig. 5 D) and the up-regulation of Noxa mRNA (Fig. 5 C
and Fig. 513 A). Increased expression of Noxa mRNA and
reduced binding of Bmil were confirmed 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 inflammation are controlled
by the expression of Bmil (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 Bmil-containing PcG complex.
We have recently reported that Bmil stabilizes GATA3 protein
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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 effector and memory Th2 cells at
multiple steps in a distinct manner and govern the Th2-type
immune responses and inflammation.

MATERIALS AND METHODS

Mice. Bmil-deficient mice were provided by M. van Lohuizen (The Neth-
erlands Cancer Institute, Amsterdam, Netherlands) (30). plgl=/p19Ad
double-deficient mice were provided by R.A. DePinho (Harvard Medical
School, Boston, MA) {37). Noxa-deficient mice were provided by T. Tani-
guchi (The University of Tokyo, Tokyo, Japan) (44). The animals used in
this study were backcrossed 1o BALB/c or C57BL/6 mice 10 times. Anti—
OVA-specific TCR-af (DO11.10) Tg wmice 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 specific 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 (ant~clonotypic mAb for DO11.10 TCR)
were purchased from BD Biosciences. Anti-FcReyll and 11l mAb (2.4G2) and
unconjugated ant~IL-4 mAb (11B11), ant-IL-12 mAb (C17.8), and anti-
IFN-y (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 effector and memory Th1/Th2 cells. Effector and
memory Th1/Th2 cells were generated as described previously (35, 36). In
brief, splenic KJ1*CD4* T cells from DO11.10 OVA-specific TCR Tg
mice were stimulated with 1 pM 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 ant~IL-4 mAb.
Th2 condition: 25 U/ml IL-2, 10 U/ml IL-4, anti-1L-12 mAb, and anti—
IFN-y mAb. In some experiments, splenic CD4 T cells were stimulated
with 3 pg/ml of immobilized anti~TCR-B mAb plus 1 pg/ml anti-CD28
mAb. These effector Th1/Th2 cells {3 X 107) were transferred intravenously
into BALB/c tu/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-specific mAbs (KJ1 and anti-Ly5.2).

TUNEL assay. TUNEL assay was perforined 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 pM 5-Aza
(Sigma-Aldrich) for 3 d, and then total RNA was prepared.

ELISA. Serum OVA-specific 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

I RT (Invitrogen). Quantitative RT-PCR was performed as described pre-
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viously using ABI PRISM 7000 Sequence Detection System (36). The
primers for TagMan 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 nice.

Lentivirus infection. Lentivirus vectors, pLKO.1 (SHC002) and pLKO.1
mouse Dnmtl (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
gencrated using a three-plasmid system as described previously (58). In brief,
293 T cells were tmansfected with self-inactivating lentiviral vector, pCAG-
HIVgp vector, and pPCMV-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%/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-Bmil (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
specific for mouse Ringlb was provided by H. Koseki (Riken Research for
Allergy and Immunology, Yokohama, Japan). The specific primers used in
ChIP assay are shown in Table $1, which is available at htp://www. jem
.org/cgi/content/full /jem.20072000/DC1.

MeDIP. MeDIP was performed using a METHYL kit (Diagenode). In brief,
genomic DINA was purified from effector 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 specific for the 5-methyl cytidine, Next,
immune complexes were precipitated with protein A agarose. The precipi-
tated DNA was purified using QlAquick PCR Purification kit (QIAGEN).

Assessment of memory Th2 cell function in vive. OVA-specific wild-
type and Bmil™/~ effector Th2 cells (107 cells) were intravenously trans-
ferred into BALB/c nu/nu mice. 5 wk after cell mansfer, the mice were
challenged four times by inhalation with OVA ou 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 fluid was collected on day 12.

Statistical analysis. Student’s f 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 Bmil '/~ effector Thi cells. Fig. S3
depicts the kinetic analysis of the number of Th2 cells after adoptive trans-
fer of effector Th2 cells, and Fig. S4 displays the competitive analysis for
memory Th2 cell generation from Bmi1*/* and Bmi1*/~ effector Th2 cells
under nonlymphopenic conditions. Fig. S5 shows a competitive analysis for
memory Th2 cell generation from Bmi1*/* and Bmil~/~ effector 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 Bmif*/* and Bmi1 /" effector Thi, Th2,
Tcl, and Tc2 cells is shown. Fig. S8 displays mRNA expression of the
Ink4a/Adf and Noxa in Bmi1*/*, Bmi1*'~, and Bmil /~ effector Th2 cell.
In Fig. §9, binding of Bmi1 at the Noxa gene locus in effector Th1 and Th2
cells is shown. Fig. $10 depicts histone modifications at the Noxa gene locus
in Bmi1**and Bmi1*'~ effector Thi cells. Fig. S11 shows binding of Dnmt1
at the Noxa gene locus in Bmi1*"*and Bmif*/~ effector Thi cells, and Fig, $12
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shows histone modifications at the Noxa gene locus after 5-Aza treatment.
Fig. S12 displays Noxa mRINA expression and the binding of Bmil at the
Noxa gene locus in effector Thi cells after 5-Aza treatinent. In Fig. S14,
mRNA expression of Noxa in Th2 cells treated with RG108, a DNA meth-
yltransferase inhibitor is shown. Table S1 lists the primer pairs used for the
ChIP assay. The online supplemental material is available at hup://www
Jjem.org/cgi/content/ full/jem.20072000/DC1.
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Repressor of GATA regulates Ty2-driven allergic airway
inflammation and airway hyperresponsiveness

Kiyoshi Hirahara, MD,*® Masakatsu Yamashita, PhD,* Chiaki lwamura, PhD,* Kenta Shinoda, MS,*
Akihiro Hasegawa, PhD,"* Hirohisa Yoshizawa, MD,* Haruhiko Koseki, MD,? Fumitake Gejyo, MD,?

and Toshinori Nakayama, MD*

Background: Studies of human asthma and of animal models of
allergic inflammation/asthma highlight a crucial role for Ty2
cells in the pathogenesis of allergic asthma. Repressor of GATA
(ROG) is a POZ (BTB) domain—-containing Kruppel-type zinc
finger family (or POK family) repressor. A repressive function
to GATA3, a master transcription factor for Ty2 cell
differentiation, is indicated.

Objective: The aim of this study was to clarify the regulatory
roles of ROG in the pathogenesis of Ty2-driven allergic
diseases, such as allergic asthma.

Methods: We examined allergic airway inflammation and
airway hyperresponsiveness (AHR) in 3 different mouse models,
which use either ROG-deficient (ROG™'") mice, ROG
transgenic mice, or adoptive transfer of cells.

Results: In ROG™'™ mice Ty2 cell differentiation, Ty2
responses, eosinophilic airway inflammation, and AHR were
enhanced. In ROG transgenic mice the levels of eosinophilic
airway inflammation and AHR were dramatically reduced.
Furthermore, adoptive transfer of Ty2 cells with increased or
decreased levels of ROG expression into the asthmatic mice
resulted in reduced or enhanced airway inflammation,
respectively.

Conclusion: These results indicate that ROG regulates allergic
airway inflammation and AHR in a negative manner, and thus
ROG might represent another potential therapeutic target for
the treatment of asthmatic patients. (J Allergy Clin Immunol
2008;122:512-20.)

Key words: Repressor of GATA, POK family, repressor, airway
inflammation, airway hyperresponsiveness, GATA3, Ty2, allergic
asthma
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Abbreviations used
AHR: Airway hyperresponsiveness
APC: Antigen-presenting cell
BAL: Bronchoalveolar lavage
H&E: Hematoxylin and eosin
MDC: Macrophage-derived chemokine
OVA: Ovalbumin
PAS: Periodic acid-Schiff
PLZF: Promyelocytic leukemia zinc finger
ROG: Repressor of GATA
TARC: Thymus and activation-regulated chemokine
TCR: T-cell receptor
Tg: Transgenic

Asthma is a major public health problem that has increased
markedly in prevalence in the past 2 decades.! Asthma is charac-
terized by a chronic inflammatory disease of the lower airways
that causes airway hyperresponsxveness (AHR) to a wide variety
of specific and nonspecific stimuli.>* The cardinal features of
acute asthma are airway inflammation predominated by eosino-
phils, hypersecretion of mucus, and AHR. A critical role for
Tx2 cells in the pathogenesis of allergic asthma has been demon-
strated in the studies of human asthma, as well as in animal
models of allergic airway inflammation.**°

It is well established that CD4* effector Ty cells can be cate-
gorized into 3 subsets: Tyl, Ty2, and Ty17 cells. Tyl cells pro-
duce large amounts of IFN-y and direct cell-mediated immunity
against intracellular pathogens. Ty2 cells produce IL-4, IL-5,
and IL-13 and are involved in humoral immunity and allergic re-
actions, Recently, another Ty subset, Ty17, was identified.!!
Tu17 cells produce IL-17 and are involved in the pathogenesis
of autoimmune diseases.'>'* In addition, several transcription
factors that control the differentiation of these Ty subsets were
identified. Among them, GATA3 ap?ears to be a key transcription
factor for Ty2 cell differentiation,'>' T-bet for Ty1," and reu
noid-related orphan receptor v t for Ty17 cell differentiation.'®

GATA3 is selectively induced in developing T2 cells after
T-cell receptor (TCR) stimulation in the presence of IL-4, and
the ectopic expression of GATA3 resulted in the induction of
Ty?2 cell differentiation in the absence of signal transducer and
activator of transcription 6.'> GATA3 acts as a transcriptional
factor for ILS and ILI3 genes.>®?? In addition to the promoter
regions, GATA3 also binds to various regulatory regions for
Ty2 cytokine ex ression, mcludmg the conserved GATA3 re-
sponse element,? the 3’ site of IL-4,% the IL‘4/IL-13 intergenic
region (conserved noncodmg sequence 1),% and the 3’ end of the
radiation 50 gene.?® We reported that the histone modifications at
the Ty2 cytokine gene loci are primarily medxated through
GATA3 in T2 and T2 (type 2 cytotoxic T) cells.?
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The inhibition of GATA3 activity in dominant-negative
GATA3 transgenic mice results in a reduction in Ty2 cytokine
production and less severe allergic inflammation in a murine
model of asthma.?® Moreover, allergic airway inflammation and
AHR have been reported to be compromised by the intranasal ad-
ministration of antisense GATA3.*® More recently, in allergen-
challenged transgenic mice overexpressing GATA3, airway
smooth muscle hyperplasia and subepithelial fibrosis were
reported.’! :

Repressor of GATA (ROG) is a POZ (BTB) domain—containing
Kruppel-type zinc finger family (or POK family) repressor and is
highly homologous to another POK family protein, promyelo-
cytic leukemia zinc finger (PLZF).32 ROG is also identified as
PLZF-like zinc finger protein,®* testis zinc finger protein,** and
Fanconi anemia zinc finger.*® The BTB/POZ domain mediates
homodimerization and heterodimerization and recruits corepres-
sor molecules, including histone deacetylases.>® Two POK family
proteins, B-cell lymphoma 6 and PLZF, are known to be impli-
cated in the oncogenic activity in non-Hodgkin’s lymphomas®’
and acute promyelocytic leukemia,*® respectively. Overexpres-
sion of ROG exhibited repression of GATA3-induced transactiva-
tion of the IL-4 and IL-5 promoters in the M12 B-cell line and the
EL-4 T-cell line.3? We previously reported that the level of ROG is
significantly higher in CD8 T cells than in CD4 T cells and that
ROG might confer CD8 T cell-specific repression of histone
hyperacetylation and activation of the /L4 gene locus.?” T cells
from ROG-deficient mice showed an increased proliferative
response.>>>° However, the biologic role of ROG in the Ty2
immune responses and the Ty2-dependent diseases has not
been investigated.

Here we have established ROG-deficient (ROG™'~) mice on ei-
ther a BALB/c or C57BL/6 background and also ROG-transgenic
mice on a CS7BL/6 background and used these animals to inves-
tigate the role of ROG in Ty1/Ty2 cell differentiation and in the
pathogenesis of Tu2-dependent allergic airway inflammation,
Our results indicate that ROG negatively regulates Ty2-depen-
dent airway allergic inflammation.

METHODS
Mice

The animals, including ROG™" mice, used in this study were back-
crossed to either BALB/c or CS7BL/6 10 times. ROG™'~ x DO11.10 trans-
genic (Tg) mice (anti-ovalbumin [OVA}-specific TCRaB Tg),*® ROG™~
x OT-1 or OT-Il Tg mice (anti-OVA-specific TCRof Tg),‘"’42 and ROG
Tg x OT- or OT-II Tg mice were used at 6 to 8 weeks of age. BALB/c,
C57BL/6, and BALB/c nuw/nu mice were purchased from Clea, Inc (Tokyo,
Japan). All mice used in this study were maintained under specific patho-
gen-free conditions. Animal care was conducted in accordance with the
guidelines of Chiba University.

Immunofluorescent staining and flow cytometric
analysis

In general, one million cells were stained with antibodies, as indicated,
according to a standard method.*>*

Quantitative RT-PCR

Quantitative RT-PCR was performed as described previously with an ABI
PRISM 7500 Sequence Detection System (Applied Biosystems, Foster City,
Calif) under standard conditions,** The primers for TagMan probes for the
detection of ROG (exon 2-3), IL~4, IL-5, IL-13, eotaxin 2, RANTES, TNF-a,
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macrophage-derived chemokine (MDC), thymus and activation-regulated
chemokine (TARC), and hypoxanthine-guanine-phosphoribosyl transferase
were purchased from Applied Biosystems.

ELISA
Cytokine production was assessed by means of ELISA, as described
previously.*

In vitro Tq1/Tx2 cell differentiation cultures
A detailed protocol is described in the Methods section available in the On-
line Repository at www.jacionline.org.

OVA sensitization, inhalation, and analysis of
airway inflammation

A detailed protocol is described in the Methods section in the Online
Repository.

Statistical analysis

The significance between 2 groups was determined by using the 2-tailed
Student ¢ test. Comparisons for all pairs were performed with the Kruskal-
Wallis test.

RESULTS
Enhanced OVA-induced eosinophilic inflammation
and AHR in ROG™/~ mice

We generated ROG™™ mice, in which ROG mRNA was not ex-
pressed in the thymus and peripheral T cells (see Fig E1, C, in this
article’s Online Repository at www.jacionline.org). T-cell devel-
opment in ROG ™'~ mice appeared to be normal because no appar-
ent difference in the cellularity and CD4/CD8 ratio in the thymus
and spleen compared with that seen in wild-type control animals
was observed (see Fig E1, D). The cell-surface expression of
TCRB, CD3g, CD25, CD69, CD44, CD62L, common vy (Cv),
IL-2RB, IL-4Ra, and IL-7Ra was normal in ROG™/~ splenic
CD4 and CD8 T cells (see Fig El, E).

The bronchoalveolar lavage (BAL) fluid of OVA-immunized,
OVA-inhaled ROG*'*, and ROG ™'~ mice was collected 48 hours
after the last OVA challenge to assess the role of ROG in allergic
airway inflammation (see Fig E2 in this article’s Online Reposi-
tory at www.jacionline.org). Significantly increased infiltration
of eosinophils and lymphocytes in the antigen-challenged
ROG™'~ group was detected, whereas the OVA-immunized and
PBS-challenged ROG™~ mice did not have airway eosinophilia
or show signs of abnormal cellular infiltrates in the BAL fluid
(Fig 1, A). Evaluation of histologic changes in the lungs of
ROG™'™ mice by means of hematoxylin and eosin (H&E) staining
revealed that the levels of OVA-induced inflammatory mononu-
clear cell infiltrates in the peribronchiolar region were higher in
ROG™"~ mice in comparison with the infiltrates in wild-type litter-
mates (Fig 1, B, upper panel). No inflammatory cell infiltration
was detected in untreated ROG™'~ mice (data not shown) or
OVA-immunized and PBS-challenged ROG ™~ mice. Significant
augmentation of eosinophil infiltration was revealed by means of
LUNA staining in ROG™'™ mice (Fig 1, B, lower panel), and as
demonstrated by means of periodic acid-Schiff (PAS) staining,
enhanced hypermucus production was detected in ROG™'™
mice (Fig 1, C, and see Fig E3, A, in this article’s Online
Repository at www.jacionline.org). To assess the extent of
AHR, we measured the methacholine-induced airflow obstruction
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FIG 1. Increased OVA-induced airway inflammation and AHR in ROG™'~ mice. A, ROG*'* and ROG™'~
mice were sensitized with OVA and underwent inhalation with OVA. infiltrated Isukocytes in BAL fluid
were assessed. The absolute cell number of eosinophils (Eos.), neutrophils (Neut.), lymphocytes (Lym.),
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*p < 01, Student t test. C, Hypermucus production was detected in ROG™'~ mice. D, AHR was assessed
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in an invasive assay for lung resistance at 24 hours after the last
OVA challenge. The mice were anesthetized, tracheostomized,
and mechanically ventilated, and lung resistance was measured
directly. As expected, lung resistance was also significantly
increased in ROG™'™ mice in comparison with that seen in
ROG™™* mice (Fig 1, D). Neither PBS-challenged wild-type
nor PBS-challenged ROG™~ mice had AHR. Approximately
2-fold enhancement of AHR was seen at all doses of methacho-
line in ROG ™'~ mice in a whole-body plethysmograph (see Fig
E3, B). Similar enhancement in the levels of eosinophilic inflam-
mation and AHR was observed in ROG™'~ mice with a C57BL/6
background (data not shown). These results indicate that the ex-
tent of OVA-induced airway inflammation and AHR is enhanced
in ROG™'" mice.

Enhanced OVA-induced Ty2 immune response in
ROG™/'~ mice

Proliferative responses induced by anti-TCR mAb stimulation
(see Fig E4, A, in this article’s Online Repository at www.jaci
online.org) or antigenic peptide stimulation (see Fig E4, C)
were significantly higher in ROG™'~ CD4 and CD8 T cells,

The rate of cell division after antigen stimulation was also mod-
erately higher in ROG ™'~ mice (see Fig E4, B). An assessment of
the capability of ROG ™~ CD4 T cells to differentiate into Tyy1/
Ty2 cells in vitro indicated moderate enhancement in Ty2 cell
differentiation under Ty2 conditions (34.9% vs 44.9% and
27.8% vs 37.6%; Fig 2, A) and under neutral conditions (3.0%
vs 8.7% and 15.3% vs 26.7%; see Fig ES5 in this article’s Online
Repository at www.jacionline.org), whereas Ty1 cell differentia-
tion was equivalent (Fig 2, A).

We then examined the expression levels of IL-4, IL-5, IL-13,
eotaxin 2, RANTES, and TNF-a in the BAL fluid cells of OVA-
sensitized and OVA-challenged ROG™'~ mice shown in Fig 1.
Quantitative RT-PCR analysis was performed with RNA iso-
lated from the infiltrates in the BAL fluid. The expression levels
of IL-4, IL-5, IL-13, eotaxin 2, and RANTES were higher in
ROG™" mice than in ROG*'* mice, whereas the TNF-a level
was comparable (Fig 2, B). Moreover, cytokine levels in the
BAL fluid, as measured by means of ELISA, showed increased
production of IL-5 and IL-13 in ROG™'~ BAL fluid (Fig 2, O).
At the same time, mediastinal lymph nodes were harvested
and stained for intracellular IFN-y and IL-4. Modest but re-
producibly increased numbers of IL-4-producing cells were

296



J ALLERGY CLIN IMMUNOL
VOLUME 122, NUMBER 3

HIRAHARA ET AL 515

A Th1 conditions Th2 conditions
Loh15(nM) 10 30 10 30
0.1 o oo 0.2]14.9 0.7 278 0.4
ROG™ ;
1#3.1: 0.7
0.3 15
1.8 13
Eotaxin 2
i, -
0 0.025 0 0.06 0.04 o 15 30
RANTES TNFa
i % ! | L ORroG*
I I ®roG*
r £ . ) * P<0.01
0 2.5 0 0.25 0.5
Relative expression ({HPRT)
IL-5 1L-13
¢ O roG*'*
l [ Lo
Ed *
*: P<0.01
! . | . . ™ P<0.05
(1 10 ° 40 80

Concentration (pg/mi)

FIG 2. increased Tu2 cytokine production in the airways of ROG ™~ mice. A, The ability to differentiate into
Tu1/Tu2 cells from ROG™~ x DO11.10 Tg mice was assessed. The results are representative of § experi-
ments. B, mRNA levels of IL-4, iL-5, IL-13, eotaxin 2, RANTES, and TNF-« in BAL fluid cells were determined
by using quantitative RT-PCR. *P < .01, Student ttest. C, The amount of IL-6 and IL-13 in the BAL fluid was
determined by means of ELISA. The mean values with SDs (3-5 mice per group) are shown. *P < .01 and

24P < 05, Student ttest.

observed (see Fig E6 in this article’s Online Repository at
www.jacionline.org). We measured the mRNA expression levels
of TARC and MDC, which are known to be the chemokines for
Ty cell recruitment by using mRNA from the allergic lung, and
no significant difference was noted between ROG*'* and
ROG™'™ mice (data not shown). Thus the enhanced OVA-induced
airway inflammation and AHR observed in ROG™"™ mice could
be due to the enhanced Ty2 responses in the airways of ROG™'~
mice.

Attenuated OVA-induced esosinophilic
inflammation and airway AHR in ROG Tg mice

To further investigate the regulatory role of ROG in T cells, we
generated ROG Tg mice under the control of a T-cell specific Ick
proximal promoter (see Fig E7, A and B, in this article’s Online
Repository at www jacionline.org). Quantitative RT-PCR analy-
sis revealed that ROG mRNA was expressed 10-fold higher in thy-
mocytes and splenic CD4 and CD8 T cells in ROG Tg mice (see
Fig E7, C). The cellularity and CD4/CD8 ratio in the thymus and
spleen in ROG Tg mice did not differ from those in wild-type
mice (see Fig E7, D). The cell-surface expression of TCRS,
CD3g, CD25, CD69, CD44, CD62L, Cv, IL-2R8, IL-4Ra, and
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IL-7Ra on the splenic CD4 and CD8 T cells from ROG Tg
mice was normal (see Fig E7, E).

BAL fluid of OVA-immunized and OVA-inhaled wild-type and
ROG Tg mice was analyzed to evaluate the extent of Ty2-depen-
dent airway inflammation in ROG Tg mice. The number of total
infiltrated cells, lymphocytes, and eosinophils was found to be re-
duced in ROG Tg mice: the most striking difference between
wild-type and ROG Tg mice was the difference in the number
of eosinophils (Fig 3, A). Histologic examination revealed very
low-level infiltrates in the peribronchiolar regions in the lungs
of ROG Tg mice (Fig 3, B, upper panel). The decreased eosino-
philic infiltration in ROG Tg mice was confirmed by means of
LUNA staining (Fig 3, B, lower panel). Goblet cell metaplasia
and mucus hyperproduction were also reduced in ROG Tg mice
(Fig 3, C, and see Fig E8, A, in this article’s Online Repository
at www.jacionline.org). Lung resistance, as measured by using
a direct invasive method, showed no increase in the AHR in
ROG Tg mice compared with the increase in wild-type mice
(Fig 3, D). ROG Tg mice did not have significant AHR, and the
sensitivity to methacholine was almost equivalent to that seen
in PBS-challenged control mice (see Fig E8, B). From these re-
sults, we conclude that overexpression of ROG in T cells results
in the inhibition of OVA-induced airway inflammation and AHR.
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Attenuated T2 responses induced by ROG Tg CD4
T cells

Assessment of Tyl/Ty2 cell differentiation of ROG Tg mice
showed reduced Ty2 cell differentiation in CD4 T cells from
ROG Tg mice compared with that seen in wild-type mice
(39.3% vs 27.0% and 30.2% vs 14.8%), whereas Tyl cell
(80.2% vs 77.8% and 64.6% vs 64.4%) differentiation was equiv-
alent (Fig 4, A). As expected, proliferative responses of both CD4
and CD8 T cells were reduced in ROG Tg mice (see Fig E9, A and
B, in this article’s Online Repository at www.jacionline.org).
Consequently, we examined the expression levels of IL-4, IL-5,
1L-13, eotaxin 2, RANTES, and TNF-a in the BAL fluid cells
of the OVA-sensitized and OVA-challenged ROG Tg mice shown
in Fig 3. The expression levels of mRNA for IL-4, IL-5, IL-13, eo-
taxin 2, and RANTES in Tg mice were clearly lower than those in
wild-type mice (Fig 4, B). Reduced production of IL-5 and IL-13
in BAL fluids from ROG Tg mice was also confirmed by means of
ELISA (Fig 4, C). We measured the mRNA expression ievels of
TARC and MDC using allergic lung samples, and no significant
decrease was noted in ROG Tg mice (data not shown). These re-
sults indicate that the extent of Ty2 cell differentiation was re-
duced in ROG Tg CD4 T cells and that Ty;2-dependent immune
responses in the airway in an allergic asthma model were
attenuated.

Decreased airway inflammation in mice after
adoptive transfer of ROG-overexpressing T cells
Next we examined whether the retrovirus-mediated over-
expression of ROG into effector Ty2 cells would affect downre-
gulation of Ty2 cell-mediated inflammatory responses. As
shown in Fig 5, A, a modest decrease in the numbers of IL-4--pro-
ducing Ty2 cells was detected in the retrovirus-mediated ROG-
overexpressing cell cultures. One million IL-4-producing cells
from each culture were transferred into BALB/c nw/nu mice. At
48 and 96 hours after cell transfer, mice were challenged with
OVA, and infiltration of inflammatory cells was determined. As
shown in Fig 5, B, the induction of airway infiltration of leuko-
cytes, including eosinophils, was essentially not observed in the
mice adoptively transferred with ROG-introduced Ty2 cells com-
pared with the mice with wild-type Ty2 cells. Consequently, RNA
was isolated and quantitative RT-PCR analysis was performed to
assess the expression of T2 cytokines and chemokines in the in-
filtrates in BAL fluid. The expression levels of IL-4, IL-5, IL-13,
and eotaxin 2 in the mice receiving ROG-introduced cells were
lower than those in mice receiving mock-introduced cells,
whereas RANTES and TNF-a levels were comparable (Fig S,
(). Lung resistance, as measured by using a direct invasive
method, showed no obvious increase in the AHR in mice trans-
ferred with ROG-introduced cells compared with those with
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The mean values with SDs {4 mice per group) are shown. *P < .01 and **P < .05, Student t test. WT, Wild-

type.

mock-introduced cells (Fig 5, D). These results indicate that the
expression levels of ROG in Ty2 cells can affect the OVA-induced
airway inflammation.

Modulation of airway inflammation by adoptively
transferred ROG~/~ and ROG Tg T cells

Finally, we addressed whether OVA-primed T cells with altered
ROG expression are able to modulate OVA-induced allergic
inflammation. After immunization with OVA, splenic CD3 T cells
from ROG Tg mice or ROG™'~ mice (CS7BL/6 background)
were prepared and transferred into C57BL/6 mice that had been
also immunized with OVA twice. Two and 4 days after cell trans-
fer, mice were treated with OVA by means of inhalation, and the
inflammatory infiltrates in the BAL fluid were analyzed. As
shown in Fig 6, A, the adoptive transfer of CD3 T cells from
ROG Tg mice significantly reduced the levels of infiltration of
leukocytes, especially eosinophils. In contrast, the adoptive trans-
fer of CD3 T cells from ROG ™'~ mice resulted in increased levels
of eosinophilic infiltrates. When primed CD3 T cells from ROG
Tg mice were used, moderate but significantly decreased numbers
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of inflammatory mononuclear cells and eosinophils were ob-
served by means of histologic analyses with H&E and LUNA
staining (Fig 6, B), respectively. A significantly decreased number
of PAS-stained cells in the mice receiving ROG Tg T cells was
seen, whereas an increased number of these cells was noted in
mice receiving ROG™'~ T-cell transfer (Fig 6, B, right panel).

DISCUSSION

Murine models of allergic asthma have been used to dissect the
underlying pathogenesis of human asthma. In this study we
demonstrate an important role for ROG in the regulation of Ty2-
dependent allergen-induced airway .inflammation and AHR by
using newly established ROG™'~ and ROG Tg mice with a
BALB/c or C57BL/6 background and with a retrovirus-mediated
ROG gene-introduction system. Ty2-dependent airway inflam-
mation was enhanced in ROG™'~ mice (Fig 1) and was dramati-
cally inhibited in ROG Tg mice (Fig 3). We observed moderate
enhancement in Ty2 cell differentiation in ROG™™ mice, with
a marginal effect in Tyl cell differentiation (Fig 2). In ROG Tg
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1L-4, IL-5, iL-13, eotaxin 2, RANTES, and TNF-a in the BAL fluid cells from adoptive transfer mice were de-
termined by using quantitative RT-PCR. *P < .01, Student t test. D, One day after the last OVA inhalation,
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mice Ty2 cell differentiation was affected, whereas Tyl cell dif-
ferentiation was normal (Fig 4). Moreover, retrovirus-mediated
ROG-overexpressing Ty2 cells also did not induce airway inflam-
mation in an adoptive transfer model (Fig 5). From these results,
we conclude that ROG in T cells plays an important regulatory
role in Ty2-dependent inflammatory responses in the airway.

The preferential effect in Ty2 cells might be consistent with the
notion that ROG negatively regulates GATA3,*? which is highly
expressed in Ty2 cells,'>'® ROG regulates in a negative fashion
the proliferative responses of CD4 and CDS8 T cells after TCR
stimulation with ROG ™/~ and ROG Tg mice (see Figs E4 and E9).
Furthermore, the rate of cell division of CD4 and CD8 T cells was
moderately higher in ROG ™'~ mice (see Fig E4, B). The levels of
enhancement were quite comparable in the previously reported
ROG™"™ mice.?®% Taken together, ROG can exert control of at
least 2 different processes in T cells during the induction of
Ty2 responses and inflammation: (1) a general process, prolifer-
ation of T cells after TCR stimulation, and (2) a Ty2-specific
process, the extent of differentiation into T2 cells through the
regulation of GATA3. In the first process the involvement of
the regulation of nuclear factor of activated T cells, cytoplasmic
2 (nuclear factor of activated T cells 1)-initiated suppression of
the nuclear factor kB pathway is suggested.’

We observed greater effects in cytokine expression and eosin-
ophil numbers in the BAL fluid than in those of IL-4-producing
Ty2 cells in in vitro intracellular cytokine staining experiments

(Figs 1-5). This could be due to the involvement of ROG-mediated
regulation of the expansion of T cells in vivo in the case of the BAL
fluid results. The expression of ROG controls antigen-induced
proliferative responses of T cells (see Figs E4 and E9), and there-
fore the expansion of OVA-specific T cells after OVA inhalation
might account for the results seen with the BAL fluid samples (cy-
tokine expression and eosinophil number). In contrast, no T-cell
expansion would be expected to occur after restimulation with
anti-TCR mADb for 6 hours in the presence of monensin in vitro.
In a previous study by Kang et al,>® no significant changes in
the generation of IL-4-producing cells was observed in their
ROG™'~ mice, However, Piazza et al>® used an independent
line of ROG™'~ mice and showed an increased Ty2 cytokine
mRNA expression in Ty2 cells, which is consistent with our re-
sults, Piazza et al*> showed a normal expression of the mixed
lineage leukemia 2 (MLL2), a neighboring gene of ROG, in
ROG™'~ mice. Normal expression of MLL2 was confirmed in
our ROG™'~ mice (data not shown). Kang et al*® demonstrate
that the deficiency of ROG resulted in a marginal. effect on
the severity of experimental autoimmune encephalomyelitis, a
Ty cell-mediated disease. We used a Ty2-dependent experimen-
tal asthma model in which we observed a substantial effect.
Thus some apparent differences in the results obtained in these
studies could be due to the difference in the experimental
model systems used. In any event, with our newly established
ROG™'~ mice and ROG Tg mice, which have been extensively
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FIG 8. Modulation of airway inflammation by adoptive transfer of ROG™/~ and ROG Tg T cells. A, Donor
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{PAS stain). *P < .01 and **P < .05 between groups, Student ¢ test.

backcrossed on either C57BL/6 or BALB/c backgrounds, we
demonstrate clearly that ROG regulates Ty2 cell differentiation
and Ty2-dependent inflammation in the airway.

Ty2-dependent airway inflammation was not significantly in-
duced in nude mice after adoptive transfer of effector Ty2 cells
expressing increased levels of ROG (Fig 5). In addition, the
transfer of ROG Tg T2 cells into normal mice that were OVA
sensitized and challenged resulted in the inhibition of the Ty2-
dependent airway inflammation (Fig 6). This might raise the
possibility of the therapeutic potential of the ROG-overexpress-
ing T cells. Adoptive transfer of ROG Tg T cells can compete
with antigen-presenting dendritic cells in the airway with the
host Ty2 cells that induce Ty2-dependent airway inflammation.
Indeed, our preliminary results indicate that ROG Tg CD4 T cells
compete efficiently with wild-type CD4 T cells to reduce the wild-
type CD4 T-cell proliferation induced by OVA peptide pulsed on
dendritic cells (unpublished observation). It was recently reported
that during clonal expansion antigen-specific T cells could
compete for the limited number of peptide/MHC complex sites
on dendritic cells if the number of T cells is abundant.*’

In summary, our study highlights a role for ROG in the
development of eosinophilic inflammation and AHR and suggests
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that ROG could consequently be another possible therapeutic
target for the treatment of allergic asthma.

We thank Drs Ralph T. Kubo and Tsuneyasu Kaisho for helpful comments
and constructive criticisms in the preparation of the manuscript.

Key messages

o ROG regulates the pathogenesis of Ty 2<driven allergic

airway inflanunation and AHR.
o ROG might he a potential therapeutic targef for the treat-
ment ol asthmatic patients.
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METHODS
Mice

OT-1Tg mice are OVA-specific, MHC class I-restricted TCRaf transgenic
mice with a C57BL/6 background B! The TCR recognizes a specific OVA pep-
tide (SIIN, OVA 257-264).

OT-H Tg mice are OVA-specific, MHC class II-restricted TCRaf3 trans-
genic mice with a C57BLJ6 background.F? The TCR recognizes a specific
OVA peptide (Loh 15, OVA 323-339). DO11.10 Tg mice are OVA-specific,
MHC class Il-restricted TCRaf transgenic mice with a BALB/c back-
ground,® The TCR recognizes a specific OVA peptide (Loh 15, OVA 323-339),
BALB/c nw/nu mice lack the thymus, and no functional T cells are present.

Genetic background of mice used in the study

It has been recognized that BALB/c mice show more prominent Ty2
responses than C57BL/6 mice. To investigate the Ty2-dependent responses
in vivo, we used ROG™'~ mice with a BALB/c background (Figs 1 and 2).
We have obtained similar results in ROG ™'~ mice with a C37BL/6 background
(data not shown). We have ROG Tg mice only with a C57BL/6 background,
and therefore we used C57BL/6 background mice in the experiments using
ROG Tg mice (Figs 3 and 4) and with adoptive transfer of ROG Tg T cells
(Fig 6).

Antigen-presenting cells used in in vitro stimulation
and Ty1/Ty2 differentiation

Thy1.2-positive cells were eliminated from splenocytes with anti-Thy1.2
mAb (53-2.1) and magnetic bead sorting (MACS sorting, Mitenyi Biotec,
Bergish Gladbach, Germany). Then Thyl.2-negative cells were irradiated
(3500 rad) and used as antigen-presenting celis (APCs; 2 X 10°%; Figs 2, A;
4,A;4,Band C; §5; and 9, B).

In vitro Ty1/Tu2 cell differentiation cultures

Naive (CD44'*™) splenic DO11.10 Tg CD4 T cells (2 X 10*) or OT-I Tg
CD4 T cells (2 X 10% prepared by means of cell sorting were stimulated
with indicated doses of antigenic OVA peptide (OVA 323-339) and irradiated
(3500 rad) BALB/c or C57BL/6 APCs (Thy1.2-negative APCs, 2 X 10%)in the
presence of IL-2 (25 U/mL) and IL4 (100 U/mL; Ty2 condition); IL-2 (25 U/mL),
1L-12 (100 U/mL), and anti-IL-4 mAb (Ty1 condition); or IL-2 (25 U/mL) only
(neutral condition).®*

In vitro ROG-overexpressing Ty2 cell cuitures

Freshly isolated KJ1-positive CD4 T cells from DO11.10 Tg mice were
stimulated with immobilized anti-TCR plus anti-CD28 mAb for 2 days. Then
the ROG gene was introduced by using a retrovirus vector containing the ROG-
IRES-hNGFR gene, and 4 days after infection, tNGFR-positive infected cells
were enriched by sorting. Infected cells were stimulated with OVA peptide
plus APCs in the presence of IL-2 for 5 days. Then the stimulated cells
(1 X 10% were transferred into BALB/c nwnu mice, as previously
described.®*

Measurement of AHR

AHR responses were assessed by using methacholine-induced airflow
obstruction in conscious mice placed in a whole-body plethysmograph (Buxco
Electronics, Inc, Wilmington, NC), as described previmmly.E6 Airway func-
tion was also assessed by measuring the changes in lung resistance and dy-
namic compliance in response to increasing doses of inhaled methacholine,
as described previously.F’E8

Analysis of lung histology

The lung samples taken on day 25 were sectioned and stained with
H&E reagents, PAS reagents, and LUNA reagents, as previously descri-
bed.F® PAS-positive cells were defined as the average of the score. The nu-
meric scores for the abundance of PAS-positive mucus-containing cells in
each airway were determined as follows: 0, less than 5% PAS-positive
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cells; 1, 5% to 25%; 2, 25% to 50%; 3, 50% to 75%; and 4, more than
75%.5°

Supplemental discussion

RANTES (CCLS3) belongs to the CC chemokine family and induces
leukocyte migration by binding to specific receptors in the G protein—coupled
receptor family.5'® RANTES is produced predominantly by CD8 T cells, ep-
ithelial cells, fibroblasts, and platelets and is associated with airways inflam-
mation.F'""F!® The modulation of RANTES expression by different levels of
ROG was detected (Figs 2, B, and 4, B), whereas no difference was observed in
the expression of RANTES in the transfer experiments by using BALB/c nude
mice (Fig 5, €). The reason for this discrepancy remains unclear at this time,
but this could be due to the absence of endogenous CD8 T cells in the host
BALB/c nu/nu mice. A critical role of CD8 T cells in the OVA-induced airway
inflammation has been reported. ®'® RANTES could be involved in the modu-
lation of airway inflammation by CD8 T cells.

The absolute number of macrophages in the BAL fluid is enhanced after
OVA challenge (Fig 1, A). No remarkable change in the number of macro-
phages between ROG*'* and ROG ™'~ mice was detected (Fig 1, A), and mod-
erate decreases in the number of macrophages were observed in ROG Tg and
in cell-transfer experiments with ROG-overexpressing cells (Fig 3, A; 5, B;
and 6, A). Thus no clear link can exist between the expression levels of
ROG and the leve! of infiltration of macrophages into the lung.

Kang et al®'7 demonstrate that ROG ™™ T cells express more CD25 and
CD69. We did not detect the difference in the expression of CD25 and
CD69 in freshly prepared ROG ™' T cells (see Fig E1). Kang et al measured
the expression of CD25 and CD69 after anti-TCR stimulation, whereas we ex-
amined the expression in freshly prepared CD4 T cells in Fig 1, E. Thus the
apparent discrepancy between our results and theirs could be due to the cells
analyzed in their studies compared with ours (activated vs not activated).

We showed a modulation effect of ROG Tg T cells in an OVA-induced
airway inflammation model (Fig 6). The ROG-overexpressing cells showed
the decreased ability to induce the airway inflammation (Fig 5). The expres-
sion levels of ROG in the retrovirus-transduced ROG-overexpressing Ty2
cells were modest compared with those of the ROG Tg T cells. Thus we per-
formed the modulation experiment using ROG Tg T cells (Fig 6).

We measured the mRNA expression levels of TARC and MDC, which are
known to be the chemokines for Ty cell recruitment, and no significant differ-
ence was noted in ROG ™'~ or ROG Tg mice compared with those in wild-type
mice. It is known that macrophages, natural killer cells, and B cells constitu-
tively secrete MDC,E'® and TARC is secreted by airway epithelium.B!® Thus
ROG might not be involved directly in the regulation of the secretion of these
chemokines.
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