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Interleukin (IL)-4-induced STATS activation and the
subsequent up-regulation of GATA3 are crucial for the
induction of chromatin remodeling of the Th2 cytokine
gene loci as Th2 cells undergo development. This study
probes the role of these molecules in the maintenance of
memory Th2 cells. IL-4 was not required to maintain the
capability for Th2 cytokine production in in vivo gener-
ated antigen-specific memory Th2 cells. Histone H3-
K9/14 hyperacetylation and intergenic transcripts asso-
ciated with the IL-4 gene locus were preserved in the
absence of IL-4, but those associated with the IL-12 gene
were partially IL-4-dependent. Histone H3-K4 methyla.
tion of the IL-13 and I1-4 gene loci was fully preserved in
memory Th2 cells and accompanied by memory cell-
specific accumulation of Pol II complex to highly re-
stricted sites. Thus, memory Th2 cells maintain a unique
Th2-specific remodeled chromatin in the IL-£ and IL-13
gene loci by active molecular events that are
IL-4-independent.

After TCR? recognition of antigens, naive CD4 T eells differ-
entiate into two distinet helper T (Th) cell subsets, Th1 and Th2
cells (1). Thl cells produce IFNy, and direct cell-mediated im-
munity against intracellular pathogens. Th2 cells produce 114,
IL-5, and [L-13, and are involved in humoral! immunity and
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allergic reactions. The direction of Th cell differentiation de-
pends on the cytokine environment (2, 3), Natve CD4 T cells
stimulated with antigens in the presence of IL-12 differentiate
into Thl cells, whereas [L4 drives differentiation into Th2
cells (4-6). The [L-12-mediated activation of signal transducer
and activator of transeription (STAT) 4 is erudal for Thl cell
differentiation, while IL-4-mediated STAT6 activation is for
Th2 cell development (7-9). In addition to the cytokines men-
tioned above, TCR stimulation by antigens also influences the
direction of Th1/Th2 cell differentiation. We reported that effi-
cient TCR-mediated activation of the p56**, caleineurin, and
Ras-ERK MAPK signaling cascade was required for Th2 cell
differentiation {(10-12).

Recently, several transcription factors that control Th2 cell
differentiation were identified (13, 14). Among them, GATA3
appears to be a master transcription factor for Th2 cell differ-
entiation. GATAZJ is selectively expressed in Th2 cells, and its
ectopic expression induces Th2 cell differentiation even in the
absence of STATG (15-18).

Changes in the chromatin structure of the Th2 cytokine
UL-4IL-5/IL- 13) gene loei oceur during Th2 cell differentiation
(19, 20). Recent studies have demonstrated that covalent meod-
ifications of histones play critical roles in epigenetic regulation
(21). Recently, we and others (22-24) demonstrated that his-
tone hyperacetylation of the Th2 cytokine gene loci oceurs in
developing Th2 cells in a Th2-specific and STAT6-dependent
manner, Also, we demonstrated an essential role for GATA3 in
Th2-specific histone hyperacetylation (22), We generated a pre-
cise map of the Th2-specific histone hyperacetylation within
the type 2 cytokine gene loci, and identified a 71-bp conserved
GATAS response element (CGRE) at 1.6-kbp upstream of the
IL-13 locus exon 1. The CGRE appears to play a crucial role for
GATA3-mediated targeting and downstream spreading of core
histone hyperacetylation within the IL-13 and IL-£ gene lod in
developing Th2 cells and Te2 cells (22, 25).

Histone lysine methylation is considered to be a key epi-
genetic regulator (26). Methylation of specific lysine residues of
histones is required for the maintenance of large, functionally
distinct chromatin domains, such as heterochromatin corre-
lated with histone H3 lysine 9 (H3-K9) (27). In contrast, tran-
scriptionally active euchromatin preferentially contains meth-
ylated histones at H3-K36, H3-K79, and H3-K4 sites (28).
Particularly, methylation at H3-K4 correlates well with active
or permissive state of transcription (29). Furthermore, yeast
Betl (H3-K4 methyl-transferase) and Set2 (H3-K36 methyl-
transferase) induce histone lysine methylation and function-
ally interact with RNA polymerase II (Pol II), suggesting that
histone methylation at H3-K4 and H3-K36 is a hallmark of
actively transcribed chromatin (26).

Some of the differentiated Th2 cells survive and are main-
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tained as memory Th2 cells for a long period in vive (30, 31).
Memory CD4 T cells can be generated from effector cells and
can survive in the absence of MHC antigens (32, 33). The
expression of either TCR (34) or Src-family kinases, p56** and
p59®" appears not to be essential for the long-term survival
(35). Also CD4 T cell survival is not directly linked to MHC-
induced TCR signaling (36). In dlass II-restricted TCR trans-
genie mice Jacking expression of the common eytokine receptor
v-chain (yc), the survival of naive T cells is substantially im-
paired but memory T cell survival is apparently normal, sug-
gesting that yc-dependent cytokines (IL-2, IL-4, IL-7, IL-9, and
IL-15) is Dot required for memory CD4 T cell survival (37), As
for homeostatic proliferation of CD4 memory T cells, IL-7 and
IL-15 are not essential (33). Thus, in contrast to CD8 memory
T cells, CD4 memory cells may not require any specific cytokine
signals for their homeostatic maintenance (38, 39). Very re-
cently, however, regulatory roles of IL-7 in the generation and
survival of memory CD4 T cells were reported (40, 41). In
addition, signals through the TCR as well as the IL-7 receptor
appear to regulate the homeostasis of CD4 memory T cells (42).
Th1 memory cells appear to be generated efficiently from an
IFNy pon-producing population {43). Thus, it is still unclear
whether any specific signals including those triggered by cyto-
kines are required for the maintenance of memory Th2 cells.
Furthermore, the molecular mechanisms that underlie the
maintenance of capacity for Th2 eytokine production in mem-
ory Th2 cells, particularly those that preserve the Th2-specific
remodeled chromatin are not fully understood.

" Inthe present study, we used an adoptive transfer technique
for the generation of antigen-specific memory Th2 cells in vivo
to investigate the molecular events governing the maintenance
of their Th2-specific eytokine production. In freshly prepared in
vivo generated memory Th2 cells, histones associated with the
IL-4 and IL-13 gene loci were hyperacetylated (at H3-K9/14)
and di- and tri-methylated (at H3-K4), and these events were
seen IL-4-deficient sitnation as well. Intergenic transcripts
accompanied by highly localized accumulation of Pol IT to
CNS1, IL-4 promoter, and V, enhancer sites were observed.
Thus, The-specific remodeled chromatin of the IL-13 and IL-4
gene loci is maintained in memory Th2 cells by active melecu-
lar events that are IL4-independent.

EXPERIMENTAL PROCEDURES

Mice—BALB/c and BALB/ nu/nu mice were purchased from Clea
Inc., Tokyo, Japan. IL4-deficient mice (44) and OVA-specific TCRaB
transgenic (D0.11.10 Tg) mice (45} were maintained under SPF condi-
tions. All mice used in this study were maintained under specifie patho-
gen-frea conditions. Animal care was in accordence with the guidelines
of Chiba Univeraity.

Reagents—Tha reagents used in this study are as follows: Fluores.
cein isothiocyanate (FITC)conjugated anti-CD4 mAb (GK1.5-FITC),
anti-CD62L mAb (MEL-14), anti-CD25 mAb (7D4), anti-CDE9 mAb
(H1.2F3}, phycoerythrin {PE)conjugated anti-CD4 mAb (GK1.5-PE),
anti-CD44 mAb (IMT-PE), anti-CD122 mAb (TM-bl), anti-CD124 mAb
(mIL-4R-M1), anti-CD127 mAb (4G3), and anti-CD132 mAb (TUGm2)
were purchased from BD PharMingen, San Diego, CA. Anti-FeRgll and
I mAb (2.4G2) and uneconjugated anti-11-4 mAb {11B11) were used as
culture supernatants. Recombinant mouse [L-12 was purchased from
BD PharMingen end recombinant mouse ILl-4 was from TOYOBO,
Osaka, Japan. The OVA peptide (residues 323-339; ISQAVHAA-
HAZINEAGR) was synthesized by BEX Corperation, Tokye, Japan.

The Generation of Effector and Memory Th1/Th2 Cells—Splenic CD4
T ¢ells from DO11.10 OVA-specific TCR trensgenic (Tg} mice were
stimulated with an OVA peptide (Lohl5, 1 pg/ml) plus APC under Thl-
or Th2-skewed conditions for 5 days in vitre (10). We used these cells as
effector Th1 or Th2 calls, respectively. The effector Th1/Th2 cells {3 x
107) were transferred intravenously into normal syngeneic BALB/c or
BALB/c nu/nu recipient mice. In most of the experiments, 4 weeks after
the cell transfer, X.J1* cells in the spleen wore sorted by FACSVan-
tage™ (BD PharMingen), and used as memory Thiand Th2 cells.

Cell Cycle Analysis—Splenic RJ1* cells were isolated by auto-MACS
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{Militenyi Biotec) with yielding purity >95%. The cetls were fixed with
T0% ethano! for 12 b, treated with RNase for 10 min at 37 °C and then
suspended in 50 wg/ml PI (propidium iodide) solution. DNA contents
were analyzed by flow cytometry.

Detection of Cell Division—Memory Th2 cells were prepared by sort-
ing 4 weeks after cell transfer, and were labeled with CFSE {carboxy-
fluorescein diacetate succinimidyl ester, Molecular Probes} as described
previously (46). Labeled cells wera stimulated with OVA peptide (0.1 or
1 M) plus APC for 16 h, and then subjected to flow eytometry.

ELISA—Cytokine production was assessed by ELISA as described
{25)

Chromatin Immunoprecipitation (ChIF) Assay—Acetylation status
of histone H3-K%K4 was assessed using histone H3 (K9/14) ChIP assay
kits (17-245; Upstate Bictechnclogy) and specific primers described in
supplemental data. The ChIP assay for di- or tri-methylated histone
H3.K4 was performed using anti-histone H3 di-methyl K4 antiserum
{07-030; Upstate Biotechnelogy) and anti-histone H3 trimethyl K4
antiserum (ab7766; Abcam). The ChlP assay for GATAS, Pol II, and
TFIIB was done as described (22). An anti-RENA polymerass II anti-
serum (C-21) and anti-TIFIIB (C-18) anti-serum was purchased from
Santa Cruz Bictechnology (Santa Cruz, CA).

RT-PCR—RT-PCR analyses for GATAZ, GATAS3a, GATASD, cyto-
kines, B-actin, and intergenic regions of IL-13 and IL-4 were done as
described (25).

Immunoblot Analysis—Immunoblot analyses for GATAS and tubu-
lin-a were done as described (25).

RESULTS

Generation of Antigen-specific Memory Th2 Cells in
Vivo—We first established an experimental system where an-
tigen-specific memory Th2 cells are generated and maintained
efficiently in vivo. Splenic CD4 T cells from DO11.10 OVA-
specific TCR transgenic (Tg) mice were stimulated with an
OVA peptide {(Leh15) plus APC under Th2-skewed conditions
for 5 days in vitro, and then transferred intravenously inte
normal syngeneic BALB/c or BALB/c nu/nu recipient mice. The
transferred D0O11.10 Tg T cells were meonitored by staining
with the clonotypic KJ1 mAb. Typical staining patterns and the
percentages of KJ1* cells’CD4* cells in BALB/c recipient mice
are shown in Fig. 1A. A week after transfer, ~25% of splenic
CD4 T cells were KJ1-positive, The numbers of KJ1* cells
decreased at ~10% at the 2 week time point, and this level was
maintained for at least for 16 weeks. Similar kinetics was
observed in BALB/c nu/nu recipient mice {(data not shown). A
typical KJI/CD4 staining pattern of spleen cells of BALB/e
nu/nu Tecipient mice at 4 weeks after cell transfer, and DNA
contents of the recovered KJ1* CD4™ cells are shown in Fig.
1B. The PI staining profiles of the recovered KJ1* CD4™ cells
were indistinguishable from those of freshly isolated KJ1* cells
from DO11.10 Tg mice, and almost all KJ1* cells were in G/G,
phase.

Memory T cells proliferats rapidly in response to a low con-
centration of antigens as compared with natve T cells (47). In
vive generated KJ1* memory Th2 cells in BALB/e nu/nu mice
at the 4 week time point were purified by cell sorting (<98%),
labeled with CFSE, and stimulated with two different doses of
OVA peptides and APC for 16 h. Cell division analysis by flow
cytometry showed that freshly isolated CD4 T cells from
DO11.10 Tg mice did not proliferate during the first 16 h after
stimulaticen, whereas substantial numbers of memory Th2 cells
divided once in response to the antigenic peptide (27.4% for 0.1
M and 37.9% for 1 um OVA peptides) (Fig. 1C).

Next we assessed the expression levels of cell surface mole-
cules including activation and memory markers and cytokine
receptors on the freshly isolated memory Th2 «lls (Fig. 1D).
The expression levels of [L4 receptor (R)a and common v (cy)
chains were slightly higher in memory Th2 cells compared with
those of freshly isolated KJ1* cells from DO11.10 Tg mice.
Dramatically increased levels of IL-2R@ and IL-7R« chains
were observed in memory Th2 cells. The activation markers,
CD6&9 and CD25 (IL-2Ra chain), were not significantly ex-
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Fia. 1. Generation and phenotypic characterization of OVA-specific memory Th2 cells. A, kinetics of memory Th2 cell generation.
Spleen cells were prepared from recipient BALB/c mice at the indicated time, and the number of recovered KJ1-positive cells was determined by
the staining with KJ1 mAb. The typical staining patterns and the mean proportion of KJ1-positive cells in CD4 cells from three individual mice
are shown. B, cell cycle analysis of memory Th2 cells. Effector Th2 cells were transferred into BALB/c ru/nu mice. Four weeks after cel] transfer,
memary Th2 cells were prepared, stained with PI, and analyzed by flow ¢ytometry. Two independent experiments were done with similar results.
C, memory Th2 cells rapidly proliferated in response to the antigen. Cells were labeled with CFSE and stimulated with OVA peptides (0.1 or 1 gM)
plus APC for 16 h. Cell division of CFSE-labeled cells was analyzed by flow cytometry. The percentages of divided cells are shown in each panel.
Two independent experiments ware done with similar results. D, expression profiles of cell surface maker antigens in memory Th2 cells. Spleen
cells from BALB/c nu/nu recipient mice {memory) and DO11.10 Tg mice (freshly isoluted) were stained with KJ mAb and mAbs against indicated
call surface molecules. Staining profiles of elactronically gated KJ1-positive cells are shown.

pressed in either memory or naive populations. High-level ex-
pression of CD)44 was observed in all recovered KJ1-positive
cells. Finally, two subpopulations with high and low expression
of CD62ZL were observed in memory Th2 cells as well as in
natve T cells.

Cytokine Production Profiles of in Vivo Generated Memory
Th2 Cells—We examined the eytokine production profiles of in
vivo generated memory Th2 cells recovered from BALB/c nu/nu
recipient mice 4 weeks after cell transfer. Freshly isclated
splenic KJ1* CD4 T cells from DO11.10 Tg mice (Fresh), in
vitro newly generated effector Th2 cells by stimulation with
OVA peptides for § days in vitro (Effector) and in vivo gener-
ated memory Th2 cells (memory) were re-stimulated with OVA
peptide plus APC for 1-3 days. As shown in Fig. 24, in vivo

generated memory Th2 cells produced large amounts of Th2
cytokines (ILA, IL-5, and 1L-13). The levels were significantly
higher than these of effector Th2 cells particularly on day 3.
CD62L expression profiles and cytokine production of the re-
covered KJ1* cells were similar in both normal BALB/c and
BALB/e nu/nu recipient mice (see Supplemental Fig. 1).

We also prepared in vivo generated Thl memory cells to
confirm the specificity of cytokine production of memory Thl
and Th2 cells. Splenic CD4 T cells from D0O11.10 Tg mice were
stimulated with OVA peptide plus APC under Thil- or Th2-
skewed conditions for 5 days, and transferred into recipient
BALB/e nu/nu mice. Four weeks after cell transfer, KJ1* cells
were purified and re-stimulated with OVA peptide plus APC.
As shown in Fig. 2B, memeory Th2 cells produced large amounts
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F1a. 2. Cytokine production profiles of in vivo generated memory Th2 cells upon in vitre antigenic restimnlation. A, freshly isolated
splenic KJ1* €4 T cells from DO11.10 Tg mice (Fresh), in vitro newly generated effector Th2 cells by stimulation with OVA peptide for 5 days
in vitro (Effector), and in vivo generated memory Th2 cells (Memory) were re-stimulated with OVA peptide plus APC for 1, 2, and 3 days. Purified
KJ1-positive cells (2 % 10%) were restimulated in vitro with 1 uM OVA peptide plus APC, and culture supernatants were collected at indicated
times. The amounts of the indicated eytokines in the culture supernatant were assessed by ELISA. Four independent experiments with different

T cell preparations were done with similar results. B, cytokine production

profiles of in vive generated meroery Thl and Th2 cells. CDM4 T cells from

DO11.10 Tg mice were stimulated with OVA peptida (1 pM) plus APC under the Th2-skewed condition or the Thl.skewed condition for 5 days.
Then, the effector Th2 and Thl cells {3 % 107) were transferred into BALB/e nu/nu mice intravencusly. Four weeks after cell transfer, memory Th2
and Thi cells were prepared and stimulated with OVA peptide antigens as in A. Two independent experiments with different T cell preparations

were dene with similar results.

of Th2 cytokines but not IFNy, while memory Th1 cells pro-
duced large amounts of IFNy but not Th2 cytokines. These
results suggest that in vivo generated Thl and Th2 memory
cells preserved their original restricted cytokine production
profiles. From these results, we decided to use KJ1* CD4 T
cells recovered from BALB/¢ or BALB/¢ nu/nu recipient mice 4
weeks after cell transfer as in vivo generated memory CD4 T
cells to investigate the molecular mechanisms that control the
maintenance of memory Th2 cells.

Histone H3-K9/14 of the Th2 Cytokine Gene Loci Was Hyper-
acetylated in Memory Th2 Cells—We began with an assess-
ment of the acetylation status of histones associated with the
Th2 cytokine gene loei in freshly isolated in vivo generated
memory Th2 cells. The KJ1* memory Th2 cells were isolated
by cell sorting, and the acetylation levels of histone H3 (K9/14)
was determined by ChIP assay as described previously (22).
Histone H3-K9%14 associated with the JL-¢ and IL.13-related
gene loci (CGRE, CNS1, V, enhancer, IL-4p, and [L-13p) were
hyperacetylated in both memory Th2 cells and effector Th2
cells compared with freshly isclated natve DG11.10 TCR Tg
CD4 T cells (Fig. 84). The acetylation levels at the IL-5 pro-
moter were significantly lower in memory Th2 cells as com-
pared with effector Th2 cells. No hyperacetylation in the IFNy
promoter was observed. A similar hyperacetylation pattern
was observed in memory Th2 cells isolated 10 weeks after cell
transfer (data not shown).

Next, in vivo generated memory Thl and Th2 cells were
prepared to examine the Th2-spedific hyperacetylation (Fig.
3B). The levels of acetylation of the CGRE, CNS1, V,, enhancer,
IL-4p and 11-13p region in memory Th2 cells were significantly
higher than those of memory Thl cells. Memory Thl cells
exhibited certain levels of acetylation of these regions. The
acetylation levels of IL-5 in memory Th2 cells were equivalent
to those of memory Th1 cells, but they were significantly higher
than those of freshly prepared CDAT eells. Equivalent levels of

acetylation in RAD50 promoter were seen. For the IFNy pro-
moter, there was no preferential increase in acetylation in the
Thl memory cells. We compared acetylation status of IFNy
promoter in effector and memory Thi cells and found that
significant levels of acetylation of the IFNy promoter induced
in effector Thl cells were substantially decreased in memory
Th1 cells (Supplemental Fig. 2). Taken together, these results
suggest that memory Thl and Th2 cells possess higher back-
ground levels of histone acetylation in all regicos tested as
compared with naive T cells, and that Th2 memory cells pre-
served preferentially increased acetylation of histone H3-K9/14
in the IL-4 and IL-13 gene-related regions.

These results prompted us to examine whether a upigue
long-range Th2-specific histone hyperacetylation within the
II-13 and IL-4 lodi (22) is preserved in memory Th2 cells. We
analyzed the acetylation status of histone H3 in the IL-13 and
IL-4 gene loci more precisely using 29 pairs of specific primers.
Fig. 3C shows the actual ChIP assay PCR bands (Upper), the
summary of relative band intensity (Ae-H3/Input DNA) and the
ratios of acetylation intensity of effector and memory Th2 cells
to that of freshly isolated CD4 T cells. The acetylation profiles
induced in effector Th2 cells were maintained in memory Th2
cells with slightly decreased levels at the regions associated
with IL-13. Furthermeore, the boundary of Th2-specific byper-
acetylation at the CGRE site was preserved in memory Th2
cells.

Histone H3 (K9/14) of the Th2 Cytokine Gene Loci Is Acety-
lated Equivalently in Effector and Central Memory Th2 Cells—
Memory T cells can be subdivided into twe distinct populations
based on the expression level of CD62L (48). One is the effector
memory T eell (CD44™e%CD62L") and the other is the central
memory T cell (CD44M8%/CD62L M), The change in preportion
of effector and central memory Th2 cells over time was as-
sessed in our in vivo memory Th2 cell generation system (Sup-
plemental Fig. 84). The ratio (effector/central memory) in-
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FIG. 3. Acetylation status of histone H3-K9/14 in the Th2 cytokine gene loci in memory Th2 cells. A, histone H3 (K9/14) acetylation of
the Th2 cytokine gene loei in memory Th2 cells. In vitro differentiated effector Th2 cells were transferred into BALB/c re/nu mice as in Fig. 1.
Memory Th2 cells was prepared 4 weeks after cell transfer by sorting KJ1-positive cella. ChlP assay was performed with an anti-acetyl histone H3
(K5/14) antibody and the indicated specific primer pairs. PCR was performed with 3.fold serial dilution of template genomic DNA. Shown are the
PCR product bands {{eft) and the relative intensity (Ac-H3/Input) for each primer pair (right). Three independent experiments with different T cell
preparations were done with similar results. B, comparison of histone H3 acetylation of the Th2 cytokine gene loci between memory Thl and Th2
cells. Shown are the PCR product bands (left) and tha relative intensity (Ac-H3/Input) for each primer pair (right). Two independent experiments
were performed with similar results. C, histone H3 hyperacetylation within the IL-13 and IL-4 loci in memory Th2 cells. Shown are the PCR
product bands for each primer pair (upper penel), the relative intensity (Ac-H3/Input) (middle panel) and the Memory/Fresh or Effector/Fresh ratio
(lower panel) of the band intensities. Three independent experiments with different T cell preparations were performed with similar results.

creased up to 4 weeks after cell transfer, and decreased
thereafter. Phenotypic analysis revealed that these two mem-
ory Th2 subpopulations express similar levels of cytekine re-
ceptor components (IL-4Re, Cy, IL-2Rg, and IL-7R«) (Supple-
mental Fig. 3B). Both populations produced substantial
amounts of IL-4, IL-5, and IL-13 with marginal production of
IFN4. The levels of IL-4 production were slightly but reproduc-
ibly higher in central memory Th2 cells, and those of IL-5
were higher in effector memory Th2 cells. The production of
IL-13 was equivalent between these two subpopulations
(Supplemental Fig. 3C, lower left paneD), ,

Concurrently, we assessed the acetylation status of histone
H3 (K9/14), and substantial and equivalent histone hyper-
acetylation of the IL-4 and IL-13-related regions were detected
in these two subpopulations (Supplemental Fig. 3D). Similar
results were obtained in effector and central memory Th2 cells
10 weeks after cell transfer (data not shown). These results
would indicate that Th2-specific remodeled chromatin is pre-
served in both effector and central memory Th2 cells.

IL-4 Is Not Required for the Generation and the Maintenance
of Memory Th2 Cells—I1L-4 is a critical eytokine for the indue-
tion of chromatin remodeling of the Th2 eytokine gene loci
during Th2 cell development. Consequently, we examined the
requirement of IL-4 for the generation and the maintenance of
memory Th2 cells. Splenic CD4 T cells from IL-4-deficient
DO11.10 Tg mice with a BALB/c background were stimulated
with OVA peptide and APC in the presence of exogenocus 1L-4
for 5 days. The effector ThZ cells from IL-4-deficient mice

produced almost the same amounts of IL-5 and 1L-13 compared
with those from normal mice, and the acetylation status of the
Th2 eytokine gene loci was almost equivalent (data not shown).
Then, the cultured cells were transferred into recipient normal
BALB/c mice. As shown in Fig. 44, the numbers of KJ1*CD4 T
cells and the ratio of effector/central memory cellz were similar
between wild type (WT), IL-4*/~ heterozygous {Hetero), and
IL-4~'~ homozygous deficient (KO) mice., Next, we used [L4-
deficient mice as hosts, and examined the generation of KJ1*
cells. Equivalent levels of KJ1*CD4 T cell generation were
observed (Fig. 4B, upper). The ratio of effector/central memory
cells was also similar regardless of the source donor ecells or
recipients, indicating the lack of dependence on IL-4 (Fig. 48,
lower).

The KJ17CD4 T cells generated in recipient mice shown in
Fig. 4, A and B were purified by sorting, and their cytokine
production profiles were determined by ELISA. The memory
Th2 cells from IL-4-deficient mice produced equivalent
amounts of IL-13, and slightly decreased levels of IL-5 (Fig.
4C). IFNy production from [L-4-deficient memory Th2 cells was
not robust but it was modestly increased (Fig. 4C, extreme right
panels). L4 deficdency in the host mice did not affect the
cytokine profiles of memory cells (Fig. 4C, lower panels). We
assessed the acetylation status of histone H3 (K9/14) in the Th2
cytokine gene loci in the IL-4-deficient memory Th2 cells and
found that the levels of acetylation in the IL-4-related gene loci
(CGRE, CNB1, V, enhancer, and IL-4p) were all equivalent
among wild type and IL-4-deficient groups (Fig. 4D). The levels
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FiG. 4. IL4 is not required for the generation and the maintenance of memory Th2 cella. A, in vivo generated Th2 cells were prepared
frora WT, 1L-4*'~ heterozygous (Hetero), and [L-4~'~ homozygous-deficient (KO) mice 4 weeks after cell transfer into BALB/c mice. Representative
staining profiles of CD4/KJ1 and CD62L/CD44 are shown with percentages in each quadrant. B, in vivo generated Th2 cells were prepared using
WT or IL-4-deficient (KO} donor T cells, and WT and [L-4-deficient (KO} BALB/c recipient mice. C, effect of [1-4 deficiency on the cytokine
production profiles of in vive generated memory Th2 cells. Memery Th2 eells were generated as in A and B, restimulated with OVA peptide (1 uM),
and the concentrations of cytokines in the eulture supernatants were determined by ELISA. D, acetylation status of histone H3 of the Th2 eytokine
gene loci in memory Th2 cells ganerated by transfer of IL-4-deficient effector Th2 cells. ChIP assay was parformed as described in Fig. 3. PCR was

performed with 3-fold serial dilution of template genomic DNA.

of acetylation at the IL-13 promoter were slightly decreased in
the absence of IL-4. The acetylation levels of the IL-5 promoter
was low in memory Th2 cells (see Fig. 3, A and B), and signif-

icantly lower in IL-4-deficient memory Th2 cells. These results__

indicate that IL4 is not required for the generation of memory
Th2 cells and the maintenance of the ability to produce Th2
cytoldnes. In addition, while IL-4 in T cells appears to play
some specific role in the maintenance of acetylation at the IL-§
gene locus, it does not affect the IL-Z-related gene locus in
memory Th2 cells. It may bave some role in the maintenance of
acetylation of the IL-12-related gene locus.

Memory Th2 Cells Express High Levels of GATA3 mRNA but
Undetectable Amounts of GATAS Protein—GATAS3 is thought
to be a master transcription factor and it is induced in devel-
oping Th? cells in an IL4- and STAT6-dependent manner.
Since the Th2-specific acetylation profiles in the JL-13 and IL-4
gene loci were preserved in memory Th2 cell, we sought to
examine the expression levels of GATAS in memeory Th2 cells.
First, the expression of GATA3 mRNA was assessed by semi-
quantitative RT-PCR analysis. The memory Th2 cells ex-

pressed substantial levels of GATA3 mRNA that were equiva-
lent to those of effector Th2 cells (Fig. 5A). Two distinct
promoters, GATAJa and original promoter GATA3) have been
reported (49), and so we assessed the levels of mRNA of both
sites in memory Th2 cells. GATA3a transcripts were detected
cnly in the memory Th2 cells, although the levels were quite
low when compared with GATASb. The original GATA3b tran-
sciipts were detected in memory Th2 cells at equivalent levels
to effector Th2 cells. The transcripts of the mature mRNA for
114, IL-5, and IL-13 were detected in effector Th2 cells but not
in freshly isolated memory Th2 cells. Equivalent ameunts of
GATA3 mRNA were detected in wild-type and IL-4-deficient
memory Th2 cells, suggesting that IL-4 is not required for the
GATA3 transcription in memory Th2 cells (Fig. 5B). Similar
results were obtained by real time PCR analyses (data not
shown).

Next, the protein expression of GATA3 in memory Th2 cells
was assessed by immunoblot analysis. Surprisingly, the ex-
pression levels of GATA3 protein in memory Th2 cells were
very low (~1/10) and they were only equivalent to those of
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Fia. 5. Expresaion of GATA3 mRNA and GATA3 protein in in vive generated memory Th2 ecells. A, high level expression of GATA3
mRNA in memory Th2 cells, mRNA levels of GATA3, GATAS3a, GATASb, IL-4, IL.13, IL-B, and g-actin were detarmined by semiquantitative
RT-PCR analysis with 3-fold serial dilutions of template cDNA. Shown are the representative PCR product bands of three independent experiments
with memory Th2 cells generated in BALB/c ru/nu mice 4 weeks after cell transfer. B, IL-4-independent expression of GATA3 mRNA. The mRNA
levels for GATAS in 1L-4-deficient memory Th2 cells were determined as described in A. C, expression of GATAZ protein in resting memory Th2
cells. Freshly prepared KJ1* CDH4 T cells {(Fresk), memory Th2 cells (Memory), and effector Th2 (Effector) were prepared as in A, The expresaion
levels of GATA3 and tubulin-« protein were determined by itnmunoblotting. Arbitrary densitometric units are shown under each band. Three
experiments were done with similar results. D, GATAS protein induced in memory Th2 cells upon anti-TCR mAb restimulation. Freshly prepared
KJ1* CD4 T cells and memory Th2 cells were stimulated with anti-TCR mAb under Th2-skewed conditions for indicated times. The expression
levels of GATA3 and tubulin-a protein were examined by immunoblotting. E, GATA3 binding to the CGRE site was not detected in memory Th2

cells. ChIP assey using anti-GATA3 antibody was performed.

freshly prepared naive CD4 T cells (Fig, 5C), However, 12 and
24 h after stimulation with anti-TCR mAb in vitro, memory
Th2 cells expressed significantly higher amounts of GATAS3
protein than freshly prepared natve CD4 T eells (Fig. 5D). The
efficient induction of GATAS3 protein was also observed in IL-
4-deficient memory Th2 cells upon anti-TCR mAb stimulation
(data not shown), We reported previously the efficient binding
of GATA3 protein to the CGRE regions in newly generated
effector Th2 cells (22). Thus, we wanted to know whether the
binding of GATAR3 protein to the CGRE in memory Th2 cells in
which histene hyperacetylation of the IL-¢ and IL- I3 gene loci
was preserved. ChIP analyses with anti-GATA3 revealed that
there was significant GATA3 binding to the CGRE region in
effector Th2 eells but not in memory Th2 cells (Fig. 5E). No
significant binding was observed at CNS1 and V, enhancer
regions in either memory or effector Th2 cells. Taken together,
these results suggest that memory ThZ cells express substan-
tial amounts of GATA3 mRNA although only marginal levels of
GATAS3 protein can be detected. Furthermeore, histone hyper-
acetylatjon of the IL-13 and IL-4 gene loci appears to be main-
tained in a GATAS protein expression-independent manner.
Intergenic Transcripts at the Downstream Region of the
CNS1 Spanning to V,, Enhancer Site Are Preserved in Memory
Th2 Cells—In our previous reports, we proposed a potential

role of intergenic transcription for inducing long range histone
hyperacetylation and the transactivation of the IL-13 and IL-4
gene loci (22, 25). Therefore, we assessed the intergenic tran-
scripts of the IL-13 and IL-4 gene loci using 19 primer pairs
(Fig. 6A). The ratios of band intensity (fresh/effector and mem-
ory/effector) in each group are summarized in the lower panel
of Fig. 6A. In memory Th2 cells, substantial amounts of tran-
scripts were detected in all regions that were tested, and their
levels were essentially preserved at the downstream region of
the CNS1 spanning to the V, enhancer site. IL-4-deficient
memory Th2 cells expressed equivalent amounts of intergenic
transcripts at the CNS1, 18, V,, enhancer, and 28 sites as well.
This indicates that TL4 is not required for the intergenic tran-
scription of these regions in memory Th2 cells (Fig. 6B).
Consequently, we assessed the changes in the intergenic
transcript levels in memory Th2 cells after anti-T'CR stimula-
tion. The levels of intergenic transcripts upstream of the CNS1
region were increased substantially after anti-TCR stimula-
tion, but those downstream of the CNS1 site remained un-
changed (Fig. 6C). Also, there was no inhibition of the genera-
tion of intergenic iranscripts in the presence of FK506,
indicating that the intergenic transcripts were not dependent
on the activation of calcneurin in memory Th2 cells. Under the
same conditions, the mature IL-4 and IL-13 transcripts were
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Fig. 8. Intergenic transoripts are preserved in memory The cells. A, detection of non-coding intergenic transcripts of the IL-13 and IL-4
gena loci in memory Th2 cells. Freshly prepared KJ1* CD4 T cells (Fresh), memory Th2 cells (Memory), and effector Th2 (Effector) wers prepared
described in Fig. 5, and total RNA was prepared. To avoid contamination of genomic DNA, samples were treated with DNase I. Non-coding
transcripts were determined by a semiquantitative RT-PCR analysis with 3-fold serial dilution of template cDNA. The ratios of band intensity of
the fresh and memory cells to that of effector cells are depicted in the lower panel. Three independent experiments with different T cell preparations
were performed with similar results. B, non-coding transcription in IL-4-deficient memory Th2 cells. The levels of intergenic transcription in
IL-4-deficient memery Th2 cells wera determined as deacribed above. C, memory Th2 ceils were prepared as in A, and stimulated with anti-TCR
mAb for 48 h in the presence or absence of 100 nM of FK508. Non-coding transcripts were assessed as in A. The ratios of band intensity of cells
afver anti-TCR stimulation in the presence (+FK5086) or abaence (Control) of FK506 ta that of before stimulation (re stim.) are summarized in the
tower ponel. D, levels of mature IL-4 and IL-13 transcripts in the cells as in C. Three independent experiments with di{ferent T cell preparations

weare performed with similar results.

induced by anti-TCR stimulation in memory Th2 cells, and
these were found to be significantly inhibited in the presence of
FK506 (Fig. 6D). These results suggest that the intergenic
transcripts of the JL-13 and IL-4 gene loci were generated by a
distinet signaling mechanism as compared with that for ma-
ture JL-13 and IL-4 mRNA.

Histone Methylation (H3-K4) in the Long Range Region of the
IL-13 and IL-4 Gene Loci Is Totally Preserved in Memory Th2
Cella—It has been reported that the methylation of histone
H3-K4 is well correlated with active chromatin in transeription
and some specific role in the maintenance of H3-KS/14 acety-
lation in mammalian systems (50). Consequently, we analyzed
the methylation status of histone H3-K4 of the IL-4 and JL-13
gene loci in fresh DO11.10 Tg KJ1* CD4 T cells (F), memory
(M), and effector (E) Th2 cells using a series of primer pairs and
anti-di- and tri-methyl histone specific Abs (Fig. TA). The rel-
ative intensity profiles are depicted in Fig. 7B. The relative
levels of di (Me2)- or tri (Me3)-methylation at histone H3-K4 of
the IL-4 and IL- 13 gene loci were low in fresh CD4 T cells, but
there was substantial methylation at the site in memory Th2
cells and effector Th2 cells to almost equivalent levels. These
results sugpgest that histone methylation (H3-K4) in the long
range region of the IL-13 and IL-£ gene loci is totally preserved
in memory Th2 cells.

Memory Th2 Cell-specific Accumulation of Pol II Complex at
Specific Intergenic Regions (CNS1, IL-4p, and V, Enkancer)—
Because some of the histone methyltransferase for H3-K4 func-
tionally interacted with Pol II (26), ChIP assay with anti-Pol II
Ab was performed. Interestingly, strong bindings of Pol II to
specific regions, i.e. CNS1 (17), IL-4 promoter (22), and V,
enbancer (27) sites, and a weak binding to the CGRE site (8

were observed in memory Th2 cells (Fig. 7C). In addition, weak
binding of Pol II was observed at almost all regions of the IL-4
and IL-13 gene loct in effector Th2 cells. Although nineteen
regions throughout the IL-13 and IL-4 gene loci were analyzed,
the strong binding of Pol II was observed at only these three
sites in memory Th2 cells (Fig. 7C). We also tested additional
12 sites within the region, but found no additional strong sites
(data not shown). The binding of TFIIB was observed at the
same three strong binding sites for Pol II (CNS1, IL-4p, and V,,
enhancer; Fig. 7D). These results indicate that highly re-
stricted accumulation of Pol II complex to specific sites is
unique to memory Th2 cells, and may play a role in the main-
tenance of intergenic transcription and histopne methylation
(H3-K4) in the IL-13 and IL-4 gene lodi in memery Th2 cells.

DISCUSSION

In the present study, we investigated the molecular basis for
the maintenance of Th2 cytokine production in memory Th2
cells using in vivo generated QVA-specific memory Th2 cells.
These memeory Th2 cells appeared to have typical memory Th2
cell phenotypes as evidenced by the prompt proliferation upon
restimulation with a low dose antigen (Fig. 1C) and the pro-
duction of large amounts of Th2-specific cytokines (Fig. 2).

It is known that IL-4-induced STAT6 activation and the
subsequent induction of GATAS protein are essential for chro-
matin remodeling including histone hyperacetylation in devel-
oping Th2 cells (22), In developed Th2 cells, the production of
IL-4 and IL-13 is not dependent on IL.4 (51, 52). Here, we
agsessed the role for {L4 in the generation and the mainte-
nance of memory Th2 cells, and found that 1L-4 is dispensable
(Fig. 4). In addition, the expression of GATA3 protein may not
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Fi6. 7. Histone methylation (H3-K4) in the long-range region of the IL-13 and IL-£ gene loci and accumulation of Pol II complex

in memory Th2 cellsa A and B, histone H3 (K4) methylation of
anti-trimethyl-histone H3 (K4) antibodies and the indicated specific pri

the JL-13 and IL-4 gene loci in memory Th2 cells. Anti-dimethyl- or
imer pairs were used. Shown are the PCR product bands for each primer

pair (A) and Me2/Input (B, upper) and Me¥/1nput ratio (B, lower). Three independent experiments were done with similar results. €, binding of
Pol II to highly restricted sites of the JL-4 and fL-12 gene loci in memory Th2 cells. ChIP assay was performed using anti-Pol II antisera and
indicated specific primer pairs. D, ChIP assay was performed using anti-Pol 11 and anti-TFIIB antisera. PCR was performed with 3-fold serial

dilution of template genomic DNA.

have an important role iu the process because the protein
expression level of GATA3 was marginal at best in the memory
Th2 cells (Fig. 5C). However, our study revealed that the Th2-
specific remodeled chromatin in the IL.13 and IL-4 gene loci
was preserved in memory Th2 cells (Figs. 3 and 7, A and B).
The upstream boundary of the hyperacetylation at the CGRE
site and the levels of acetylation in each region assessed by a
series of primer pairs were almost perfectly maintained (Fig.
3C). Thus, the molecular mechanisms that govern the mainte-
pance of the remodeled chromatin in the IL- 13 and IL-¢ gene
loci in memory Th2 cells appear to be distinct from those for the
induction of chromatin remodeling.

As for the mechanisms responsible for the maintenance of
remodeled chromatin, the transcriptional events including con-
tinuous intergenic transcription may play an important role
(Fig. 6). The non-coding transcription of the IL-13 and fl.-4
gene lod, particularly that of downstream regions of CNS1 was
well preserved in memory Th2 cells, and it was insensitive to
FK506 (Fig. 6C), suggesting that the non-coding regions are

transcribed by a distinct mechanism from that for mature
mRNA for IL4 and IL-13. Interestingly, we identified highly
restricted unigque accumaulation of Pol If complex at three in-
tergenic regions (CNS1, IL-4p, and V, enhancer} (Fig. 7, C and
D). These are located in the region where the intergenic tran-
scripts were perfectly preserved in memory Th2 cells (down-
stream of the CNS1 site), and thus this could account for the
continuous generation of high level intergenic transeripts ob-
served in the region. Similar highly restricted localization of
Pol II within a locus control region was reported in the g-globin
gene (53). As Pol Il is known to associate with histone-modify-
ing enzymes (26), Pol II localization within a locus control
region may have also a specific role in histone medification,
such as H3-K4 methylation and H3-K9/14 acetylation.
Site-specific histone methylation appears to play also an
important role in transcriptional regulation (29). Methylation
of H3-K4 disrupts binding of the nucleosome remodeling and
deacetylase (NuRD) complex to H3 tails, thereby preventing
targeted histone deacetylation catalyzed by the NuRD complex
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(64, 55). The SET domain of MLL, a human homolog of Dro-
sophila trithorax, is reported to be an H3-Kd-specific methyl-
transferase, and the disruption of MLL SET domain reduced
histone acetylation levels of the Hox 8 gene locus in mouse
embryo fibroblasts (50, 56). More recently, several groups have
demonstrated that the yeast Setl and Set2 H3-K4-specific
methyltransferase complexes interact with Pol II (26), Thus, it
is also probable that methylation of histone H3-K4 residues is
important for the maintenance of the intergenic transeripts.
Taken together, although we do not know the precise role of the
accumulation of Pol 1] in a certain restricted regions at this
time, intergenic transcription, methylation of histone H3-K4,
and hyperacetylation of histone H3-K9/14 appear to be critical
active events for maintaining the histone modification of the
IL-¢4 and IL-13 gene loci in memory Th2 cells.

In contrast to the IL-13 and IL-4 gene loci, the level of
histone hyperacetylation of the IL-§ gene locus was dramati-
cally decreased in memeory Th2 cells as compared with those of
effector Th2 cells (Fig. 34). Also IL4 dependence was observed
in the histone hyperacetylation of the IL-5 gene locus (Fig. 4D).
Furthermore, di- and tri-methylation of H3-K4 was not ob-
served at the IL-5 locus in memory Th2 cells.? However, al-
though the production of IL-5 after antigenic restimulation was
slightly decreased in IL-4-deficient memory Th2 eells, substan-
tial amounts of IL-5 were produced upon restimulation (Fig,
4C). The acetylation levels of histone H3 in the IL-5 locus were
rapidly increased after TCR restimulation in memory Th2
cella.? The kinetics of induction of histone acetylation of the
IL-5 gene locus appeared to correlate with the kinetics of the
expression levels of GATAS protein after anti-TCR stimulation
(shown in Fig. 5D), suggesting that histone acetylation of the
IL-5 geve locus in memory Th2 cells remained highly depend-
ent on GATAS. This suggests that the control mechanisms for
the transcriptional memory of the IL-5 gene are clearly distinet

from that of the IL-¢ and IL-13 gene loci. Similarly, hyperacety-

lation of the IFNy promoter region was not preserved in mem-
ory Thl cells (Fig. 3B and Supplemental Fig. 2). Further in-
vestigation is required to address the precise mechanisms that
control the maintenance of remodeled chromatin of the IL-§
and IFNy gene loct in memory T cells.

Ancther unexpected but interesting result is that substantial
levels of mMRNA of GATA3 were detected in the freshly isolated
memory Th2 cells (Fig. 5A). The transcription of GATAS is
maintained in the absence of IL4 (Fig. 5B). These results
indicated that the transeriptional induction of GATA3 in mem-
ory Th2 cells is independent on IL-4. Murphy and co-workers
(57) reported that the expression of GATAS is controlled by
autoactivation. Two distinct promoters (GATA3a and GATAS3D)
control the expression of GATA3 (49). A newly identified pro-
moter GATAZa is suggested to be responsible for GATA3-de-
pendent GATA3 transcription (GATA3 autoactivation). It is
possible that the IL.-4-independent transcription of GATAZ in
memory Th2 cells is mediated by GATA3 autoactivation. How-
ever, only trace levels of transcripts from the GATA3a were
detected in memory Th2 cells (Fig. 5A) and the protein expres-
sion of GATA3 was marginal (Fig. 5C). Thus, the maintenance
of GATAS trapscription in memory Th2 cells may not be ex-
plained by the action of the newly identified GATA3a promoter.
Although the mechanism to account for the high level tran.
scription of the GATA3 gene in memory Th2 cells is not com-
pletely known, it appears to be clear that chromatin remodeling
of the GATAS3 gene locus is induced during the Th2 cell differ-
entiation and that it is maintained in the memory Th2 cells in
an IL4-independent manner. Furthermore, the protein expres-

2T. Nakayama and M. Yamashita, unpublished cbservation.
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sion level of GATAS3 in memory Th2 cells was very low and
comparable to those of naive T cells (Fig. 5C), suggesting the
presence of post-transcriptional regulation of GATA3 in mem-
ory Th2 cells, Following anti-TCR mAb restimulation of mem-
ory Th2 cells, the GATAS protein expression is rapidly induced
(Fig. 5D). This may account for the great amounts of Th2
cytokine production including IL-13 and IL-5 (Fig. 2), whose
transcription is highly sensitive to GATA3 (58, 59).

Only weak association of Pol II was observed at the CGRE
site, 71 bp of CGRE at 1.6-kbp upstream of the IL-13 locus exon
1 (Fig. 7C). We previously proposed that the CGRE plays a
crucial role for GATA3-mediated targeting and downstream
spreading of core histone hyperacetylation within the IL-13
and IL-4 gene lodt in developing Th2 eells (22). The binding of
Pol 11 to this site is dependent on GATA3 (22). Since GATAS3
protein was not highly expressed in resting memory Th2 cells,
Pol Il may fail to associate CGRE site. However, histone H3-K4
was highly methylated at the CGRE site (Fig. 7B), suggesting
that unique molecular events in chromatin of this particular
region are taking place.

Memory CD4 T cells can be subdivided into two distinet
subsets based on the expression level of CD62L (48). The
CD62L™ memory subset (effector memory) functionally re-
sembles to effector cells that exhibit hyperresponsiveness to
anti-CD3 and antigenie stimuli, high proliferative capacity,
and rapid activation kinetics, The CD62L" memory subset
(central memory) exhibits hyporeponsiveness to anti-CD3 and
antigen stimuli, lower proliferative capacity, and slower acti-
vation kinetics (60), We have confirmed that the proliferative
activity of the effector memory Th2 cells is higher than that of
CD82LM" central memory population? We observed the
CDB2L™ effector memory ThZ cells produced higher levels of
IL-5 compared with CD62LMe" central memory Th2 cells in
response to antigens, whereas IL4 preoduction was slightly
lower and IL-13 production was equivalent (Supplemental Fig.
30). Interestingly, the levels of histone H3-K9/14 acetylation of
the Th2 cytokine gene locd were equivalent between these two
subpopulations (Supplemental Fig. 3). Although the acetyla-
tion status of histones in the IL-13 and IL-4 gene lod is not
different, it will be of interest to explore the difference in the
chromatin status of effector and central memory T cells.

In summary, memory Th2 cells maintain a unique Th2-
specifc remodeled chromatin in the IL-4 and IL-13 gene lod,
characterized by H3-K9/14 hyperacetylation and H3-K4 meth-
ylaton associated with non-coding transcription and unique
RNA Pol Il accurnulation in an IL-4-independent manner. The
maintenance of the remedeled chromatin structure in the IL-13
and IL-4 gene lod in memory Th2 cells appears to be mediated
by active molecular events that are distinet from those that
operate during the induetion of chromatin remodeling in devel-
oping Th2 cells.
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Natural killer T cells accelerate atherogenesis in mice

Yukihito Nakal, Xazuya Iwabuchl, Satoshl Fulil, Naoki Ishimori, Nyambayar Dashtsoodol, Kelko Watano, Tetsuya Mishima,
Chikako lwabuchi, Shinya Tanaka, Jelena S. Bezbradica, Toshinori Nakayama, Masaru Taniguchl, Sachiko Miyake,
Takashi Yamamura, Aklra Kltabalake, Sebastlan Joyce, Luc Van Kaer, and Kazunorl Onoé

We have investigated the potential role of
CD1drestricted natural killer T (NKT) colla
In the development of atherosclerosls in
mice. When fed an atherogenic diet (AD),
NKT cell-deficlent CD1d~~ mice had sig-
nificantly smaller atherosclerotic lesions
than AD-fed C57BL/S (wild-type [WT])
mice. A significant reduction In athero-
sclerotic [eslons was also demonstrated
In AD-fed, low-density lipoprotein recep-
tor—deficlent (Ldir—~-) mice reconstiuted
with CD1d-/~- bone marrow cells com-
pared with the lesions observed in LdIr/-
mice reconstituted with WT marrow cells.

In addition, repeated injections of a-Gal-
Cer orthe related glycolipld OCH to apotl-
poptotein E knockout (apoE~'-) mice dur-
ing the early phase of atherosclerosls
significantly enlarged the leslon areas
compared with mice injected with vehicle
control. However, administering a-GalCer
to 2poE~/~ mice with established leslons
did not significantly Increase the lesion
area but considerably decreased the col-
lagen content. Atherosclerosis develop-
ment In either AD-fed WT or apoE~/~ mice
wes assoclated with the presence of
Va14Ja18 transcripts in the athercscle-

rotic arterlal walls, indicating that NKT
cells were recruited to thesaleslons. Thio-
glycolate-elicited macrophages pulsed
with oxidized low-density lipoproteins ex-
pressed enhanced CD1d levels and In-
duced NKT cells to produce Interferon-y,
a potentially proatherogenic T-helper 1
(Tn1) cytokine. Collectively, we conclude
that NKT cells are proatherogenic in mice.
(Blood. 2004;104:2051-2059)

© 2004 by The Amwrican Soclety of Hematology

Introduction

Atherosclerosis is an inflammatory vascular discase that involves
components of the innate and acquired immune systems.!> Several
studies have suggested that lymphocytes, which are detected in
atherosclerotic lesions in humans and mice,4* play a proathero-
genic role 5% Recently, the role of distinct lymphocyte subsets in
the development of atherosclerosia bas been evaluated. For ex-
ample, emerging evidence indicates that T-helper 1 (Tyl) cells are
proatherogenic,? whereas Ty2 cells are antiatherogenic.!®!! These
observations are further supported by the finding that Tyl cyto-
kines (eg, interferon-y [TFN-y anpd interteukin-12 {IL-12]} are
imponant in the progression of atherosclerosis'?*% and that, among
T2 cytokines, [L-10 is antiatherogenic.'® On the other hand, recent
studies have suggested that B cells play a protective role in
atherogenesis. 1718

Natural killer T (NKT) cells are a unique subset of lymphocytes
that have sarface markers and functions of T cells and NK cells, 2
Several charactenistics of NKT cells suggest that they may play a
role in the atherogenic process. Most NKT cells express an

invariant Vo 14Ja 18 T-cell receptor (TCR)}-Va chain paired with a
restricted set of TCR-VB chains. These classical NKT cells
recognize lipid antigens presented by the major histocompatibility
complex (MHC) class 1-like molecule CD1d, produce copious
amounts of IFN-y and IL4 on activation,” and constitutively
express Fas-ligand. 2 Moreover, NKT cells play a protective role in
several autoimmune diseases, infections, and tumor progression/
metastasis. 2 Protective effects of NKT cells and their ligands in
autoimmunity are largely atinibuted to their capacity to promote
Ty2 immune responses.?$25 However, in some situations, NKT
cells can contribute to the development of Tyy1 immune responses
as well.2¢ Therefore, it was difficult to predict whether NKT cells
would play a proatherogenic or an antiatherogenic role.2

To date, few studies have investigated the role of CD1d and
CD1d-dependent T cells in atherogenesis. CD1d-expressing cells
are present in buman atherosclerotic plaques,?” suggesting that
NKT cells may be recruited to the lesions. Furthermore, treatment
of apolipoprotein E knockout (apoE ') mice,? a mode] of severe
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atheresclerosis, with lipopolysaccharide (LPS) resulted in NKT
cell recruitment to the atherosclerotic plaques,® However, whether
NKT cells are directly invelved in the development or the
regulation of atherosclerosis remains to be investigated.

In the present study, we compared atherosclerotic lesions
induced by an atherogenic diet (AD) between NKT cell-deficient
CD1d™"-3 apd wild-type C57BL/6 (WT) mice and between
low-density lipoprotein receptor—deficient (Ldlr =) mice3! recon-
stitated with bone marrow (BM) cells from CD1d~~ mice and
Ldlr~~ mice reconstituted with BM of WT mice. Morcover, we
examined whether NKT cell ligands (a-galactosylceramide?? (-
GalCer) and OCH®) could modulate atherogenesis in apoE~'~
mice. Our findings consistently demonstrated that NKT cells
played a proatherogenic role. Possible mechanisms underlying the
proatherogenic role of NKT cells are discussed.

Materials and methods

Glycoliplds

a-GalCer (Pharmaceutical Research Laboratories, Kirin Brewery, Gunma,
Japan) and OCH were dissolved in either 0.5% polysorbate-20 at 220
pg/mL or dimethy] sulfoxide at 100 pg/mL, respectively, and were further
diluted with phosphate-buffered saline (PBS) before use,

Mice

Female WT (Japan SLC, Hamamatsu, Japan), CD1d~"-* (Vanderbilt
University, Nashville, TN), Ja18~/~* (Chiba University, Chiba, Japan),
Ldlr~'=, and apoE~"~ (The Jackson Laboratory, Bar Harbor, ME) mice with
the CS7TBL/6 genetic background were used throughout the study. WT and
CD1d™~ mice were fed a regular chow diet or the atherogenic diet (AD)
(15% fat, 1.25% cholesterol, and 0.5% cholic acid; Nihon-nohsan, Yoko-
hamna, Japan) from 10 to 30 weeks of age. All animal care and experimental
procedures conformed to the regulations of the Ce of Hokkaido
University on Animal Experimentation.

BMT

Bone marrow transplantation (BMT) was performed with Jethally iradiated
(9.5 Gy) Ldlr~'~ mice as recipients, as previously describeds Briefly,
recipient mice were injected with T cell—depleted BM cells (5 X 107) from
WT mice¢ (Thyl.1 in BMT protocol, referred to as [WT—Ldlr~"]),
CD1d" mice ([CD1d~*—Ldlr*]), or Ldle~'~ mice ([Ldlr~"-—Ldlr]),
Treated mice were administered oxytetracyclin (Pfizer Japan, Tokyo, Japan)
in drinking water for 4 weeks and then placed on the AD for 5 weeks.
Reconstitution was assessed by evaluating thymocyte expression of CD1d
for CID1d~"~ donors and both Thyl.1 (donor) and Thy1.2 (recipient) for
‘WT donors using How cytometry,

Induction of atherosclerotic lesions

Early-phase studies. ApoE™'"" mice were divided into 4 groups (m = 10
each): 1 group received intraperitoneal (intraperitoneal) injections of 0.1
pg/g bedy weight (BW) a-GalCer; 1 group received its vehicle; and the
remaining groups were administered 0.3 pg/g BW OCH or its vehicle,
respectively, Injections were started at 8 weeks of age and repeated cvery 2
weeks. At 13 wecks of age, mice were killed and used for experiments.
Blood samples were consecutively collected from the retro-orbital plexus at
0,2, 5. 12, 24, 48, and 72 hours after injection of either a-GalCer or OCH,
and the levels of IFN-y and [L4 were quantitated using enzyme-linked
tmmunosorbent assay (FLISA: Biosource, Camarillo, CA).

Late-phase studies. Ten mice received intraperitoneal injections of 0.1
1g/g BW a-GalCer or vehicle every week starting from 8 weeks of age.
One week after the eleventh injection, mice were killed and used for
cxperiments.

BLOOD, 1 OCTOBER 2004 « VOLUME 104, NUMBER 7

Serum chemistry

Amounts of total cholesterol, high-density lipoprotein (HDL) cholesterol,
and triglyceride concentrations in sera were determined with colorimetric
assay kits (Kyowa Medex, Tokyo, and Serotekku, Sapporo, Japan).
Individuzl serum alanine aminotransferase and total bilirubin were quanti-
tated using the Fuji Drychem system (Fujifilm Medical, Osaka, Japan).

Quantitative analyses of atherosclerotic lesion areas

Atherosclerotic lesions were analyzed as previously described.? In brief,
the basal portion of the heart and proximal aortic root were excised and
embedded in OCT compound and frozen in liquid nitrogen. Eight serial
cryosections of 10-pem thickness at 80-ium intervals throughout the aortic
sinus were stained with oil red O (Sigma, 5t Louis, MO) and hematoxylin.
Lesion images were captured with an Olympus BX.50 microscope (Tokyo,
Japan) equipped with a Fujix HC-300Z/OL digital camera (Fijifilm,
Kanagawa, Japan) and Photograb-300 $H-3 software (Fujifilm). Captured
images were further analyzed with Scion Image software (Scion, Frederick,
MD). For advanced lesions, the entire aorta was examined using the en face
method, as described elsewhere 36

Characterization of atherosclerotic lesions

Immunohistochemistry was performed on 8-pm thick cryosections, as
previously described?” Rat monoclonal antibodies (mAbs) to mouse
macrophages (MOMA-2; Serotec, Oxford, United Kingdom), hamster
antimouse CD3 (BD Biosciences, San Jose, CA), anti—¢-smooth muscle
actin {DAKO, Glostrup, Denmark), rat antimonse IFN-y (BioSource), rat
antimouse [L-10 (Endogen, Wobumn, MA), biotinylated secondary antibod-
ies to the respective primary reagents, and streptavidin-horseradish peroxi-
dase (DAKO) were used for detection. Signals were developed with DBA
kits (Vector Laboratories, Burlingame, CA). The number of CD3* cells per
cross-section of lesion area was counted at X 400 magnification. Elastica-
Masson staining was performed to amalyze the composition of the lesion
using 3 aortic cross-sections per animal from 10 animals. The percentage of
collagen-rich matrix arcas among the total lesion arcas was defined as
collagen contents. Total cefl numbers per lesion were also counted.

AT-PCR

WT (fed the chow diet or the AD), apaE™"", and Ja 18/~ mice were killed
after overnight fasting. After whole body perfusion with cold RNase-free
PBS, aorta¢ from the ascending portion to the end of the thoracic aorta were
removed, dissected longitudinally, and washed meticulously in cold PBS to
remove attached hematocytes and tissue fragments outside the acrtae, RNA
extraction and reverse transcription-polymerase chain reaction (RT-PCR)
were performed as described previously#

Flow cytometry

Splenocytes were prepared by lysing red blood cells with Tris-NH,C1
solution. Hepatic mononuclear cells (HMNCs) were isolated using 33%
Percoll (Amersham Pharmacia Biotech, Piscataway, NI), as previously
reported.?® Cells were incubated with 2.4G2 mAb (anti-FoyR) fo block
nonspecific staining and were stained with 2 combination of the following
mAb conjugates: for lymphocytes—biotinylated anti-Thyl.1 (OX7), Huo-
rescein isothiocyanate (FITC) anti-Thy1.2 (Coulter, Miami, FL), anti-CD1d
(1B1), anti-TCRP (H57-597), and phycoerythrin (PE) anti-NK1.1 (PK136)
(all from BD Biosciences, except Thyl.2); for macrophages—biotinylated
anti-H-2K? (AF6-88.5), anti.I-A® (AF6-120.1), anti-CD40 (3/23), and
antimouse (BALB/c) immunoglobulin G2ak (IgG2ak) (G155-178; BD
Biosciences), FITC anti-CD1d (1B1) and -rat IgG2b (LODNP5Y; Immimo-
tech, Marseille, France), and PE anti-Mac-1 (CL8%41; Cedarlane, Homby,
Ontario, Camada). Streptavidin-allophycocyanin (APC) (BD Biosciences)
was used for detection of biotinylated mAb. Mouse CD1d/a-GalCer
tetramers were prepared as previously described.® Cells were incubated
with FITC anti-TCR@ and PE anti-NK1.1 and then with APC a-GalCer—
loaded CD1d tetramers. Propidium jodide (Sigma) positive cells were
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electronically gated out from the analysis, and stained cells were analyzed
using a FACSCalibur flow cytometer, as described elsewhere. 3

In vitro culture of splenocytes from AD- or chow-fed WT
mice treated with «-GalCer

Splenocytes were obtained from either AD- or chow-fed WT mice 2 to 12
hours after intravenous injection with 0.1 yg/g BW a-GalCer. Cells were
suspended in RPMI 1640 supplemented with 10% fetal calf serum, 100
Uil perdcillin, 100 pg/ml streptonycin, and 5 X 10~% M 2-mercaptoctha-
nol (culture medium) and were cultured in 24-well plates at 5 < 10%ml for
1.5 hours without additional stimulation. Culture supernatants were har-
vested and quantitated for II 4 levels with ELISA kits (Biosource) and for
IFN-y and IL-10 with Cytometric Bead Array kits (BD Biosciences) by
Bow cytometry, according to the manufactarer’s instructions.

Response of HMNCs to oxidized low-density lipoprotein In vitro

Peritoneal cells were harvested from young WT or CD1d™" mice 4 days after
intraperitoneal injection of 4.05% thioglycolate, Cells were suspended at 2
concentration of 2 X 10%mL in culture medium, incubated at 37°C for 24 to 48
hours with LD, oxidized LDL (OxIDL) (10 and 50 pg/ml; Biomedical
Techuxdogies, Stoughton, MA), or vehicle alone, and used for flow cytometric
analysis. For cytokine analysis, the peritoneal ceils (2 X 10%well) were cultured
in 96-well plates at 37"C for 2 hours and were washed to remove oonadherent
cells. Adherett cells were incubated at 37°C for 48 hours with LDL or OXLDi..
After incubation, each well was washed 3 times, and the adherent macrophages
were irradiated with 30 Gy x-rays. HMNCs isdlated from WT mice (2 X 105
well) were cultured with these macrophages in the presence of recombinarnt
human I1.-2 (1000 U/ml; Takeda Chanical Industries, Osaka, Japan) for 24
haurs. The supematant was quantitated for IFN-y and [L-4 levels with ELISA
kits (Biasource).

Statistical analysis

Results were expressed as mean = SE. Statistical analysis was performed
using the Student ¢ test or the Mam-Whitoey IF rank sum test. All data
analyses were perdformed using Statview software (Abacus Concepts,
Berkeley, CA). Values with P < .05 were considered statistically significant.

Results
Development of atherosclerotic lesions tn CD1d—- mice

WT (n = 20) and CD1d~/~ (n = 18) mice were fed on the AD for
20 weeks. All mice on the AD appeared generally to be in good
kealth throughout the study except for the development of diet-
induced liver steatosis and its consequential liver damage. When
the sizes of atherosclerotic lesions in aortae were compared, the
lesions in CD1d~'~ mice were smaller than those in WT mice
(Figure 1A). Mean lesion areas in CD1d~~ mice (2292 * 397
pm?} were significantly smafler than those in WT mice (5627 * 580
pm?) (P = 014} (Figure 1B). These findings demonstrate that
CD1d deficiency reduces atherosclerotic lesions. Concerning se-
rum lipid profiles, total cholesterol, HDL cholesterol, and triglycer-
ide levels were not significantly different between WT (137.9 £ 8.0
mg/dL, 363 * 1.6 mg/dL, and 57.5 = 3.4 mg/dL, respectively)
and CDId~" (1402 = 147 mg/dL, 38.1 =24 mg/dL, and
59.9 = 4.4 mg/dL., respectively) mice, Histologic findings of liver
sections staiped with hematoxylin and eosin revealed typical
steatosis to similar extents for WT and CD1d ™'~ mice fed on the
AD (data not shown). Serum alapine aminotransferase and total
bilicubin levels in WT and CD1d ™/~ mice also decreased within
similar levels (WT, 111.3 * 6.9 U/L, 0.6 = 0.1 mg/dL; CD1d ™",
108.2 = 14.5 U/L, 0.6 * 0.1 mg/dL).

NKT CELLS AND ATHEROSCLEROSIS INMICE 2053
10
10000 L]
° 0 [
chow AD dww AD

wT =10

Lasion wres  (um?Y)
§

5 DOOOOGIQ_(II@
§

8

%

%JOO a]a]
i

chow AD chow AD
wr cotld”

Figurs 1. Atharoscierotic [aalon areasin WT and CD1d~/- mice fed on tha AD.
{A) Representative histologic sections of WT and CD1d-*~ mice fed on the AD.
Amows represent tha oil red C—positive atharosclerotic lesiong typically cbsarved
within the intemal elastic lamina (onginal magnification, < 40). (B) Mean lesion areas
of WT and CD1d-/- mice. Each symbol represents the lesion area of an individual
mouse. Horizontal bars and numbers represent the mean of all mice within each
group, and vertical bars represent SEM. (C) Prevalence of NXT cells in WT and
CD1d~"~ mice. HMNCs and spienccyies wers prepared and stained with FITC
anti-TCRaR, PE anti-N¥X1.1, and APC-CD1d/-GalCer tetramer, as described in
“Materals and methods.” Open columns regresent the proportion cf total NKT cells,
and closed columng represent the preporion of COVd/a-GalCer tetramert cells.
Each value represents the mean * SE calculated from more than 5 experments.
Statstical analyses were performed with the Mann-Whitney ! test tP < .01 (for
closed columns and open columns); *P < 05

Flow cytometric analyses of NKT cells

Using flow cytometry, we analyzed NKT cells in the liver, spleen, and
peripheral blood of WT niice fed either the chow diet or the AD.
NKLI*TCRB*= (ie, NKT) cells represented 18.1% *+2.6% of the
HMNGs of WT mice on the chow diet (Figure 1C, top panel). Among
NK1.1*TCRB™ cells, 84.2% *4.1% stained with a-GalCer-loaded
CDId tetramers. It should be noted that the mean proportion of total
NK1L1*TCRB™ cells in HMNCs of AD-fed WT mice (8.7% * 2.3%)
was significantly Jower than that in chow-fed WT mice (P = .009). This
was attributed to the considerable reduction of CD1d'e-GalCer tetramer*
cells in AD-fed mice. Proportions of CD1d/a-GalCer tetramer™ cells
remained unaltered among chow- and AD-fed animals. Similarly, a mild
reduction in the prevalence of tetramer* NKT cells among splenccytes of
AD-fed mice was noted (Figure 1C, bottom panel; P = 07), but the
proportion of total NK1.1*TCRA™ cells was vechanged. In CD1d ™~
mice, the proportion of NK1.1*FCRB= HMNC's was markedly smaller
than that in WT mice, and tetramer* cells were not detected. Of pote, the
proportion of NK1.1*TCRB™ cells in CD1d ™~ mice was unaffected by
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ADfeeding (1.5% % 0.3% on the chow diet compared with 1.9% = 04%
on the AD). Similar results were obtained with splenocytes of CD1d -
mice. No sigrificant changes were seen in conventional T-cell subsets
(CD4*, CI8*), ¥8 T cells, and NK cells by AD feeding in WT and
CD1d~"~ mice (data not shown).

Production of cytokines by splenocytes from AD- or chow-fed
WT mice treated with «-GalCer

Our results indicate that AD feeding quantitatively and qualitatively
alters the Val4 NKT cell population of WT mice. One hallmark of
NKT cells is their capacity to rapidly produce cytokines on TCR
engagement 24! To examine whether AD feeding influences the func-
tional status of NKT cells, we administered a synthetic glycolipid,
a-GalCer, to AD- or chow-fed WT mice, and 2 or 12 hours later we
measured the amounts of IFN-y, [L4, and IL-10 produced by spleno-
cytes in vitro, Two hours after o-GalCer injection, [FN-vy levels were
significantly higher in AD-fed WT splenocytes than in chow-fed WT
splenocytes (P = .034) (Figure 2), In contrast, IL-4 and IL-10 levels
were siguificantly fower in AD-fod WT splenocytes than in chow-fed
WT splenocytes (P = 021, P = .047, respectively). At 12 hours, IFN-y
levels were dightly higher in AD-fed WT splenocytes (P = .094),
amounts of IL-4 decreased to undetectable levels in both groups, and
IL-10 levels were still significantly lower in AD-fed WT splenocytes
(P = 009). Experiments using HMNCs from AD- and chow-fed WT
mice showed similar results (data not shown). Becanse NKT cells
(particolarty CD1d/a-GalCer tetramer* NKT cells) were decreased in
AD-fed WT mice (Figure 1C), these findings indicate that NKT cells in
AD-fed WT mice exhibit an enhanced capacity to produce cytokines,
especially JFN-+y. It should be noted that AD feeding of WT mice shifted
the cytokine production pattern in response to «-GalCer stimulation
toward a Tyl profile. Importantly, it has been reported that Tyt
responses are proatherogenic, !4

Development of atheroscleroslis in Ldir-/- mice reconstituted
with BM cells from CD1d~'~ or WT mice

Next, to examipe whether NKT cell deficiency is directly related to
the reduction of atherosclerotic lesions, [WT—Ldlr~-] and
[CD1d~~—Ldir~'~] BM chimeric mice (n = 7 in each group)
were prepared. Four weeks after BMT, almost all thymocytes from
[CD1d~'~—Ldlr~'~] chimeras used in these experiments were
CD1d™ and, thus, of domor origin (Figure 3A). In addition,
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Figure 2. Production of cytokines by eplenocytes from AD- or chow-fed WT
mice treated with a-Gal Cer. Splenocytes were chtained from either AD- of chow-fed
WT mice 2 or 12 hours atter intravenous injection with 0.1 pgig BW a-GalCer. Cells
were cultured for 1.5 hours withcut additionat stimulation. Culture supematants were
harvested, and IFN-y, [L-4, and IL-10)evels were guanttated. Values are mean * SE
Statistical analyses were performed using the Mann-Whitney U test *P < 05;
P01,
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thymocytes from [WT—Ldlr~/~] chimeras were mostly Thyl.1*
(donor) (donor chimerism = 99.0% * 0.81%). AD feeding for 5
weeks led to similar levels of hypercholesterolemia in both groups
(total cholesterol or HDL cholesterol, [WT—>Ldlr~~]: 2147 * 144
mg/dL or 150 = 3.5 mg/dL; [CDId~~=Ldlr~-} 2207 = 119
mg/dLor 15.9 £ 1.6 mg/dL, respectively). However, the atheroscle-
rotic lesions in [CD1d~~—Ldlr 7~} mice were significantly smaller
than those in [WT—Ldlr~~] mice (Figare 3C-D). Immunohisto-
chemistry revealed that the main components of the lesions were
MOMA-2* macrophages in both groups (Figure 3E, upper).
Notably, CD3* cells were significantly more abundant in
[WT—Ldlr™"] mice than o [CD1d~/~—Ldlr~-] mice (Figure
3E, middle, 3F; P = 006), and IFN-y-positive cells, probably
lymphocytes, were detected at more significant nombers in
[WT—Ldlr~"] chimeras than in [CD1d~~—>Ldlr] chimeras
{Figure 3E, lower). There were no overt differences in the staining
patterns of a-smooth muscle actin and IL-10 between these 2
groups (data not shown). Mice reconstituted with syngeneic BMT
([Ldlr~/~—Ldlr~~]) showed the same atherosclerotic lesions as
those in {[WT—Ldlr~'~] mice (data not shown).

Eftects of NKT cell activation on the development of early
atherosclerotic lesions In apoE~*— mice

To examine imnfluences of NKT cell activation on the development of
atherosclerosis, we administered e-GalCer or OCH to apoE~~ mice.
ApoE~~ mice spontaneously develop severe atherosclerosis early in
life 2533 It has been reported that ex-GalCer and OCH activate NKT cells
with differential patterns of cytokine production.®

In an early-phase study, apoE™~'~ mice were intraperitoneally
injected 3 times with either 0.1 /g BW «-GalCer, 0.3 pg/ig BW
OCH or the respective vehicle at 8, 10, and 12 weeks of age. At 13
weeks of age, the mice were killed and examined for atheroscle-
rotic lesions. No significant differences in physiologic status or
serum lipid profiles were observed between experimental and
control groups (x-GalCer or OCH vs their vehicle; data not
shown), a-GalCer administration increased atherosclerotic lesion
areas of apoE™~ mice compared with the vehicle control group
(34705 = 5908 pum? vs 20 895 x 2155 pm?; P = ,039) (Figure
4A-B). Major components of the atherosclerotic lesions in «-Gal-
Cer-treated mice included MOMA-2* macrophages (Figure 4C).
OCH administration also increased atherosclerotic lesion areas
cotnpared with control (28 519 * 2822 pme vs 19 863 * 1813
pm?; P = 048) (Figure 4D). Lesion areas in the OCH-treated
group, however, were relatively smaller than those in the o-GalCer—
treated group. To determine a potential mechanism for the differ-
ences observed between the e-GalCer— and OCH-treated mice, we
evaluated the sequential patterns of IFN-y and IL-4 production in
the serum after glycolipid injection. Both glycolipids induced
robust cytokine production; however, though IL-4 production was
similar, a-GalCer induced more IFN-y than OCH, which is
consistent with easlier findings (Figure 4E).%?

Effects of long-term administration of a-GalCer on advanced
atherosclerotic lesions in apoE—~- mice

In a late-phase study, we analyzed lesions in 19-week-old apoE~/~ mice
that had received 11 intraperitoneal injections of either a-GalCer or its
vehicle. Again, no significant differences were observed in the physi-
ologic status and serurn lipid profiles between o-GalCer— and vehicle-
treated mice (data not shown). Mean areas of lesions in the aortic sinus
were slightly larger in the «-GalCer group than in the control group
(197448 = 18259 um? vs 160703 * 16320 pm?) (Figure 5A). In
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Figre 3. Atherosclerclic leslons in Ldk~- mice
reconetituted with BM celle from CD1d~F or WT
mioa (A) Representative CD1d expression pattem on
thymocytes from [WT—Ldir-] and [COTd-"—Ldir ]
mice. Red lines and fited histograms indicate CD14
staining and Isctyps control, respectively. (B) Thyl 1 and
Thy!.2 expression on thymocywes from [WT—sLdir—]
and [CD1d—*—Ldir] chimeras. Representative reauits
of Thyt.1 and Thy1.2 stainings are shown n the right
pansis with their respective Isotyps controls (left
panels). (C) Representative histologic sections of
[WT—Ldir-~] and [CD1d-——Ldit~~] mice stained
with ol red O (original magnification, X 40). Arrow
heads represent oll red O-positive lesiony. (D) Lesion
area in [WT—Ldlc=/"] and [CD1d-""—Ldir-"] mice.
Each symbol represents the lesion arsa of an indi-
vidual mouss. Horlzonta! bars and numbaers represent
the mean of al mice within each group. P < .01 (E)
Representative immunohistochemical section of
[WT—Ldir-+] and [CD14~/-—LdIr-/-] mice. Sactions
wera stalned with anti—-MOMA-2, ans-CD3, and anti-
IFN-y mAb (original magnification, x 200). Arrow-
heads represent respective mAb-positive cells. (F)
Numbers of CD3* ceifs per cross-section of lesion
rea. " < .01.
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Figurs 4 Effects of o-GaiCer and OCH on the early
phase of stherosclarosln (A} ApoE~'~ mice were Intra-
peritoneally injected 3 imes with a-GalCer or the vehkie
slone, as described in “Materials and methods” Five
waeks [ater, mice were d for the development of
athercacierosls. Each symbol represents the lesion arsa
of an individual mouse. Horizontal bars and numbers
tepresent the mean of all mice within sach group, and
vertical bars represent SEM. (B) Representative histo-
logic sactons of the o-GaiCer group and lts control group
stainad with oll red O (onginel magrification, X &),
{C) Repregentative immunochistochamical saction ¢of the
a-GalCer group gtained with MOMA-2 and a serlal sec-
tion stained with hematoxylin and ecsin (original magnifi-
cation, X 200, (D) ApoE~"~ mice were injected with OCH
or vehice. Mean lesion areas (OCH v vehicie) are
Indicated as in Figurs 4A. (E) Serum concentration of
cytokines atter administration of e-GalCar or OCH. Mean
concentrations (n = 3) of IFN-y (top) and |L-4 (botom} in
a-GalCer (W} and OCH ([J) groups are shown after the
first Injection (left), the second injection (middie) and the
thind Injection (right). Statistical analyses ware parformed
using the Mann-Whitney U test, *P < 05,
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Figure 5. Effect of Intensive a-GalCer adminlstration on the
late phase of etheroncleroels, ApoE-* mice were injected
weekly with «-GalCer or vehicle for a peried of 11 weeks and
examined for atherosclerosis at 15 weeks of age. (A} Mean lesion
areas of each greup are Indicated asin Figure 4A. (8) Proportions
ot the cil red O-~positive area to the whole lumen of the antire aorta
were assessed by the en face method. (C) Representatve
histology of aortic sectons from the «-GalCer group (top) or the
cohtrol graup (bottom} {Elastica-Masson staining), The coltagen
content is stained as blue in the tesion. Note that the blue region
(arrowheads) in the a-GaiCer—treated mouse is smaller thar that
in the control mouse. Criginal magnification, % 40.{D) Momphomet-
ric analysis of coltagen contents of the atherosclerotic lesion.
Mean lesion areas staining biue were quantitated with 3 aortic
cross-sections per animal from a total of 10 animals, Statistical
analyseswere performed with the Mann-Whitney U test. *P < ,05.
{E) Total cell numbers per cross-section of lesion area. Values are
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addition, assessing lesion areas by the ea face method showed slightly
enlarged lesion areas in the «-GalCer group (5.8% = 1.0%) compared
with the control group (4.7% = 0.9%) (Figure 5B). These results
suggest that activating NKT cells exerts only slight influences on the
development of advanced atherosclerotic lesions in apoE~" mice.
These findings are consistent with a previous report suggesting that
lymphocytes are mostly involved in the early phase of atherogenesis.®
Figure 5C shows representative histologic analyses of the
atherosclerotic lesions of a-GalCer— and vehicle-treated animals.
Of note, the collagen content stained with Elastica-Masson was
smaller in the a-GalCer—treated group than in the control group.
When meanr collagen content was compared between these 2
groups, the collagen content in the o-GalCer—treated group was
“significantly smatler than in the countrol group (7.3% = 1.1% and
14.9% * 2.4%, respectively; P = .040) (Figure 5SD). However, the
total cell number within the lesion per slice was significantly larger
in the o-GalCer—treated group than in the control group (Figure 5E;
P = .009). These findings suggest that NKT cell activation in the
fate phase of atherosclerosis alters the quality of the lesion from
one rich in collagen to one characterized by high cellularity.

Va14Ja18 TCR-« mRNA expression In atherosclerotic lesions
of apoE~/~ and AD-fed WT mice

Next, we examined atherosclerotic lesions by nested RT-PCR for
detection of the invariant Vo 14Jot18 TCR-ox rearrangement characteris-
tic of classic NKT cells We were able to amplify the ValdJal8
rearrangement in the atherosclerotic tissues of apoE™~ mice and of WT
mice on the AD (Figure €), but we were unable to detect this

mean * SE, TP < 01, '

a-GalCer vehicly

rearrangement in the aortae of WT miice on the chow diet. Although we
were unable to quantify numbers of NKT cells in the lesion, our results
clearly demonstrated that the presence of V143t 18-positive cells was
restricted to the atherosclerotic lesions.

CD1id expression and IFN-y production by WT peritoneal
macrophages treated with LDL or OxLDL

Classic NKT cells recognize glycolipid antigens in the context of
CD1d.¥21242%3233 To investigate the mechanism by which NKT
cells are activated and promote atherogenesis, peritoneal exudate
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Figure€. Ve14Ja18 mRANA In the atherosclerotic leslon & Expression of VaTda 18
mRANA in the atherosclerotic lesion was examined using RT-PCH. A sample from WT
splean wasg used as a pasitive contrel, and a gample from Jat8-/" spleen was used
as a negative control, Note that Val4Jal8 expression is datected only in the
atheroscleratic tissues of apoE~/~ mice (or: the chowdtet) andt in WT mice on the AD.
Representat vé result from 3 separate experments is shown.
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macrophages were harvested from WT mice, treated with LDL,
OxLDL, or medium alope for 24 or 48 hours, and examined for
expression of several surface molecules. The expression of CD14
on WT macrophages was enhanced by incubation with OxLDL for
24 hours, but not with LDL or medium alone (Figure TA, top). No
increase in the expression of MHC class 1 (H-2K" molecules was
induced on macrophages by OxLDL (Figure 7A, bottom). In
addition, OxLDL specifically enbanced CDId expression in a
dose-dependent manner (Figure 7B). No enhancement of H-2K",
I-A® or CD40 expression was seen by treatment with LDL or
OxL.DL. When culured for a longer time (48 hours) with OxLDL,
CD1d expression was further augmented (Figure 7B). Of note, at a
high dose (50 pg/mL) and after a long incubation period (48
hours), LDL enhanced CD1d levels on macrophages (Figure 7B).

We then examined whether the enbanced expression of CD1d
ot OxLDL-treated macrophages related to their capacity to stimu-
late NKT cells. We mixed HMNCs isolated from WT mice
(containing 15%-30% NKT cells) with irradiated peritoneal macro-
phages from WT or CD1d ~/~ mice treated with LDL or CxLDL for
48 hours. After culture for 24 hours, IFN-y and IL-4 levels in the
supernatants were quantitated. NKT cells produced significantly
bigher amounts of IFN-+y in the cultures with OxLDL (50 pg/mL)-
treated peritoneal exudate cells from WT mice compared with
control cultures (Figure 7C). CD1d ™'~ macrophages treated in the
same maaner induced no enbancement of IFN.y production. No
IL-4 was detected in the supernatant in our culture conditions (data
pot shown).

Discussion

In this study we demonstrate, using 3 atherosclerosis models
(apoE*'* mice fed with AD, LdIr~~ chimeras fed with AD, and
apoE~'~ mice fed with normal chow), that NKT cells play a
significant role in the development of atherosclerosis. In addition,
we show that NKT cell activation modulates the disease process.
Atherosclerotic lesion areas in AD-fed CD1d™~ mice were signifi-
cantly smaller than those in AD-fed WT mice (Figure 1B). Because

NKT CELLS AND ATHEROSCLEROSIS INMICE 2057

the development of invariant NKT cells is markedly hampered in
CD1d-/~ mice 3 our findings suggest that NKT cell deficiency is
related to the amelioration of atherosclerosis. It has been reported
that AD induces inflammatory cytokines in the liver because of its
high concentration of cholesterol and cholic acid® and that it may
alter physiologic conditions. In the present study, WT and CD1d~/~
mice were subjected to AD feeding in an identical manner. These 2
groups of mice showed comparable degrees of liver steatosis and
similar levels of serum alanine aminotransferase and total bilirubin.
Thus, we conclude that the significant differences in the atherosele-
rotic lesions between WT and CD1d ™'~ mice are directly related to
the presence and absence, respectively, of the imtact CDId-
restricted T-cell population.

The prevalence of NKT cells (mainly the CD1d/a-GalCer
tetramer* fraction) among HMNCs of WT mice substantially
decreased through the AD. Aslight reduction of NKT cells was also
observed in splenocytes of the AD-fed WT mice (Figure 1C). One
characteristic of NKT cells is the prominent production of cyto-
kives, IFN-y, and IL4 shorly after stimulation of these cells
through the TCR.234! We found that, despite their decreased NKT
cell aumbers, on stimulation with a-GalCer, spleen cells from
AD-fed WT mice produced levels of IFN-y, 1L~4, and IL-10
comparable to those from chow-fed WT mice. Of note, the cytokine
production pattern of spleen cell cultures of AD-fed WT mice
shifted toward a Tyl profile, especially 2 hours after o-GalCer
stimulation (Figure 2). This pattern of cytokine production would
be expected to promote atherosclerosis.'®™ However, the mecha-
nism underlying this altered cytokine production pattern, with the
concomitant decrease of NKT cells, remains elusive. One possibil-
ity is that the decrease of NKT cells in AD-fed WT mice is caused
by a depletion of this population by activation-induced cell death
(AICD). This may be mediated by the CD1d-restricted presentation
of lipid antigens such as OxLDL, wbick accumulate during
hyperlipidemia. An alternative explanation would be that chronic
stimulation of the NKT cell population results in the continuous
down-modulation of NK1.1 and TCR marker expression, resulting
in the apparent loss of these cells. ¥ Furthermore, the diminished
population of NKT cells could be attributed to the migration of
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Pigure 7. CD1d expresalon and IFN-y production by WT paritonsal mecrophages treated with LDL or OxLDL WT peritoneal macrophages were treated with LDL of
OxLDL or without additional lipoproteins (control) for 24 hours. {A} Representative histograms of CDd or H-2KY expression on the macrophages. |.C. indicates each isotype
control for either ant-CD1d or anti-H-2KE mADL. Cells with PI'™* and Mac-1"% phenotypes were gated for analysis. {B) Mean fuorescence intensity (MFI} for C01d, H-2KP, I-A®,
or CD40 staining on WT peritoneal macrophages treated with LDL or OxLDL (10 or 50 pg/mL). Each column represents a ratic of MF| of a respective surface molecuie 10
controls at either 24 hours (dosed columns) or 48 hours (open columns). Values are mean = SE of 3 independent experiments. *P < .05 vs control (24 hours). $P < .01 vs
control, LDL10 or LDL5O (24 hours). §P < .05 vs control (48 hours). 1 < 01 vscontrol, LDL10, LOLSO0, or OxLDL10 (48 hours). {C) Production of IFN-y in the supematant of
the mixed culture of HMNCs with CD1d /- ar WT macrophages. HMNCs were cultured for 24 hours with peritoneal macrophages treated with LOL or OxLDL from COYd -/~ or
WT mice. Then IFN-y levels in the supematant of the mixed cuiture were analyzed using ELISA. Values are mean * SE ot 3 independent experiments. £ < 05 vs control,

LDL1C, or CxLDL1O(WT). P < .01 v5 OxLDL5Q {CD1a--}.
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these cells from liver or spleen to other peripheral tissues, such as
the atherosclerotic lesion. In this context, we were able to detect
mRNA corresponding to the invariant Va14Jal8 TCR, which is
characteristic of NKT cells and prerequisite for a-GalCer stimula-
tion, within atherosclerotic lesions of AD-fed but not chow-fed WT
mice by nested RT-PCR (Figure 6). The mechanisms that fead to
NKT cell loss during AD feeding will be further addressed in
future studies.

To examine the role of NKT cells in a more advanced
atherosclerosis model, we reconstituted lethally irradiated Ldlr="-
mice with BM cells from CDI1d~"~ or WT mice. It has been
reported that lack of LDL receptors aggravates the development of
atherosclerosis in AD-fed mice. Indeed, using [WT—LdIr~")
chimeras, Boisvent et al* reported that AD-fed chimeras showed
severe atherosclerotic lesions .where donor-derived levkocytes
were present. In the present study, we observed that significantly
large atherosclerotic lesions developed in [WT—sLdlr~'~] chimeras
compared with [CD1d~~—Ldlr~-] chimeras (Figure 3). These
findings demonstrate that NKT cell deficiency indeed ameliorates
atherosclerosis in AD-fed animals, Immunohistochemistry stadies
in this BMT model demonstrated that the aumber of CD3* cells
within the lesion was significantly larger in [WT-—Ldir~"] than
thatin [CD1d~~—Ldlr /-] mice, suggesting that these CD3* cells
contain NKT cells. Furthermore, we demonstrated NKT cell
(Val4lal8) messages in lesions of other animal models by
RT-PCR (Figure 6). However, immunohistochemical identification
of NKT cells in the lesion has thus far been unsuccessfl and will
be pursued in future studies,

Complementary to the above results, we showed that activation
of NKT cells by «-GalCer or OCH in apoE~~ mice, before
significant lesions had been formed (early-phase study), resulted in
increased areas of atherosclerotic lesions (Figure 4). We did not
expect the results with OCH because it was reported that OCH
favors a Ty2 shift of NKT cells.® It has been suggested that a Tyy2
bias suppresses atherogenesis. ™! Consistent with previous re-
ports,*® we found that a single injection of a-GaiCer induced
promineat production of IFN-+y and IL-4, whereas OCH induced
little IFN-v bet similar levels.of IL-4 (Figure 4E). However, after
multiple administrations, IFN-y induction in response to a-GalCer
became reduced to levels similar to those for OCH. In contrast,
repeated injection of these glycoplipids did not alter IL-4 induction.
Although a number of studies support the idea that the Tyl
cytokine IFN-y is proatherogenic, the precise role of the Ty
cytokine IL-4 in atherogenesis remains clusive.®® Our finding that
both «-GalCer and OCH exacerbate atherosclerosis during the
early stage of the disease process, but 10 a different degree (Figure
4A, D), may be attributed to differences in the amounts and kinetics
of IFN-y and I1-4 production,

We found that peritoneal exndate macrophages expressed
augmented levels of CD1d after culture with OxLDL (either 10
pg/mL or 50 pg/mL) or LDL (50 g/mL) (Figure 7A-B). Although
intact LDL s not captured by macrophages, it is plansible that LDL
is degraded by peroxidases released from macrophages during the
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incubation period and is involved in the enhancement of CDId
expression. Furthermore, these macrophages with high CDi1d
expression stimulated NKT cells to produce low but significant
levels of IFN-y in vitro (Figure 7C). Thus, the enbancement of
CD1d expression on OxLDL-pulsed macrophages appeared to
result in their angmented capacity to induce IFN-y production by
HMNCs. This finding may be of importance because physiologi-
cally degraded lipids are abundantly present in the atherosclerotic
Iesions and may provide a source of physiologic ligands for
NKT cells.

In the late-phase study to evaloate the effects of a-GalCer on
atherosclerosis in apoE™ - mice, a-GalCer administration failed to
enlarge lesions but instead decreased collagen content (Fignre
5C-D) and increased total cell numbers {Figure SE) within the
atherosclerotic lesions. It bas been reported that IFN-y decreases
collagen synthesis™® and plays a role in plaque stability, Accord-
ingly, it is possible that IFN-y, which is produced on «-GalCer
stimulation, decreases collagen synthesis. Thus, NKT cell activa-
tion at the late phase may alter the lesion structure from a stable 1o
an unstable state. Ostos et al?® demonstrated that LPS-treated
apoE™'~ mice have larger atherosclerotic lesions than PBS-treated
contro] apoE~~ mice, In atherosclerotic lesions of these LPS-
treated mice, increased numbers of IL-4~producing NK1.1* cells
were detected by immunohistochemistry. In our present study, the
invariant Vael4Ja 18 TCR was detected in zortic specimens with
atherosclerotic lesions of either AD-fed WT or apoE~~ mice
(Figure 6). These findings again favor the idea that NKT cells play
a proatherogenic role in situ. However, it is also possible that NKT'
cells are activated in other tissues, such as the liver or spleen, and
systemically affect the atherogenic process. Thus, the precise
location where NKT cells are activated and demonstrate their
effector functions during progression of atherosclerosis remains to
be elucidated. Although Tyl and T2 cytokines are probably
important, other factors, such as chemokines and the capacity of
NKT cells to exhibit cytotoxicity, should be considered in further
investigations.®3* In summary, we have demonstrated that NKT
cells accelerate atherogenesis in mouse models for this disease, In
addition, we show that NKT cell activation in the early phase of the
disease process exacerbates atherogenesis and that NKT cell
activation in the late phase of the disease promotes plaque
instability. Becanse NKT cells and CD1d molecules are highly
conserved among different species,® our present results may be
applicable to elucidation of the pathophysiology of atherosclerosis
in homans, and they offer a novel approach for cortrelling the
atherogenic process by intervening with certain NKT cell functions.
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