CD28-mediated Enhancement of Hyperacetylation of the IL-5 Gene
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F16. 1. Costimulation with anti-CD28 mAb enhanced the generation of IL-5- and IL-13-producing cells. A, B, and C, freshly prepared
splenic CD4 T cells from B6 mice were cultured with immobilized anti-TCR mAb (H57-597, 3 ug/ml) in the presence of costimulation with agonistie
anti-CD28 mAb (37.51, 3 pg/ml) under Thl- or Th2-skewed conditions for 7 days. The cultured cells were restimulated, and intracellular IL-5/1L-4,
IFNIL-4, and IL-5/IL-13 profiles were determined. The percentages of cells present in the each quadrant are shown. D and E, CD4 T cells from
normal B6é or STATS-KO mice wers cultured nnder the conditions described above, and restimulation was done with anti-TCR mAb for 8 h. The
amounts of IL-5, IL-13, I.-4, and IFNy in the culture supernatant were measured by ELISA. WT, wild type.

CACTGAGCTGCCTGGCGCCAT. A detajled protocol for detection of
intergenic transcripts was described previcusly (34). The primers used
are the same as those used in ChIP assay.

RESULTS

Costimulation with Anti-CD28 mAb Enhances the Genera-
tion of IL-5. and IL-13-producing Cells—The aim of this study
was to clarify the molecular mechanisms that control chroma-
tin remodeling of the IL-5 gene locus during Th2 cell differen-
tiation, We first assessed the role for CD28 costimulation in the
generation of IL-5-producing Th2 cells. Freshly prepared CD4
T cells from young adult (4 weeks) B6 mice were cultured in
vitro with immobilized anti-TCR in the presence of agenistic
anti-CD28 mAbs (37.51) to effect stimulation. The IL-5/1L4
profiles of CD4 T cells cultured under Thl- or Th2-skewed
conditions are depicted in Fig. 1A. As can be seen, the genera-
tion of IL-5-producing cells (both IL-5"[L-4~ and IL-5%]L4"
fractions) cultured under Th2-skewed conditions was greatly
enhanced in the presence of CD28 costimulation. The increased
generation of [L4-producing cells was marginal under these
culture conditions. 1L-5-producing cells generated with CD238
costimulation were STAT6-dependent and not detected under
Thi-skewed culture conditions. The generation of IFNy-pro-
ducing Thti cells was moderately increased by the presence of
CD28 costimulation (Fig. 1B). The levels of IL-13-producing
cells were also increased by the presence of CD28 costimulation
(Fig. 1C).

Concurrently, the amount of cytokines produced by develop-
ing Th2 cells cultured with CD28 costimulation was assessed
by ELISA (Fig. 1, D and E). As expected, CD28 costimulation
significantly enhanced the production of IL-58 and 1L-13,
whereas the effects on the production of IL4 and IFNy were
marginal. The production of Th2 cytokines (IL-5, 1L-13, and

[L-4) was all STAT6-dependent regardless of the presence or
absence of CD28 costimulation (Fig. 1E). Taken together these
results suggest that the generation of IL-5- and IL-13-produc-
ing cells was Th2-specific, STAT6-dependent, and more sensi-
tive to CD28 eostimulation as compared with that of IL-4-
producing cells.

Dynamics of Histone H3 Hyperacetylation of the IL-5 Gene
Locus in Developing Th2 Cells Cultured with CD28 Cestimula-
tion—To clarify whether CD}28 costimulation enhances histone
hyperacetylation of the IL-5 gene locus during Th2 cell differ-
entiation, we first examined the kinetics of acetylation of the
IL-5 promoter, IL-4 promoter, and RADS0 promoter regions
using a ChIP assay with anti-acetylhistone H3 Ab. Developing
Th1l and Th2 cells cultured with CD28 costimulation were
harvested 2, 3.5, 5, and 7 days after stimulation. The results of
this analysis are presented as the relative band intensity of
each group normalized with band intensity of the correspond-
ing input DNA as shown in the right panel of Fig. 2. Two
days after stimulation, low but significant Jevels of increase in
acetylation occurred at all of the regions tested, and basically
no difference between the three culture conditions was noted.
However, as shown in Fig. 24, the levels of histone acetylation
associated with the IL-5 promoter increased significantly after
cultivation for more than 3 days under Th2 skewed conditions,
particularly in those cultures with CD28 costimulation. [n con-
trast, the levels of histone hyperacetylation in the 1L-4 pro-
moter were increased day by day, and no significant difference
was detected in the presence or absence of CD28 costimulatien.
The levels of histone hyperacetylation in the RAD5S0 gene pro-
moter region were increased equivalently under these three
culture conditions. These results suggest that histone hyper-
acetylation of the IL-5 gene locus is more sensitive to CD28
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Fi6. 2. Induction of histone H3 hyperacetylation of IL-5, IL4, and RAD50 gene loci In developing Th2 cells with CD28 costimu-
lation. Developing Thl and Th2 cells cultured with immobilized anti-TCR mAb and CD28 costimulation wera prepared 2, 3.5, 5, and 7 days after
the stimulation. The acetylation status of histone H3 in the nuclecsomes associated with the indicated regions was assessed by a ChiP assay with
an anti-acetylated histone H3 antibody and specific primer pairs. Before immunoprecipitation for ChIP assay, aliquots of lysates (~6 % 102 cell
equivalents) were separated for PCR to determine the relative levels of input DNA. 3-Faold serial dilutions were made with both the input DNA
and immunoprecipitated DNA samplea before PCR. Two independent experiments were performed, and similar resalts wers cbtained. Quanti-
tative repressntations of the results ars shown in the right panels. The intensities of the bands at the highest concentration were measured by
densitometry, and relative intensities {(anti-acetyl histone precipitatesfinput DNA ratio) for each primer pair were calcalated.

costimulation than that of the IL-4 locus.

Ernhanced Histone Hyperacetylation Induced with CD28 Co-
stimulation Is Observed Only in the IL-5-associated Nucleo-
somes—Next, we examined the acetylation status of the DNA
regions corresponding to IL-5 promoter, IL-5 intron, IL-13 in-
tron, IL4 promoter, CNS1, IL4 V, enhancer, RAD50 pro-
moter, and [FNy promoter. CNS1 and IL-4 V, ephancer re-
gions were previously described to contain regulatory elements
or DNase I hypersensitive sites (28, 30). Histone hyperacetyla-
tion induced in these regions, except for two controls (RADSQ
and IFN7y), occurred in a Th2-specific manner as reported pre-
viously (34). As can be seen in Fig. 34, the levels of acetylation

in the region of IL-5 promoter and IL-5 intron were signifi-
cantly enhanced by the presence of CD28 costimulation. In
contrast, those of other regions were all unaffected. The effect
of CD28 costimulation on the histone hyperacetylation withia
the IL-5 gene loci was analyzed more precisely with a series of
primer pairs within the IL-5 genes as shown in Fig. 38. CD28
costimulation significantly enhanced the levels of histope hy-
peracetylation at all regions within the IL-5 genes tested (Fig.
30).

Next, we assessed the STAT6 dependence of the CD28
costimulation-induced enhancement of the acetylation (Fig.
3D). Similar to other regions (IL-13 intron, IL-4 promoter,
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Fic. 3. Hyperacetylation of histone H3 of the IL-5, IL-13, and IL4 gene loci in developing Th2 cells cultured with CD28
costimulation. A, developing Th1 and Th2 eells eultured with CD28 costimulation were prepared and subjected to ChIP assays with the indicated
primer pairs. 3-Fold serial dilution series were made. The intensity of bands of the highest concentration was measured, and relative intensities
are shown in the right panel. Similar results were cbtained by measuring the bands of intermediate concentration. Three independent experiments
with different T cell preparations were performed with similar results. B, schematic representation of the IL-5 gene locus and the IL-13 and IL-4
gene loci is shown with the location of the specific primers used in panel A and C. The location of the primer pairs used in parel A is as follows
(5’ to 3'). IL-5 promoter F, —521 to —498; [L-5 promoter R, —76 to —101;IL-5 intren F, +857 to +883; IL-5 intron-R, +1214 to +1188. The numbers
indicate positions relative to thae first nucleotide of the IL-5 exon 1, which is designated as +1. IL-13 intron F, +142/+165; IL-13 intron R, +578
to +555; CNS1 F, +7554 to +7579; CNS1 R, +7767 to +7742. The numbers indicate positions relative to the first nucleotide of the IL-13 exon 1,
which is designated as +1. IL-4 promoter F, —661 to - 637; IL-4 promoter R, —164 to —187; IL-4 V, enhancer F, +13234 to +13257; IL-4 V,
enhancer R, +13439 to + 13416. The numbers indicata positions relative to the first nucleotide of the IL-4 exon 1, which is designated as +1. RAD50
promoter F, —242 to —217; RADS0 promoter R, —43 to ~67. The numbers indicate positions relative to the first nucleotide of the RAD50 exon 1,
which is designated as +1. IFNy promoter F, —3372 to -3349; [FNy promoter R, —3025 to - 3048. The numbers indicate positions relative to the
first nucleatide of the IFNy exon 1, which is designated as +1. kb, kilobase. C, & ChIP assay with the indicated primer pairs within the IL-5 gene
locus was done as in panel A. Three independent experiments were performed with aimilar results. D, a ChIP assay with STAT6-KO-developing
Th2 cells was done as in panel A. Two independent experiments were performed with similar results.

CNS1, and IL-4 V, enhancer), histone hyperacetylation of
the IL-5 promoter locus was not induced in STAT6-KO T cell
cultures even in the presence of CD28 costimulation. Thus,
STATE is critical for the Th2-specific histone hyperacetyla-
tion of the IL-5 gene locus induced by anti-TCR stimulation
and CD28 costimulation,

Enhanced Production of IL-5 and Histone Hyperacetylation
of the IL-5 Gene Locus Induced by CD28 Costimulation Are
Dependent on NF-«B Activation—CD28 costimulation is known
to induce phosphatidylinositol 3-kinase activation and the sub-
sequent activation of NF-«B. We tested the effect of wortman-
nin, a phosphatidylinositol 3-kinase inhibitor, on the CD28-
induced enhancement of the generation of IL-5-producing cells
(43). The generation of IL-5-producing cells in the culture with

CD28 costimulation was decreased in the presence of wortman-
nin in a dese-dependent manner (Fig. 44). In contrast, the
generation of IL-4-produding cells was not affected at any doses
of wortmannin tested. Concurrently, the effect of wortmannin
on the production of cytokines was assessed by ELISA (Fig.
4B), and as expected, the enhanced production of IL-5 with
CD28 costimulation was sensitive to wortmannin, IL-13 pro-
duction was also slightly decreased; however, the levels of IL-4
were not changed by the presence of 30 to 300 oM wortmannin.

Next, we assessed the role for NF-«B activation in the CD28-
induced enhancement of the generation of IL-5-producing cells
and histone hyperacetylation of the IL-5 gene locus. A mutant
form of IxBa (I«BaM), which inhibits the NF-«B aclivation
(44), was inserted in an IRES-GFP retroviral construct, and the
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F16. 4. Enhanced production of IL-5 and histone byperacetylation of the IL-5 gene lecus induced by CD28 costimulation were
dependent on NF-xB activation. A, effect of wortmannin on the generation of IL-5-producing cells under Th2-skewed culture conditions with
CD28 costimulation. CD4 T cells were cultured under the conditions described in Fig. 1 in the presence of tha indicated doses of wortmannin. The
intracellular IL-5/1L4 profiles are shown. The nuntbers represent the percentages of the cells present in each quadrant. B, cytokine production
profiles of the cells prepared under the samae condition as described in panel A are shown. C, freshly prepared splenic CD4 T cells were atimulated
with anti-TCR and anti-CD28 and infected with a retrovirus pMX-IRES-GFP (GFF} or pMX-IxBa-M-IRES-GFP encoding a mutant form of [xBa
(IxBalf). Seven days after infection GFP™* cells were sorted and subjected to immunchlotting with an anti-IxBa Ab that reacts with both wild type
IxBa and I«BaM. The position of IkBaM is indicated by an arrowhead. Also non-infected Th2 cells {Th2) were included. Tubulin o was used as a
loading control. D, freshly prepared splenic CD4 T cells wera atimulated under the indicated conditions and infected with a retrovirus encoding a
mutant form of 1xkBa (TxBaM) with EGFP. Seven days after infection, the cultured cells were restimulated, and intracellular IL-5/1L-4 profiles of
electronically gated GFP positive populations were determined. The percentages of eells present in the each quadrant are shown. B, effect of ectapic
expression of [«kBaM on histone H3 hyperacetylation in [L-5, IL-4, and RADS gene loci. Retrovirus-infected CD4 T cells were prepared as described
in panet C. Ore million GFP* infected cells were then collected by cell sorting and the acetylation status of histone H3 was determined by ChIP
assay. Relative band intensities measured by densitometry are shown in the right. At least three independent experiments were done in each (A-D)
with similar results.
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Fig. 5. The generation of IL-5-producing cells and histone hyperacetylation of the IL-5 gene locus were highly dependent on the
expression levels of GATAS. A, freshly prepared CD4 T cells were cultured for 16 and 32 h under the conditions indicated, and the protein
expression levels of GATAS and tubulin « were determined by immunoblotting with specific mAbs. The lysates from 8 X 108 (upper for GATA3)
and 0.3 x 10® (lower for tubulin a) cells were loaded per lane. The results are representative of three independent experiments. Arbitrary
densitometric units are depicted under each band. B, the effect of wortmannin on the induction of GATA3 was assessed. The experiments as in
panel A were done in the presence of wortmannin (300 ng/ml). C, freshly preparad CD4 T cetls were cultured for 12 h under the conditions indicated,
and total RNA was prepared. The transcription levels of GATA3, exon ib of GATAZ, and 8-actin were determined by semiquantitative RT-PCR
analysis with 3-fold serial dilution of template ¢cDNA. Shown ars the PCR product bands. Arbitrary densitometric units are indicated. Three
independent experiments were done with similar results. D, freshly prepared CD4 T cells were stimulated under Thl-skewed conditions and wers
infected on day 2 with retrovirus encoding GATAZ bicistronically with EGFP (pMx-GATAS-IRES-GFP). The expression lovels of GATA3 in the
indieated populations sorted using GFP flucrescence were assessed by immuncblotting with anti-GATA3 Ab, Non-infected deve loping Th1 and Th2
cells were also included for comparison. Arbitrary densitometric units are indicated. E, three days after the infection as in D, the cells were
restimulated, and intracellular 1L-5/IL-4 and IFN¥1L-4 profiles of electronically gated GFP- (gate G1), GFP** (gate G2), and GFPM™ (gate G3)
populations were determined. The percentages of cells present in the each quadrant are shown, F, the cells present in the G1, G2, and G3 gate
prepared as in pansl D were sorted on day 5 by a ¢ell sorter, and the acetylation status of histone H3 was determined by ChIP assay. G, relative

bard intensities (Ac-H¥/Input DNA) of each group in panel E are shown.

vectors were introduced into developing Th2 eells cultured with
CD28 costimulation. The expression of the intreduced IxBaM
was confirmed by immunebletting with an anti-I«xBa Ab that
reacts with both wild type I«Be and IxBaM (Fig. 4C). Substan-
tial amounts of endogenous [xBa were detected in the GFP*
pepulation of mock pMX-IRES-GFP-infected cells (GFP) and
non-infected Th2 cells (Th2). Also, substantial amounts of
[«BaM were detected in the IxBaM-infected GFP* population
{IxBaM). As previously reported, the upper band, indicated by
an arrowhead, is [<BaM (45). The amount of endogenous [«xBa
in the I«xBaM-infected cells was found to be reduced, probably
as a result of the failure of NF-«B activation (46), The percent-
ages of IL-5- and IL-4-producing cells in the GFP-positive in-
fected cell population were determined (Fig. 4I). As can be
seen, the numbers of IL-5-produdng cells were decreased (12.4 +
23.4 to 6.8 * 6.1%) by the expression of kBeM. Interestingly, the
percentages of IL4-produdng cells were not significantly affected
by [«BaM expression (10.6 * 124 versus 20.5 + 6.8%). The acety-
lation status of the IL-5 promoter, [L-4 promoter, and RAD50
promoter regions was assessed in the developing Th2 cells infected
with IkBaM vector, and significant down-regulation of hyperacety-
laticn in the IL-5-related nucleosomes was detected (Fig. 4E).
Again, the introduction of IxBaM did not inhibit the acetylation
levels of the IL4- and RAD50-related nucleoscmes, suggesting that

The results are representative of three independent experiments.

NF-«B activation is preferentially involved in the process of hyper-
acetylation of the [L-5 gene locus.

The Generation of IL-5-producing Cells and Histone Hyper-
acetylation of the IL-5 Gene Locus Are Highly Dependent on the
Expression Levels of GATA3—It is reported that the inhibition
of NF-«B activity results in reduced GATA3 expression and
Th2 cytokine production in developing but not committed Th2
cella (23). To examine the possible involvement of GATAS in
the CD28-induced enhancement of histone hyperacetylation of
the [L-5 gene locus, we assessed the protein expression levels of
GATA3 in developing Th2 cells cultured with CD28 costimula-
tion, The GATAS levels were clearly increased by the presence
of CD28 costimulation at the 16- and 32-h time points (Fig. 5A4).
The increase was abrogated by the presence of wortmannin
(Fig. 5B). Furthermore, the transcriptional levels of GATAS as
assessed by semiquantitative RT-PCR were significantly
higher in the Th2 cell culture with CD28 costimulation (Fig.
5C). We also examined the transcriptional expression of
GATAS excn 1a and 15 (47). Although the expression of exon 1a
transcript was undetectable in these developing Th2 cells, that
of exon 1b was moderately enhanced in the presence of CD28
costimulation.

To examine the correlation between GATA3 expression and
histone hyperacetylation of the IL-5 gene locus, we introduced
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FIG. 6. Long range histone hyperacetylation and intergenic transcripts in the intergenic region of the IL-5 and RADS50 loci in
developing Th2 cells with CD28 costimulation. A and B, splenic CD4 T cells were stimulated under the indicated conditions for 7 days, and
a ChIP assay was performed. Shown are the PCR product bands for each primer pair (A) and the relative band intensities (B). The results are
representative of three independent expsriments. The location of GRE-IL-5 is indicated in panel B. kb, kilobase, WT, wild type. C and D, freshly
prepared CD4 T cells from B6 and STAT6-KO mice wera stimulated under the indicated conditions for 2 days and total RNA was prepared. RNA
samples were treated with RNase free DNase I to eliminate any possible genomic DNA contamination, reverse-transeribed (RT*), and then
subjected to PCR with the indicated primer pairs. RT~ represents PCR without reverse transeription, GAPDH, glyceraldebyde-3-phosphate
dehydrogenase. The numbers of the primer pairs are the same as thosa used in parel A. The intensity of bands of the highest concentration was
measured, and relative intensities to the §-actin bands are shown in panel D. The results are representative of three independent experiments.
E and F, the GATA3 intreduced cells asin Fig. 6D were sorted (GFP, gate G1; GFPY", gate G2; and GFPMe®, gate G3), and subjected to ChIP assay
with indicated primer pairs. The relative intensity (Ac-H3/Input DNA) of each band is shown in panel F. The results are representativa of two
independent experiments.

(GATAS into CD4 T cells stimulated under Thl-skewed condi- GATA3 in GFPYeh (expressing high levels of GATA3, G3) pop-
tions nsing a retroviral vector (pMX-IRES-EGFP) enceding ulation were ~2-fold as compared with those of GFP*™" (ex-
GATAS3 bicistronically with EGFP (pMX-GATA3-IRES-EGFP).  pressing low levels of GATAS, G2) population and equivalent to
The expression of GFP and GATA3 protein in the GATA3- those in Th2 cells. Next, the levels of IL-5- and IL-4-producing
infected T cells is depicted in Fig. 5. The expression levels of cells were compared between GFP~ (no GATA3 expression,
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Fia. 6—continued

G1), GFP*", and GFP"#" populations. As shown in Fig. 5E, left
panels, the generation of IL-5-producing cells was greatly in-
creased in the fraction of high GATA3-expressing cells (G3)
compared with that of low GATA3-expressing cells (G2)(24.5 +
18.2 versus 8.2 * 3.8%). The difference in the percentage of
IL-5-producing cells was about 4-fold. In contrast, slight
(~25%) increases in the generation of {L-4-producing cells were
detected (G3, 28.7 * 24.5%, versus G2, 84.6 + 8.2%). As for the
IFNyproducing cells, a GATA3 dosage-dependent decrease
was observed (Fig. 5E, right). No significant IFN+/1L-5 double-
producing cells were detected (data not shown).

To assess the acetylation status of histones in the GATA3-
introduced developing T cells, GFP~, GFP", and GFPh#b cells
prepared as above were purified by cell sorting and subjected to
ChIP assay. Histone hyperacetylation of the Th2 cytokine loci
(IL-5 promoter, IL-5 intron, IL-13 intron, [L-4 prometer, CNS1,
IL-4 V, enhancer) was significantly higher in GATA3-express-
ing cells (G2 and G3) compared with GATA3 non-expressing
cells (G1) (Fig. 5F). The levels of histone hyperacetylation were
increased concomitantly with the increase in the expression of
CATA3 (compare G2 and G3) in the IL-5 gene locus (IL-5
prometer and 1L-5 intron). No such increase was detected in
the IL4- and IL-13-related nucleosomes. These results suggest
that the generation of IL-5-producing cells and histone hyper-
acetylation of the IL-5 gene locus are highly dependent on the
expression levels of GATAS3.

Long Range Th2-specific Hyperacetylation Detected in the

Intergenic Region of the IL-5 and RADS(} Gene Loci Is En-
hanced by the Presence of CD28 Costimulation—A series of
primer pairs between the IL-5 and RAD50 loci were generated,
and the acetylation status of the nucleocsomes associated with
IL-5 and RAD50 loci was analyzed. The actual band patterns of
each ChIP assay (Fig. 64) and the relative band intensities
(Ac-H3/Input DNA) of the 14 selected primer pairs (Fig. 6B) are
depicted. A long range Th2-spedfic hyperacetylation was oh-
served from 400 bp upstream of the RAD50 exon 1 (correspond-
ing to primer 5} to the end of IL-5 exon 4 (primer 14). The
acetylation levels of all regions tested were significantly in-
creased in the presence of CD28 costimulation. These results
indicate that almost all histones from 400 bp upstream of the
RAD50 exon 1 to the end of IL-5 exon 4 (primer 14) are selec-
tively hyperacetylated under Th2-skewed culture conditions
and are sensitive to CD28 costimulation.

Intergenie Transcription Is Detected throughout the Intergenic
Region between the IL-5 and RAD50 Gene Loci—We demon-
strated that the intergenic transcription throughout the IL4 and
I1-13 gene lod was accompanied by histone hyperacetylation
(34). Thus, we examined the transcription of the intergenic re-
gion between the IL-5 and RAD50 gene loci. Interestingly, con-
siderable amounts of transcripts were detected throughout the
intergenic region, and the levels were significantly enhanced in
the presence of CD28 costimulation (Fig. 6, C and D). In addition,
we examined whether the intergenic transcripts were STAT6-de-
pendent or not. STAT6-deficient CD4 T cells were used in paral-
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lel. Only baseline levels of intergenic transcripts were detected.
These results suggest that intergenic transcripts are induced
throughout the intergenic region between the [L-5 and RADS0
gene loci in 2 Th2-specific and STAT6-dependent manner and are
sensitive to CD28 costimulation.

CD28 Costimulation-sensitive Hyperacetylation in the Inter-
genic Region of the IL-5 and BADS50 Gene Loci Is Dependent on
the Levels of GATA3 Expression—Next, we examined the cor-
relation between the levels of GATAS3 expression and histone
hyperacetylation of the intergenic region. The retrovirus-in-
duced GATA3-expressing cells shown in Fig. 5D were used to
compare the acetylation status between GFP~ (no GATAS ex-
pression, G1), GFP"*" (expressing low levels of GATA3, G2),
and GFPR€® (expressing high levels of GATA3, G3) populations
(Fig. 6E). The relative intensity (Ac-H3finput DNAS of each
acetylation band of GATA3-introduced cells is shown in Fig.
6F. As expected, the levels of acetylation in the high GATA3-
expressing cells (G3) were significantly higher than those of
low and no GATA3-expressing cells (G2 and G1, respectively),
suggesting that histone hyperacetylation of the intergenic re-
gion requires a high level expression of GATA3.

DISCUSSION

In this report we demonstrated that CD28 costimulation
controls Th2-specific histone hyperacetylation of the [L-§ gene
locus, CD28-mediated activation of NF-xB and the resulting
enhancement of GATA3 induction appeared to be a mechanism
by which histone hyperacetylation of the IL-5 gene locus was
efficiently induced. This regulation was IL-5 gene-specific be-
cause the effect of CD28 costimulation was not observed in the
acetylation of the IL-13 or IL-4 gene loci. A long range CD28-
sensitive histone hyperacetylation with transcripts was de-
tected in the IL-5 and intergenic region between the IL-5 and
RADS50 gene.

The generation of IL-5- and IL-13-producing cells and the
production of these cytokines were enhanced by CD28 costimu-
lation of the differentiation culture (Fig. 1). A similar conclu-
sion was drawn from the experiments with wortmannin (Fig. 4,
A and B). As for histone hyperacetylation, however, CD28
costimulation affected only the IL-5 gene locus (Fig. 2 and 3).
The transcription of IL-5 and IL-13 is known to be highly
dependent on GATA3 as compared with that of IL-4 (11, 48,
49). An efficient transcription of IL-5 or 1L-13 may require the
enhanced levels of GATAS that can be achieved by the presence
of CD28-costimulation. Thus, it is possible that CD28 costimu-
lation enhanced both histone hyperacetylation and transcrip-
tion at the IL-5 gene locus but enhanced only transcription at
the IL-13 gene. However, it would be unlikely that the en-
hancement of JL-6 and [L-13 production is mainly due to the
effect on transcription, because we did pot include anti-CD28
costimulation when the differentiated Th2 cells were restimu-
lated. In fact, the production of IL4 and IL-5 was only mar-
ginally increased when differentiated Th2 cells were restimu-
lated with anti-TCR+anti-CD28.2 This is consistent with the
results reported previously (23).

NF-«B was reported to interact with histone acetyltrans-
ferases such as CREB-binding protein/p300 (50-52). In addition,
NF-«B binding influenced the recruitment of SWL/SNF-type
chromatin remodeling complexes in the gramilocyte-macrophage
colony-stimulating factor promoter in T cells (53). Thus, it is
conceivable that CD28-induced NF-«B activation is invelved di-
rectly in the acetylation of the [L-5 gene locus at the chromatin
level. However, there is no NF-«B binding motif in the intergenic

2M. Inami, M. Yamashita, Y. Tenda, A. Hasegawa, M. Kimura, K.
Hashimote, N. Seki, M. Taniguchi, and T. Nakayama, unpublished
observation.

CD28-mediated Enhancement of Hyperacetylation of the IL-5 Gene

region of the [L-5 and RADS0 gene lod except for one in the
promoter region of the IL-5 gene. Thus, it is most likely that the
enhanced histone hyperacetylation of the IL-5 gene locus induced
by the presence of CD28 costimulation is due to the enhanced
expression of GATA3. NF-«B induces a wide variety of genes,
such as cytokines (e.g. tumor necrosis factor-a and granulocyte-
macrophage colony-stimulating factor}, chemokines (e.g. MCP-1
{monocyte chemoattractant protein)), RANTES (regulated on ac-
tivation normatl T cell expressed and secreted), and eotaxin), and
adhesion melecules fe.g. ICAM (intercellular adhesion molecule
1} and VCAM (vascular cell adhesion molecule 1) (54, 55). Thus,
it is also possible that other genes regulated by NF-«B activation
play critical roles in the histone hyperacetylation of the IL-5 gene
locus; however, further investigation is required for addressing
this issue.

We detected a long range histone hyperacetylation accompa-
nying intergenic transcripts throughout the intergenic region
of the IL-5 and RAD50 gene loci (Fig. 6). This is reminiscent of
the GATA3 dependent hyperacetylation of the [L-13 and IL-4
gene lod (34, 42), suggesting that a similar molecular mecha-
nism governs the acetylation events of both IL-13/1L.4 and IL-5
genes, The difference was the sensitivity to CD28 costimulation
and the dependence on the levels of GATA3. Although the
reason for the difference is not clear at this time, the nature of
putative GATA response elements responsible for the IL-5 gene
acetylation could be distinet from that of conserved GATA3
response element (34). There is 60% homology in the DNA
sequence around the upstream region of human RAD50 gene
compared with mouse, but we did not identify any conserved
GATA binding motifs. However, there are several GATA bind-
ing motifs present in both mouse and human, suggesting a
possible targeting of GATAS3 to this region.

Hyperacetylation of the histone H3 (K9/14) and H4 (K5/8/12/
186) is associated with transcriptionally active chromatin (33).
However, acetylation of the histone H3-K9/14 does not always
correlate with histone H4 acetylation (56). Furthermore, meth-
ylation of histone H3-K4 appears to be correlated with active
chromatin (57). In the study we focused on the acetylation
status of histone H3-K9/14. Thus, further analysis of histone
H4 and histone H3-K4 methylation will be required to provide
a more detailed view of the chromatin remodeling of the IL-5
gene locus.

In conclusion, we have demonstrated a possible molecular
mechanism that controls histone hyperacetylation of the IL-5
gene locus. Characteristic features of chromatin remodeling of
the IL-5 gene locus as compared with those of IL-13 and 1L4
were revealed to be the differential involvement of CD28 co-
stimulation and sensitivity to the levels of GATAS protein. This
study is the first to provide evidence that CD28 costimulation.
controls chromatin remodeling during Th2 cell differentiation. .
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GATA3 expression is essential for type-2 helper T
(Th2) cell differentiation. GATA3-mediated chromatin
remodeling at the Th2 cytokine gene loci, including Th2-
specific long range histone hyperacetylation of the in-
terleukin (IL)-1%TL-4 gene loci, occurs in developing
Th2 cells. However, little is known about the role of
GATAS, if any, in the maintenance of established remod-
eled chromatin at the Th2 cytokine gene loci. Here, we
established a Cre/LoxP-based site-specific recombina-
tion system in cultured CD4 T cells using a unique ade-
novirus-mediated gene transfer technique. This system
allowed us to investigate the effect of loss of GATAS
expression in in vitro differentiated Th2 cells. After ab-
lation of GATA3, we detected reduced production of all
Th2 cytokines, increased DNA methylation at the IL-4
gene locus, and decreased histone hyperacetylation at
the I1-5 gene locus but not significantly so at the IL-13/
IL-4 gene loci. Thus, GATAS plays important roles in the
maintenance of the Th2 phenotype and continuous chro-
matin remodeling of the specific Th2 cytokine gene lo-
cus through cell division.

After antigenic stimulation, naive CD4 T cells differentiate
into two distinct helper T cell {Th)* subsets, Th1 and Th2 cells
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{1} Th1 cells produce IFN-v to control cell-mediated immu-
nity against intracellular pathogens. Th2 cells produce ILA,
IL-5, and IL-13, and are invelved in humoral immunity and
allergic reactions (2-4). The cuteome of Th cell differentia-
tion depends on the eytokine environment (5, 6). IL-4-medi-
ated STATS activation is important for inducing efficient Th2
cell generation (7, 8), although IL4/STAT6-independent Th2
responses have also been reported in varicus experimental
systems (9-13).

Recent studies have identified several transeription factors
that control Th2 cell differentiation (8, 14, 15). Among them,
GATAS appears to be a master transcription factor for Th2 cell
differentiation. GATAS is selectively expressed in Th2 cells and
its ectopic expression induces Th2 cell differentiation even in
the absence of STATS (16-19). Also, GATA3-dependent auto-
activation {13, 19) and an instructive role of GATAZ3 for Th2 cell
differentiation (20) were reported.

Changes in the chromatin structure of the Th2 cytokine
(IL-4/IL-5/1L-13) gene loci oceur during Th2 cell differentiation
(14, 21). Th2 cell differentiation induced by ectopic expression
of GATAS results in DNA demethylation (21) and the induction
of DNase |-hypersensitive sites in the IL4 gene locus (19, 22).
Recently, we and others demonstrated that histone hyperacety-
lation of the Th2 cytokine gene lod occurs in developing Th2
cells in a Th2-specific and STAT6-dependent manner (23-25).
We demonstrated an essential role for GATA3 in Th2-specific
histone hyperacetylation (23). We generated a precise map of
the Th2-specific histone hyperacetylation within the type 2
cytokine gene loci, and identified a 71-bp conserved GATA3
response element (CGRE) 1.6 kbp upstream of the IL-13 locus
exon 1 (23), The conserved GATAS response element (CGRE)
may play a crucial role for GATAS-mediated targeting and
downstream spreading of core histone hyperacetylation within
the IL-13 and IL4 gene loci in developing Th2 cells. However,
it is still unclear whether continucus expression of GATA3 is
required for the maintenance of the established chromatin
remodeling at the Th2 cytokine gene loa.

In the present study, we investigated the role for GATA3 in
the maintenance of Th2 cytckine production and the remodeled
chromatin using a newly established in vitro site-specific re-
combination system. The loss of GATAS expression resulted in
decreased Th2 cytokine production, reduction of histone hyper-
acetylation at the IL-5 gene locus, and increased DNA methyl-
ation at the IL-4 gene locus. Thus, GATA3 plays important
roles in the maintenance of the Th2 phenotype and continuous
chromatin remodeling of the specific Th2 cytokine gene loci.
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EXPERIMENTAL PROCEDURES

Mice—C57BL/6 mice were purchased from SLC (Shizuoka, Japan}.
STAT6-deficient mice were kindly provided by Dr. Shizuo Akira (Osaka
University, Japan) (26). Transgenic mice expressing coxsackie/adeno-
virua receptor under the control of an ick prodmal promoter {coxsackie/
adenovirus receptor (CAR) Tg mice) has been previously described (27).
All mice used in this study were maintained under specific pathogen-
free conditions and were used at 4—8 weeks of age. Animal care was in
accordance with the guidelines of Chiba University.

Immunrofluorescent Staining and Flow Cytometry Analysts—In gen-
eral, one million cells wera stained with antibodies as indicated accord-
ing to a standard method (28). Anti-CD4-flucrescein isothiccyanate
(RM4-1-FITC} and anti-CD8-PE (53.6-72-PE) were purchased from
BD Pharmingen. For detecting hCAR, bictinylated anti-CAR antibody
(RmeB) (27) and Cy5-conjugated avidin were used. For intracellular
staining, allophycocyanin-conjugated anti-IFN-y antibody (XMG1.2;
BD Pharminger), anti-IL-5 antibedy (TRFKS; BD Pharmingen), and
PE-conjugated anti-1L-4 antibedy {(11B11; BD Pharmingen) wers used
(29, 30). Flow cytometry analysis was performed on FACScalibur (BD
Biosciences) and results were analyzed with CELLQUEST software
(BD Biosciences).

In Vitro T Cell Differentiation Culture—Purification and in vitro Th
cel] differentiation cultures were done as described (23, 29). Splenic
CD4 cells were purified using magnetic beads and an Auto-MAGS
Sorter™ (Miltenyi Biotec), yielding purity of >98%. For Th1 differen-
tiation, the cells (1.5 X 10%) were stimulated for 2 days with immobi-
lized anti-TCR mAb (H57-537, BD Pbharmingen) and anti-CD28 mAb
(37.51; BD Pharmingen) in the presence of IL~2 (25 units/ml}, 11-12 (100
units/ml}, and anti-IL-4 mAb (11B11, 25% culture supernatant). For
Th2 cell differentiation, cells were stimulated with immetilized anti-
TCR mAb and anti-CD28 mAb for 2 days in the presence of IL-2 (25
unita'ml}, [L-4 (100 unite'ml), and anti-IFN+ mAb (R4-6A2, 25% cul-
ture supernatant). The cells were then transferred to new wells and
cultured for another 3 days in the presence of only the cytokines present
in the initial culture, In some experiments, twe or three eycles of the
anti-TCR plua anti-CD28 stimulation were used.

Virus Vectors, Infection, and Strategy for Deletion of GATAS Trans-
gene—The retroviral vector pMX-IRES-EGFP and a Plat-E packaging
cell lina were kindly provided by Dr. Toshio Kitamura (University of
Tokye, Tokyo, Japan). Retrovirus vectors containing a loxP-Panked
EGFP cassotte (pMX-lkxP-EGFP{oxP} and & loxP-flanked human
GATA3-IRES-EGFP cassatte (pMX.loxP-GATAZ-IRES-EGFP-loxP)
wore generated using the original pMX-IRES-GFP vector (31) (Fig. 14).
The method for the preparation of virus supernatant was described
previously (32). An adenovirus vector containing a Cre recombinase
expression cassette (Ad-Cre) was kindly provided by Izumi Saito (Uni-
versity of Tokye, Tokyo, Japan) (Fig. '1B) (33).

To investigats the effect of loss of GATAS expression in differentiated
Th2 cells, we established a site-specific recombination system in CD4 T
cells cultured in vitro, The strategy of intreduction and deletion of the
GATA3 transgene is illustrated in Pig. 1C. First, naive CD4 T cells were
stimulated under Thl-skewed conditions, and infected with retrovirus
vectors containing a loxP-flanked GATAS/IRES/EGFP cassetta. Three
days latar, GFP-positive retrovirus-infected cells wers sorted with &
FACSVantage (BD Biosciences) flow cytometer and restimulated under
the same Thl-skewed conditions of initial stimulaticn for a further §
days. After another cycle of 5.day re-stimulation culture under Thi-
skewed conditions, the cells wers infectad with Ad-Cre to delets the
GATAZ/RES/EGFP transgene by expressing NLS-tagged Cra racombi-
nase. The preparation of adenovirus supernatant was done as described
(33). Cell entry by adenovirus involves bigh-affinity binding of the viral
fiber capsid protein to a cellular receptor, CAR. We used CAR Tg mouse
T cells to avoid the limited expression of CAR on T cells (27).

In Figs. 4 and 5, & more strict protocol was used. The outline of the
pretocol is shown in Fig. 4A. Four days after infection of retrovirus
vectora containing a loxP-flanked GATAMIRESEGED, cells wers atim-
ulated with immobilized anti-TCR and anti-CD28 for 4 h, stained with
anti-IL-4 PE detection mAbs using IL-4 Secretion Assay kit (number
130-090-515: Militenyi Biotec), and GFP*IL-4* cells were sorted with
purity >98%. The sorted cells were cultured for 6 days in the presence
of eytokines {IL-2 and IL-i2), and then another stimulation with anti-
TCR and anti-C[}28 was performed. Two days later, cells wers infected
with Ad-Cre. Four days after Ad-Cre infection, GFP™ cells wera sorted
to exclude the small numbers of GFP* (GATA3} expressing celis re-
maining in the culture. After T cell expansion by anti-TCR stimulation,
analysis was done on day 25. To exclude the effect of endogenously
induced GATAZ molecules, we used naive STATS-deficient CD4 T cells

Role of GATA3 in the Maintenance of Th2 Phenotype

and Thi-skewed culture conditions containing anti-IL-4 mAb through-
out the 25-day cultivation.

PCR Analysis—The levels of EGFP transgene wers assessed by semi-
quantitative PCR with a specific primer pairs: forward, GTGAACCGT-
CAGATCCG-3' and reverss, 5'-TTACTTGTACAGCTCGTC.

Immunoblot Analysis—The amounts of GATA3 and GFP were as-
sessed by immuncblotting with anti-GATA3 mouse mAb, HG2-31
{(Santa Cruz Biotechnology, Santa Cruz, CA), and anti-GFP antiserum
(MBL, Nagoya, Japan} as described {30).

ELISA for the Measurement of Cytokine Corcentration—Cells were
stimulated with immobilized anti-TCR (3 pg/ml) in 48-well Nat bottom
plates (2.5 X 10° cells/well) for 24 h at 37 °C. The production of L4,
IL-5, IFN-v, and JL-2 was assessed by ELISA as described previously
{30). The production of IL-13 was evaluated with a mouse IL-13 ELISA
kit (R & D Systems) according to the manufacturer's protocol.

Reverse Transcriptase-PCR—Total RNA was isolated from cultured
cells using the TRIzol reagent. Reverse transcription was earried out
with Superseript Il RT (Invitrogen). Three-fold serial dilutions of tem-
plate cDNA were done. The primers used were as described previous!y
(32).

Chromatin Immunoprecipitation (ChIP) Assay—ChIP assays were
performed using histone H3 ChIP assay kits (number 17-245; Upstate
Biotachnology) and apecifie primers as described previously (23).

Methylation-specific PCR—Genomic DNA was isolated from 1 x 10°
cells by using a Wizard Genomic DNA Purification kit (Promega).
Bisulfate treatment of DNA was performed by using a CpGenome DNA
Modification kit (Intergen, Purchase, NY). The sequences of primers
used for PCR amplification were described previously by Guo et al. (34).

RESULTS

Efficient Adenovirus-mediated Transgene Introduction into
CAR Tg CD4 T Cells in Vitro—The aim of this study was to
determine the role of GATA3, if any, in the mainienance of the
established Th2 phenotype and Th2-type chromatin remodel-
ing. To investigate the effect of loss of GATA3 expression in
differentiated Th2 cells, we established a CreloxP-mediated
site-specific recombination system in T cells. The system con-
stitutes (i) retrovirus-mediated introduction of a loxP-flanked
GATA3 transgene for Th2 cell differentiation from naive CD4 T
cells, and (ii) subsequent adenovirus-mediated Cre expression
to delete the loxP-flanked GATAS3 transgene (Fig. 1).

Thus, we first evaluated the feasibility of adenovirus-medi-
ated gene transfer in T cells. Naive CD4 T cells express limited
amounts of CAR and are konown to be resistant to adenovirus
infection. To increase the efficiency of adenovirus infectionin T
cells, we used CAR Tg mice expressing CAR on T cells under
the control of the proximal promoter of lck and a CD2 enhancer,
in which the majority of CD4 and CD8 T cells in the spleen
showed high level cell surface expression of CAR (27), Freshly
prepared CD4 T cells from CAR Tg mice were infected with
Ad-EGFP. Two days after infection, the majority of CAR Tg
CD4 T cells expressed substantial levels of GFP compared with
that of nen-Tg B6 CD4 T cells (Fig. 24). A time course of the
GFP expression after Ad-EGFP infection was assessed in CAR
CD4 T cells cultured under Thi- or Th2-skewed conditions (Fig.
2B). The expression of GFP pealed on day 3 in either Thl or
Th2-skewed culture conditions. The high-level expression was
maintained for at least 4 days after infection. Thus, adenovi-
rus-mediated gene transfer was efficlent when using CD4 T
cells from CAR Tg mice.

Deletion of a loxP-flanked EGFP Transgene by Ad-Cre Infec-
tion in Cultured CD4 T Cells—The efficiency of Cre-mediated
DNA recombination was next assessed in CAR Tg CD4 T cells
using EGFP as ap indicator. CAR Tg CD4 T cells were stimu-
lIated with anti-TCR mAb plus anti-CD28 mAb and infected
with a retrovirus containing a loxP-flanked EGFP cassette
(pMX-loxP-EGFP-loxP). GFP-expressing infected cells were
sorted, restimulated for 3 days, and then infected with either 1
or 8 x 10® IFU of Ad-Cre as described under “Experimental
Procedures.” Fig. 34 shows a representative genomic DNA PCR
result assessing the amount of EGFP transgene DNA left in
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FiG. 1. Schematic representation of retrovirus and adenovirus
vectors, and strategy for Cre-mediated site-specific gene recom-
bination. A, retrovirus vectors containing loxP-flanked EGFP (pMX-
loxP-EGFP-loxP) and lexP-flanked human GATAS-IRES-EGFP (pMX-
loxP-GATA3-IRES-EGFP-loxP). B, an adenovirus vector inserted with
the Cre recombinase gene (Ad-Cre), C, the strategy for introduction and
deletion of the GATA3 transgene.

CD4 T cells after Ad-Cre infection. The ratio of EGFP/input
DNA is shown in Fig. 38. The EGFP transgene content was
significantly decreased 2 days after Ad-Cre infection in a virus-
dosage dependent manner., On day 3, the majority of the EGFP
transgene was deleted by infection with 3 X 10® IFU of Ad-Cre
(Fig. 3A, bottom). These results suggest that the lox-P-flanked
EGFP transgene was efficiently deleted in cultured CD4 T cells
by Ad-Cre infection when CAR Tg CD4 T cells are used.
Concurrently, the expression levels of EGFP protein after
Ad-Cre infection were monitored by flow cytometry. To allow
comparison with the EGFP-negative T cell control peak, no
GFP sorting was done in this particular experiment. Shown are
representative flow cytometry histograms (Fig. 3C), and rela-
tive intensity data from the GFP-positive peaks after infection
with 3 X 10® IFU of Ad-Cre (Fig. 31). As can be seen, expres-
sion levels of GFP in CAR Tg CD4 T cella decreased day by day
after Ad-Cre infection, and were approximately one-fifth of the
original expression level on day 4 when 3 x 10 IFU of Ad-Cre
were used (Fig. 3D). In contrast, only a marginal decrease was
observed in non-Tg CD4 T cell cultures. Although almost com-
plete deletion of the EGFP transgene was detected on day 3
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post-infection with 3 X 10® IFU of Ad-Cre (see Fig. 3, A and B),
a significant amount of GFP protein (~20-30%) was detected
by flow cytometry. This could be explained by the substantially
long half-life of the GFP protein.

Efficient Depletion of Retrovirus-induced GATAS Expression
by Ad-Cre Infection in in Vitro Differentiated Th2 Cells—To
investigate the role of GATA3 in the maintenance of the Th2
phenotype, CI}4 T cells from STAT6-deficient CAR Tg mice
cultured under Thl-skewed conditions were infected with ret-
roviral vectors containing a lox-P-flanked GATA3/IRES/GFP
cassette (pMx-lox P-GATA3-IRES-GFP-1oxP). In the STAT6-de-
ficient T cells cultured under Thl-skewed conditions, endoge-
nous GATA3 induction was minimum. The outline of the pro-
tocol is shown in Fig. 4A. Four days after infection of the
retrovirus vector, the cells were stimulated with immobilized
anti-TCR and anti-CD28B mAb, stained with anti-IL-4-PE de-
tection mAbs, and GFP*IL4"* cells were sorted. Representa-
tive GFP/IL-4 profiles are shown in Fig. 48. The sorted cells
were cultured for 6 days in the presence of cytokines (IL-2 and
IL-12), and another cycle of stimulation with anti-TCR and
anti-CD28 was performed on day 12, Two days later, the cells
were infected with Ad-Cre (3 x 10° IFU). Four days after
Ad-Cre infection, GFP™ cells were sorted to enrich for GATA3
transgene-depleted cells. Thil-skewed conditions were used
throughout the 25-day culture. The cultured cells were har-
vested, and the expression levels of EGFP and GATAS were
assessed to confirm that GATAJ protein is depleted (Fig. 4, C
and D). As can be seen, the levels of GFP fluorescence were
reduced (Fig. 4C), and the expression levels of GATAS3 protein
were decreased dramatically (about 10-fold) in the cells in-
fected with Ad-Cre (Fig. 4D). Without Ad-Cre infection, the
expression of GATA3 protein was not changed during the last
T-day cultivation (data not shown).

The mRNA levels of several transcriptional regulators
(GATA3, c-Maf, JunB, and T-bet) in the Th2 cells after ablation
of GATAZ were assessed (Fig. 4E). As expected, the mRNA
levels of GATA3 were ~1/10 of those of LacZ-infected control
cells. In contrast, essentially no significant change in c-Maf or
JunB expression was detected in the Ad-Cre-infected T cells.
The expression of T-bet was reduced by the expression of
GATA3, and restored by the depletion of GATAS3 transgene.

Expression of GATA3 Is Reguired for Th2 Cytokine Produc-
tion in in Vitro Differentiated Th2 Cells—Cytokine production
profiles of the cells prepared in Fig. 4 were assessed by cyto-
plasmic staining. As can be seen in Fig. 5A, middle panels,
more than 40% (39.3 + 3.5%) of the cells infected with pMx-
1oxP-GATA3-IRES-GFP-loxP were 1L-4 producing cells, and
more than 30% {(19.2 + 18.2%) were IL-5 producing cells. Mar-
ginal numbers of IFN-y producing IL4 non-producing cells
were detected (7.0%). The percentages of IL-4 producing cells
were decreased to about 25% (23.1 + 3.8%) after Ad-Cre infec-
tion, and those of IL-5 were about 16% (8.1 + 7.9%) (compare
the percentages depicted in the middle and right panels in
JIEN-4/IL4 and IL-5/1L4 profiles). A significant number of
IFN-v producing cells was noted, suggesting that some of the
cells become IFN-y producing cells after depletion of the
GATAZ3 transgene. These results suggest that GATA3 expres-
sion is important for the maintenance of Th2 cytokine
production. '

Next, the levels of Th2 cytokines produced in the culture
supernatant were determined by ELISA, Little in the way of
Th2 cytokines (IL-4, IL-13, and IL-5) were detected in super-
natants from non-infected cells cultured under Thl-skewed
conditions. In contrast, GATA3-transduced cells produced
large amounts of Th2 eytokines and decreased amocunts of Thl
eytokines (IFN-y and IL-2) as previously reported (16-19). As
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(MFI) is depicted in each panel.

expected, the production of Th2 cytokines (IL-4, IL-13, and
IL-5) was significantly decreased by Ad-Cre infection (Fig. 5B,
bottom). IFN-y preduction was moderately restored. These re-
sults suggest that the continuous expression of GATAS is im-
portant for the production of IL4, IL-5, and IL-13 in the in vitro
differentiated Th2 cells,

GATAS Is Required for the Maintenance of Hyperacetylation
of Histore H3 in the IL-5 Gene Locus but Not in the IL-13/IL.4
Gere Loci—Finally, we assessed the chromatin remodeling sta-
tus of the Th2 cytokine gene loci after deletion of the GATA3
transgene, Acetylation status of histone H3 (K9/14) in the
nucleosomes associated with the Th2 cytokine gene loci was
determined by ChIP assays. The levels of acetylation in in vitro
differentiated Th2 cells eultured under Th2-skewed conditions
for 5 days are shown for comparison. The relative band inten-
sities (Ac-H3/Tnput DINA) are shown in Fig. 6B, As we reported
previously, ectopic expression of GATAS induced histone hy-
peracetylation in the Th2 cytokine gene loci (Fig. 64, Ac-H3,
second column) (23). As shown in Fig. 6, A and B, significantly
reduced histone hyperacetylation of the IL-5 promoter region
was detected by the Ad-Cre-mediated deletion of the GATAS
transgene. The decrease in the acetylation of II4 promoter,
IL-13 promoter, V, enhancer, CNS1, and GATA3 response
element was marginal. Acetylation of the IFN+y promoter was
decreased by GATAS expression, and significantly increased by
deletion of the GATA3 transgene (Fig. 6, A and B, bottom).

GATA3 Is Required for the Maintenance of Continuous Dem-
ethylution of the IL-4 Intron 2 Region—Demethylation of the

IL-4 intron 2 region in developing Th2 and established Th2
cells wag reported previously (21). Here, we used a methyla-
tion-specific PCR technique to evaluate the methylation status
of IL4 intron 2 {34). After treatment of genomic DNA with
bisulfate, unmethylated cytidine is converted to uridine but
methyleytidine is preserved as cytidine. In this system, primers
that distinguish uridine (thymidine) and cytidine at sites of
CpGs were used to evaluate the levels of methylaticn. We
focused on two cytidine residues within the IL-4 intron 2 re-
gion, and four patterns {both methylated, M/M; one methylated
and one demethylated, M/U or U/M; and both demethylated,
U/U) would be detected. In GATA3 non-transduced cells, 50%
of the genome contained methylated cytidine at both residues
(Fig. 6, C and D, top). In GATA3-transduced cells, only 20% of
this region was methylated at both residues, 40% was un-
methylated and 40% was hemimethylated (Fig. 6, C and D,
middle). When the GATAS3 transgene was deleted, 50% of the
genome contained both cytidine residues methylated, and onty
20% was unmethylated (Fig. 6, C and D, botfom), suggesting
that the methylation pattern was compatible to that of pon-
GATAS3 transduced cells. These results suggest that continuous
GATA3 expression is required to maintain the unmethylated
status of the Th2 cytokine gene lodi in differentiated Th2 cells.

DISCUSSION

In the present study, we established a Cre/LoxP-based site-
specific recombination system in cultured CD4 T cells using a
unique adenovirus-mediated gene transfer technique. Ectopic
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Fie. 3. Deletion of a IoxP-flanked EGFP transgene by Ad-Cre infection in cultured CD4 T cells. CAR Tg CD4 T cells were stimulated
with anti-TCR mAb plus anti-CD28 mAb and infected with a retrovirus containing loxP-flanked EGFP (pMX-loxP-EGFP-loxP). GFP expressing
infected cells were sorted, restimulated for 3 days, and then infected with 1 x 10® or 3 % 10° IFU of Ad-Cre. A, a representative genomic

semi-quantitative PCR of the EGFP transgene.

B, the ratios of EGFP/input DNA. C, CAR Tg and non-Tg CD4 T cells were stimulated with

anti-TCR mAb plus anti-CD28 mAb, and infected with & retrovirus containing lorP-flanked EGFP (pMX-loxP-EGFP-loxP). The expression levels
of GFP protein in whole cells (both retrovirus-infected and uninfected populations) were monitored by flow cytometry after 1 X 10° and 3 x 10°
IFU Ad-Cre infection. The relative intensity of the positive peak of 3 % 10° IFU Ad-Cre infection is depicted in panel D.

expression of GATA3 induced Th2 cell generation without L4
or STATS activation. Using these Th2 cells, the role of GATA3
expression in the maintenance of Th2 phenotype was examined
by deleting the GATAS transgene with adenovirus-mediated
expression of the Cre protein. The reduction of GATA3 expres-
sion in the in vitro differentiated Th2 cells resulted in de-
creased production of all Th2 eytokines tested (IL-4, IL-13, and
IL-5) (Fig. 5, decreased histone hyperacetylation of the 1L-5
gene locus (Fig. 6, A and B, and inereased methylation of DNA
at the IL-4 intron 2 region (Fig. 6, C and D). These results
suggest that continuous expression of GATA3 is required for
the maintenance of Th2 eytokine production and remodeled
open chromatin at the specific Th2 cytokine gene loci.

The production of Th2 eytokines, particularly IL-5 and IL-13,
were reported to be highly dependent on the transeriptional
aclivity of GATAS (16, 35, 36). We reported that expression of
GATAS induced more than a 10-fold increase in JL-5 and [L-13
promoter activities, whereas that of the IL4 promoter was
increased only about 2-fold (23). Therefore, the decreased IL-5
and IL-13 production after deletion of the GATAS3 transgene by
Cre-induced recombination is explained at least in part by the
decreased transcriptional activity of GATA3.

More importantly, however, we detected decreased histone
hyperacetylation at the 1L-5 gene locus and increased methyl-
ation of [L~4 gene intron 2 following GATAS3 ablation (Fig. 6),

guggesting that the levels of openness of chromatin at specific
Th? cytokine gene loci were dependent on the expression of
GATAS3. Interestingly, the levels of acetylation at the IL-13/
IL-4 gene loci were not significantly affected by the ablation of
the GATAS3 protein (Fig. 6). It is possible that small amounts of
residual GATA3 are sufficient for the maintenance of acetyla-
tion of the IL-13/IL4 gene loci but not for that of the IL-5 locus.
Alternatively, GATAS3 independent molecular events that
maintain the histone hyperacetylation are operating at the
IL-13/IL-4 gene lodi in differentiated Th2 cells. Histone H3-K4
methylation and histone H3-K9/14 acetylation appear to be
associated with transcriptionally active chromatin (37), Dis-
ruption of an H3-K4-specific methyltransferase, MLL contain-
ing a SET demain, resulted in reduced histone acetylation (38,
39). Thus, unknown but critical molecular events may control
histone H3-K9/14 acetylation as well as histone H3-K4 meth-
ylaticn in in vitro differentiated Th2 cells.

Recently, we have reported that the induction of histone
hyperacetylation at the IL-5 gene locus is dependent on STATS
and GATAS3, but the signal requirements are distinct from that
for the 1L-13/1L.-4 gene loci (40). The remodeling process of the
IL-5 gene locus is more sensitive to CD28-induced NF-«B acti-
vation. It is possible that molecular events governing the main-
tenance of histone hyperacetylation of the 11-13/IL-4 gene loci
and that of [1.-5 locus are distinct.
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F16. 4. Depletion of retrovirus-induced GATA3 expression by Ad-Cre infection in in vifro differentiated Th2 cells. 4, the outline of
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stimulation with anti-TCR and anti-CD28 was performed. Two days later, the cells were infected with either Ad-Cra (3 X 10° IFU) or Ad-LacZ (3 X
10® IFU). Four days after adenovirus infection, GFP~ cells wera sorted to entich the GATA3 transgene-depleted cells, After T cell expansion by
anti-TCR/anti-CD28 stimulation, analysis was done on day 25. B, representative GFP/IL-4 profiles on sorted cells at day &, Cells were stained with
anti-IL-4 PE as described in A and GFP/IL-4 double positive cells were sorted by flow eytometry. The percentages of calls in each quadrant are
shown. C, expression levels of EGFP in the in vitro differentiated Th2 cells with or without Ad-Cre infection. An Ad-LacZ vector was used as a
control. The ezpression level of EGI'P in the cells {on day 25) prepared as in panel A was determined by flow eytametry. D, immunoblot analysis
for GATA3 in the in vitro differentiated Th2 cells with or without Ad-Cre infection. GATAS and tubulin « expression levels wers determined by
immunoblotting with specific mAbs. Lysates from 8 % 10° (upper for GATA3} and 0.3 X 10° (fower for tubulin a) cells were used per lane. The
results are representative of three independent expariments. Arbitrary densitometric units are depicted under each band. E, exprassion levels of
Th2- and Thi-related transeriptional regulators in Th2 cells depleted of the GATA3 transgene. Tha transeription levels of CATAS, e-Maf, JunB,
T-bet, and B-actin were determined by semiguantitative revarse transcriptase-PCR analysis with 3-fold serial dilution of template cDNA.

A B

GATAZ LacZ Cre L4

IL-5

3

sa
(ng/ml)

F16. 5. Effect of GATA3 depletion on Th2 cytokine production in in vitro differentiated Th2 cells. A, cytokine production profiles of Th2
cells after depletion of the GATA3 transgene prepared as in Fig. 4A were assessed by cyteplasmic staining ({FN-#iL-4 and IL-6/L-4). The
percentages of the cells present in each quadrant are shown. Four independent experiments were done with similar results. B, cytokine production
of Th2 cells after depleticn of the GATAS transgene was assessed by ELISA. Four independent experiments were done with similar results.

We also demonstrated that GATAS expression is required for  directly in the methylation processes of the methyltransferase
the maintenance of demethylation of the IL-4 intron 2 region  complex at this time. Recently, Tamaru ef al. (42) reported that
{Fig. 6, C and D). It is not clear whether GATA3 is involved methylation of lysine 9 of histone H3 is a mark for DNA
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FiG. 6. The role for GATAS in the maintenance of open chromatin at the Th2 cytokine gene loci. A, the acetylation status of histone
H3 in nucleosomes associated with the Th?2 eytokine gene loci was determined by ChIP assay. An Ad-LacZ vector was used as a control for Ad-Cre.
Histone hyperacetylation of [L-4-, IL-13-, and IL-5-associated nuclecsomes (IL-4 promoter, IL-13 promoter, IL-5 promoter, V, enhancer, CNS1 and
GATAS response element) in Th2 cells after deplstion of the GATA3 transgene prepared as in Fig. 44 was examined. The levels of acetylation in
5-day in vitro differentiated Th? cells are also shown for comparison. Three independent experiments were done with similar results. B, the relative
intensity of histone hyperacetylation (Ac-H3/Input DNA for the higher concentration bands) in each group shown in panel A. C, the DNA
methylation status of the IL-4 intron 2 region assessed by a methylation-specific PCR technique. We focused on two cytidine residues within the
1L~4 intren 2 region, and four patterns (both methylated, M /M; one methylated and one demethylated, M /U or U/M; and both demethylated, U/ 1)
were detected. Three independent experiments were done with similar results. D, relative intensity (%) of each band shown in panet C.

methylation in Neurospora crassa (41). Alsc very recently, a
tight correlation between methylation of lysine 9 of histone H3
and DNA methylation was reported in mammalian cells (42).
Finally, it has been reported in many systems that there is an
inverse correlation between acetylation and methylation of hi-
stone H3 lysine 9 in chromatin activation (43-45). Thus, it is
likely that GATAS is required solely for selective targeting of
the histone acetyltransferase complex to the Th2 cytokine gene
loci, and that this causes the appearance of demethylation
indirectly. Whereas Hutchins ef al. (46) reported that GATA3 is
not required for the induction of DNA demethylation of intren
2 of the [L4 gene locus, we detected demethylation of one site
in the same iniron 2 region by ectopic expression of GATA3
{Fig. 6). The reason for this apparent discrepancy is not clear,
but it is possible that the PCR detection system we used here,
to assess demethylation at specific sites in the IL-4 infron 2
region, may be more sensitive than the Southern blotting
method used by Hutchins et al. (46).

In Fig. 4, the levels of residual GATA3 after Cre introduction
appeared to be about 10% of control. However, the numbers of
IL-4 or IL-5 producing cells and the levels of actual cytokine
production were only reduced 2-3-fold (Fig. 5, A and B). These
results may suggest that a certain low level of GATA3 protein
is enough to maintain Th2 cytokine gene expression in some
cells. It is also possible that the Th2 phenotype is already fixed
in certain numbers of Th2 cells, in which unknown GATAS-
independent mechanisms control the maintenance of the Th2
phenotype.

Murphy and colleagues {(13) reported that the expression of
GATA3 is controlled by autoactivation. Two distinet promoters
control the expression of GATAS3 (47). A newly identified pro-
moter is suggested to be responsible for GATA3-dependent
GATA3 transeription (GATA3 autoactivation). Thus, we per-
formed Northern blot analysis to assess endogenous GATA3
levels, and could not detect any endogenous GATAS after de-
letion of the loxP-flanked GATA3 transgene.? One posgible
explanation is that the expression level of GATAS after irn vitro
site-specific recombination was too low to activate a GATA3-
dependent promoter. In any event, the effect of deletion of the
GATAS transgene could not have been complicated in any way
by the expression of endogenous GATAS3 protein that might
have been induced by so called autoactivation, as there was no
endogenous GATA3 expression.

In our Cre/l.oxP-based site-specific recombination system,
the retrovirus-introduced transgene was deleted from the ge-
nome quite efficiently by adenovirus-mediated Cre introduc-
tion (Fig. 3, A and B). Thus, this system has proven to be a
powerful tool for studying stage-specific roles of GATAS, and
may be useful in this regard with varicus factors that are
crucial for T cell activation, differentiation, and function. In
summary, we demonstrated an important role for GATA3 in
the maintenance of Th2 cytokine production, and remodeled

M. Yamashita, M. Ukai-Tadenumea, T. Miyamoto, K. Sugaya, H.
Hosokawa, A. Hasegawa, M. Kimura, M. Taniguchi, J. DeGregori, and
T. Nakayama, anpublished observation.
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open chromatin at the specific Th2 cytokine gene loci using a
newly established ir vitro site-specific recombination system.
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Brief report

Role of a NK receptor, KLRE-1, in bone marrow allograft rejection: analysis with

KLRE-1-deficient mice

Eiko Shimizu, Junzo Koike, Hiroshi Wakao, Ken-ichiro Seino, Haruhike Koseki, Terutaka Kakiuchi, Toshinori Nakayama, and

Masaru Taniguchi

Natural klller (NK) cella play a pivotal role
In the lmmune reaction during the bone
marrow allograftrejection. Little ls known,
however, about the molecular mecha-
nisma underlying the NX cell-mediated
allograft recognition and rejection. In this
report, we assessed the role of a recently
Identified NK receptor, killer cell lectinlika
receptor 1 {KLRE-1), by generating knock-
out mice. KLRE-1-deficlent mice were

born at an expected frequency and
showed no aberrant phenotype on growth
and lympholid development. Neverthe-
less, KLRE-1-deficient cells showed a
severely compromised allogeneic cyto-
toxic actlvity compared with the wild-type
cells. Furthermore, aflogeneic bone mar-
row transfer culminated in colony forma-
tion In the spleen of KLRE-1-deficient
mice, whereas no colony formation was

observed in wild-type reciplent mice.
These results demonstrate that KLRE-1 is
a receptor medlating recognition and re-
Jection of allogenelc target cells in the
host Immune system. (Blood. 2004;104:
781-783) :

© 2004 by The American Society of Hematology

Introduction

Natural killer (NK) cells play a pivotal role in the recognition and
rejection of allogeneic target cells. such as bone marrow (BM)
allografts.’? NK cell cyloloxicity is exquisitely controfled by
signals emanating from stimulatory and inhibitory NK receptors,
which recognize major histocompatibility complex (MHC) class
I-related molecules on the target cells34 The function of NK
receptor(s) in allograft rejection has been mainly probed with the
aid of monoclonal antibodies (mAbs). It is shown that blocking the
inhibitory receptor, CD94/NKG2A with anti-CD94 mAb enhances
the cytotoxicity of C57BL/6 NK cells against BALB/c concanava-
lin A (Con A) blasts, while anti-Ly-49D mAb treatment results in
suppression of the BM graft rejection.® In both cases, however, it is
#ill open to question whether the effect of anti-CD94 or anti-
Ly49D mAbs was direct or attributed to the cross-reactivity of
mAbs with other family members.>710

Recently, a novel NK receptor, KLRE-1 (also known as
NKG2I), belonging to the killer cell lectinlike receptors (KLRs)
family has been characterized."'? A series of experiments using
anti-KLRE-1 mAbs indicate that this receptor plays a role in the
cylotoxicity mediated by NK cells in vitro.'2* However, the
definitive assessment for the functions of KLRE-] has to await
KLRE-1-deficient mice.

To this end, we have generated KL.RE-1 knock-out mice and
assessed the role of KLRE-1. KLRE-1-deficient cells showed little

cytolytic activity against allogeneic lymphocytes. Furthermore,
allogeneic bone marrow transfer resulted in significant colony
formation in the spleen of KLRE-I—deficient mice. These results
further confirm that KLRE-1 is a crucial NK receptor for recogni-
tion and rejection of bone marrow allograft.

Study design
Mice

C57BL/6, BALB/c mice were from Charles River Japan (Yokobama,
Japan), and 12%/sv] mice were from Jackson Laboratory (Bar Harbor, ME).
KLRE-1 knock-out mice have been backerossed 6 times to C57BL/6 mice.
Mice were kept under the specific pathogen-free conditions, and 6 to
8 week-old mice were used for the experiments. All experiments were
performed in accordance with the guidefines of Chiba University.

Construction and establishmant of EGFP-KLRE-1
knock-in mice

KILRE-1 genomic clone was isolated from a mouse genomic library using
the KIRE-1 ¢DNA as a probe (¢cDNA sequence, first described by Koike
et al). The genomic DNA fragment from Nsil site located at 1.5 kb
upstream of the exon 2 (which contains ATG for first methionine) to Bglll
site present at 5.0 kb downstream of the exon 2 was wsed to construct the
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Figure t. Characterization of KLRE-1 KO mice. (A) Generation of the EGFP—
. KLRE-1 knock-in mice, Schematic reprasentation of the portion of the KLRE-1 gene
locus (top), targeting construct (middle), and recambinant allele (bottom) including
the relevani restriction sites. Probe used for Southern blot analysisis depicted. Exans
ary represented as black boxes. (B-E) Characterization of the EGFP-KLRE-1
inock-in mice. (B) Southem biot analysls. Southern blot anatysis of Psi |-digested
DNA from wild-type (WT) (+/+), heterozygous (+/-), or homozygous (~/-) KLRE-1
mice, DNA was hybridized with the probe shown in panel A to discriminate between
the WT allele (10.0 kb) and tha mutated allele (7.0 kb). (C} RT-PCA analysis for
KLRE-1 mRNA. Total ANA prepared from DX5* splenocytes of WT (+/4), heterozy-
gous (+/-), or homozygous (—/—) KLRE-1 mice was subjected to RT-PCR analysis
on KLRE-1 and p-actin. PCH on B-actin assured an equal amount of cDNA.
{D) Expression of KLRE-1 and GFPin the DX5* TCRB~ spienocyles. The DX5*TCRA-
splenocytes from WT (+/+), heterozygous (+/-), or hemozygous {—/-) KLRE-1
mica were stainad with the CyS—anti-KLRE-1 (7 E8) mAb. Expression of KLRE-1 {eft
panet) arxd EGFP {right panal} is shown as a histogram. (E) Nomna development of
NK cells in KLRE-1 inock-out (KO) mice. Splean, bone marrow (BM), and liver
mononuciear ¢ells from WT (+/+) and homozygous (—/—) KLAE-1 mice wers
stained with the PE-DX5 and the Cy5-anti-CD3e The area reprasenting NK (DX5+
CD3¢™)¢allsis shown with percentage.

targeting vector (Figure 1A). Enhanced green fluorescent protein (EGFP)-
poly A cassette from the pEGFP-N3 vector (Clontech Laboratories, Palo
Alto, CA) was amplified by polymerase chain reaction (PCR) and inserted
in frame into the EcoRI site located at 39 bp downstream of ATG, followed
by the neomycin-resistant gene (nec”) cassette flanked by loxF sites. The
targeting vector was electroporated into R1 embryonic stem (ES) cells, and
G418-resistant clones were screencd by Southern blotting with the 5
extemnal as well as the peof internal probes. Positive clones were aggregated
with BDF1 blastocysts, and ¢chimeric mice were obtained as described.!4

Southern blot and PCR analyses

Genotyping was performed by Southern blotting or PCR using genomic
DNA from the tail.™* The probe for Southem blotting was synthesized by
PCR with the primer set J03-23 (S-AAGAGGGAATTCCAGGCACA-
GATG-3') and J03-35 (5'-GGGTGCTAAACGGAAATGTAAAGC-3).
The primers used for genotyping were GFP-6 (5'-CCTCTACAAATGTGG-

BLOOD, 1 AUGUST 2004 « VOLUME 104, NUMBER 3

TATGGC-3") and GFP-8 (5'-ATGGTGAGCAAGGGCGAGGAGC-3") for
the targeted allele, and JO3KO1 (5'-GATGOATGAAGCACCTGTAAC-3")
and JO3KO3 (5'-TCAGAAACCCATCAGACCAACC-3") for the wild-
type allele, The primers for reverse transcriptase {RT)-PCR for KLRE-|
were J03-4 (5-TAAGAGACAAGCAGGCACGCTGACTG-3') and J03-7
(5'-ATGGATGAAGCACCTGTAACCCG-3").

Cell preparation and flow cytometry

Splenic NE, spleen, bone mamow, and liver mononuclear cells were
separated and stained with the appropriate antibodies as described-15;
phycoerythrin (PE)}-anti-DX5, cyanin 5 (Cy5)-anti-T-cell receptor B
(TCRB), Cy5-anti-CD3e (PharMingen, San Jose, CA), and Cy-5-labeled
antibody against KIRE-1 (anti-NKG2I: 7E8) were used 3

Cytotoxlec assay against the Con A blasts and BM cell
engraftment

Cytotoxic assay against the Con A blasts and BM cell transfer experiments
were performed essentially as described except that KERE-1-deficient
cells/mice were used in some experiments.?

Results and discussicn
Establishment of EGFP-KLRE-1 knock-in mice

We have generated enhanced green fluorescent protein (EGFP)-
KLRE-1 knock-in mice to rigorously assess the function of
KLRE-1. Southern blot analysis with the 5 external probe
confimed the correct recombination (Figure 1B). RT-PCR and
flow cytometry analyses demonstrated that there was no detectable
KLRE-1 transcript or surface expression in the homozygous mice
(Figure 1C-D, —/—). A slight decrement of the expression was
observed in the heterozygous mice (Figure 1D, left panel, +/=).
Concomitantly, the expression of GFP was inversely correlated
with the loss of KLRE-1 expression (Figure 1D, right panel). Mice
homozygous for EGFP-KLRE-1 (KLRE-1-deficient mice) were
bomn at the expected frequency and were fertile, with no apparent
growth abnormality (data not shown). Regarding NK cells, no
difference in the profile of CD3/DX 5 expression in the spleen, bone
marrow (BM), and liver mononuclear cells was noticed between
wild-type littermates and knock-out mice (Figure 1E). In addition,
no significant variation in the number or ratio of lymphoid subsets
was detected in thymus, spleen, and BM cells, suggesting that
KILRE-1 is dispensable for the development of lymphoid cells (data
not shown).

KLRE-1 Is critical for NK cell-mediated allorejection

Previous reports indicate that KLRE-1 plays a pivotal role in
allogeneic or redirected lysis.)213 Therefore, the roles of KLRE-1
in cytotoxic activity against allogencic lymphocytes were assessed
using KLRE-1-deficient cells. Lymphokine activated killer (LAK)
cells from C57BL/6 wild-type mice were mixed with BALB/c Con
A blasts, and cytotoxic activity was examined. While wild-type
LAK cells showed a significant cytolytic activity against allogeneic
target cells, LAK cells from KLRE-1-deficient mice showed little
activity (Figure 2A, left panel). In the syngeneic system, however,
no marked difference in the cytotoxicity between wild-type and
KLRE-1-deficient cells was observed (Figure 2A, right panel).
These results demonstrate that KLRE-! is crucial for NK cells to
exert allogeneic cytolytic activity.

We have further explored the function of KLRE-1 in allogeneic
BM cell transplantation using KLRE-1-deficient mice (Figure
2B-C). BALB/c BM cellsinfused to the lethally iradiated C57BL/6
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Figure 2. KLRE-1 piays a pivotal role In allogenieic bone marrow transter. (A) Cytotoxic activity against allogenei Con A biasts using KLRE-1-deficient cells. Cytolytic
activity of LAK cells containing activated NK calls from wild-type C578LA8 (WT, A) and KLRE-1-deficient (KLRE-1 KO, ll) mice was assessed. Represaentative data from 3
independant expariments (n = S/experiments) are shown as means = SD. {B-C) KLAE-1 KC mice fall to reject BM allogratt, (B) BALBA& BM cells (1 X 1050r3 x 105calis} or
C578LM8 BM calls (1 x 105 celis) wers intravenously infused to fethally iadiated age-matched wild-1ype or KLRE-1—deficlent C57BL/6 mice. At 8 days after transplantation,
spleans were removed and the number of colonies on the splesn was counted. Representative data fiom the 3 independent experiments are shown. Data are indicated as
means *+ SD of 5 individuals per experiments. (C) Representative picture of allograft-induced colony forenation in the spleen of KLRE-1 knock-out mice. Colony forrmation
resulting from the BALEX: BM allograft asdescribad in panel B can be observed on the spieen of lethally Iradiated KLAE- 1 null mice (KO), but rot on that of C578L/8 mice (WT)
atter the fixation in the Bouln solution. The photo was taken with a Nikon dighal camera (Cool Pix $95) and processad with Adobe Photoshop.

mice were rejected, and no colony formation was seen in the spleen
of C57BL/6 mice (Figure 2B-C, WT). In sharp contrast, when
BALB/c BM cells were transferred into KLRE-1-deficient mice, a
graft dose-dependent colony formation was observed, indicating
that the rejection of grafts was severely compromised due to the
absence of KLRE-1 (Figure 2B-C, KO). When syngeneic cells
were used, the graft was accepted irrespective of KLRE-1 absence
and resulted in the formation of a similar number of colonies
(Figure 2B, rightmost column). Taken together, one can conclude
that KLRE-1 is a crucial mediator for the allograft rejection in vivo.

KLRE-1 has been reported as an inhibitory NK receptor due to
its association with the protein tyrosine phosphatase, Src homology
domain containing tyrosine phosphatase 1 (SHP-1), and cross-
tinking of KLRE-1 inhibits NK cell-mediated cytotoxicity.!? In our

References

hands, however, KLRE-1 functions as an aclivating receptor. In
fact, cross-linking of NKG2I together with the addition of interleu-
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